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FOREWORD

In the field of basic research on materials pertinent to high-temperature and neutron irradiation
tests, great international interest exists concerning the study of irradiation effects, notably on advanced
ceramic and metallic materials and on the development of in-core instrumentation.

For this reason, the Nuclear Science Committee (NSC) of the OECD Nuclear Energy Agency
(NEA), along with the Japan Atomic Energy Research Institute (JAERI), organised the Second
Information Exchange Meeting on Basic Studies in the Field of High-temperature Engineering.
The meeting was held in Paris on 10-12 October 2001, and attended by 43 participants from eight
countries and two international organisations. A total of 28 papers were presented, including 26 orally,
dealing with recent progress in the following research domains:

•  overviews of high-temperature engineering research in each country and organisation;

•  improvement in material properties by high-temperature irradiation;

•  development of in-core material characterisation methods and irradiation facilities;

•  basic studies on the behaviour of irradiated graphite/carbon and ceramic materials including
their composites under both operation and storage conditions;

•  basic studies on high-temperature, gas-cooled reactor (HTGR) fuel fabrication and performance.

The final session was dedicated to discussing possible co-operative works to be undertaken within
the framework of the OECD/NEA Nuclear Science Committee. It was recommended that a further
information exchange meeting, dealing with possible international collaboration as well as some of the
topics addressed here, should be planned to be held in Oarai, Japan in 2003.
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EXECUTIVE SUMMARY

Co-organised by the OECD Nuclear Energy Agency and Japan Atomic Energy Research Institute,
the Second Information Exchange Meeting on Basic Studies in the Field of High-temperature
Engineering was a great success. It was held in Paris on 10-12 October, 2001, and its main topics
were:

•  The exchange of information with regard to the latest activities for studying high-temperature
irradiation-induced damage/effects in advanced materials and fuels.

•  The discussion of the possibility of co-operative studies in the field of high-temperature
engineering using the HTTR and other research reactors for irradiation research programmes
in the framework of international co-operation organised by the OECD/NEA/NSC.

•  The development of a framework of possible international co-operative activities concerning
topics of interest.

•  The proposal/recommendation of possible co-operative works to be undertaken within a
framework or under the auspices of the OECD/NEA/NSC.

Forty-three participants gathered together from eight countries and two international organisations.
Twenty-eight papers were submitted, of which 26 were oral presentations dealing with recent progress
and national/international programmes in the field of high-temperature engineering. The papers were
presented in five sessions as follows:

•  Session I: Overviews of high-temperature engineering research in each country and
organisation (six papers).

•  Session II: Improvement in material properties by high-temperature irradiation(four papers).

•  Session III: Development of in-core material characterisation methods and irradiation facilities
(six papers).

•  Session IV: Basic studies on the behaviour of irradiated graphite/carbon and ceramic materials
including their composites under both operation and storage conditions(eight papers).

•  Session V: Basic studies on HTGR fuel fabrication and performance(two papers).

In Session I, the current status of high-temperature engineering research in the EC, Japan, the
Netherlands, France, Germany and the United Kingdom were summarised.

In Session II, examples of improvement in material properties through high-temperature
irradiation, the effects of superplastic deformation on thermal and mechanical properties of 3Y-TZP
ceramics and the development of an innovative carbon-based ceramic material and carbon dioxide
partial condensation cycle were presented.



10

Session III was dedicated to the development of in-core material characterisation methods and
irradiation facilities. New irradiation equipment for the HTTR, optical diagnostic system for the
high-temperature gas-cooled reactor, in-core neutron and gamma-ray distributions measurement with
scintillator optical fibre detector and self-powered detector, in-core test capabilities for material
characterisation in the OECD Halden reactor, work function measuring technique to monitoring/
characterisation of material surfaces under irradiation, and materials irradiation tests at high temperatures
in JMTR were some of the topics presented.

In Session IV, presentations were made on the subjects of finite-element analyses of the
mechanical behaviour of graphite cores, mesoscopic analyses for mechanical properties of graphite,
graphite oxidation models, irradiation creep in graphite, and planning for disposal of irradiated
graphite and database on irradiated graphite properties are presented.

Session V is related to the basic studies on HTGR fuel fabrication and performance. Fission
product release from ceramic materials and reactor test technique of HTGR fuel elements were also
discussed.

In the last session of the meeting, the floor was open for discussion on possible activities in the
framework of OECD/NEA/Nuclear Science Committee for each session. In addition to the topics
discussed in this meeting, it was recommended to include topics relevant to fission product behaviour
and safety issues of HTGR in next meeting. It was proposed that a further information exchange
meeting, dealing with possible international collaboration using HTTR and other irradiation facilities,
be held in autumn of 2003 at Oarai, Japan.
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OPENING SESSION
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WELCOME ADDRESS

Carol Kessler
Deputy Director-General, OECD/NEA

Good morning, ladies and gentlemen.

It is a great pleasure for me to welcome you, on behalf of OECD Nuclear Energy Agency (NEA),
to this Second Information Exchange Meeting on Basic Studies in the Field of High-temperature
Engineering. I would like to thank the members of the Organising Committee and of the Scientific
Advisory Board for all their efforts in preparing this meeting and I am sure it will be a successful one.
This meeting was also co-organised by the Japan Atomic Energy Research Institute.

The first such information exchange meeting was held September 1999 in Paris and proved quite
successful. At this meeting some topics were recommended for further development and we will be
focusing today on those recommendations. I understand that the subjects of these recommendations
have been revised slightly, but the point is we now know where we want to head and this meeting will
take us along the next steps. I understand there is a desire to meet again in two years time based on the
progress made in this meeting.

My personal experience is that these kinds of information exchange meetings are very useful for
building an overall picture of ongoing and planned research activities in a specific area. They also
provide the opportunity to meet and discuss issues with others with similar interests.

The meeting’s focus on high-temperature gas-cooled reactors (HTGR) meets the growing interest
of many OECD and non-OECD member countries. I am sure many of you are aware that while we are
meeting, another part of the international community is meeting in Florida in the US to discuss the
next steps in the Generation IV International Forum. This forum is moving towards decisions in the
late 2002 timeframe on possible research projects needed to confirm the viability of truly advanced
reactor designs. They will have an explicit need for an improved knowledge of materials that can be
used in different high-temperature nuclear applications. For example, I understand this meeting will
have a discussion about further international collaboration using irradiation facilities. This collaboration
can play an important role in future study in this research field.

This meeting is also timely for the NEA and especially the Nuclear Science Committee. The NEA
has a biennial programme of work and will soon start to prepare the programme for 2003-2004. This
new programme will be discussed for the first time by the NEA Steering Committee in their spring
2002 meeting. Thus any recommendations from this meeting today can be taken into account as we
plan for the next two years’ programme of work.

In fact, there are a number of ongoing projects within the Nuclear Science Committee that could
benefit from your discussion and recommendations. I am thinking primarily about two possible
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activities, one within the field of radiation-induced material damage and the other, the setting up of an
expert group on the nuclear production of hydrogen.

I would like to thank the Japan Atomic Energy Research Institute (JAERI) for co-organising this
meeting and especially Dr. Toshiyuki Tanaka and Dr. Yukio Sudo, the former and present directors
general of the Oarai Establishment for their support of this information exchange meeting.

I wish you all a very interesting and productive meeting.

Thank you for your attention.
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OPENING ADDRESS

Shori Ishino
Tokai University, Japan

Good morning, ladies and gentleman.

On behalf of the Organising Committee, I cordially welcome all of you to the Second Information
Exchange Meeting on Basic Studies in the Field of High-temperature Engineering.

It was in November 1997 at the workshop on High-temperature Engineering Research Facilities
and Experiments held in Petten, the Netherlands, that the first recommendation for this meeting was
made. The proposal for the meeting was made after consultation with experts from Japan, the
Netherlands and Germany, and was then discussed and approved at the OECD/NEA/NSC meeting in
June 1998.

The information exchange meetings’ background was briefly summarised by Mrs. Kessler in her
welcome address, so I would like to concentrate my speech on its purpose and meaning.

This is a follow-up to the First Information Exchange Meeting on Basic Studies in the Field of
High-temperature Engineering, which was held in Paris, on 27-29 September 1999. We are here, as all
of you know, to exchange information on the latest methods of understanding high-temperature
irradiation-induced phenomena in the field of high-temperature engineering and for improvement of
properties in advanced materials and fuels using high-temperature irradiation.

Possible international collaboration, using HTTR and other research reactors for irradiation
research programmes in the field of high-temperature engineering, the framework of co-operation
activities organised by OECD/NEA/NSC and some related topics, recommended for further
development at the first meeting, will be discussed at this meeting. For this reason, a final summary
session will be held on the last day for discussion and preparation of recommendations.

It is my great pleasure that more than 40 participants have gathered together here today to take
part in these six plenary sessions, during which 28 papers will be presented. These numbers are more
than expected, and have greatly encouraged the Organising Committee. This level of interest is,
I believe, due to the importance of basic studies in high-temperature engineering.

In the present situation, HTGRs are developed as a new generation-type gas-cooled reactor
including inherent safety. Some of the papers submitted concern feasibility studies on HTGR; all of
these have been included in the program. These current topics concerning the development of HTGR
have received great interest among researchers, and this will be a driving force for us to undergo basic
studies and to promote international collaboration within the framework of the NEA/NSC.
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The Organising Committee hopes that this information exchange will present a good opportunity
to elucidate the basic research subject of high-temperature engineering, and to develop international
co-operative works under the auspices of the OECD/NEA/NSC.

Finally, I would like to express my sincere gratitude to the Scientific Advisory Members for their
support, the NEA Secretariat for the preparation of this meeting and the Japan Atomic Energy
Research Institute as a co-organiser for the technical support to this meeting. Also, I would like to
thank all of you, the participants, especially those who have come from countries outside Europe.
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SESSION I

Overviews of High-temperature
Engineering Research in Each

Country and Organisation

Chair: W. von Lensa
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RESEARCH ACTIVITIES ON HIGH-TEMPERATURE GAS-COOLED
REACTORS (HTRS) IN THE 5TH EURATOM RTD FRAMEWORK PROGRAMME

Joaquín Martín-Bermejo
European Commission, DG RESEARCH, Brussels, Belgium

Michel Hugon, Georges Van Goethem
European Commission, DG RESEARCH, Brussels, Belgium

Abstract

One of the areas of research of the “nuclear fission” key action of the 5th EURATOM RTD Framework
Programme (FP5) is the safety and efficiency of future systems. The main objective of this area is to
investigate and evaluate new or revisited concepts (both reactors and alternative fuels) for nuclear
energy that offer potential longer term benefits in terms of cost, safety, waste management, use of
fissile material, less risk of diversion and sustainability. Several projects related to high-temperature
gas-cooled reactors (HTRs) were retained by the European Commission (EC) services. They address
important issues such as HTR fuel technology, HTR fuel cycle, HTR materials, power conversion
systems and licensing. Most of these projects have already started and are progressing according to the
schedule. They are the initial core of activities of a European Network on “High-temperature Reactor
Technology” (HTR-TN) recently set up by 18 EU organisations.
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Introduction

The 5th Framework Programme sets out the priorities for the European Union’s research,
technological development and demonstration activities for the period 1998-2002 [1]. These priorities
have been identified on the basis of a set of common criteria reflecting the major concerns of
increasing industrial competitiveness and the quality of life for European citizens.

The 5th Framework Programme differs considerably from its predecessors. It has been conceived
to help solve problems and to respond to major socio-economic challenges facing Europe. To maximise
its impact, it focuses on a limited number of research areas combining technological, industrial,
economic, social and cultural aspects. Management procedures have been streamlined with an emphasis
on simplifying the process and systematically involving key players in research.

The 5th Framework Programme has two distinct parts: the European Community framework
programme covering research, technological development and demonstration activities, and the
EURATOM framework programme covering research and training (RT) activities in the nuclear
sector. A budget of euros14 960 million has been agreed for the period up to the year 2002 of which
euros 13 700 million is foreseen for the implementation of the European Community section of the
5th Framework Programme and euros1 260 million have been allocated to the EURATOM programme.

In practice, this Programme is implemented either via indirect actions co-ordinated by Directorate
General RESEARCH of the European Commission (EC) or via direct actions under the responsibility
of the Joint Research Centre (JRC) of the EC. The indirect actions consist mainly of research
co-sponsored by DG RESEARCH but carried out by external public and private organisations as
multi-partner projects. The direct RTD actions normally comprise research of an institutional character
that is carried out directly by the JRC using their unique expertise and facilities.

The 5th EURATOM Framework Programme (1998-2002)

Overview

The strategic goal of the 5th EURATOM Framework Programme (FP5) for research and training
activities is to help exploit the full potential of nuclear energy in a sustainable manner by making
current technologies even safer and more economical and by exploring promising new concepts.
The specific programme (indirect actions) comprises two “key actions”, controlled thermonuclear fusion
and nuclear fission, generic research on radiological sciences and support for research infrastructure.

The budget breakdown of the 5th EURATOM specific programme is as follows:

Key action 1: Controlled thermonuclear fusion euros 788 million

Key action 2: Nuclear fission euros 142 million

Generic R&D activities on radiological sciences euros 39 million

Support for research infrastructures euros 10 million

Joint Research Centre (direct actions) euros 281 million
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The key action “nuclear fission”

The main objectives of this key action are to enhance the safety of Europe’s nuclear installations
and improve the competitiveness of Europe’s industry. Within these broader objectives, the more
detailed aims are to protect workers and the public from radiation and ensure safe and effective
management and final disposal of radioactive waste, to explore more innovative concepts that are
sustainable and have potential longer term economic, safety, health and environmental benefits and
to contribute towards maintaining a high level of expertise and competence on nuclear technology
and safety.

Research focuses on issues that currently hinder the fuller exploitation of nuclear energy (e.g. cost,
safety, waste disposal, public attitudes) and aim to demonstrate the availability of practical solutions to
the outstanding scientific and technical problems and public concerns. It should bring together at the
research stage different stakeholders sharing common strategic objectives. It covers four principal
areas of research:

• Operational safety of existing installations.

• Safety of the fuel cycle.

• Safety and efficiency of future systems.

• Radiation protection.

Their objectives and main priorities are briefly described below.

Operational safety of existing installations

The objectives are to provide improved and innovative tools and methods for maintaining and
enhancing the safety of existing installations, for achieving evolutionary improvements in their design
and operation and for improving the competitiveness of Europe’s nuclear industry. Three top research
priorities have been identified:

• Plant life extension and management.

• Severe accident management.

• Evolutionary concepts.

Safety of the fuel cycle

The objective is to develop a sound basis for policy choices on the management and disposal of
spent fuel and high-level and long-lived radioactive wastes and on decommissioning and to build a
common understanding and consensus on the key issues. Three top research priorities have been
identified:

• Waste and spent fuel management and disposal.

• Partitioning and transmutation.

• Decommissioning of nuclear installations.
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Safety and efficiency of future systems

The objective is to investigate and evaluate new and updated concepts for nuclear energy that
offer potential longer term benefits from the points of view of cost, safety, waste management, use of
fissile material, less risk of diversion and sustainability. Innovative or revisited reactor concepts, and
innovative fuels and fuel cycles have been identified as the top research priorities.

Radiation protection

The objectives are to help operators and safety authorities to protect workers, the public and the
environment during operations in the nuclear fuel cycle, to manage nuclear accidents and radiological
emergencies and to restore contaminated environments. Four top research priorities have been identified:

• Governance (assessment and management) of risk.

• Monitoring and assessment of occupational exposure.

• Off-site emergency management.

• Restoration and long-term management of contaminated environments.

Selection of projects in FP5

Proposals for “indirect” actions under the Framework Programmes are normally invited by the
EC via calls for proposals with fixed deadlines. The eligible proposals are evaluated by independent
experts who gave their advice to the Commission services, which takes it into account when selecting
the portfolio to be negotiated. Up to date there have been three of these calls for proposals with
deadlines 17 June 1999, 4 October 1999 and 22 January 2001 with a total funding of euros 153 million.
The details of the research areas and priorities are given in the Work Programme, which is updated
annually and is available on the CORDIS website (www.cordis.lu/fp5-euratom).

After the evaluation of the proposals received, a number of research contracts covering the
objectives of the above-mentioned areas has been successfully negotiated by the EC and different EU
organisations (see Table 1).

Table 1. Results of the first three calls for proposals of EURATOM FP5

Research area Eligible
proposals

Projects
accepted

Commission funding
(million euros)

Operational safety of existing installations 152 66 39
Safety of fuel cycle 102 57 57
Safety and efficiency of future systems 22 15 12
Radiation protection 49 19 9.5
Radiological sciences 97 44 29
Support for research infrastructures 24 19 6.5
Total 446 220 153
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The research is implemented through: shared-cost actions (the main mechanism for the key
action), support for networks and databases, training fellowships, concerted actions and accompanying
measures. These indirect actions are managed and co-ordinated by Unit J-4 (Nuclear fission and
radiation protection) of Directorate J (Preserving the ecosystem II) within DG RESEARCH. The actual
work is carried out by laboratories, research centres, universities, regulatory authorities, utilities,
engineering companies and consulting firms. The principal end-users of the results are nuclear power
plants, national regulatory authorities and the industry sector in general.

Safety and efficiency of future systems

This is a newly identified research area for FP5 with the objectives of assessing new and updated
concepts for nuclear energy that offer potential longer term benefits in terms of safety, economy, waste
management, use of fissile material, less risk of diversion and sustainability. It covers two sub-areas,
namely “Innovative or revisited reactor concepts” and “Innovative fuels and fuel cycles”. Relevant
work had been previously undertaken, in particular in the cluster of projects “INNO” of Area A
(“Exploring innovative approaches”) of the specific programme on Nuclear Fission Safety in the
EURATOM 4th Framework Programme (1994-1998).

The majority of research projects selected for funding in this area are related to high-temperature
reactors (HTR) and are grouped in a cluster. They address the main technical issues to be solved
before using the HTRs at the industrial scale to produce energy: fuel technology, fuel cycles, waste,
reactor physics, materials, power conversion systems and licensing. The rest of the projects in this area
are assessing the sate of the art and R&D needs of other reactor concepts and of other applications of
nuclear energy, such as supercritical pressure light water reactors, gas-cooled fast reactors, molten salt
reactors and sea water desalination. Finally, a thematic network is addressing the competitiveness and
sustainability of nuclear energy in the European Union.

The list of HTR-related projects co-sponsored by the EC is shown in Table 2. Four of them
(HTR-F, HTR-M, HTR-N and HTR-C) were accepted in the call of proposals of 4 October 1999
whereas the rest (HTR-F1, HTR-M1, HTR-N1, HTR-E and HTR-L) were accepted in the call of
22 January 2001.

Research on HTRs in EURATOM FP5

A number of HTRs were developed throughout the 1960s and 1970s (i.e. Peach Bottom and
Fort St. Vrain in the US, AVR and THTR in Germany, and Dragon in the UK) but then abandoned.
However, its inherent safety features, its potential for use in high-temperature industrial processes and
the possibility of using direct cycle gas turbines has kept the concept alive. In fact, there is renewed
interest in other parts of the world (Japan, China, South Africa, Russia) and their potential for
deployment later on in Europe is now being re-considered. However, a full development programme
will require a large, fairly long-term effort for which a more proactive public R&D strategy might be
necessary.

Current EC-sponsored projects

The nine HTR-related projects selected by the EC form a consistent and structured cluster
covering both fundamental research and technological aspects. They were selected after two calls for
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Table 2. Ongoing HTR-related research projects in EURATOM FP5

Acronym Subject of research Co-ordinator
(country)

Number of
partners

Duration
(months)

EC funding
(million euros)

HTR-F HTR fuel technology CEA (F) 7 48*** 1.7
HTR-F1 0.8
HTR-N HTR reactor physics and

fuel cycle
FZJ (D) 14 54*** 1.0

HTR-N1 0.55
HTR-M HTR materials NNC Ltd. (UK) 8 54*** 1.1
HTR-M1 (UK) 0.7
HTR-E Innovative components and

systems in direct cycles of
HTRs

FRAMATOME
(F)

14 48*** 1.9

HTR-L HTRs licensing safety
approach and main licensing
issues

Tractebel (B) 8 36*** 0.5

HTR-C HTR programme
co-ordination

FRAMATOME
(F)

6 48*** 0.2

* Duration of combined projects HTR-F and HTR-F1.
** Duration of combined projects HTR-N and HTR-N1.
*** Duration of combined projects HTR-M and HTR-M1.

proposals with deadlines 4 October 1999 and 22 January 2001. The latter targeted on complementary
R&D activities on HTRs with emphasis on issues which it was not possible to address in the former
due to budget and scheduling constraints.

This section describes the objectives as well as the main experimental and analytical activities
foreseen within the above-mentioned projects. Around 25 different organisations, representing research
centres, universities, regulators, utilities and vendors from nine EU member states and Switzerland are
involved.

Projects HTR-F and HTR-F1

These projects are “shared-cost” actions to be carried out by a consortium of seven organisations
(CEA, FZJ, JRC-IAM, JRC-ITU, BNFL, FRAMATOME and NRG) under the co-ordination of CEA.
The duration foreseen for the combined projects is 48 months.

The objectives of HTR-F are: (i) to restore (and improve) the fuel fabrication capability in Europe,
(ii) to qualify the fuel at high burn up with a high reliability and (iii) to study innovative fuels that can
be used for applications different from former HTR designs. The project started in October 2000 and
its work programme includes the following activities:

• To collect data from the various types of fuels tested in the past in European reactors
(e.g. HFR, THTR, DRAGON, OSIRIS, SILOE, etc.) and to analyse them in order to better
understand the fuel behaviour and performance under irradiation.

• To define experimental programmes (in-pile and out-of-pile) in order to qualify the fuel particle
behaviour under irradiation and high temperatures. A first irradiation test is planned in the
HFR reactor on pebbles from the last German high quality fuel production with the objective
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to reach a burn-up of 200 000 MWd/t. Concerning the heat-up tests, the Cold Finger Furnace
(KÜFA) facility, in which temperatures can reach up to 1 800°C, was transferred from Jülich
(FZJ) to Karlsruhe (JRC/ITU) where it will be commissioned after having tested one irradiated
pebble.

• To model the thermal and mechanical behaviour of coated fuel under irradiation and to validate
it against the experimental results available. The models in existing codes (e.g. PANAMA,
FRESCO, COCONUT, etc.) will be used to develop a common European code.

• To review the existing technologies for fabrication of kernels and coated particles, to fabricate
first batches of U-bearing kernels and coated particles, to characterise them and to study
alternative coating materials (e.g. ZrC and TiN). Kernels and particles will be fabricated in
different laboratories (two at CEA and one at JRC/ITU) and the first coatings tests will be
performed on simulated and depleted uranium kernels.

The programme of HTR-F1, which should start in November 2001, is fully complementary to
HTR-F. It will enable to complete the irradiation of the German pebbles in the HFR in Petten, to carry
out their post-irradiation examination (PIE) and to perform heat-up tests under accident conditions in
the modified KÜFA facility at JRC/ITU. Also, the code developed in HTR-F for modelling the thermal
and mechanical behaviour of the coated fuel particles should be validated. Finally, the production of
coated particles and kernels should start at CEA and JRC/ITU.

Projects HTR-N and HTR-N1

These projects are “shared-cost” actions to be carried out by a consortium of 14 organisations
(FZJ, Ansaldo, BNFL, CEA, COGEMA, FRAMATOME ANP SAS and GmbH, NNC Ltd., NRG,
JRC-ITU, Subatech, and the Universities of Delft, Pisa and Stuttgart) under the co-ordination of FZJ.
The duration foreseen for the combined projects is 54 months.

The main objectives of HTR-N are: to provide numerical nuclear physics tools (and check the
availability of nuclear data) for the analysis and design of innovative HTR cores, to investigate different
fuel cycles that can minimise the generation of long-lived actinides and optimise the Pu-burning
capabilities, and to analyse the HTR-specific waste and the disposal behaviour of spent fuel. The project
started in September 2000 and its work programme includes the following activities:

• To validate present core physics code packages for innovative HTR concepts (of both prismatic
block and pebble bed types) against tests of Japan’s high-temperature test reactor (HTTR) and
to use these codes to predict the first criticality of China’s HTR-10 experimental reactor.

• To evaluate the impact of nuclear data uncertainties on the calculation of reactor reactivity
and mass balances (particularly for high burn-up). Sensitivity analyses will be performed by
different methods based on today’s available data sets (ENDF/B-VI, JEFF-3, JENDL 3.2/3).

• To study selected variations of the two main reactor concepts (i.e. hexagonal block type and
pebble-bed) and their associated loading schemes and fuel cycles (i.e. the static batch-loaded
cores and continuously loaded cores) in order to assess burn-up increase, waste minimisation
capabilities, economics and safety.

• To analyse the HTR operational and decommissioning waste streams for both prismatic block
and pebble bed types and to compare them with the waste stream of LWR.
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• To perform different tests (e.g. corrosion, leaching, dissolution) with fuel kernels such as UO2

and (Th,U)O2 and coating materials of different compositions (e.g. SiC, PyC) in order to
evaluate and generate the data needed to model the geo-chemical behaviour of the spent fuel
under different final disposal conditions, i.e. salt brines, clay water and granite.

The HTR-N1 project proposes to: extend the nuclear physics analysis of HTR-N to the hot
conditions of low-enriched uranium (LEU) cores with data from HTTR and HTR-10; to investigate the
potential to treat or purify specific HTR decommissioning waste (e.g. structural graphite) on the basis
of samples taken from the AVR side reflector and to continue the leaching experiments for disposed
spent fuel with irradiated fuel (instead of dummies) for initial commissioning of the test rigs.
The project is due to start in October 2001.

Projects HTR-M and HTR-M1

These projects are “shared-cost” action to be carried out by a consortium of eight organisations
(NNC Ltd., FRAMATOME, CEA, NRG, FZJ, Siemens, Empresarios Agrupados and JRC-IAM) under
the co-ordination of NNC Ltd. The duration foreseen for the combined projects is 54 months.

The objectives of HTR-M are to provide materials data for key components of the development of
HTR technology in Europe including: reactor pressure vessel (RPV), high-temperature areas (internal
structures and turbine) and graphite structures. The project started in November 2000 and its work
programme consists of the following basic activities:

• Review of RPV materials, focusing on previous HTRs in order to set up a materials property
database on design properties. Specific mechanical tests will be performed on RPV welded
joints (FRAMATOME facilities) and irradiated specimens (Petten HFR) covering tensile,
creep and/or compact tension fracture.

• Compilation of existing data about materials for reactor internals having a high potential
interest, selection of the most promising grades for further R&D efforts, and development and
testing of available alloys. Mechanical and creep tests will be performed at CEA on candidate
materials at temperatures up to 1 100°C with focus on the control rod cladding.

• Compilation of existing data about turbine disk and blade materials, selection of the most
promising grades for further R&D efforts, and development and testing of available alloys.
Tensile and creep tests (in air and vacuum) from 850°C up to 1 300°C and fatigue testing at
1 000°C will be performed at facilities at CEA while creep and creep/fatigue tests in helium
will be performed at JRC.

• Review the state of the art on graphite properties in order to set up a suitable database and
perform oxidation tests at high temperatures on: (i) a fuel matrix graphite to obtain kinetic
data for advanced oxidation (THERA facility at FZJ) and (ii) advanced carbon-based materials
to obtain oxidation resistance in steam and in air respectively (INDEX facility at FZJ).

The HTR-M1 project complements HTR-M, as it concentrates on the long-term testing of the
materials for the turbine and irradiation tests for the HTR graphite components. Special attention is
placed on the fact that previous graphites are no longer available because the coke used as the raw
material has either run out and the manufacturer’s experience lost, or production techniques and
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equipment no longer exist. The work programme includes verification of models describing the graphite
behaviour under irradiation and screening tests of recent graphite qualities. The project should start in
November 2001.

Project HTR-E

This project is a “shared-cost” action to be carried out by a consortium of 14 organisations
(FRAMATOME ANP SAS, Ansaldo, Balcke Dürr, CEA, Empresarios Agrupados, FRAMATOME
ANP GmbH, FZJ, Heatric, Jeumont Industrie, NRG, NNC Ltd., S2M, University of Zittau and Von
Karman Institute) under the co-ordination of FRAMATOME ANP SAS. The duration foreseen for this
project is 48 months and the expected commencement date is December 2001.

This project addresses the innovative key components, systems and equipment related to the
direct cycle of modern HTRs. These include turbine, recuperator heat exchanger, active and permanent
magnetic bearings, rotating seals, sliding parts (tribology) and the helium purification system.
The programme contains both design studies (e.g. computer fluid dynamics and finite element analyses)
and also experiments (e.g. magnetic bearing tests at Zittau facility, validation tests of the recuperator at
CEA’s CLAIRE loop or tribological investigations at FRAMATOME’s Technical Centre).

Project HTR-L

This project is a “shared-cost” action to be carried out by a consortium of eight organisations
(Tractebel, Ansaldo, Empresarios Agrupados, FRAMATOME ANP SAS, FRAMATOME ANP GmbH,
FZJ, NRG, and NNC Ltd.) under the co-ordination of Tractebel. The duration foreseen for this project
is 36 months and the commencement date is October 2001.

The project proposes a safety approach for a licensing framework specific to modular
high-temperature reactors and a classification for the design basis operating conditions and associated
acceptance criteria. Special attention will be put on the confinement requirements and the rules for
system, structure and component classification as well as a component qualification level being
compatible with economical targets.

Project HTR-C

This is a “concerted action” to be carried out by a consortium of six organisations (FRAMATOME,
FZJ, CEA, NNC Ltd., NRG, and JRC) under the co-ordination of FRAMATOME. The duration
foreseen is 48 months.

This project, which started in October 2000, is devoted to the co-ordination and the integration of
the work to be performed in all the above-mentioned projects. Moreover, HTR-C should organise a
world-wide “technological watch” and develop international co-operation, with first priority to China
and Japan, which have now the only research HTRs in the world. In order to promote and disseminate
the achievements of the EC-sponsored projects, HTR-C will organise presentations in international
conferences.
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The “High-temperature Reactor Technology Network” (HTR-TN)

In the beginning of 2000, 15 EU organisations signed a multi-partner collaboration agreement to
set up a European Network on “High-temperature Reactor Technology” hereinafter referred to as the
“HTR-TN”. The agreement does not involve cash flow between the members and all contributions are
made in kind. The operating agent and the manager of this network is the JRC-IAM (Petten) and the
rest of the partners are: Ansaldo (I), Belgatom (B), BNFL (UK), CEA (F), Empresarios Agrupados
(E), FRAMATOME (F), FZJ (D), FZR (D), IKE (D), University of Zittau (D), Delft University (NL),
NNC (UK), NRG (NL) and Siemens (D). Many of these organisations had already been working
together in the “INNOHTR” Concerted Action of the EURATOM FP4 (contract FI4I-CT97-0015).

The general objective of this network is to co-ordinate and manage the expertise and resources of
the participant organisations in developing advanced technologies for modern HTRs, in order to
support the design of these reactors. The primary focus will be to recover and make available to the
European nuclear industry the data and the know-how accumulated in the past in Europe and possibly
in other parts of the world. The network should also work on the consolidation of the unique safety
approach and of the specific spent fuel disposal characteristics of HTR, providing data, tools and
methodologies which could be available for the safety assessment of European safety authorities.
The EC-sponsored projects mentioned in the previous section are the initial “kernel” from which the
HTR-TN has departed.

The activities of this network started officially in April 2000 at the kick-off meeting held in
Petten (The Netherlands). During this meeting the Steering Committee of the network was constituted
and different task groups were set up in order to implement the agreement. Six technical task groups
were created to address the following areas: components technology, system and applications studies,
material performance evaluation, safety and licensing, fuel testing, physics and fuel cycle including
waste. In addition to these technical task groups some “horizontal” task groups were also formed to
cover aspects such as strategies for future common projects, internal and external communications,
and international relationships.

At the second Steering Committee meeting of the HTR-TN held in Brussels on November 2000
three new organisations, Balcke-Dürr (D), COGEMA (F) and VTT (FI) joined HTR-TN. The network
remains open for further partners or associates from Europe and elsewhere. An HTR-TN web page has
been set up by the network members using the CIRCA server of the JRC (http:/www.jrc.nl/htr-tn).

Conclusions

At present, there is renewed interest in different countries of the world (Japan, China, South Africa,
Russia) in high-temperature gas-cooled reactors (HTRs). Their potential for deployment later on in
Europe is also being re-considered. Its inherent safety features, its potential for use in high-temperature
industrial processes and the possibility of using direct cycle gas turbines has made of HTRs a very
attractive concept in the current socio-economic and political environment. However, a full development
programme will require a large, fairly long-term effort for which a more proactive public R&D
strategy might be necessary.

The EC is supporting a number of research projects on HTRs in its 5th EURATOM Framework
Programme. They are aimed at investigating and evaluating the potential of this type of reactor in
terms of safety, economy, waste management, use of fissile material, less risk of diversion and
sustainability. These projects address important issues such as HTR fuel technology, HTR fuel cycle,
HTR materials, power conversion systems and licensing.
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The research activities, implemented mainly through shared-cost actions, concerted actions and
networks, are managed by Unit J-4 (Nuclear fission and radiation protection) of Directorate J
(Preserving the ecosystem II) within DG RESEARCH. The actual work is carried out by laboratories
and research centres, utilities, engineering companies, regulatory authorities and universities. This
enforced collaboration of organisations of different EU member states contributes to improve the
consistency of the research fabric within the EU so that optimal use can be made of the available
resources in the present and the future EURATOM Framework Programmes.

A European Network on “High-temperature Reactor Technology (“HTR-TN”) has been set up by
18 EU organisations with the JRC-IAM (Petten) as the operating agent. The primary objective will be
to recover and make available to the European nuclear industry the data and the know-how accumulated
in the past in Europe and possibly in other parts of the world. The EC-sponsored projects in
EURATOM FP5 mentioned above are the initial core of activities from which the HTR-TN departed.
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UPDATE ON IAEA HIGH-TEMPERATURE GAS-COOLED REACTOR ACTIVITIES

J. Kendall, M. Methnani
International Atomic Energy Agency

P.O. Box 100, A-1400, Vienna, Austria

Abstract

IAEA activities on high-temperature gas-cooled reactors are conducted with the review and support
of Member States, primarily through the Technical Working Group on Gas-cooled Reactors
(TWG-GCR). This paper provides an update on related IAEA activities in recent years with a focus on
Co-ordinated Research Projects (CRPs). In particular, the status of the ongoing CRP on the evaluation
of high-temperature gas-cooled reactor performance is presented. Information on IAEA gas-cooled
reactor activities and relevant technical documents are also available on the Internet at the following
address: http://www.iaea.org/inis/aws/htgr/index.html.
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Introduction

International interest in HTGR technology has increased in recent years due to its potential design
characteristics featuring inherent safety and high efficiency. Industry-supported concept development
and future deployment feasibility studies have been initiated in South Africa with its PBMR project,
Japan with its HTTR, China with its HTR and the collaboration of Russia, the US and France on their
GT-MHR project. The European Commission has also increased its support for modular HTGR
technology development through the 5th Framework Research and Development Programme.

In line with this surge of global activity, the IAEA has played a leading role as a catalyst,
facilitating international collaboration and information exchange among Member States on issues
related to this technology. The activities have mainly focused on organising Technical Working Group
(TWG-GCR) meetings and Co-ordinated Research Projects (CRPs). The TWG-GCR currently includes
participants from 12 countries: China, France, Germany, Indonesia, Japan, the Netherlands, Poland,
the Russian Federation, South Africa, Switzerland, the United Kingdom and the United States. It is
currently set to meet every 18 months to exchange information related to gas-cooled reactor
technologies in the Member States and to advise the IAEA regarding future plans. CRPs, on the other
hand, are developed in relation to a well-defined research topic on which a number of institutions
agree to collaborate, and represent an effective means of bringing together researchers to solve a
problem of common interest.

A CRP is typically 3 to 5 years in duration and involves 5 to 15 participating Member States.
The scope and schedule of a CRP is established by IAEA staff based on expressed interest and
recommendations from Member States. The participants provide a substantial majority of the
resources required to conduct the CRP, organising and performing the work and documenting the
results. Typically, the IAEA contributes staff time for facilitating the CRP, support for travel to
periodic Research Co-ordination Meetings (RCMs), and in some cases a small funding contribution to
participants from developing countries.

Recently-completed CRPs

CRP on Validation of Safety-related Physics Calculations for Low-enriched HTGRs

This CRP was formed to address core physics aspects for advanced gas-cooled reactor designs.
It focused primarily on development of validation data for physics methods used for core the design
of HTGRs fuelled with low-enriched uranium. Experiments were conducted for graphite-moderated
LEU systems over a range of experimental parameters, including carbon-to-uranium ratio, core
height-to-diameter ratio and simulated moisture ingress conditions, which were defined by the
participating countries as validation data needs. Key measurements performed during the CRP provide
validation data relevant to current advanced HTGR designs including measurements of shutdown rod
worth in both the core and side reflector, effects of moisture on reactivity and shutdown rod worth,
critical loadings, neutron flux distribution and reaction rate ratios. Countries participating in this CRP
included China, France, Germany, Japan, the Netherlands, Poland, the Russian Federation, Switzerland
and the United States of America. Work under the CRP has been completed and documented in the
form of an IAEA TECDOC [1].

CRP on Heat Transport and Afterheat Removal for Gas-cooled Reactors Under Accident Conditions

Within this CRP, the participants addressed the inherent mechanisms for removal of decay heat
from GCRs under accident conditions. The objective was to establish sufficient experimental data at
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realistic conditions, and validated analytical tools to confirm the predicted safe thermal response of
advanced gas-cooled reactors during accidents. The scope included experimental and analytical
investigations of heat transport by natural convection, conduction and thermal radiation within the
core and reactor vessel, and afterheat removal from the reactor vessel. Code-to-code comparisons and
code-to-experiment benchmarks were performed for verification and validation of the analytical
methods. Countries participating in this CRP included China, France, Germany, Japan, the Netherlands,
the Russian Federation and the United States of America. Work under the CRP has been completed
and documented in the form of an IAEA TECDOC [2].

Ongoing CRP on Evaluation of HTGR Performance

CRP objective

Modular HTGRs rely on the integrity of ceramic fuel elements of the core as a main barrier for
confining fission products. A combination of a strongly negative temperature coefficient, a low power
density, a large core thermal capacity and a passive decay heat removal path promise to assure fuel
integrity under all postulated severe accidents. The CRP is intended to validate the calculation codes
used by the Member States for this type of analysis by comparing results of several benchmark
problems to available experimental results.

CRP scope

The CRP, initiated in October 1997 and scheduled to be completed in October 2004, has the
following Member States as participants: China, France, Germany, Indonesia, Japan, the Netherlands,
the Russian Federation, South Africa and the United States The following scope has been defined for
the project:

•  Reactor physics benchmark analysis.

•  Thermal hydraulic transient benchmark analysis.

•  Demonstration of HTGR safety characteristics.

Benchmark problems have been defined for the purpose of comparing analytical results with
experimental data from HTR-10, HTTR and PBMR projects. In addition, a code comparison problem
has been defined by the GT-MHR project. The primary activities of the CRP include the specification
of experimental benchmark problems and the exchange of data necessary to conduct analyses of the
problems and compare results. The scope of the CRP centres around problems identified for research
reactors and power plant designs as summarised below. In each case the participant specifying the
problem was responsible for providing the necessary facility data, defining the problem in detail and
compiling and comparing the analysis results.

Reactor physics benchmark problems

Four sets of reactor physics benchmark problems have been defined for the HTTR, HTR-10, the
GT-MHR and the PBMR (via the ASTRA critical facility).



34

HTTR

The following six benchmark problems were defined for the HTTR facility:

•  HTTR-FC (Phase 1, first criticality). The first core loading of HTTR was conducted by
initially loading the reactor with graphite blocks, then replacing the graphite blocks with fuel
blocks one column at a time. The outer ring of fuel was loaded first, then successive inner
rings. The problem involved prediction of the number of fuel columns required to achieve the
first criticality, including the excess reactivity when the column resulting in criticality was
fully loaded.

•  HTTR-FC (Phase 2, first criticality). The initial results generally underpredicted the number
of fuel columns required, thus a second phase of calculations was conducted. This involved
the following adjustments to the data used in the original calculation:

– Allowance for air in the graphite voids.

– Revised impurity contents in the initially loaded graphite blocks.

– Aluminium in the temporary neutron detector holders.

•  HTTR-CR (control rod worth). Evaluation of the control rod insertion depths at the critical
condition for the three cases listed below. All control rod insertion levels to be adjusted on the
same level except three pairs of control rods in the outermost region in the side reflectors,
which were assumed to be fully withdrawn.

– 18 columns (thin annular core).

– 24 columns (thick annular core).

– 30 columns (fully loaded core).

•  HTTR-EX (excess reactivity). Determination of the excess reactivity for the three cases
mentioned above, assuming moderator and fuel temperatures of 300ºC and one atmospheric
pressure of helium as the primary coolant condition.

•  HTTR-SC (scram reactivity). Scram reactivity for a 30 column core fully loaded with fresh
fuel for the following two cases:

– All reflector CRs are inserted at the critical condition.

– All CRs in reflector and core are inserted at the critical condition.

•  HTTR-TC (temperature coefficient of reactivity). Isothermal temperature coefficients for a
fully loaded core should be evaluated from 280 to 480ºK, assuming a fixed control rod position
based on critical conditions at 480ºK.
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HTR-10

The following benchmark problems have been defined for the HTR-10 facility:

•  HTR-10FC (first criticality). Amount of loading (given in loading height, starting from the
upper surface of the conus region) for the first criticality: Keff = 1.0 under the atmosphere of
helium and core temperature of 20°C, without any control rod being inserted.

•  HTR-10TC (temperature coefficient of reactivity). Effective multiplication factor Keff of full
core (5 m3) under helium atmosphere and core temperature of 20°C, 120°C and 250°C
respectively, without any control rod being inserted.

•  HTR-10CR (control rod worth). The following sets of conditions are defined:

– Reactivity worth of the ten fully inserted control rods under helium atmosphere and core
temperature of 20°C for full core.

– Reactivity worth of one fully inserted control rod (the other rods are in withdrawn
position) under helium atmosphere and core temperature of 20°C for full core.

– Reactivity worth of the ten fully inserted control rods under helium atmosphere and core
temperature of 20°C for a loading height of 126 cm.

– Differential reactivity worth of one control rod (the other rods are in withdrawn position)
under helium atmosphere and core temperature of 20°C for a loading height of 126 cm,
when the lower end of the control rod is at the following axial positions: 394.2 cm,
383.618 cm, 334.918 cm, 331.318 cm, 282.618 cm, 279.018 cm, 230.318 cm.

GT-MHR

The following code comparison problems are defined for the GT-MHR design with plutonium fuel:

•  Cell calculations:

– Dependence of Kinf for unit cell versus burn-up.

– Content of the main isotopes vs. burn-up.

•  Reactor calculations:

– Isothermal reactivity coefficients versus temperature at the beginning and at the end of
fuel cycle.

– Control rod worth in the active core.

– Control rod worth in the side reflector.
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PBMR-ASTRA

The PBMR benchmarks are defined with respect to the ASTRA critical facility, which is being
used to provide reactor physics for the PBMR design.

•  Core height for criticality. The requirement for this task is to determine the height at which
the ASTRA facility will achieve criticality, assuming that no control rods or shutdown rods
are inserted.

•  Control rod worth. This task involves the determination of the worth of control rods with the
pebble bed raised to a height of Hpb = 268.9 cm.

– The worth of control rods depending on their position in the side reflector. This task
requires the determination of the control rod worth for six distances from the core boundary
to the axis of the control rod.

– Interference of a system of control rods. Control rods worth are to be determined for single
control rods as well as for combinations of two and three rods. For these combinations it
is necessary to determine the worth as well as the interference coefficient.

•  Control rod differential reactivity. This task requires the evaluation of the differential
reactivity of the CR5 and MR1 control rods as a function of depth of insertion.

•  Investigation of critical parameters with varying height. For this task it is required to
determine the change in reactivity due to an increase in the height of the ASTRA critical
assembly pebble bed.

Thermal hydraulics benchmark problems

Thermal hydraulics problems have been defined for the HTTR facility as follows:

•  HTTR-VC (vessel cooling). Participants should predict heat removal by the vessel cooling
system (VCS) and temperature profile on the surface of the VCS side panel at 30 MW power
operation. The analytical results will be compared with measured heat removal and temperature
profile. Conditions for this benchmark problem such as power distribution, mass flow rate of
coolant, reactor inlet temperature, etc., are given by JAERI.

•  HTTR-LP (loss of off-site electric power). This benchmark problem requires evaluation of the
transient response of the HTTR to a loss of off-site electric power from initial steady-state
operation at 15 and 30 MWt. During normal operation, called parallel loaded operation, the
intermediate heat exchanger and the primary and secondary pressurised water coolers are
operated simultaneously, removing heat from the primary system in parallel. The following
problems are defined:

– HTTR-LP (15 MW). Analytical simulation of the transient behaviour of the reactor and plant
during a loss of off-site electric power from normal operation at 15 MW thermal power.

– HTTR-LP (30 MW). Analytical simulation of the transient behaviour of the reactor and plant
during a loss of off-site electric power from normal operation at 30 MW thermal power.
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In both simulation cases, the items to be estimated on a time dependent basis are as follows:
(1) hot plenum block temperature, (2) reactor inlet coolant temperature, (3) reactor outlet
coolant temperature, (4) primary coolant pressure, (5) reactor power, (6) heat removal of the
auxiliary heat exchanger. Estimation duration is for 10 hr from the beginning of the loss of
off-site electric power.

Demonstration of HTGR safety characteristics

Participants in the CRP will review the definition, conduct and data gathering plans for safety
demonstration tests to be conducted with the HTTR and HTR-10 facilities. Representatives from each
facility will provide information on planned tests for review by the CRP. Specific aspects of some of
the tests may be identified as benchmark problems for the CRP (e.g. HTTR-LP).

CRP schedule

The CRP schedule is centred around the RCMs, which serve as forums to present and discuss
information benchmark problems, including problem definition as well as experimental and analytical
results. Sufficient contractual agreements with participating Member States were in place to initiate
the CRP by October 1997, with a five-year duration ending in October 2002. In 2000, the International
Working Group on Gas-cooled Reactors recommended that the CRP be extended two additional years.
This recommendation was reviewed and approved by the IAEA, resulting in extension of the CRP to
October 2004. The results of the first three RCMs are briefly summarised below.

First Research Co-ordination Meeting

The first RCM was initially scheduled to be held in Japan in March 1998, but administrative
difficulties required rescheduling, and the meeting was held in Vienna in August 1998. CRP participants
at the time of the first RCM included representatives from China, Germany, Indonesia, Japan, the
Netherlands, the Russian Federation and the United States. Information exchanged in advance of the
RCM allowed for presentation and discussion of results on the HTTR-FC, HTTR-CR and HTTR-EX
benchmarks. Also, initial discussions were held regarding the definition of the HTTR-SC, HTTR-TC,
HTR-10 SC, HTR-10 TC and HTR-10 CR benchmark problems. Participants gave indications of
intent regarding participation in the active benchmarks, and the date and location of the second RCM
were tentatively agreed upon.

Second Research Co-ordination Meeting

The second RCM was held in Beijing, China in October 1999. Participants included the Member
States attending the first RCM plus representatives from South Africa and France. Discussions were
held regarding HTTR-FC, HTTR-CR and HTTR-EX, including calculational results completed after
the first RCM and consideration of data from the HTTR initial criticality, which had been achieved in
November 1998. Results were also presented and discussed for HTTR-SC, HTTR-TC, HTR-10 SC,
HTR-10 TC and HTR-10 CR benchmarks. Additional benchmarks tentatively defined included
HTTR-FC (Phase 2), HTTR-VC, HTTR-LP, GT-MHR code comparisons and PBMR/ASTRA
benchmarks. Initial indications of intent to participate in the additional benchmark problems were
provided by the meeting participants, and the third RCM was tentatively scheduled for March 2001 in
Oarai, Japan.
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Third Research Co-ordination Meeting

The third RCM was held in Oarai, Japan in March 2001. Participants included China, France,
Germany, Indonesia, Japan, the Netherlands, the Russian Federation, South Africa and the United States.
Presentations and discussions at the meeting addressed analytical and experimental results for the core
physics and thermal hydraulic benchmarks previously defined. Additional benchmarks were also
proposed by the Chief Scientific Investigators (CSIs).

Future work

A fourth RCM is planned in Vienna in October 2002 to evaluate the status of the CRP and review
new results. Two TECDOCS are also planned to document these results.
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Abstract

The high-temperature engineering test reactor (HTTR) of JAERI aims at establishment and upgrading
the HTGR technologies as well as the innovative basic research in the field of high-temperature
engineering. It is now under commissioning tests and will soon achieve the rated power of 30 MW.
This paper presents a brief overview concerning the innovative basic research in the following fields:

• New materials development of high-temperature oxide superconductors (HTSC), high
performance silicon carbide (SiC) semiconductor, and heat-resistant ceramic composite
materials.

• High-temperature radiation chemistry research on polysilane decomposition into SiC fibres,
and high-temperature radiolysis of heavy oils and plastics, as well as in situ measurement of
property changes of solid tritium breeding materials under irradiation.

• High-temperature in-core instrumentation development of a heat- and radiation-resistant
optical fibre system and of devices for monitoring neutron and gamma-ray spectra.

JAERI is preparing for the first HTTR irradiation in 2003 and will then proceed to the international
collaboration phase on high-temperature irradiation test for development of the new materials in the
field of high-temperature engineering.
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Introduction

The HTTR is the first high-temperature gas-cooled reactor in Japan. It is currently in the
commissioning stage at the Oarai Research Establishment of the Japan Atomic Energy Research Institute
(JAERI). The construction of the HTTR was decided to establish and upgrade HTGR technology and
to develop an irradiation test for innovative basic research in the field of high-temperature engineering
(Figure 1). For the establishment of HTGR technology, basic data concerning HTTR performance is to
be accumulated on the focus of fuel integrity, helium gas leakage and so on during the long-term rated
power operation. For the upgrading of HTGR technology, several research and development activities
are to be performed in the field of evaluation of reactor performance on core physics and thermal
analysis, etc., safety demonstration tests under simulated accident conditions, development of a
process heat application system and so on. For the innovative basic research preliminary studies have
been started since 1994 under the direction of the Utilisation Committee chaired by Prof. S. Ishino.

The construction of the HTTR was initiated in 1991. The reactor achieved first criticality on
10 November 1998 and the full core loading in December 1998. It is now at the stage for commissioning
tests through a medium power of 20 MW (spring 2001) up to the full power of 30 MW (autumn 2001)
with an outlet coolant temperature of 850°C. The maximum outlet coolant temperature of 950°C will
be attained in 2002. The HTTR operational schedule is shown in Figure 2.

Irradiation fields in HTTR [1,2,8]

Major components such as a reactor pressure vessel, primary cooling system component, etc., are
all installed inside a steel containment vessel. A vertical section of HTTR is shown in Figure 3, and
major specifications of the HTTR are listed in Table 1. Special types of the prismatic fuel elements
using hexagonal graphite blocks are used for HTTR irradiation. The blocks are 580 mm in height, and
their facing surfaces are 360 mm apart. The maximum irradiation space corresponds to a cylinder which
is about 300 mm in diameter and about 500 mm in height.

Figure 4 indicates the locations of the HTTR irradiation regions. The rig for the first HTTR
irradiation, after completion, will be loaded into one of the three holes, 123 mm in diameter, of a
graphite block of the control-rod insertion type, which is located in the replaceable reflector region A.
In these regions, maximum fast neutron flux (E > 0.18 MeV) and thermal neutron flux (< 2.38 eV) are
2 × 1016 and 2 × 1017 m–2 s–1, respectively, and gamma ray intensity is 30 Gy s–1. Additionally, the
attainable temperature in the He gaseous environment is below 850°C.

Recent activities of the innovative basic research [1,2,5,9]

HTTR utilisation research committee

The innovative basic research concerns basic science and technology to be associated with
high-temperature irradiation environments. The research directions involve novel and bold challenges
both in nuclear and non-nuclear fields. This innovative basic research on high-temperature engineering
is one of the key subjects using HTTR and research reactors and concerns with basic science and
technology to be associated with the field of high-temperature irradiation.

JAERI organised the HTTR Utilisation Research Committee in 1993 to promote basic research.
The HTTR Utilisation Committee consists of three subcommittees in the field of new materials
development, high-temperature radiation chemistry and high-temperature in-core instrumentation.
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Proposed research themes spanning a wide variety of scientific and technological interests were
discussed from the viewpoint of the evaluation on functional characteristics, electrical, magnetic,
dynamical and mechanical, chemical and physical properties as shown in Figure 5.

At the beginning of the programme, a maximum of 66 subjects were proposed over a wide range
of research fields. Only eight tasks have been finally selected for preliminary tests using out-of-pile
facilities and currently available irradiation facilities such as accelerators, research and testing reactors.
The selection was made through helpful and critical comments and discussion by the Utilisation
Committee. The purpose of the preliminary testing is to examine and demonstrate the scientific and
technical feasibility and effectiveness of the tasks selected.

Outlines of preliminary tests of three ongoing research subjects are summarised in Table 2 [11].
These are briefly described below.

Recent results of innovative basic research

New materials development

Scientific and technological significance and method have been investigated for three research
subjects in the field of new materials development. This research field is in a technical level deserving
concrete investigations for the HTTR irradiation. Major results obtained are summarised in Table 3.

Neutron transmutation doping (NTD) of high-temperature semiconductor

The decreases in impurities of silicon carbide (SiC), which can be applied to the field of
high-temperature, high power and high speed switching devices, is a very important issue to be solved
with regard to the practical application of SiC. SiC is not readily permeable to impurity elements by
conventional diffuse method. On the other hand, phosphorus (P) transmutation doping (NTD) of P using
thermal neutrons is recognised as a promising method. The 30Si (natural abundance 3.1%) is transmuted
into 31Si (half life 2.62 h) by a thermal neutron capture reaction, followed by β decay to 31P (stable)
which acts as a shallow electron donor in SiC.

As a preliminary test, after implantation with N, P and Al ions at temperatures ranging from
1 073 K to 1 473 K and subsequently annealing at higher temperatures ranging from 1 773 K to
1 873 K, residual defects of 3C-SiC (cubic) and 6H-SiC (hexagonal) films have been annealed out by
increasing the implantation temperature up to 1 473 K. This anneal-out is explained as the formation
of an amorphous island-like structure. Amorphous island-like structures in SiC after room
implantation contain impurity P atoms as well as point defects. The island structures are not readily
recovered during annealing at high temperatures and even after the annealing. In contrast, such
amorphous island structures are not formed in high-temperature implantation, and therefore
radiation-induced defects are almost perfectly recovered by the post-implantation annealing at higher
temperatures. Almost 100% activation of the impurity atoms, therefore, can be achieved by the
high-temperature implantation or neutron irradiation with subsequent annealing.

Several kinds of apparatuses for post-irradiation examinations (PIEs) of SiC semiconductors are
under preparation in JAERI’s JMTR Hot Laboratory. The Hall effect apparatus and annealing furnace
up to 1 973 K is under installation in a hot experimental room. After preparation, the first
post-annealing data will be obtained on SiC samples to be irradiated in JMTR as a preliminary neutron
irradiation test.
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Irradiation modification of high-Tc superconductor

As for the irradiation-induced modification of an oxide high-temperature superconductor,
Bi-2212 (Bi2Sr2CaCu2Ox) with a high critical temperature (Tc), its main purpose is to increase the
critical current density (Jc). In this field, neutron irradiation is utilised as an important device to
introduce and effectively control the size and the space distribution of lattice defects, which act as trap
sites of external magnetic fluxes that are going to invade the superconductor and lead to degradation of
the superconductivity [13]. After irradiation with a neutron fluence of 5 × 1022m–2 (E > 1 MeV) in
JMTR, the critical current density of irradiated Bi-2212 sample revealed the drastic increase in Jc
value (measured at 40 K) to be a tenth as large as that of an irradiated specimen by post annealing at
673 K for 86.4 ks (1 day) as reported elsewhere [13] and as shown in Figure 6.

Research on radiation damage in ceramic composite materials

This research subject is aimed at a mechanistic understanding of the radiation damage of
heat-resistant ceramic composites, carbon- and SiC-composite materials, and is focused on the
mezzoscopic approach in order to clarify the relationship between microstructures and dynamical and
mechanical properties [14].

High-temperature radiation chemistry

Elaborate studies have been undertaken to utilise radiation-induced chemical reactions at high
temperatures, in production of SiC fibres from a macromolecule compound of polysilane as well as in
decomposition of heavy oils and plastics.

Radiation–enhanced thermal deposition of heavy oils and plastics at high temperatures

The purpose of this research is to clarify the mechanism of the high-temperature radiation-induced
decomposition reactions of heavy oils and plastics and to seek their application. From a viewpoint of
reformation of heavy oils and decomposition and recovery of wasted plastics by means of high
efficiency thermal decomposition in radiation environments, model compounds of normal hexadecane
(n-C16H34) and polyethylene were selected for gamma-ray exposure experiments and recent studies are
focused on the usage of supercritical water as a powerful tool for decomposition of toxic wastes.

Elucidation of singular chemical reactions in high-temperature radiation fields and their application
to process development

This subject deals with radiation-assisted precursor curing of carbon and SiC fibres at high
temperatures. Some radiation-induced chemical reactions accelerate much higher decomposition rates
even at temperatures around 473 to 573 K than at room temperature. It is also recognised that some
reactions can take place effectively at high temperatures. If we elucidate the mechanisms of these
complicated reactions, we can develop new chemical processes as applications of these reactions.
In the preliminary studies, gamma-ray irradiation experiments have been performed to clarify the
effect of the exposure on the decomposition behaviour of SiC-based polymers including polycarbosilane
to form SiC fibres.
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Preliminary test on surface and functional properties of solid tritium breeder under irradiation

Elaborate studies have been made to enable in situ measurement of irradiation-induced property
changes of solid tritium breeding materials under irradiation [15]. This subject is concerned with
physicochemical properties of lithium oxide ceramics for the fusion reactor blanket. In the present test,
in situ measurement of a contact potential difference (CPD) on the surface and of the bulk electrical
conductivity of oxide ceramic materials can first be measured by using experimental apparatus.
Reasonable results are obtained by in situ measurement of work function on surface reaction. This
sophisticated system is useful in quantifying the irradiation-induced surface and bulk damages in
lithium oxides as candidates of the tritium breeding materials and can be applied to nuclear and
non-nuclear field by using the effective cut of irradiation-induced noise.

High-temperature in-core instrumentation

Efforts have been made to develop optical fibres with the heat- and radiation-resistance system as
well as other devices for detection of neutron and gamma-ray spectra at high temperatures.

Development of a heat- and radiation-resistant optical fibre system

The optical fibres to be doped fluorine (F) or hydroxyl group (OH) were newly developed with
radiation resistance. In these fibres, optical loss reveals quite a lower value through the media rather
than that of the conventional type of SiO2 fibre. From the recent irradiation experiments, the effect of
neutron irradiation on optical fibre system with the light emitting source made of high-purity alumina
(sapphire) was investigated in JMTR. The tests reveal a high potential for this method to be a sensitive
and effective tool for real-time detecting of optical transmission at temperatures up to 1 273 K and
intensity of gamma ray of 5 × 103Gys–1. In the present stage, radioluminescence phenomena of several
kinds of ceramics including the rare earth elements are systematically investigated by the JMTR
irradiation test.

Development of detection methods of neutron and gamma-ray spectra in high-temperature reactor core

New types of neutron and gamma-ray detectors are being developed for use at temperatures up to
1 273 K on the high-temperature in-core instrumentation. A polycrystalline boron nitride (BN) sensor
is a first candidate for a neutron detector, which is based on a thermal neutron absorption, 10B(n,α)7Li.
Several neutron detectors with different configurations and dimensions have been tested for measuring
the magnitude of electric currents induced either by a thermal mechanism or by thermal neutron
reactions. A new measurement system composed of high quality BN ceramics as sensor materials and
optical fibre as transmitting materials, is investigated on the in-core response of gamma-ray and
neutron spectra.

JAERI is also investigating and preparing the PIE apparatuses [5], as described above. In the NTD
research for the high-temperature SiC semiconductor, somewhat advanced plans have been made for
installation of a set of special apparatuses for the specific resistance/Hall effect measurement, together
with a post-irradiation annealing furnace. As for the research on high-temperature superconductor
materials and ceramic composite materials, programmes have been tentatively set up to install some
general apparatus such as mechanical and thermal property test devices for the post-irradiation
examination in the Hot Laboratory.
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Future plans for innovative basic research

JAERI is now making great efforts to prepare for the realisation of HTTR irradiation in the field
of innovative basic research.

The first task is selection of candidate research subjects for the initial stage of the HTTR
irradiation. The above-described research subjects in the new materials development field are expected
to provide favourable and definitive results through further preliminary tests for an additional few
years.

The second task is to clarify the HTTR irradiation methods including requirements for the HTTR
irradiation capsule and reveal the steady progress for practical use.

Recent efforts [11] to carry out these tasks have led to a plan for the first HTTR irradiations to be
started in 2003 (Figure 2). JAERI is now preparing the HTTR irradiation and the activities in this field
will shift to the international research collaboration phase, including Japan materials testing reactor
(JMTR). The HTTR is aimed at the COE for HTGR development through the international
contribution to HTGR development in the world.

Concluding remarks

The HTTR is now in the stage of commissioning tests up to 30 MW. Preliminary tests of the
innovative basic research are ongoing in the following fields:

• New materials development.

• High-temperature radiation chemistry research.

• In-core measurement of property changes of solid tritium breeders.

• High-temperature in-core instrumentation development.

Interesting results which reveal the effectiveness of high-temperature irradiation has been obtained
on R&D status of the high-performance SiC semiconductor and high-temperature oxide superconductor.

JAERI will proceed to an international collaboration phase on the HTTR irradiation for
development of new ceramic materials and for development of the basic upgrade HTGR technology,
and is now preparing for the HTTR irradiations (2003).
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Table 1. Major specifications of HTTR

Thermal power
Outlet coolant temperature
Inlet coolant temperature
Fuel
Fuel element type
Direction of coolant flow
Pressure vessel
Number of cooling loop
Heat removal
Primary coolant pressure
Containment type

30 MW
850°C/950°C

395°C
Low enriched UO2 (ave. 6%EU)
Prismatic block
Downward
Steel
1
IHX and PWC (parallel loaded)
4 MPa
Steel containment
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Table 2. Summary of preliminary tests

Table 3. Major results obtained on new material development
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Figure 3. Vertical section of HTTR reactor pressure vessel

Figure 4. Irradiation positions of HTTR
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Figure 5. Organised HTTR Utilisation Research Committee

Figure 6. Changes in Jc due to neutron irradiation and thermal annealing
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Abstract

Research relevant to the design of high-temperature gas-cooled reactors (HTR), is performed in the
Netherlands at NRG Petten/Arnhem, JRC-IE Petten (previously JRC-IAM) and IRI–Delft University
of Technology, Delft. These present as well as past HTR activities in these organisations fit into an
international – European and world-wide – framework.

An important role in these activities is played by the JRC’s high flux reactor (HFR) in Petten. Because
of its favourable design and operational characteristics and the availability of dedicated experimental
equipment, the HFR has been used extensively as a test bed for HTR fuel and graphite irradiations for
more than 30 years. Since the First Information Exchange Meeting in 1999 new HTR-related irradiation
experiments are being planned in the HFR irradiation programme, e.g. HFR-EU1 (irradiation of fuel
pebbles as part of the “HTR-F” project in the European 5th Framework Programme) and HFR-EU2
(irradiation of General Atomics fuel compacts).

Besides computational support for the irradiation experiments mentioned above, e.g. design calculations
and prediction of sample composition after irradiation, more general HTR-related computational
analyses and auxiliary investigations have been and still are being carried out by the organisations in
the Netherlands. Examples include the INCOGEN study, investigations on the ACACIA combined
heat and power concept, the South African PBMR, the Chinese HTR-10 and the Japanese HTTR and
also the implications of Pu incineration in HTR systems and innovative burnable poison concepts.
These analyses comprise computational HTR core physics, thermal hydraulics and shielding analysis,
HTR system safety related transient analysis and also the development, improvement, verification and
validation of software for performing these types of analyses.

Auxiliary investigations in the INCOGEN framework covered e.g. plant layout, design of the energy
conversion system, control philosophy, inspection and maintenance, licensing, economics and market
potential. Presently, auxiliary supporting experiments and studies are being carried out on chemical
aspects of HTR fuel under final repository conditions and the compilation of a database of properties
of potential HTR vessel materials, as part of the “HTR-N” and “HTR-M” projects in the European 5th

Framework Programme, respectively.
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Introduction

The high-temperature gas-cooled reactor (HTR) has been a topic of interest for research institutes
in the Netherlands for a number of years. Research relevant to the design of such reactors has been and
still is being performed in the Netherlands at NRG Petten/Arnhem (a merger of the former nuclear
departments of KEMA Arnhem and ECN Petten), the JRC Institute for Energy (JRC-IE) Petten
(previously JRC-IAM) and IRI, Delft University of Technology, Delft. The HTR activities in these
organisations comprise irradiation of HTR fuel and structural materials in the HFR, including
calculational support, auxiliary supporting experiments, model calculations and software development
and auxiliary studies.

This paper briefly describes the past and ongoing HTR activities in these organisations, also
indicating the international – European and world-wide – framework, in which irradiation experiments
in JRC’s high flux reactor (HFR) at Petten play an important role.

HFR characteristics

The HFR is a multi-purpose materials testing reactor of the tank-in-pool type. It is light-water
cooled and moderated, and operated at a power of 45 MW with highly enriched uranium (~93% in
235U) as a fuel (Al + U alloy). The reactor tank being part of the closed primary coolant circuit is
immersed into a water-filled pool. The core lattice is a 9 × 9 array containing 33 fuel assemblies, six
control members, 19 experimental positions and 23 beryllium reflector elements (Figure 1). The useful
height of the core is 600 mm. With the control rods inserted from below the tank, the top lid provides
easy access for the in-vessel irradiation positions. In addition to the 19 in-vessel irradiation positions,
there is one pool side facility (PSF). This PSF is used for materials and fuel irradiation experiments
and for the production of radioisotopes. Larger objects such as graphite blocs can be tested as well.

The HFR has a present annual operating schedule composed of 11 cycles and 25 operating days;
two prolonged stops of several weeks each are used for maintenance and related activities. Reactor
start-up from 0 to 45 MW takes one to a few hours, depending upon on the experimental requirements.
An important feature of the HFR is its high reliability and annual availability. More than 270 operation
days have consistently been achieved since the start-up of the reactor in 1961. The maximum achievable
annual fluence level is 10 dpa for graphite. Comprehensive information on the HFR and on local
radiation field characteristics and its irradiation facilities is given in [1].

Presently, the HFR is in the process of changing over from highly-enriched uranium (HEU) to
low-enriched uranium (~20% in 235U) (LEU) fuel. The impact on the reactor behaviour and on the
attainable neutron flux in the experimental positions is expected to be limited.

HFR irradiation experiments and calculational support

One argument for the continuous involvement of HFR in R&D for HTR is the fact that it is
embedded into the infrastructure of a large nuclear research centre (JRC-IE Petten and NRG). With its
high and consistent annual availability of more than 270 operating days, the HFR has an outstanding
performance record. High variety in irradiation positions covers the entire required range of nuclear
characteristics for HTR fuel testing. The infrastructure at the Petten site provides the entire range of
high-level services, which is required for cost effective irradiation testing. These services are provided
by different on-site organisations:
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•  Computational studies are provided by NRG; thermal-hydraulic and mechanical computations
and modelling by means of finite element (FE) computer codes such as ANSYS 5.4 and
MARC; nuclear modelling by means of computer package WIMS and MNCP codes are used.
Predictive pre-irradiation calculations are verified by follow-up calculations and either on-line
or PIE measured data sets.

•  Design of entire irradiation facilities is provided by JRC-IE and NRG.

•  Fabrication and quality control (ISO 9001 certificate) of facilities are provided at ECN.

•  NDE laboratory for neutron radiography and X-rays are available at JRC-IE and NRG.

•  Neutron metrology services are provided by NRG.

•  Post-irradiation examinations in dedicated hot cell laboratories are provided by NRG. The hot
cells have extensive facilities for non-destructive and destructive PIE. The PIE includes visual
inspection, dimensional measurements, gamma spectrometry, ceramography, EPMA, SEM,
TEM, mass spectrometry, X-ray with image analysis, chemical analysis of HTR fuel
components, etc.

•  Waste disposal is taken care of by NRG.

The joint management structure between JRC-IE and NRG and the entirety of on-site services
makes the HFR an effective instrument in HTR fuel testing.

Past experiences with HTR fuel and graphite irradiation experiments (JRC-IE, NRG)

The HFR has been used extensively for fuel and graphite irradiation experiments to support R&D
for the German modular HTR and the US HTGR. A more extensive description can be found in [2].

Fuel and fuel element structures are the first barriers against fission product release. The assessment
of fission product retention under normal and off-normal operating conditions is therefore the primary
goal of HTR fuel irradiation experiments. Starting from screening tests of experimental coated particle
fuel embedded in coupons or compacts, large irradiation programmes concentrated in the 80s and 90s
on performance testing of reference coated fuel particles and reference fuel elements. In particular, the
UO2 low-enriched uranium (LEU) fuel cycle for the German concepts of HTR-Modul and HTR-500 [7]
and the LEU fissile/ThO2 fertile fuel system for former US HTGR have been extensively investigated
at the HFR, see Table 1. The programmes on fuel testing were terminated in 1994.

The protection of spherical HTR fuel elements by means of a corrosion-resistant SiC-layer has
been proposed for concepts of inherently safe HTRs. On behalf of FZJ and within their R&D
Programme on Innovative Nuclear Technology, CVD-based SiC coatings on graphite spheres have
been irradiated at HFR Petten under specific operating conditions of a modular HTR [3]. Three in-pile
tests were performed between 1995 and 2000 (see Table 1).

The major test objectives of the in-pile tests that are mentioned in Table 1 were the demonstration
of the integrity and the retention capability of the particle coating against fission product and fission
gas release and the irradiation stability of full-size spherical fuel elements fabricated on a production
scale under power plant conditions with respect to temperature history, correlation of fast fluence and
burn-up and power history. The irradiations were not only conducted at normal, but also at off-normal
operating conditions, e.g. simulating core water ingress and temperature transients.
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Unique irradiation facilities have been developed by JRC-IAM, and the design has continuously
evolved to meet the extensive range of requirements for HTR fuel testing [1,2,5]. Typical for all HTR
fuel testing rigs at HFR are the multi-capsule designs, which allow loading of independent experiments
into one core position. Small samples with diameters up to 30 mm can be loaded in rigs (type TRIO or
QUATTRO) that provide three or four parallel and independent channels. The inserts of each channel
can independently be loaded and unloaded. Larger samples with diameters of up to 64 mm can be
loaded in multi-capsule rigs (type BEST or REFA) that can accommodate up to four independent
superposed capsules. Each individual capsule is connected with an independent sweep loop that
enables automatic control of temperature, gas pressure and purge gas mass flow. Surveillance of gas
quality and the release of volatile fission products are provided as well. Furthermore, the capsules are
fully instrumented with thermocouples, fluence detector sets, gamma scan wires and self-powered
neutron detectors. Those containments, which contain fuelled specimens, are continuously purged with
pure helium.

The irradiation temperature can be controlled between 870 and 1 770 K with an accuracy of less
than 10 K by means of gas mixture technique and vertical adjustment of capsules in the flux profile.
Modelling by means of FE computer codes enable the design of required temperature fields by
tailoring the appropriate dimensions of capsule components. The downstream of the purge gas of each
capsule is continuously monitored on-line on the release of gaseous fission products. The fractional
fission gas release R/B (release rate to birth rate) can be determined by means of intermittently taken
gas samples. The release rate is measured and the birth rate is calculated.

The multi-capsule design features the possibility to perform parametric studies at identical
nuclear conditions with a large variety of specimens. The required burn-up-fluence correlation can be
adjusted by flux tailoring, by which the material of the direct environment of the in-pile sections can
be adequately selected.

Present activities in HTR fuel irradiation experiments (JRC-IE, NRG)

Presently, two HTR fuel-related irradiation experiments in the HFR are being set up: HFR-EU1,
concerning the irradiation of fuel pebbles, and HFR-EU2, concerning the irradiation of fuel compacts.

The HFR-EU1 irradiation at HFR Petten is the first fuel test that will be conducted within the new
European network HTR-TN as the Shared Cost Action project “HTR-F” of the EU 5th Framework
Programme [6]. A consortium of six contractors participates in work package 2 of the HTR-F project,
i.e. CEA as co-ordinator and FRAMATOME, NRG, FZJ, JRC-ITU and JRC-IE.

The HFR-EU1 irradiation experiment will be carried out at the high flux reactor (HFR) Petten in
close co-operation between FZJ, NRG and JRC-IE. Post-irradiation examinations (PIE) will be
performed both at NRG Petten and at JRC-ITU. Accident simulation tests will be done at JRC-ITU.

The main objective of the HFR-EU1 irradiation test is the demonstration of the feasibility of high
burn-up for the existing German LEU fuel with TRISO coated particles. It will include in particular:

•  The irradiation up to a burn-up of 20% FIMA, to be achieved within two years.

•  The evaluation of fuel performance at such ultra-high burn-up to explore the real limits of the
existing CP that have formerly been designed for operational conditions of the HTR-Modul.
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•  The extension of the existing database for the EOL metallic fission product release, particularly
the silver isotope 110mAg for an improved assessment of the particle choice for the gas turbine
HTGR concept.

•  The demonstration of the ability of the LEU-TRISO coated particle for fission product
retention at accident scenarios, e.g. post-irradiation heating beyond 1 600°C. These PIE tests,
which will be performed in the KÜFA facility at JRC-ITU, are the main goal of the HFR-EU1.

The irradiation samples of the HFR-EU1 test will be four spherical fuel elements (FEs) of
German production with 60 mm outer diameter. These spheres exist and are of the type AVR GLE-4
(AVR reload 21-2) with 16.7% 235U enrichment. These type of FEs have been irradiated earlier in the
AVR. They have reached a calculated average burn-up of 8.6% FIMA with a maximum burn-up of
about 20% FIMA. No particle defects were observed during the on-line gas release measurements.
This excellent result indicates a certain potential of the LEU-TRISO particles for the application in
FE’s with a prospective extreme high burn-up.

Excellent results have also been obtained from a large variety of tests on LEU-TRISO fuel at the
HFR Petten. As mentioned before, these tests (Table 1) have been conducted under conditions beyond
nominal conditions of HTR concepts. These tests comprised spherical fuel elements and a large
variety of compacts and loose coated particles. The experience of three decades of fuel testing resulted
in optimised design and instrumentation of the facilities and irradiation under well-controlled conditions.

The proposed facility for the HFR-EU1 test will be designed for the simultaneous irradiation of
five spherical fuel elements. The in-pile section will consist of a sample holder with two independent
and superposed capsules, which will be inserted into a thimble that forms the second controlled
containment. The thimble is a standard facility, code-named REFA-172. The useful diameter of the
REFA is 72 mm. The upper capsule will contain three spheres and the lower capsule will contain two
spheres. They are held in position by cylindrical half-shells. The capsules will be instrumented with
thermocouples, fluence monitors and flux detectors. Each capsule and the second containment will be
connected with an independent sweep loop circuit that allows continuous purging with an inert carrier
gas under controlled conditions. The purge gas of the second containment will be composed of an
adjustable helium-neon gas mixture and serves for automatic temperature control. The purge-gas of
the two capsules will basically be pure helium and serves for continuous surveillance of the fission gas
release rate of the specimens. The fractional release of the main Kr and Xe isotopes will be determined
quasi on-line. Further features of the HFR-EU1 test are the feasibility to tailor the neutron spectrum
for a proper burn-up/fluence correlation, and a vertical displacement unit, which allows fine tuning of
fluence/burn-up and temperature, and the cycle-wise turning by 180° to realise a homogeneous azimuth
fluence/burn-up distribution in the large specimens. Design of the structural part of the capsules
ensures that the total amount of solid fission product released from the fuel elements can be measured
by leaching these parts after irradiation. The required burn-up level should be reached after irradiation
of about two years in a peripheral in-core position of the HFR (see Figure 1).

The HFR-EU1 test shall be conducted such that the central temperatures of all fuel specimens be
held constant at about 1 100 C. This will require a gradual increase of the initial surface temperature
of 800°C to compensate for the reduction of the fuel central temperature with increasing burn-up.
The procedure involves for the accompanying calculation inherent uncertainties such as power profile
and material properties as a function of temperature and fluence. Temperature transients will not be
performed. The fission power of a single particle should remain < 250 mW. The irradiation shall be
conducted until a maximum burn-up of the highest loaded FE of approximately 20% FIMA is achieved.
Fast neutron fluence shall not exceed 6.5*1025 m–2 (E > 0.1 MeV).
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A similar test programme, the HFR-EU2 project, is being set up to irradiate General Atomics
HTR fuel compacts in a TRIO facility.

Present activities regarding irradiation of HTR structural materials (JRC-IE, NRG)

In the EU 5th Framework Programme project “HTR-M”, an experimental programme will be
established and performed to verify selected materials. This will include the procurement of
representative welded test pieces and the machining of tensile, creep and/or compact tension fracture
specimens to determine representative properties. The irradiation experiment will concentrate on the
properties of a relevant weld material, both in the as-fabricated state and after irradiation to end-of-life
neutron fluence conditions. NRG will perform preparatory work on the test facilities and test specimens.
After test weld procurement, creep tests (including cross weld creep and fatigue) and toughness
properties of a welded joint representative of HTR vessel welds will be carried out. The irradiation
tests are performed on selected plate and weld materials under relevant HTR conditions using the
LYRA facility in the pool side of the HFR with post irradiation examination carried out in the NRG
hot cell facilities. Results from this work will be reviewed when completed and included in the
materials database. The synthesis for design and defect assessment applicability will be performed
towards the end of the project taking account of information available at the time. A further review
and synthesis is planned on completion of the irradiation test work and examination.

The work on vessel materials will yield the following results:

•  Database on pressure vessel steel plate and weld material relevant for HTR RPV applications.

•  Recommendations for HTR RPV feasibility, choice of material, defect assessment and
leak-before-break applicability.

•  Evaluation of factors for defect tolerance assessment for HTR relevant welds.

•  Irradiation data for HTR RPV relevant irradiation conditions (temperature and fluence) on
selected properties of the HTR steel and weld.

Graphite irradiation data for new graphites is needed for HTR feasibility assessments. It is also an
important consideration for future decommissioning activities This work will look at suitable graphites
for future European HTRs and initiate an irradiation programme on a European test facility as a basis
for continuation and extrapolation to higher doses. Numerous grades of reactor graphite have been
produced in different countries as part of the development of HTR and gas-cooled reactors, however
much of this specialist information and experience has disappeared. The most recent European graphite
reactors went into operation in 1989 (Torness, UK) and 1990 (Smolensk 3, Russia). Many graphites
used in previous core designs are no longer manufactured commercially. New data is needed on present
day candidate grades for comparative assessments with existing graphites to provide a provisional
assessment and identification of candidate graphite grades that may offer potential long-term benefits
in terms of cost, safety, waste management, use of fissile materials and safeguards. The NRG and
JRG-IE activities on this subject are part of the EU 5th Framework Programme project “HTR-M1”.
An HFR irradiation experiment will be set up and performed in the period 2001-2005.
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Auxiliary experiments

HTR-PROTEUS reactivity effects (IRI)

Experimental and calculational studies have been performed on various reactivity effects in the
HTR-Proteus facility of the Paul Scherrer Institute (Switzerland) [7]. Several methods to measure
(changes in) the reactivity were reviewed including the pulsed-neutron source method, the inverse
kinetics technique and noise analysis techniques. New expressions were derived that better represent
the expectation values of the experimental quantities. Inserting CH2 rods into the core and/or the
reflector simulated the local ingress of water. The measurement of the safety and shutdown rods worth
showed significant spatial effects, which made necessary the use of calculated correction factors in the
analyses. Both Monte Carlo and deterministic codes have been used to analyse the experiments and to
calculate the kinetics parameters and the reactivity worth of the rods.

HTTR start-up core physics (NRG, IRI)

Both NRG and IRI take part in the benchmark of start-up core physics of the high-temperature
engineering test reactor (HTTR) [8], which is part of the IAEA Co-ordinated Programme “Evaluation
of HTGR Performance”. To compare the performance of the SCALE-based IRI code package with
that of the WIMS/PANTHER code package of NRG, a calculational intercomparison has been
performed. In Phase 1 of the HTTR benchmark NRG and IRI used the Monte Carlo code KENO Va
(3-D) and the diffusion theory codes BOLD VENTURE (2-D) and PANTHER (3-D) to calculate keff

for different configurations and also to calculate the critical control rod insertion. On the level of cell
calculations a good agreement has been obtained between the cross-sections and the spectra as
prepared by the SCALE system and as prepared by WIMS. Calculations with detailed geometry
converged to very good agreement between the results of PANTHER and the results of KENO with an
exact geometrical model. The results are summarised in Table 2, in which the measured values are
also listed.

In Phase 2 of the benchmark, only KENO calculations are performed to calculate the scram
reactivities of the core and reflector control rods and the isothermal temperature coefficients for which
measured data are also available. KENO results efficiently provided the measured values of the scram
reactivities as well as the estimation of the isothermal temperature coefficient within the requested
temperature interval. Therefore, we can conclude that the benchmark calculations of the start-up
physics calculations were successful and in agreement with the results of the reactivity measurements.

NRG/IRI also participated in the start-up measurements of reactivity and reactor noise. During
the start-up phase of the HTTR at different core configurations, reactivity and the reactor noise
measurements were carried out in parallel with measurements of the HTTR physics group. For these
measurements two temporary compensated ionisation chambers were used. During the on-line
reactivity experiments, measured DC signals were digitised and the reactivity is calculated from these
signals using the inverse kinetics (IK) method.

Long-term behaviour of disposed spent HTR fuel (NRG)

One of the activities in the EU 5th Framework Programme projects “HTR-N” and “HTR-N1” is
the investigation of the long-term behaviour of disposed spent HTR fuel. Although the behaviour of
HTR fuel elements in a salt environment has been experimentally investigated for a long time, there is
still a considerable lack of reliable experimental data. It has been shown that no radionuclides can be
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released from the fuel kernels as long as the coating layers are intact. As a small fraction of the coated
particles might fail dependent on burn-up, it can be expected that the long-term source term of HTR
spent fuel elements will be controlled by the retention capabilities of the intact particles. After failure
of the coatings due to chemical or mechanical interaction, fuel dissolution and the interaction of the
radionuclides with the graphite become the dominant factor. NRG is performing leaching experiments
on SiC and fuel kernels of different compositions. Whereas the experimental work of the “HTR-N”
project will be performed only with un-irradiated materials, the main focus of the “HTR-N1” project
will be the investigation and prediction of the behaviour of irradiated spent HTR fuel in different
aquatic phases on the basis of experimental data from un-irradiated material and the experimental
validation of the predictions.

Model calculations and software development

Besides in the HFR irradiation and other experiments and measurements, the organisations in the
Netherlands are involved in model calculations and the development of software for the simulation of
several aspects of HTR systems. These model calculations mainly concern the PBMR and the ACACIA.

The PBMR is seen as the typical pebble bed nuclear power plant for utilities. In 2000, electric
utility EPZ and NRG conducted a design review of the heating, ventilation and air conditioning
(HVAC) system of the PBMR demonstration module [9]. NRG conducted calculational analyses for
PBMR on four areas: simulator validation [10], pipe rupture in the PBMR reactor cavity [11], core
physics [12], radiation shielding [13] and system dynamics [36-38].

Forecasts concerning the future consumption and production of energy indicate an expanding world
market for the combined generation of heat and power. This market for energy efficient combined heat
and power (CHP) with an overall capacity of 10-150 MW is particularly well developed in the
Netherlands. In 1998, decentralised units and auto producers generated 27% of the total electricity
supply in the Netherlands. Another 26% was generated by large natural gas fired power plants. Given the
expected further depletion of the indigenous resources of natural gas (the fuel for CHP), a potential
market could emerge for an alternative primary energy source within the next two decades. Nuclear
energy could be one of the substitutes, if competitive prices and public acceptance for this new nuclear
application can be achieved. The ACACIA unit [14], a small 40 MWth pebble bed HTR, is designed for
this sector of the energy market. It could also find its way to regions in the world, which are deprived
from reliable natural gas networks.

A selection of these activities is presented below. A more elaborate presentation of the
computational analyses performed on PBMR and ACACIA can be found in [15].

PBMR core physics (NRG)

The PANTHERMIX code system [16,17] has been under development at NRG for a number of
years. This code system, which combines the 3-D core simulation code PANTHER [18] and the 2-D
R-Z HTR thermal hydraulics code THERMIX [19], can be used to simulate the steady-state, burn-up
and transient behaviour of a pebble-bed HTR core.

Recently, the reactor physics code PANTHERMIX has been extended in such a way that pebble
bed reactors with fuel re-circulation can be analysed with it [12]. For a cylinder symmetric reactor
model, power per pebble, power density, solid structure temperature, gas temperature, thermal flux,
fast flux and mean burn-up throughout the core in equilibrium fuelling condition have been calculated
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for the PBMR. A possible burn-in scenario was also investigated, simulating the transition from the
initial core loading until equilibrium composition of the core. It was found that, in order to attain a real
equilibrium composition, i.e. constant distribution of burn-up throughout the core, the fuel must have
circulated at least 10 times through the core, which takes approximately three years [12].

PBMR shielding (NRG)

Dose rate calculations on several selected locations in and around the PBMR primary system
have been performed. Radiation sources were direct fission, decay within the fuel, plate-out and
activation. As PBMR specified radiation sources and geometries, we built models of reactor, primary
system and building in the codes MCNP and FISPACT. As intermediate results flux spectra and
nuclide activities within activated components were calculated. As an alternative design, the outer
carbon reflector layer was borated with B4C. As a result, neutron fluxes and even more the gamma
fluxes directly outside the reactor vessel decreased significantly, and thus the radiation dose rates.
Whether the PBMR design will be adapted this way remains to be seen. Follow-up activities concentrate
on detailed reactor design and the fuel handling system.

PBMR CFD analysis of primary pipe rupture (NRG)

For the structural design analysis of the PBMR reactor building the analysis of a rupture of a pipe
directly connected to the reactor pressure vessel was needed. This pipe rupture would give rise to
pressure build-up in the building containing the reactor pressure vessel. NRG has determined detailed
information of the pressure load on the walls of this building resulting from considered potential pipe
ruptures. Because of the high pressure and high temperature in the system, a supersonic jet escapes
from the leak opening and almost immediately reaches a wall of the building. CFD calculations have
been performed in order to determine the largest pressure and thermal load on the walls of the reactor
cavity resulting from direct jet impingement. It was found that immediately following the pipe rupture,
a high speed jet escapes and almost immediately hits the ceiling of the reactor cavity.

ACACIA safety analysis (NRG)

For the ACACIA plant, both normal operation/control, and incident conditions have been analysed.
In the first case, operation of the entire cogeneration plant has been modelled in detail, whereas the
reactor model has been limited to a point kinetic one [20,21]. This is a dedicated code, implemented in
the simulation tool Aspen Custom Modeler (ACM). For the second case, detailed analysis of reactor
behaviour becomes important; the analysis was thus performed time dependent in 3-D, whereas the
energy conversion model has been limited to the primary helium cycle [22,23]. For these analyses the
pebble bed core simulation code PANTHERMIX and the thermal hydraulic code RELAP5 for the
energy conversion system have been coupled. However, for the analysis of loss of cooling incidents
(LOCI) and loss of flow incidents (LOFI) the transient simulation of the core by PANTHERMIX is
sufficient. Simulation calculations for both un-irradiated and irradiated graphite (difference in heat
conductivity) have been performed and it was found that the maximal fuel temperatures will exceed
the 1 600°C (or 1 873 K) temperature limit for the irradiated LOFI scenario and reach 1 900 K.
The irradiated LOCI scenario reaches exactly 1 873 K. The maximal fuel temperature for the
un-irradiated scenarios remains under the 1 600°C limit.

Besides these well-established incident situations the question remains as to whether fuel
temperatures remain within acceptable limits during all operational transients. This can be answered
by systematically calculating the final states for a large number of load following transients. In the
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case of a load reduction, the final states of the transient will represent the worst-case scenario in terms
of fuel and coolant outlet temperature. High fuel temperatures must then compensate the decrease of
the negative xenon reactivity.

Two important conclusions can be drawn from these analyses: firstly, the LOCI and LOFI do not
represent a situation where the maximal fuel temperature is reached, and secondly, according to this
ACACIA design the reactor must be prevented from operating in the region below mass flow rates of
1.0 kg/s as the 1 600°C limit will then be exceeded. The fact that the maximal fuel temperature is not
reached during a LOFI or LOCI, but during low mass flow rate transients, is not specific for this design.

ACACIA fission product transport (NRG)

Release, transport and deposition of fission products in the primary system of ACACIA have
been investigated [24-26]. Four radionuclides have been identified in literature as most relevant
because of volatility and radiotoxicity: 137Cs, 90Sr, 110mAg, 131I.

For normal operation, the coated particle failure fraction has been assumed to be 10–5 consistent
with German experience. With the codes PANAMA and FRESCO, transport of fission products
through the fuel element has been analysed. Transport and deposition of the fission products within the
primary system has been analysed with the code MELCOR.

The total activity caused by the nuclides depends on the average burn-up time. A ten-year
operation period corresponds to an average burn-up of 848 full power days. The activity in each
component at the end of the ten-year operation period (average burn-up of 848 full power days) was
calculated. The total activity is about 59 GBq. The highest activity is produced by 137Cs, followed by
131I and 110mAg. The contribution of 90Sr is very low.

The highest activity is found in the precooler: 56 GBq. The main reason is the condensation of the
volatile species CsOH and CsI in this component. Other components with high activities are the
recuperator (1 400 MBq) and the compressor (7 MBq). These components are mainly contaminated by
110mAg. The gas ducts in the energy conversion unit are also mainly contaminated by 110mAg (43 MBq)
and by 131I (11 MBq).

Pu incineration in HTR (NRG, IRI)

Besides the activities on long-term behaviour of disposed spent HTR fuel, both NRG and IRI are
involved, together with other European partners, in HTR core physics simulation activities in the EU
5th Framework Programme projects “HTR-N” and “HTR-N1”. On the basis of earlier studies [27], NRG
is investigating the possibility to use pure Pu fuel in a HTR-MODUL type pebble bed reactor with
continuous fuel recycling. IRI is investigating in detail the use of burnable poison (see next section).

In order to validate the code systems and nuclear data used in the investigations, benchmarking
activities have also been incorporated into “HTR-N” and “HTR-N1” on the basis of data available
from the ongoing HTR-10 and HTTR projects. In addition to these activities based on data from
reactors using low-enriched uranium, a Pu benchmark is being set up in the “HTR-N1” project.

HTR with burnable poison (IRI, NRG)

During the operation of an HTR, the reactivity loss due to fuel burn-up and fission product
poisoning must be compensated by some means of long-term reactivity control. This can be achieved
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by adding burnable poison to the fuel. In this study by IRI the focus is on heterogeneous poisoning in
which burnable particles (TRISO-coated particles containing burnable poison only) are mixed with the
fuel particles in the graphite matrix.

The aim is to minimise the reactivity swing as a function of the irradiation time. The SCALE-4.2
system [28] together with JEF-2.2 libraries [29] are being used for burn-up calculations on a macro-cell
that consists of a burnable particle surrounded with a layer containing a homogeneous mixture of fuel
particles and graphite. For the fuel considered first, the ESKOM PMBR has been chosen with an
average core power density of 3 MW.m–3. The fuel particles contain 8% enriched UO2 with a uranium
mass of 9 grams per pebble. One pebble contains more than 13 000 fuel particles, each with a radius of
0.5 mm. For the poison in the burnable particle, we have chosen B4C with either natural boron or
100% enriched 10B.

When we consider a “black” burnable particle, which means that every neutron that hits the surface
will be absorbed, the effective absorption cross-section of the particle is related to its geometrical
cross-section [34,35]. In spherical geometry, different radii are considered with a constant volume
ratio of the fuel and the burnable particles. This means that the number of burnable particles per
pebble increase when the radius of each particle decreases. The smaller the burnable particle, the more
homogeneous the poison is distributed, and the faster the particles will burn. The reactivity as a
function of time was calculated for the reference case without poison and for two radii of the burnable
particles. It was found that the reactivity swing is smallest for the burnable particle with a radius of
0.3 mm.

In the case of a spherical burnable particle with a radius of 0.5 mm, both natural boron and enriched
boron (100% of 10B) have been considered. The initial reactivity is lower for the case with enriched
boron, which indicates that the natural boron particle cannot be considered as a “black” one. Its diameter
is about 3 absorption mean free paths.

Using burnable particles that contain a graphite kernel surrounded with a B4C layer with 100% of
10B reduces further the reactivity loss. Again the reactivity as a function of time was calculated for the
reference case without poison and for two burnable particles. (Either with a graphite kernel up to
0.43 mm and B4C between 0.43 and 0.46 mm, or with a graphite kernel up to 0.273 mm and B4C
between 0.273 and 0.3 mm.) Note that the ratio between the fuel and BP equals 10 300 in this case.
It was found that the reactivity swing is smallest for the burnable particle with a radius of 0.3 mm.

For the same radius, the effective absorption cross-section is larger for a cylindrical shape.
As a result, a cylindrical particle with a radius of 0.5 mm is already fully burnt after 1 000 equivalent
full power days (EFPD), while the spherical particle still contains significant amounts of 10B after
1 600 EFPD. For the same effective absorption cross-section (this means a smaller radius for the
cylindrical particle) and the same ratio of fuel volume and poison volume, the reactivity swing is
smallest for the cylindrical particle. Of course, a cylindrical particle is very difficult to realise in
practice.

As a conclusion, we can state that the heterogeneous poisoning of HTR fuel seems quite
promising. We have designed burnable particles containing B4C that considerably reduce the reactivity
swing. Further studies will focus on burnable particles that contain graphite or fuel surrounded with a
thin layer of poison, on different poison materials (e.g. Er or Gd), and on different fuel compositions.

NRG recently started a project to investigate the possibility of a pebble-bed HTR (ACACIA)
which operates on the same fuel loading during the entire operating cycle of a couple of years.
The excess reactivity is compensated by burnable poison.
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HTR system dynamics (IRI, NRG)

The dynamic behaviour of a pebble-bed HTR in combination with its energy conversion system
has been studied extensively at NRG [22,23,30]. The code system PANTHERMIX-RELAP, developed
at NRG, combines 3-D core neutronics, 2-D RZ core thermal hydraulics and ECS thermal hydraulics
modelling.

A preliminary model of PBMR system has been prepared [36] for analyses with the SPECTRA
code [38]. The model includes the reactor unit, the ECS, as well as the confinement building and various
safety systems. The core power calculation is performed using the point kinetics model. Two scenarios
have been analysed, namely loss of flow accident (LOFA) and loss of coolant accident (LOCA) [37].
In both cases no active safety systems were assumed to be available. It was found that the maximum
fuel temperature remained within the acceptable limits during the analysed period (three days) for both
scenarios.

A model of the conceptual design of INCOGEN [31] has been prepared for SPECTRA. Long-term
system behaviour has been analysed for two accident scenarios: LOFA and LOCA [38]. Results were
compared with the PANTHERMIX results reported in [31]. Good agreement between SPECTRA
results and PANTHERMIX results was obtained.

At IRI a project has started to design small HTRs for different purposes and to simulate the
dynamic behaviour of these HTRs during incidents. Use will be made of a new program that has been
created by a Ph.D student at Delft University [21] in co-operation with NRG. The program is coded in
ASPEN Custom Modeler, and can be used to investigate the dynamics and the interaction between
neutronics and thermal hydraulics of the reactor and the energy conversion system. The latter system
can be modelled to a level of detail that surpasses that of previous models described in literature.
The neutronics model will be extended from a point-kinetics model to a two-dimensional model based
on diffusion theory.

Auxiliary studies

Since the beginning of the 90s several organisations in the Netherlands have been involved
in auxiliary studies concerning HTR design. In the INCOGEN program (Innovative Nuclear
COGENeration) several aspects have been investigated of the predecessor of the present ACACIA
concept, such as plant layout, design of the energy conversion system, control philosophy, inspection
and maintenance, licensing, economics and market potential [31].

Presently, NRG and JRC-IE are still involved in auxiliary studies concerning HTR concepts,
e.g. JRC-IE, together with CEA, is contributing to the RPV materials database activities in the
“HTR-M” project with their expertise and understanding of the behaviour of materials under creep and
non-creep both under nuclear and non-nuclear application. NRG, on the other hand, is studying
aspects of the gas-cooled fast reactor [32] and revising the cost assessments for the ACACIA direct
nuclear cogeneration plant [33]. One of the conclusions from this study is that, although the cost figure
of 8 US$c/kWh is too high to be competitive in areas where low-priced natural gas is readily available,
which is currently still the case in the Netherlands, ACACIA could still be an alternative for areas in
the world where this supply is not existing or unreliable, or when gas prices are fluctuating [15].
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Summary

An overview has been presented of past and present research activities of organisations in the
Netherlands relevant to the design of high-temperature gas-cooled reactors. An important role is
played by JRC’s high flux reactor at Petten, which is used for numerous test irradiations of fuels and
other materials relevant to HTR design. Besides that, since the beginning of the 90s there is a growing
involvement and expertise of Dutch organisations in other HTR-related investigations, such as
auxiliary supporting experiments and model calculations and software development. Most of these
activities are embedded in an international framework.
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Table 2. HTTR Benchmark Phase 1

KENO
(IRI/NRG)

BOLD-VENTURE
(IRI)

PANTHER
(NRG)

Measured
(JAERI)

keff simple core 1.1278 ± 0.0005 1.1592 1.1251
keff fully loaded core

• Rods withdrawn 1.1584 ± 0.0005 1.1974 1.1595
• Rods inserted 0.6983 ± 0.0005 0.7510 0.685 ±0.010

Critical insertion
• Above bottom core 170.5 cm 161.5 cm 178.9 cm

Table 3. HTTR Benchmark Phase 2: Scram reactivities

CR group Critical position
(mm) HTTR-Crit

Position after scram
(mm) HTTR-SR

Position after scram
(mm) HTTR-SA

C 1 789 1 789 -41
R1 1 789 1 789 -41
R2 1 789 -41 -41
R3 Full out -41 -41
keff (average) 1.0093 ± 0.000 0.9178 ± 0.0005 0.6809 ± 0.0005
ρcalc 0.0988 ± 0.0007 0.4778 ± 0.0007
ρmeas 0.120 ± 0.012 0.46 ± 0.04

Figure 1. Standard core configuration of HFR Petten

A B C D E F G H I

1 + + + + + + + + fuel assembly

2 +

3 + control element

4 +

5 + + reflector element

6 +

7 + irradiation position

8 +

9 + + + + + + + +





69

CURRENT STATUS OF HIGH-TEMPERATURE ENGINEERING RESEARCH IN FRANCE

Dominique Hittner
FRAMATOME ANP, France

Franck Carré, Jacques Roualt
CEA, Nuclear Energy Division, France

Abstract

CEA and FRAMATOME ANP researches in the field of high-temperature engineering mainly support
high-temperature gas-cooled reactors (HTGCRs or HTRs) technology development. These researches
are for the short term directly connected to the support of the FRAMATOME ANP for the industrial
development of small or medium sized thermal HTRs with direct cycle and the necessary recovery at a
national level of expertise on some associated crucial technological issues. For the longer term, the
CEA’s main R&D effort is directed toward the study of technologies in support of HTGCRs with
hardened neutron spectra, refractory fuel possibly compliant with on-site reprocessing. This appears to
be a very promising candidate for future generations of nuclear systems, particularly with regard to the
goals of high efficiency, saving of resources, minimisation of long-lived waste production and potential
for applications other than electricity production (hydrogen, desalination, etc.). The corresponding
programmes concerning high-temperature engineering are reviewed in this paper.
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Introduction

The development of nuclear energy in the next decades will depend on the demand of the energy
market and the adaptability of the nuclear offer to the demand. For large power generation units,
market opportunities will most probably open again in the next decade, in particular in France, with
the replacement of the older existing plants. But there is another part of the energy market, the area of
small and medium sized power plants and co-generation units, where, in spite of opportunities
continuously appearing all over the world, the nuclear industry is remains rather absent. For the first
part of the market, FRAMATOME ANP is developing EPR and considers that, for the other part,
direct cycle modular HTR is the best candidate for satisfying as soon as possible the market needs
with a nuclear offer. Therefore FRAMATOME ANP is involved in the development of this type of
reactor with the goal of having an industrial product ready for commercial offers in 2010.

The effort to be made in that perspective is not only an effort of design. There are also important
R&D needs in support of the design. The HTR reactor and fuel technology has been developed up to
the industrial level in the past, in particular in Europe, but such development has been stopped for
quite a while. This technology heritage has to be revived and developed further in order to face more
stringent requirements of economic competitiveness and safety. Moreover the direct cycle power
conversion system is a new feature of modern HTRs, which is very promising, but which has to
be fully developed, even if it partially relies on the existing gas turbine technology. Therefore
FRAMATOME ANP and CEA have launched an R&D programme necessary for the industrial
development of direct cycle modular HTRs. As there has been recently an increased interest for HTRs
in Europe, part of these activities take place in the frame of a European programme involving many
research centres and industrial organisations of different countries. With the help of the Joint Research
Centre of the European Commission, a HTR Technology Network (HTR-TN) has been created for
federating the efforts made in Europe for the development of HTR technology. FRAMATOME ANP
is chairing this network. The partners of HTR-TN have submitted several project proposals for the
5th Framework Programme of the European Commission and as most of them have been accepted,
they are now starting an R&D programme of about 18 million ���������	
��������
��������
�������

European Commission. Co-operation is also starting with non-European partners: JAERI (Japan),
INET (China) and General Atomics (USA).

In the longer term, gas coolant (particularly He) and high-temperature reactor technology look
sufficiently promising to develop a technological evolutionary series of gas-cooled reactors (GCR)
which present attractive features consistent with the goals assigned to new generation nuclear systems
that could be deployed by 2030-2050: economy, enhanced safety, minimisation of long-lived radioactive
waste production, efficient use of resources, increased resistance to proliferation risk, potentialities for
other applications than electricity generation. It is the reason why CEA decided to launch in late 2000
within its programme on “Future Generation Reactors and Fuel Cycles” a strong R&D axis to obtain
the necessary knowledge and innovative technological breakthroughs to serve the long term objectives
and that may have useful spin off for shorter term options of the GCR technological series:

•  For the short term the programme is directly connected to the support of the FRAMATOME
ANP programme of industrial development on HTR with direct cycle and the necessary
recovery of expertise on some crucial technological issues.

•  For the medium term, two evolutions of the HTR technology are considered:

− A very high-temperature GCR (>1 000°C) for very high thermodynamical efficiency and
hydrogen production (thermochemical cycles, high-temperature electrolysis, etc.).

− A robust GCR with maximised safety features, intrinsic resistance to proliferation for
deployment in countries which have little or no experience in nuclear energy production.



71

•  Finally, for the long term, an isogenerating GCR with a fast neutron spectrum, able to
transmute any of the actinides so as to comply with objectives of sustainable development.

The main objectives of the strong CEA R&D programme for the GCR series are:

•  To develop a fuel capable of fission product retention at sufficiently high temperatures, able
to sustain hard neutron spectrum, ultra high burn-up and to be proposed with the options
either to be reprocessed or to be very resistant to reprocessing.

•  To propose fuel treatment processes (reprocessing and fabrication) compatible with an on-site
implementation.

•  To develop materials for high temperatures, able to sustain fast neutrons.

•  To get expertise in the field of high-temperature He circuits technology.

This entire programme will be as far as possible implemented within the framework of international
co-operation (Europe, USA, Japan, Russia) and also in relation with the “GENERATION IV” US DoE
initiative.

Fuel development

The first objective is clearly for France to recover the capability of HTR particle fuel fabrication
and then to characterise and qualify its behaviour under irradiation with the goal of proving that the
necessary level of reliability is achieved in both nominal and high-temperature conditions. This
experimental programme is accompanied by a modelling effort in order to understand the particle fuel
behaviour under irradiation and to provide a fully qualified calculation tool for the thermomechanical
behaviour of the particle and for fission product transport. Key dates are:

2003 Release of a first qualified version of the particle fuel code.
2004 Fabrication of uranium HTR triso particle fuel.
2004-2006 Start of irradiation tests of those particles in the OSIRIS reactor at CEA Saclay.
2006-2010 Characterisation of irradiated particles and qualification of the fabrication process.

The current status in this area is the following:

•  The knowledge acquired by the end of the 60s (DRAGON period) and mainly in the 70s
(Peach Bottom and Fort Saint Vrain period) essentially in the framework of a contract with
General Atomics was in the form of reports and still in the minds of people (retired or not)
that were involved at that time. The knowledge concerning fabrication has been recollected
(documents, interviews) in the form of a synthesis note. With that background and further
analysis, the sol-gel process has been selected for kernel fabrication with still two possible
routes (external or internal gelification process) and a CVD process for coatings.

•  Currently PyC dense and porous coatings on ZrO2 yttrium stabilised simulant kernel have
already been realised and present work now concentrates on SiC coatings. A sol-gel apparatus
will be used at Cadarache to restart UO2 kernel fabrications. Interim milestones are the
recovery of the kernel technology and of the coating technology on simulant kernel by the end
of 2002.
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•  The specification of the device of particle uranium fuel manufacturing is achieved. It is
designed for particle batches of 100 to 200 g, which means a capacity of production of several
kg per year. This specification will now be used for a preliminary safety assessment, from
which, based on the quantities of active effluents generated, the sol-gel preferred route and
the design of the laboratory scale fabrication line will be selected.

•  Concerning the state of the fuel code development, the following models have already been
implemented in a 3-D approach::  fission gas and CO pressure built-up, UO2 swelling, buffer
and PyC densification and creep. At present the behaviour under irradiation of both individual
particles or particles imbedded in a graphite matrix can be calculated.

As far as GCRs with a harder spectrum are considered, even if the TRISO particle fuel remains a
reference, it is clear that different materials and designs will more than probably have to be found.
The spectrum hardening requires to limit the C quantity within the core and to use preferably
non-absorbing heavier atoms; the effect of fast neutrons on materials resistance will be a crucial issue.
Furthermore, considerations of sustainable development will require fuel designs able to incorporate a
larger amount of actinide atoms per fuel unit volume. In that area, the key milestones are:

2001-2004 R&D for the selection of a fuel design with appropriate materials.
2005-2015 Characterisation under irradiation and pre-qualification of the fast GCR fuel.

Structural materials for high temperature

The study of high-temperature structural materials, together with the technology of He circuit
presented in the next section, clearly show a common body of development necessary for the whole
technological series of GCRs. Furthermore, there are also potential benefits from synergies with
industry. Of course, requirements for a fast GCR introduce supplementary constraints for inner core
structure materials.

Main milestones during the 2002-2015 R&D period for GCRs materials development are:

2005 Materials proposals for an actualised HTR technology (HTR-TN).
2006 Selection of materials for a feasibility study of a fast GCR.

The acquired experience in past R&D programmes on high-temperature structural materials for
nuclear and non-nuclear applications makes it possible to gather in the following table the material
classes likely to resist to the various operating conditions of the GCRs components:

Reactor component Fast GCR with direct cycle HTR
Vessel (250-500°C, irradiation) Advanced ferritic martensitic steel (AFM), 9-12% of Cr
Primary circuit
(250-850°C, stress)

– Ni based super-alloys
– 32Ni–25Cr–20Fe–12.5W–0.05C (German HTR)
– Ni-23Cr-18W-0.2C (Japanese HTTR)
– AFMA + thermal barrier

Turbine (850°C, high stress) Ni based with spectrum hardening or
ODS (oxide dispersion strengthened steels)

Fuel element and
inner core structures
(1 000-1 600°C, irradiation)

– AFM ODS
– Refractory metals and alloys
– Ceramics

Graphite

PyC, SiC, ZrC
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In this table, it can be seen that the levels of R&D necessary to qualify the different materials can
be very different, from a simple re-qualification in the particular operating conditions to the launching
of a complete R&D programme, when a technological threshold has to be passed. This is particularly
the case for the core structural materials of a fast GCR with the conjunction of high temperatures, high
neutron doses and specific requirements in terms of fission product confinement. In such a situation
several classes of materials have to be selected first, to be followed by screening tests and then a full
characterisation of the selected candidates in the required operating conditions.

The R&D work is focused on two different lines, the content of which is briefly recalled:

•  The selection and the establishment of the specifications and the determination of the in-pile
and out-of-pile behaviour for the structural materials: state of the art concerning current
materials for which a lot of work has been done and establishment of their operating limits
(temperature, dose, etc.), development of a generic 9-12% of Cr advanced ferritic martensitic
steel, ODS steels validation, irradiation experiments in HFR, Phénix, BOR 60. Irradiations
can also be defined in JOYO in the framework of the CEA/JNC collaboration, as this reactor
offers unique features with capsules able to irradiate samples at high temperature with in situ
mechanical solicitation, followed by post-irradiation examination.

•  The establishment of the rules for mechanical assessments and for the prediction of the
structures and the welded joints lifetime.

These two lines of development are complemented by an upstream effort of fundamental research
and modelling.

Some effort is also presently devoted to the oxidation of graphite by air, as this is an important
issue for HTR safety evaluations. The main parameters of graphite oxidation can be divided into two
groups: intrinsic parameters of graphite (porosity, density, impurities content) and oxidation conditions
(temperature, oxidising gas composition, flow rate). It is very difficult to extrapolate the behaviour of
a graphite grade from experiments performed using a different graphite grade in different oxidation
conditions.

This is why the CEA has undertaken an experimental programme to study the behaviour of
graphite in air focused on specific graphite grades eligible for HTR use. This programme is divided
into three main parts: characterisation of graphite, parametrical study of graphite oxidation behaviour
(thermogravimetry experiments including the influence of temperature, the influence of oxidising gas
composition) and accident simulation. This latter programme will be conducted in the COMETHE
facility at CEA Cadarache (adapted to high-pressure/high-temperature conditions), equipped with
on-line gas phase analysis. After each experiment, the mechanical behaviour of graphite will be
checked, with special attention paid to the compressive behaviour.

He technology

The definition of the objectives of a gas technology programme has been established starting
from the review of the needs identified for a project such as the GT-MHR with thermal spectrum and
direct cycle and extrapolated to hardened or fast spectrum. Once again we are there in a kind of logic
similar to fuel studies with a first step that is clearly to re-acquire expertise in this field. The key
milestones of the He technology programme are:

2001-2005 Experimentation on small dedicated benches.
2003-2010 Realisation and experimentation on a 1 MW multi-purpose loop.
2005-2015 Realisation and experimentation on a 15 MW system loop.



74

Among the identified requirements for the GCR’s He technology are:

•  The purification and control of the coolant quality.

•  The management of gas inventories.

•  Some generic points of technology such as tribology, leak tightness, thermal insulation.

•  The heat transfers and fluid flows in the core, the circuits and the heat exchangers (pressure
drops, flow distributions, heat transfer coefficients, etc.).

•  The dynamics of the circuit and structures.

To achieve this He technology programme, the following facilities and programmes are planned:

•  In 2002-2003, small dedicated benches for:

− Tribology studies (large diversity of contacts and situations in GCRs: fretting, gliding,
rotation, control rods mechanisms, stator seals, bearings, structure vibrations, quasi-static
displacements to ultra-high frequency vibrations for temperatures from 25 to 850°C and
contact pressures from 0.5 to 10 MPa); the oxygen/impurities influence on the binding
risk will have to be considered as well as the evaluation of coating performances.

− Thermal insulation studies (thermal protection of structures, vessel and circuits, efficiency
with the need to limit the free convection in their thickness, chemical stability, erosion
and thermo-mechanical resistance in particular in case of depressurisation).

− Leak tightness studies concerning wall diffusion, and leaks through valves, seals and shaft
penetration in the case of an alternator located outside the turbine vessel.

•  In 2004-2005, dynamic loops for:

− Purification studies in order to develop and validate the methods and instrumentation to
guarantee the He quality, to monitor the level of chemical impurities and radio-chemical
impurities, activated corrosion products and fission products and to determine the
efficiency and purification rates of the various considered designs.

− Small power (1 MW) multi-purpose loop designed to operate up to 1 000°C and at pressures
of 10 MPa for the qualification of components (or parts of them) such as recuperator,
circulator, valves and to perform fuel element and sub-assembly characterisations (heat
transfer coefficients, pressure drop, purification and quality control, instrumentation
testing, etc.)

•  Multi-channel and system multi-purpose loop still to be specified for testing in fully
representative conditions large components and GCRs systems (or parts of them) with the
particular objective to demonstrate the robustness of the selected technologies in both
nominal and accidental situations (depressurisation, etc.).
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Components development

The former HTRs in England, Germany or US did not consider direct cycle (steam cycle for the
larger reactors THTR and FSV). Thus the experience feedback for the innovative components induced
by the direct cycle concept is limited and an important work programme is required for the
development of these components. In addition the efficiency, reliability and competitiveness of this
kind of reactor are based on the selection of very high performance components in term of efficiency,
life time, and thermo-mechanical resistance, and the standard components used in industry cannot be
directly transferred to HTRs or gas-cooled reactors applications.

This work programme will be implemented through international co-operation (GT-MHR,
HTR-TN).

The main components to be developed and the main critical points to be studied are listed
hereafter:

•  The helium turbine. High efficiency component, creep resistant material for blades and discs,
risk of corrosion/erosion, activation by Ag Cs, stator seals, bypass, manufacturing processes
for large size elements, maintenance.

•  The recuperator (helium/helium heat exchanger). Severe loading (high temperature level and
pressure difference), high thermal exchange performances, low pressure losses, high
compactness, risk of fouling, lifetime, maintenance.

•  The turbo machine support. By magnetic bearings only (active/permanent), no lubricated
mechanical bearings in order to improve safety by suppression of fluid ingress risk in the
primary circuit, dynamic control of flexible shafts, resistant catcher bearings under shaft drop,
thermal expansion of the shaft, displacement measurement by sensors, diagnosis algorithms.

•  The pre-cooler and inter-cooler (helium/water heat exchangers). High efficiency component,
high pressure difference, low pressure drop on the helium side, compactness, compatibility to
co-generation applications, lifetime, maintenance.

For these components the development must be performed in partnership with industrials and
some are already identified and involved in the work programme:

•  Aubert and Duval for turbine materials.

•  Heatric for compact plate type heat exchanger.

•  Balcke Duerr for tubular heat exchanger.

•  S2M for magnetic and catcher bearings of turbo machine support.

The main objectives of the components work programme (2000-2005) are:

•  Recovering of the past experience.

•  Review of existing technologies and updating of the state of the art.

•  Specification of the component.
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•  Proposal of a preliminary design.

•  Analysis of the design.

•  Validation by experimental test on mock-ups.

Concerning the helium turbine an experience feedback exists in Germany on the past facilities of
EVO in Oberhausen and HHV in the Jülich centre.

The test facilities of CEA GRETh Grenoble for heat exchangers and Zittau University for
magnetic and catcher bearings will be used for experimental tests on mock-ups. For the long term the
gas loops planned by the CEA Cadarache will be able to test large scale components.

Conclusion

CEA together with FRAMATOME ANP has set up a comprehensive R&D programme on
promising high-temperature technologies for medium term and long term future nuclear systems based
on gas-cooled reactors. For the short term, this programme is directly connected to the support of the
FRAMATOME ANP for the industrial development of small or medium sized thermal HTRs with
direct cycle. It necessitates the recovery at a national level of expertise on some associated crucial
technological issues in the field of particle fuel fabrication and He circuits technology. The study of
high-temperature structural materials, together with the technology of He circuit and components is a
common body of R&D serving as well short and medium term objectives (thermal HTRs) and longer
term ones (high-temperature gas-cooled reactors with hardened neutron spectra). Nevertheless, fast
neutrons will probably necessitate some breakthroughs in the field of fuel materials and design, and of
core structural materials.
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Abstract

In the future, it is essential that nuclear energy be used under the conditions of sustainability.

Enhanced reactor safety, improved economics, suited waste management and best use of resources are
very important topics in this context. The modular high-temperature reactor can contribute to fulfil
these requirements because it has excellent safety characteristics and it can be applied not only to
produce electricity very efficiently, but also to deliver nuclear process heat for many applications in
the energy economy. Broad activities in the field of HTR are currently being undertaken in countries
such as Japan and China, which commissioned test reactors, and in South Africa, the USA and Russia,
which plan to build such plants. In countries having a long-term tradition of gas-cooled reactors
(i.e. Great Britain, France and Germany), interest in this type of reactor persists.

The safety analysis of these nuclear power plants is dedicated to a system which will avoid the
problems which are connected to existing reactors. These HTR reactors cannot melt even in severe
accidents of loss of coolant and fuel cannot be destroyed by other severe accidents. Therefore, the release
of radioactivity to the environment is very limited. The state of technology and new developments are
explained in more detail in this paper. The overall concept of inherent safety, including questions
concerning self-acting decay heat removal and hypothetical impacts from outside, are discussed and
analysed.

Open questions and future needs for research and development in the field of HTR technology are
added to better establish an impression of the state of HTR technology worldwide.
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Safety requirements for future nuclear reactors

Worldwide there are many projects to develop and design nuclear reactors for future application.
They should offer more safety compared to today’s systems. In Germany, for example, the Modified
Atomic Power Act from 1994 requires a very high safety standard for future nuclear power plants:
evacuation and relocation of people must not be necessary, no intolerable radiological consequences
are allowed to occur outside the nuclear power plants after accidents, etc. (Figure 1).

Figure 1. Modified German Atomic Act

Amendment of the Atomic Energy Act as a further precaution against risks to the general
public (7th Amendment to the Atomic Energy Act of 27.07.1994):

The amended German Atomic Energy Act (1) (Art. 7, para. 2a) for future plants
stipulates “that even such events whose occurrence is practically excluded by the
precautions to be taken against damage would not necessitate decisive measures for
protection against the damaging effects of ionising radiation outside the plant fencing, ...”.
In the substantiation of the bill for parliamentary discussion, terms from the text of
paragraph (2a) are defined in more detail. It is thus postulated that “accidents with core
melt” are controlled and “evacuations” are not necessary.

The new type of technology that fulfils these requirements can be designated “catastrophe-free
nuclear technology” (Figure 2). The allowed release of fission products in case of severe accidents is
very limited. For the case of a reactor with a thermal power of 300 MW, for example (discussed
below), this amount should be less than 10–5 to 10–6 of the fission product inventory inside the fuel
elements.

Figure 2. Requirements for future nuclear reactors with new safety concept:
retention of fission products and fissile material inside the plant in all accidents,

limitation of the release to less than 10–5 to 10–6 of the inventory to the environment.

fuel element

reactor pressure
vessel

reactor
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release
to environment :

< -5 of inventory10

The range of catastrophe-free nuclear technology must be defined. Following Figure 3 accidents
from internal and from external sources which can be foreseen and which are covered by the future
licensing process have to be considered. Category 1 and 2 contain these accidents. Category 3 contains
some accidents which are far beyond today’s licensing procedure, which partly require new design
measures. One aim of this contribution is to explain the situation so far as the self-acting of decay heat
is considered even in extreme situations, i.e. very extreme earthquakes or terrorist attacks.
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Figure 3. Accidents considered to be covered by the
concept of “catastrophe-free nuclear technology”
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The work to be done in the future is to identify systems in which there is no release of intolerable
amounts of radioactivity to the environment through internal or external causes. This safety behaviour
of the reactors must be improved by convincing experiments.

Concepts of new pebble bed reactors

All new HTR concepts are designed to integrate inherent safety features as much as possible, the
main aspects of this being the self-acting decay heat removal and the limitation of the temperature of
fuel elements to allowed values (today 1 600°C for TRISO-coated particles in pebble-bed fuel element).

The concept of self-acting decay heat removal exists – in principle – in all high-temperature
reactors, including the old reactor systems. Dependent on power, power density and core dimensions,
the maximum fuel temperatures during loss of coolant and loss of active decay heat removal accidents
is different for the reactors. Table 1 shows some data resulting from three-dimensional calculations for
several layouts of HTR cores.

Especially for large cores (THTR-300, GAC-1160, Fort St. Vrain) high fuel temperatures above
2 000°C would have occurred in decay heat removal accidents, resulting in large fission product
releases from the fuel elements. Even these large cores would not have melted down, because graphite
stays stable up to 3 600°C.
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Table 1. Comparison of data of HTR cores with respect to the
accident, loss of coolant and loss of active decay heat removal

Reactor
system

Thermal
power
(MW)

Mean
power
density

(MW/m³)

Type of
core

Core
diameter

(m)

Helium
temp.

Max. fuel
temp. in

operation
(°C)

Max. fuel
temp. in
accident

(°C)

AVR 50 2.2 Cylinder 3 950 < 1 100 < 1 300
THTR-300 750 6 Cylinder 5.6 750 < 1 100 < 2 500

HTR-100 250 4.2 Cylinder 3.45 750 < 1 100 < 1 700
HTR-Modul 200 3 Cylinder 3 2 700 < 1 000 < 1 500
HTR-500 1 390 6.6 Cylinder 7.1 750 < 1 100 < 2 800

HHT-1000 2 537 10 Cylinder 8.1 850 < 1 250 < 2 800
HTR-10 10 2 Cylinder 1.8 700 < 900 < 1 100
PBMR 265 2.7 Annular 1/3.2 900 < 1 100 < 1 600

DRAGON 20 14 Cylinder 1.07 700 < 1 200 < 1 400
Peach Bottom 115.5 8.3 Cylinder 2.8 700 < 1 200 < 2 000
Fort St. Vrain 842 6.3 Cylinder 5.9 750 < 1 100 < 2 500

GAC-600 600 6.6 Annular 3/4.8 850 < 1 300 < 1 600
HTTR-30 30 5 Cylinder ∼  3 850/950 1 350 < 1 700

In cylindrical cores up to approximately 3.5 m in diameter the fuel temperatures are restricted
below 1 600°C for a power of 200 to 220 MW. If graphite noses are embedded in the core, as in the
case of the pebble-bed reactor, the power can be raised to 260 MW. A two-zone cylindrical core with
graphite balls in the central column can rise to power levels of 300 MW if the inner diameter of the
reactor pressure vessel is restricted to approximately 6.5 m. Raising the vessel diameter to 7.5 m
allows annular cores with pebble-shaped fuel elements of 500 MWth power rating, maintaining the
requirement of temperature stabilisation.

The annular core with block type fuel elements is designed for a power of 600 MW with a
temperature limitation of 1 600°C.

Limiting the accident temperature below 1 600°C, even for higher thermal power ratings up to
1 500 to 2 000 MWth, could be achieved using reactor vessels made of pre-stressed cast iron or cast
steel blocks. Using this technology, today’s technical limit of 7.5 m could be exceeded.

In Figure 4 the design of a new pebble-bed reactor with an annular core is shown, the ISR-300
(Inherent Safe Reactor 300 MWth). This reactor system is arranged in a pre-stressed primary system
made from cast steel. To withstand terrorist attack, nuclear reactors in future must be arranged
underground and covered by soil material. This is proposed for the ISR-300.

In this reactor the decay heat is transported from the core, through the core structures and from
there to an outer heat sink (water-cooled surface cooler or finally concrete structures) uniquely by
radiation, conduction and natural convection of air.

Figure 5 shows the well-known trend over the time of the maximum fuel temperature in the core,
if the usual assumption of loss of coolant and loss of active decay heat removal is made.
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Figure 4. Concept of a pebble-bed HTR with the principle of self-acting
decay heat removal (ISR-300 with annular core, thermal power of 300 MW)

1) Annular core, 2) Pre-stressed reactor pressure vessel, 3) Pre-stressed vessel for steam generator,
4) Pre-stressed connecting vessel, 5) Control and shut off system, 6) Helium circulator, 7) Hot gas duct,

8) Steam generator, 9) Surface cooler, 10) Inner concrete cell, 11) Reactor building, 12) Fuel loading device,
13) Fuel discharge device, 14) Flap, 15) Concrete closure, 16) Storage vessel for spent fuel elements
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Figure 5. Maximum fuel temperature in ISR-300 core
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The principle of self-acting decay heat removal and the limitation of fuel temperatures to
acceptable values (<1 600°C) is even fulfilled in very extreme situations, as indicated in Figure 6.
If the reactor vessel is totally covered with rubble – as a result of a very extreme earthquake or of a
terrorist attack – even then the principle of self-acting decay heat works and the maximum fuel
temperature is limited. Certainly it takes more time before the temperatures drop again, but the decay
heat is finally released to the environment.

Figure 6. Aspects of decay heat removal in very extreme accident situations

a) Rate of occurrence of severe earth quakes (estimation for the site Jülich)
b) Function of damage of buildings depending on strength of earthquakes

c) Situation of a reactor after a very extreme earthquake
d) Maximum temperature of fuel elements, and reactor vessel under different outside conditions
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This means that even very extreme accidents do not cause catastrophic releases of fission products.
The pre-stressed primary system guarantees that the possible ingress of air is limited to very small
values, therefore the burn-up of graphite is very small too.
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Experiments to improve the concept of self-acting decay heat removal

Testing the inherent safety features of reactors is one of the most important tasks for further work.
Some main aspects of fulfilling the principle self-acting decay heat removal have been tested very well
during the development of the pebble-bed HTR. Table 2 provides an overview of experiments which
have been carried out and which are planned. Important experiments that have been performed are:

•  The measurement of the effective heat conductivity λeff of the pebble bed is dependent on the
temperature inside the reactor core. This parameter directly influences the maximum
temperature and the temperature distribution inside the core during a loss of coolant accident.
Heat transfer by conduction, thermal radiation and free convection in the core region are
summed up in this quantity λeff, which has been measured in several experiments.

•  Experiments to measure the temperature distribution inside a large arrangement of fuel
elements, to control the dynamic temperature profiles and to thereby validate computer codes
for the calculation of the three-dimensional real temperature distribution in the core, were
carried out in the experiment SANA.

•  Experiments to measure the heat fluxes and the temperature distribution from the structures of
core internals into the reactor vessel and from there to the surrounding concrete cell outside
the reactor vessel have been performed in the experiment INWA.

•  An experiment to measure the heat fluxes including free convection from the surface of the
reactor pressure vessel has been carried out in Japan in the framework of the HTTR project.

•  A real reactor experiment has been carried out with the AVR reactor in Jülich. The loss of
shut down and of active cooling were simulated by switching off the blower power and
measuring the dynamic behaviour of the reactor system.

•  In the future a 1/1 large-scale experiment for a “real reactor” can be carried out, in which the
decay heat is simulated by electric heating. All accidental situations can be simulated in this
model and measurements can indicate the system behaviour as well as the accuracy of codes.

A lot of experiments on the measurement of λeff (T) have been performed and form the basis to
calculate the transport of decay heat inside the core. Figure 7 shows a typical arrangement and results
of these measurements.

A large simulation experiment regarding the self-acting afterheat removal from a pebble bed was
carried out in the Research Centre Jülich. In the experiment SANA-1, a pebble bed with 9 500 graphite
balls of original size was heated by electric resistant heating to maximum temperatures of 1 200°C
[see Figure 8(a)]. The temperature transients in the system are measured; they allow to validate computer
codes for analysis of accidents and to measure the effective heat conductivity in a pebble bed.

Task and objectives of this experiment up to now include were measurement of time dependent
three-dimensional temperature distributions, determination of effective heat conductivity as a function
of the temperatures in the core, provision of data sets for the code validation (THERMIX/DIRECT,
TINTE) and statements concerning free convection phenomena which are important in case of
accidents in the real reactor.

The measured values of λeff (T) [see Figure 8(b)] are in good agreement with results from smaller
test installations and from theoretical considerations on the overall heat transport in pebble bed.
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Table 2. Experiments to verify the principle of self-acting
decay heat removal from the pebble bed reactor

Experiments Status Description Characteristic
of experiments

Characteristic
data

Max.
temp.

Results

SANA-1 Finished Pebble bed
heated
electrically

1 m diameter
1 m height

Pebble-bed with
6 000 balls of
6 cm diameter

1 200 •  λ eff (T) up to
1 200°C

•  Influence of free
convection

•  Transients
SANA-2 Planned Pebble bed

heated
electrically

Demonstration of
the chain of
passive heat
transport

Section of core
(height 1 m, 20°)

< 1 500 •  λ  eff (T)
•  Influence of gaps
•  Transients

λeff

measurements
Finished Pebble-bed

arrangement
Experiments with
some 100 balls

Balls with 6 cm
diameter

1 200 •  λ  eff (T)

INWA Finished Section of
RPV and
outer cell

1/1 section of
RPV and cooling
system

2 m² area of RPV
and cooling
system

600 •  Heat flux of
∼  4 kW/m²

•  Heat transfer in
gaps

AVR Finished Pebble-bed
nuclear
reactor

Experiments for
reactor without
and with pressure

50 MW core
3 m diameter

< 1 300 •  Concept
demonstrated in
a real reactor

Large-scale
experiment

Planned Reactor
model heated
electrically

Demonstration of
principle in full
scale

3 m diameter
8 m height,
1...2 MW heated
electrically

< 1 500 •  Demonstration
full scale
non-nuclear

•  Other accident
demonstration

Figure 7. Measurement of λeff (T) in a large laboratory experiment

a) Arrangement for measurement of λeff (T) in a pebble bed
b) Result for the effective heat conductivity in a pebble bed λeff (T)

a) b)
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Figure 8. Measurement of λeff (T) in a large test facility

a) SANA test facility (diameter: 1.5 m, height: 1 m, 9 500 graphite balls with 6 cm diameter, Tmax = 1 600 °C, power 50 kW).
b) Results of measurements in the SANA test facility, for comparison: result of calculations following the theory of Zehner/

Bauer/Schluender (dashed and full lines).

a) b)

The transport of decay heat from the thermal shield through the wall of the vessel to the concrete
cell has been examined in the INWA experiment. The arrangement of this facility is shown in
Figure 8. On the inner surface a heat flux of the order of 2 kW/m2 is applied, and the temperature
distributions are measured. From these data the heat transfer coefficients for different steps in the
chain of heat transport are deviated.

Figure 9(a) shows a perspective view of the INWA test facility which corresponds to 20° sector
of a proposed pre-stressed cast iron reactor pressure vessel for the 200 MWth Siemens/HTR modular
pebble-bed reactor derived and compared with theoretical analysis. The complete INWA facility was
embedded within thick thermal insulation. A typical trace at some positions is indicated in Figure 9(b).
After start-up, which includes “overheating” to compensate for the thermal capacities of the components,
steady state is reached after about 100 h. The simulation of a depressurisation event can then be started
at any time. As shown in Figure 9(b) DPE started at about 140 h and lasted approximately 250 h.

The experiment has shown that the decay heat with the heat flux mentioned above can be
removed from the surface of the reactor pressure vessel to the surrounding concrete cell. The wall of
the cell can be additionally cooled by natural convection of air, if ducts for the air are integrated to the
wall of the concrete structure. This is important if the surface cooler around the vessel fails.
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Figure 9. INWA test facility for demonstration of self-acting decay heat
transport from the reactor pressure vessel to the outer concrete cell

a) Arrangement of facility
b) Temperature profiles for a cast iron wall of a RPV compared to a steel vessel, 1  cooling at 38°C, 2  no cooling

a)

Test set-up (dimensions in mm) with cast
iron wall.

1  Electric heater and core vessel
2  Liner with liner support structure
3  Pressure vessel wall
4  Axial pre-stressing tendon
5  Hoop pre-stressing cable
6  Cover plate for hoop pressurising cable
7  Cast iron block of the reactor cell
8  Cooling system
9  Reinforced concrete
10  Box for sprinkler system
11  Insulation
12  Refractory support

b)
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The experimental pebble-bed reactor, AVR, was successfully operated between 1967 and 1988 in
the Research Centre Jülich and was used for many safety experiments. One experiment was dedicated
to demonstrate the behaviour of this reactor type during a loss of active decay heat removal accident
integrally. Therefore, the helium circulators were stopped and the four control rods were blocked in
full power position.

As a consequence of the large negative temperature coefficient of the reactivity the nuclear chain
reaction stopped immediately. The decay heat was self-actingly transferred from the reactor core
through the core internals to the outer structures surrounding the reactor vessel, the temperature in the
reflector noses stayed below 700° and the temperature of the fuel elements never rose above 1 200°C,
as three-dimensional calculations have shown. It was necessary to calculate these values, because
there were no thermocouples inside the pebble bed. The position of the reflector noses, however, is
very near the centre of the core and the heat transfer mechanism inside the core is well known.
Therefore, the uncertainty of the temperature calculations inside the pebble bed is expected to be
small. Figure 10(a) displays some of the calculation results for this case.

Figure 10. Aspects of the loss of decay heat removal in AVR (50 MW)

a) Temperature distribution inside the AVR reactor in loss of decay heat removal accident calculations for the assumption:
loss of control and loss of active decay heat removal, reactor under pressure

b) Temperature distribution inside the AVR reactor in loss of decay heat removal accident calculations for the assumption:
loss of control and loss of active decay heat removal, reactor without pressure

a) b)

It was stated that the decay heat was partially removed by free convection from the core through
the top reflector to the steam generator above the core. The reason was that the reactor was still under
pressure, which favours the free convection processes to the “cold” steam generator.

Therefore, an additional experiment was planned and is already licensed: the loss of coolant and
failure of all active decay heat removal. The pre-calculation showed that the fuel temperature would
stay below 1 400°C even in the hottest part of the reactor in this accident [see Figure 10(b)]. Due to
political reasons in Germany and the anti-nuclear politics of some political and local parties, this
experiment was not carried out before decommissioning of the AVR.
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In a full-scale experiment the self-acting decay heat removal and some other accidents related to
an inherently safe HTR can be carried out, if the decay heat is simulated in the pebble bed similar to
the technology of the SANA experiment (Figure 11). The planning and realisation of such an experiment
could be important from the viewpoint of future public acceptance.

Figure 11. Proposal for a full-scale experiment for the demonstration
of the self-acting decay heat removal from the pebble-bed reactor core

surface cooler
electrical heater

Considerations on the limitations to the principle of self-acting decay heat removal

Of course one has to consider the consequences to be taken into account if, in addition to the loss
of coolant and the failure of active decay heat removal accidents, another event occurs. Examples are
the ingress of large amounts of air and steam as well as the failure of reactivity control systems.
Figure 12 shows the additional effects which are important with respect to HTR design. It is necessary
to ensure even in these cases that the fuel temperatures stay below 1 600°C and that the fuel elements
stay intact, thus retaining the fission products inside the coated particles.

As an example, the concept of thermal stability must be fulfilled along with the nuclear stability
in the case of the pebble-bed core of the ESKOM reactor concept (PBMR). In this reactor a very
hypothetical beyond-design accident is considered. It is assumed that there is a loss of coolant along
with a loss of active decay heat removal and the rapid loss of the first shut-down system. The fuel
temperature stays below 1 600°C in this case too.
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Figure 12. Potential impacts on the nuclear power plant
which influence the concept of self-acting decay heat removal
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In an ideal way mechanical stability is achieved by burst-protected primary enclosures. This
includes gaining additional chemical stability, insofar as air ingress into the primary system is
considered. Only very small amounts of air can ingress into the primary system and, therefore, the
corrosion of fuel elements and graphite structures is strongly limited to acceptable levels.

Concluding remarks

HTR plants can be realised with high efficiency and inherent safety. The reactor system can be
designed to fulfil the requirements of catastrophe-free nuclear technology, that being the restriction of
fission product release in all accidents to less than 10–5 of the inventory. The core can never melt or
overheat to temperatures above 1 600°C. Through the use of an annular core a thermal power rating of
300 MW or even more can be realised.

This safety behaviour can be demonstrated in an integral full-scale experiment. This experiment
can be carried out with a real reactor, because the core will not be destroyed by these experiments and
thus the consequences of the accident demonstration are insignificant.

In addition to the application for steam generation, the reactor system can be used for coupling
with gas turbine cycle, combined cycle and process heat applications. This reactor is especially
attractive for cogeneration processes.
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The power plant is economically attractive compared to other future options, including world
market coal, especially if a series production is realised a modular design of larger power. Furthermore,
worldwide fabrication of components will remarkably reduce the cost.

The potential world market for a reactor having such a broad spectrum of applications is large.
Nevertheless, international co-operation is necessary to establish this type of reactor technology
worldwide.
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Abstract

The UK has a history of the successful design, construction and operation of graphite-moderated
gas-cooled reactors. In particular, a central role was played in the original development of HTR,
focused upon the construction of the DRAGON prototype reactor at Winfrith. In this regard there was
a particular expertise built up around the performance of the fuel particles, and also in the area of
graphite oxidation from potential coolant impurities.

The revival of interest in HTR through the development of GT-MHR and PBMR modular designs,
through continuing national programmes such as ACACIA in The Netherlands, HTTR in Japan and
HTR-10 in China, and the general potential for co-generation and inherently safe operation, has
renewed the interest of the principal UK centres of reactor expertise, which are particularly focused
upon the PBMR design. This review covers the present activity of principally NNC Ltd, BNFL and
AEA Technology plc; in addition, the activities of some smaller UK companies in support of the
programme are also described.
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Introduction

At the previous meeting in 1999, Beech and May [1] discussed the experience of the UK in
gas-cooled-reactor and high-temperature-engineering technologies, from the particular perspective of
NNC Ltd. In the intervening two years, there have been very significant developments in the
conception and design of small-scale modular HTRs, both through national programmes in Japan,
China and The Netherlands and through international collaborations, notably with the pebble-bed
modular design (PBMR) and the GT-MHR concept, taking on board the principle of inherently safe
engineering and, particularly in this last case, the capability to utilise weapons-grade plutonium in the
fuel. These developments are usefully summarised in an IAEA TECDOC [2].

The UK nuclear industry, both through its established large organisations and also through the
involvement of smaller specialist companies, is making a major contribution to these developments,
particularly in relation to the PBMR.

This paper has three purposes:

•  To briefly review the particular skills and design experience which have arisen through the
extensive programme of production and commercial power-producing graphite-moderated
reactors, including participation in the DRAGON Project.

•  To summarise the present participation of UK organisations in the developing HTR activity.

•  To indicate the particular areas where major contributions might be expected in the future.

The paper does not claim to be exhaustive. It has been compiled from largely published
information and from the perspective of an independent consultant graphite specialist, previously from
the commercial nuclear electricity industry, with the assistance of co-authors from NNC Ltd, Serco
Assurance (formerly AEA Technology plc) and BNFL. There are almost certainly some significant
omissions, especially in regard to the contributions of smaller organisations, and to these we offer an
apology and an invitation to bring the record up to date for any future revision of this review.

The UK gas-cooled reactor experience

The UK programme began at the end of the 1940s with the construction of two small graphite
piles at Harwell – the Graphite Low-Energy Experimental Pile (GLEEP) and the British Experimental
Pile Zero(BEPO), and these were followed by two large production piles at Windscale. The infamous
fire in 1957 was both a set-back and a signal that a successful commercial plant would require to be
operated with a higher graphite temperature to limit the accumulation of Wigner energy, and the
construction of eight small Magnox reactors followed at Calder Hall and Chapelcross, all of which
continue in operation today. The subsequent fully-commercial Magnox programme saw the
construction of a further 18 larger reactors, the final ones incorporating the pre-stressed concrete
pressure vessel concept which was used for the next generation of advanced gas-cooled reactors
(AGRs). Ten of these Magnox reactors continue in operation at this time.

The AGR programme, which saw the graphite temperature raised to approximately 700 K and the
maximum coolant temperature at around 930 K, consisted of 14 reactors all of which continue in
operation.
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This activity within the UK has provided organisations and individuals with skills in two very
relevant fields for the new HTR initiatives:

•  There is great experience in manufacturing graphite to particular specifications, and in
researching and understanding its behaviour under irradiation, particularly with respect to
neutron damage, the generation of stresses in complex components through differential
dimensional change and the effects thereon of thermal and irradiation creep, and in both
thermal and radiolytic oxidation processes in both carbon dioxide and in air.

•  Great experience in the requirements for licensing of a gas-cooled graphite-moderated plant,
and the production of related safety cases with particular emphasis on life extension in the
presence of limited component failure.

In addition, many useful lessons have been learned in other technological areas such as the
mechanisms of corrosion of various types of steels, pressure-vessel embrittlement, and the development
of sophisticated remote-handling and viewing equipment for the internal inspection of reactors and for
the replacement of internal reactor systems. These issues, and many more, are discussed in papers
given at two conferences organised by The Institution of Mechanical Engineers (London) on Magnox
reactors and AGRs, respectively [3,4].

A separate but very valuable experience for the UK nuclear industry was the participation in
the DRAGON Project, culminating in the construction of the prototype HTR at Winfrith Heath.
The achievements of all the international partners are summarised in the closing report [5].

In the graphite area, one of the most important lessons was the understand that existing graphites
available at the time for the construction of the fuel matrix were much too permeable, and unsuited to
control the transport of fission products from failed fuel particles; an extremely high purge flow
comparable to the primary circuit flow would have been required, and this led to the development of
commercial low-permeability fine-grain graphites and also to the employment of furfuryl alcohol as an
impregnant for in-situ polymerisation, a process first defined at The Royal Aircraft Establishment,
Farnborough. The programme also gave a wide experience of the characterisation of different graphites
using the MTR reactor at Petten in The Netherlands, experience further augmented later in support of
AGRs using UK MTRs at Harwell as well as BR2 in Belgium and Silöe at Grenoble in France. Such
investigations continue in support of the existing reactor programmes even today, with both BNFL
Magnox Generation (for the Magnox reactors) and British Energy Generation Ltd (for the AGRs)
conducting graphite-irradiation investigations at Idaho Falls (USA) and Halden (Norway) respectively.
The DRAGON Project also introduced the first significant experiments on graphite creep to the UK
industry.

These examples relate only to the graphite; there were many other examples of the learning
process in developing reactor technologies which were to the benefit of all the participating countries.
Perhaps one of the most important was an understanding of the so-called “amoeba effect” of kernel
transport along a thermal gradient in particulate fuel. One important discipline which is now becoming
much more significant is in the area of safe storage of closed plant and the preparations for full
decommissioning. This is the subject of another paper to this meeting [6].

We now review some of the current activities within the UK in support of current HTR
development.
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NNC Ltd

General background

A known and stable regulatory environment was established for light water reactors (LWRs)
many years ago. Modular and other current designs of high-temperature reactor are, however, very
different from LWR, with a number of inherent safety features. In order to establish a common
European safety approach and identify significant issues for this type of reactor, as described in [7],
a number of EC sponsored 5th Framework projects have been established. In addition to participation
in the HTR co-ordination project (HTR-C) that will be responsible for co-ordinating the activities for
the programme as a whole, NNC is a co-ordinator and partner in a number of technical projects, as
described below. NNC is also involved in other activities associated with the UK gas-cooled reactor
fleet that are of relevance to HTR development.

Licensing

NNC is one of the partners in the EC sponsored project entitled “High-temperature Reactor –
Licensing, Safety Approach and Licensing Main Issues” (HTR-L). This project is intended to identify
key safety issues, transient and accident scenarios that will help to define a coherent safety approach
for modular high-temperature reactors (producing electricity) in a licensing framework. A classification
for the design-basis operating conditions and associated acceptance criteria will be derived. NNC is
leading the work package that will define rules for the system, structure and component classification
and a component qualification level compatible with the economical objectives.

For economic efficiency, the desired simplicity and compactness of design will only be attainable
if inherent safety features such as first-barrier efficiency and the core thermal inertia are fully accepted.
Many engineered safety features and systems (ESFAS) required for the LWR, such as emergency
core-cooling systems, redundant shutdown systems and multiple pressure-barrier containments can,
therefore, be eliminated or greatly reduced. This should simplify the accident sequences that will
require analysis compared with the complex accident scenarios in LWR. Accident management will
also be simpler because of lower system complexity and greater time to react because of increased
core thermal inertia.

Although, as indicated above, an HTR will probably be more able to tolerate fault situations than
many other reactor types, it is probable that these abilities are differences in emphasis, rather than
fundamental differences in behaviour. The safety report underpinning the safety case for an HTR will
theoretically need to start by assuming all possible failures (i.e. that which is not unphysical) and by
demonstrating during the safety analysis that unquestionable physical phenomena, etc., render the
most limiting design basis accidents acceptable. Along with our partners, NNC will be working to
propose rules that will make the licensing process for an HTR in Europe acceptable in both safety and
economic terms.

Besides its participation in the HTR-L project, NNC is supporting the South African Nuclear
Regulator (NNR) in the assessment of the safety case for the pebble-bed modular reactor (PBMR).
Aspects of the safety case are being reviewed in order to identify the degree of compliance with NNR
requirements and international standards.



95

General high-temperature engineering

NNC is the co-ordinator for the EC sponsored 5th Framework project entitled “High-temperature
Reactor – Materials” (HTR-M) project. This four-year project covers experimental work on graphite
oxidation, turbine materials mechanical properties and irradiation effects in RPV steel. Further
information on this project is given in [8].

NNC’s high-temperature corrosion and metallurgical facilities are located at Risley Laboratories.
They play an important role in the extended operation of the UK gas reactor fleet. The knowledge and
expertise gained from the operation of these facilities, particularly breakaway oxidation, carburisation
and metal dusting, is being used in assessments of the effects of impurities in helium on HTR vessel
materials.

Breakaway oxidation is a rapid form of oxidation whereby sub-surface oxidation disrupts the
protective oxide film on some steels. Metal dusting is a form of heavy carburisation that can occur in
low oxygen, high carbon environments in which carbides form and tunnel around and loosen grains of
metal in the steel.

NNC is also one of the partners in the HTR Components (HTR-E) project. This project aims to
examine the technologies involved in the key component areas that are expected to influence safety,
cost and operability. The involvement will be mainly in the tribology and gas purification areas, where
we will provide information from our operating experience of gas reactors.

Fuel and waste management

NNC is a partner and work-package leader in the Reactor Physics and Fuel Cycle Project
(HTR-N). The overall objectives of this project are the development of core physics and fuel cycle
requirements to meet the needs of the current and future modular concepts of HTR. The management
of graphite is a key issue although the single largest task is the analysis of spent fuel arisings. NNC is
the work-package leader for developing a strategy for dealing with and minimising HTR wastes, and
will also input its experience with the DRAGON reactor and comparative assessments against UK
gas-cooled reactors.

UK graphite

In addition to the work on graphite disposal in the HTR-N project described above, NNC is
undertaking a number of other tasks associated with graphite behaviour, principally in AGRs, that will
be relevant to HTR.

As the graphite core structures in a reactor age, and get increasingly irradiated by fast neutrons,
the individual fuel and control rod channels, and the individual graphite blocks within them, become
slightly distorted. The safe operation of reactor cores containing graphite requires that the distortion
remain within acceptable limits under all normal operating and fault conditions. Sophisticated computer
models of the AGR cores have been developed which allow bounding channel distortions to be
determined. NNC has designed and built three separate rigs that are being used for the validation of
these computer models. The first is a large 3-D rig which can accommodate up to 48 full size fuel
bricks as a 4 ×4 × 3 array, which has been used to gain an understanding of the mechanical behaviour
of assemblies of bricks (forces, displacements, rotations). The second is a 2-D rig containing a 25 full
section brick slice (100 mm thick) arrangement, which has primarily been used to investigate the
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effect of components with through wall cracks. The third is a one-eighth scale model of a full core
(containing up to 5 500 fuel bricks) which is being used to confirm numerical predictions using a
substantially larger number of components.

In addition, almost every graphite property is affected by fast neutron irradiation and by radiolytic
oxidation when in oxidising coolant compositions. Various computer codes are used to make predictions
about the current and future states of the graphite core. Regular monitoring is used to confirm that the
cores are behaving as predicted. At each statutory outage, therefore, a number of fuel channels are
de-fuelled and a device known as the Channel Bore Measurement Unit is deployed into these channels
to make accurate measurements of individual brick bore diameters and brick tilts in orthogonal planes.
NNC is comparing the individual brick bore diameter measurements against computer predictions and
the tilt measurements are then used to construct the overall shape of the channel. Another device is
deployed to remove small cylindrical samples from the bores of fuel bricks by trepanning. These samples
are subsequently tested to determine the amount of radiolytic oxidation suffered and important
mechanical/physical properties such as strength, Young’s modulus and CTE.

A considerable amount of work is being done to assess the effects of brick cracking on core
functionality, and to develop improved computer codes relating to core modelling. Once these codes
have been validated using data from the NNC test rigs they will be suitable not only for work on the
AGR fleet but, with suitable further validation, for the assessment of graphite behaviour at the
elevated temperatures to be anticipated in an HTR.

Serco Assurance (formerly AEA Technology Consulting)

Serco Assurance traces its routes through UKAEA to AEA Technology Reactor Services SRD
and finally to the recent divestment from AEA Technology Consulting. Obviously, its staff have
brought with them the wealth of experience and knowledge gained during their previous work with the
precursor organisations. A major part of this experience was gained in the development and
assessment of reactor core structures and fuel designs covering all the major UK reactor design
projects over the last 30 years, i.e. Magnox, AGR, PWR, SGHWR, PFR and CFR/EFR. The experience
spans the full range of skills needed to develop a reactor design from concept to a detailed design.
However, Serco Assurance staff have particular specialist knowledge in the detailed assessment of
graphite core structures and the effects of irradiation on the material properties and the component
distortions. This has been gained through the analysis of Magnox and AGR core components which
has been carried out for BNFL and for British Energy Generation Ltd.

In the light of this wide ranging and specialist experience, Eskom invited AEA Technology
Consulting in 1999 to develop the PBMR core structure design from the basic conceptual layout
through to a detailed design which could be accurately costed and constructed. The scope of the task
covered the complete fixed core structure inside the RPV. This includes the core barrel, the core support
structure and the graphite reflector i.e. everything in the core except the fuel and the control/shutdown
systems.

One of the first tasks was to assess the nuclear graphites currently in production or which would
be available for use in the PBMR core and to generate a database of properties which would enable the
behaviour of the core structure to be predicted. Very little irradiation data were available on the
candidate materials and therefore the database had to be constructed using historical data from
graphite with similar microstructures. This was done by suitable manipulation and combination of data
from two existing data sets, including the IAEA International Database on Irradiated Nuclear Graphite
Properties [9].
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The task of the design team was to develop the outline South African concept, which had been
based on the German HTR Modular design, to match PBMR operating conditions in terms of fluence
levels, temperatures and operational modes. The starting point for much of this process was the core
thermal-hydraulic analyses. Analyses of the whole core and of specific regions were performed for
both normal operating and loss of forced cooling conditions. Determination and reduction of leakage
flows was particularly important. Optimisation of the insulation layout and selection of suitable
materials was a particularly complex task as conditions in PBMR in terms of loads and temperatures
are significantly more onerous than in earlier HTR designs.

Based upon these thermal data and upon the applied loads, materials for the core barrel and the
support structure were selected. Component designs which emphasised ease of manufacture and stiffness
were then developed and subjected to stress analysis. For the graphite reflector, the principal tasks
were, firstly, to derive a brick layout for which all the components would fit within the envelope of the
available raw material sizes and then to assess the component lifetimes. Detailed stressing calculations
were performed on critical bricks to determine the component internal stresses and distortions caused
by irradiation. The constructed graphite data set, together with the thermal-hydraulic and fluence data,
were the basic inputs to these calculations.

In addition to these activities, core instrumentation was selected and its layout was assessed.
The core shielding requirements were reviewed and detailed supporting calculations were performed.
Graphite and carbon physical properties and compositions were measured.

Finally, a detailed tender exercise was undertaken. Very detailed specifications for all the core
components, including the graphite/carbon, the barrel, the assembly, the instrumentation, the shielding,
the insulation, etc., were written and tenders for supply were requested from suitable manufacturers.
On receipt of responses, the tenders were evaluated and the overall cost of manufacture and assembly
was determined.

PBMR used the outputs from Serco Assurance as a major input to the Design Feasibility Study
Report, which has been completed recently.

British Nuclear Fuels plc (BNFL)

Background

In recent years, BNFL has grown from being a predominantly UK-based fuel cycle company to a
global provider of nuclear services, employing some 23 000 staff across 17 countries. With the
acquisition of the Westinghouse Electric Company and the nuclear interests of ABB, BNFL is now
involved in all aspects of nuclear power, from the processing of uranium ore, through enrichment, fuel
fabrication, transport, reactor supply and maintenance, reactor operation, spent fuel management, and
waste treatment and decommissioning. BNFL’s historical involvement in HTR systems arises both
from its UK experience in the manufacture of fuel for the DRAGON project at its Springfields site
(and from investigations into the manufacture of plutonium micro-spheres at the Sellafield site for the
UK fast reactor programme, which utilised a similar fabrication technique), and from the unrivalled
experience of Westinghouse Reaktor in Germany, whose forerunners designed and constructed both of
the German pebble-bed reactors: the AVR at Jülich and the THTR at Schmehausen.

Moreover, through the operation of its Magnox reactor fleet, BNFL has acquired a considerable
knowledge of the licensing, operation, inspection and maintenance of gas-cooled graphite-moderated
steel pressure vessel reactors. Finally, through the research and experience which underpin the continued
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operation of the Magnox fleet, together with the design and manufacture of the graphite-sleeved AGR
fuel elements, BNFL has acquired considerable knowledge and experience of the behaviour of
graphite components during irradiation.

Current HTR activities

BNFL, through its Research and Technology Directorate, is currently one of the four investors in
the South African Pebble-bed Modular Reactor (PBMR) project, along with the South African utility
Eskom, the Industrial Development Corporation of South Africa (IDC) and the Exelon Corporation of
the USA. This consortium has funded the preliminary design of the direct cycle PBMR system and its
associated fuel fabrication facility, which culminated in the production of a Detailed Feasibility Study
Report in the summer of 2001. BNFL, in association with the other PBMR investors, is currently
conducting a thorough review of this DFS report, in order to determine the technical and economic
feasibility of the project.

In addition to its role as an investor in the project, BNFL Group companies also supply design and
consultancy services. For example, BNFL, together with Nukem of Germany and EMS of South Africa,
has collaborated on the preliminary design of the PBMR fuel plant, in close association with both the
PBMR design team and the Nuclear Energy Commission of South Africa (NECSA). Similarly,
Westinghouse Reaktor has provided consultancy services to the project, and has provided key inputs
to the design of the core internals and to the reactor control system. There are also numerous direct
inputs in small speciality areas; for example, BNFL expertise is being brought to bear to evaluate any
risk associated with thermal oxidation of graphite or graphitic components from impurities in the
coolant, whilst the Littlebrook engineering facility, which specialises in the design and construction of
remote-handling equipment for viewing, maintenance and replacement work on reactor internals, is
evaluating the feasibility of a replacement of the PBMR reflector.

In addition to its role in the PBMR project, BNFL is also involved in the European 5th Framework
HTR projects, which are described in detail in Ref. [7] and in an earlier section. In the HTR-Fuel
project, BNFL is involved in activities to secure historical knowledge of HTR fuel developments in
partner countries, which will include a detailed review of the fuel developments in the DRAGON
project, as well as contributions to the development of a European HTR fuel modelling code. In the
HTR-Neutronics and Fuel Cycle project, BNFL is also contributing to the studies of Pu burning in
HTR systems. BNFL is also a partner in the European HTR Technology Network, which co-ordinates
and fosters the research activities carried out in the Framework programme.

Finally, BNFL also participates in the gas-cooled reactor working group of the US DOE’s
Generation IV programme, and in the IAEA’s technical working group on gas-cooled reactors.

British Energy plc

British Energy’s role in the United Kingdom is essentially limited to the operation of 14 AGRs,
but the parent company as a whole has much wider international interests. Whilst the principal
interests within the UK are obviously associated with the management of reactor ageing and life
extension where possible, there are numerous areas in which such matters coincide with issues of
immediate relevance for HTR and where British Energy personnel could make valuable contributions,
should the company elect to participate. As just one example, the company has developed considerable
expertise in the prediction of graphite behaviour and eventual component failure, as a consequence of
which it is highly proficient in irradiation effects in graphite; discussions are in progress about
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participation in a proposed international collaborative irradiation programme to address perceived
deficiencies in the knowledge of creep behaviour which is planned serve the interests both of the new
HTR designers and the existing reactor operators.

Smaller companies

When reviewing the major contributions of the very large nuclear engineering and consulting
concerns and reactor operators, it is easy to overlook the important contributions of other, sometimes
smaller, companies to HTR development. Here we mention just a few other organisations whose
contributions have come to the attention of the authors: to those which have been omitted we can offer
only an apology.

Rolls Royce, for example, has enormous expertise in the field of gas turbines, and has offered to
review the Brayton Cycle as employed on PBMR and compare it with similar cycles such as their
WR21 marine application. Initially, this offer has been declined, although there is some possibility of
reviving the option as the PBMR design becomes more mature. Alstom, through their Whetstone
plant, are also understood to be extremely interested in tendering for the design and supply of turbo
machinery.

Other UK expressions of interest have included a novel recuperator design from Heatric, and
insulation materials from DarChem, although a later version of the PBMR design appears not to have
identified a requirement for insulation.

It is also important to note that not all expressions of interest in HTR which have reached other
UK companies relate just to the PBMR. As an example, a small West-Country Company, Bradtec
Decon Technologies Ltd, which has specialised in the application of novel chemical decontamination
methods to water-reactor circuits, is about to commence an Electrical Power Research Institute (EPRI,
California) contract concerning the potential contamination of leading turbine blades with 110Ag.
Forward-facing surfaces are considered to be vulnerable to this contamination from fission products,
and the half-life of 110Ag is such that there could be a need for a two-year storage period before
maintenance. Whilst this is a generic project which would be applicable to both PBMR and GTHMR,
it is the latter which is the prime motivation in this case. The objective is to determine whether there is
indeed a problem and, if so, to consider both chemical cleaning methods and also the possibility of
using coated blades whereby the coating is removed and replaced.

Resume

As may be seen from this brief review of current activity, UK companies, both large and small,
are making major contributions to the development of a new generation of HTRs in a wide variety of
fields from engineering design through fuel development to performance and licensing. These inputs
are possible both as a result of a wealth of experience on other gas-cooled and graphite-moderated
nuclear plants, and also through innovative approaches to particular problem areas. It is expected that
this activity is likely to broaden in scope as the two principal HTR projects (PBMR and GT-MHR)
mature.
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Abstract

Embrittlement caused by high-energy particle irradiation is the critical concern for structural materials
exposed to radiation environments. In particular, refractory metals such as molybdenum and tungsten
are known to exhibit serious embrittlement even after low-level irradiation. It is believed that radiation
embrittlement arises from radiation hardening and thus inevitably occurs since irradiation always
causes significant hardening. Radiation hardening is mainly due to irradiation-produced defects and
therefore it has long been believed that the only way to relieve radiation embrittlement is to suppress
radiation hardening by introducing a large number of sinks for irradiation-produced defects.

Recent progress in both the development of irradiation rigs [mainly performed in the Japan Materials
Testing Reactor (JMTR)] and materials fabrication techniques has enabled to alter this understanding
of radiation embrittlement. It was found that fast neutron irradiation caused a remarkable increase in
low-temperature ductility of refractory metal by approximately five times as measured with impact
three-point bending tests, regardless of significant radiation hardening. This ductility increase due to
irradiation is directly opposite to radiation embrittlement and is called radiation-induced ductilisation
(RIDU). The only possible explanation for the occurrence of RIDU is that since many materials have
microstructural inhomogeneity including grain boundaries and interfaces that may act as crack
initiation and/or propagation sites, such weak places are strengthened (i.e. become more resistant to
fracture) by irradiation and its beneficial effect is much larger than the detrimental effect of radiation
hardening. The strengthening of weak places through irradiation was attributed to radiation-enhanced
precipitation and segregation which occur preferentially at weak grain boundaries under high-energy
irradiation.

Effects of precipitation and segregation on mechanical properties of materials depend strongly on the
species and contents of precipitates and segregated elements. It is therefore important to control the
compositions and contents of constituents so that radiation-enhanced precipitation and segregation
may have the beneficial effect of strengthening the weak places. For the control, we can make good use
of the data obtained so far for un-irradiated samples. As radiation-enhanced precipitation and segregation
may occur easily as the irradiation temperature is increased, it is expected that high-temperature
irradiation can be a good tool for improvement in mechanical properties of materials.
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Introduction

Molybdenum and tungsten, the Group VIa refractory metals, have many advantages such as high
melting point, low thermal expansion coefficient, low vapour pressure, high thermal stress factor, low
sputtering yield, low tritium inventory and excellent compatibility with liquid metals. However, they are
known to exhibit serious embrittling effects, including low-temperature embrittlement, re-crystallisation
embrittlement and radiation embrittlement. Among these, radiation embrittlement may be the most
crucial problem, which restricts the use of refractory metals as components exposed to radiation
environments [1-21].

It is believed that radiation embrittlement inevitably occurs because it arises mainly from
radiation hardening and high-energy particle irradiations always cause significant hardening except for
high-temperature irradiation, where recovery of radiation hardening may occur. Radiation hardening is
mainly due to irradiation-produced defects and therefore it has long been believed that the only way to
relieve radiation embrittlement is to introduce a large number of sinks for irradiation-produced
defects.

On the other hand, materials have weak places due to heterogeneity in microstructure, such as
grain boundaries and phase boundaries which will act as crack initiation and propagation sites and be
responsible for embrittlement. Since high-energy particle irradiations can cause a variety of changes in
microstructure, it is expected that in some cases irradiations may produce a microstructure having
improved resistance to fracture by strengthening the weak places. This may lead to improvement in
ductility and toughness of materials as long as the beneficial effect of strengthening the weak places
exceeds the detrimental effect of radiation hardening.

In this review, first, the degree of radiation embrittlement in commercially available molybdenum
alloys is shown taking TZM as an example. TZM is most widely used among molybdenum alloys and
is known to exhibit the highest low-temperature toughness in the un-irradiated condition. Then, it is
shown that the radiation embrittlement is much improved by controlling microstructures. Emphasis is
placed on the occurrence of radiation-induced improvement in ductility in a microstructure-controlled
molybdenum alloy and its mechanism.

Experimental

The most effective microstructure for simultaneous improvement in the low-temperature
embrittlement, re-crystallisation embrittlement and radiation embrittlement will be fine grains and
finely dispersed particles of transition metal carbides [22], the explanation of which is given in Figure 1.
In order to achieve such microstructures, the powder metallurgical method including mechanical
alloying (MA) and hot isostatic pressing (HIP) processes were used with the starting materials of
commercially available powders of pure molybdenum (an average particle size 5 µm and purity 99.9%)
and TiC (0.57 µm, 98%). Since gaseous interstitial impurities of oxygen and nitrogen have a detrimental
effect of promoting embrittlement, all powder treatments were conducted in a specially designed glove
box with purified argon. Hipped compacts were hot forged and hot and warm rolled to approximately
1 or 2 mm thick sheets. The chemical analysis of the sheets showed that carbon added as TiC are all
retained and the impurity contents of oxygen and nitrogen were approximately 1 000 and 100 wt. ppm,
respectively.

From the sheets of developed molybdenum alloys and TZM (Mo-0.5Ti-0.1Zr), miniaturised
smooth bend bar specimens having dimensions of 1 mm by 1 mm by 20 mm and the longitudinal
direction parallel to the rolling direction were prepared. The specimens were irradiated with fast
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Figure 1 Explanation of the microstructure required to simultaneously
improve the low temperature embrittlement, re-crystallisation

embrittlement and radiation embrittlement in refractory metals

neutrons from 0.01 to 0.1 dpa (displacement per atom) at 573 K and at controlled cyclic temperatures
between 473 and 673 K and between 573 and 773 K with one and five cycles in the Japan Materials
Testing Reactor (JMTR). The details of the temperature-cycle irradiation technique were described
elsewhere [23].

The un-irradiated and irradiated bend bar specimens were impact three-point bending tested to
examine the effect of irradiation on impact ductility and strength using a specially designed, electrically
controlled hydraulic machine [24] with the span of 12.5 mm and the velocity of approximately 5 m/s.
The impact tests are more useful to evaluate the toughness of molybdenum and its alloys than the
static three-point bending tests [25]. Signals of load time and displacement time were recorded by
transient memories and then read by a personal computer to analyse the data. Fracture surfaces of
impact tested specimens were examined by scanning electron microscopy (SEM) to determine the
fracture mode. Transmission electron microscopy (TEM) observation and energy dispersive X-ray
(EDX) analysis were made with JEM 4000FX operating at 400 kV in the Oarai Facility of Institute for
Materials Research (IMR) at Tohoku University.

Results and discussion

Resistance to radiation embrittlement in TZM

The studies conducted so far on the effect of high-energy neutron or proton irradiation on the
ductility of molybdenum and its alloys showed that significant radiation embrittlement occurs, however,
the degree of radiation embrittlement depends strongly on pre-irradiation heat treatment and irradiation
condition [1-7,10-21]. Therefore, at first the effect of heat treatment on radiation embrittlement was
examined using TZM specimens with three different microstructures, i.e. the as-rolled, stress-relieved
and fully re-crystallised conditions. It was found that although all specimens show an increase in the



106

ductile-to-brittle transition temperature (DBTT) by the very low level of neutron irradiation to 0.01 dpa
at 573 K, there is a considerable difference in the magnitude of DBTT shift among the three
microstructures. The DBTT shifts for the as-rolled, stress-relieved and fully re-crystallised conditions
were 60 K, 140 K and more than 220 K, respectively, indicating that TZM in the as-rolled condition
exhibits the highest resistance to radiation embrittlement. Therefore, the effect of irradiation condition
on the resistance to radiation embrittlement was conducted for the as-rolled TZM.

Figure 2 shows the test temperature dependence of load-displacement curves for the as-rolled
TZM before and after irradiation under four different conditions. In the figure, as the test temperature
decreases, the abrupt drop appears on the curve. This drop represents the occurrence of brittle fracture
and shows the break of the specimen. When such an abrupt drop was absent, the specimen did not
break and showed a full bend, which corresponds to the deflection of approximately 8-9 mm. It is
obvious that the present impact test gives a very distinct transition from ductile (full bending) to brittle
regions where fracture occurs in a completely brittle manner below the yield stress. It should be noted
that the DBTT for un-irradiated TZM is around 250 K, but it significantly increases to around 460 K
by a low-level irradiation to 0.1 dpa. This result may give a very pessimistic view for the use of
molybdenum and its alloys in radiation environments.

Figure 2. Impact load versus displacement curves for TZM in the as-rolled (a) and
irradiated with fast neutrons to 0.01 dpa at 573 K (b), 0.08 dpa at 573/773 K for five

cycles (c), 0.1 dpa at 473/673 K for one cycle (d) and 0.1 dpa at 573/773 K for one cycle (e)
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Resistance to radiation embrittlement in developed molybdenum alloys

The effect of irradiation on the low-temperature toughness was examined for the developed
molybdenum alloys. Figure 3 shows the test temperature dependence of total absorbed energy for
developed alloys and TZM irradiated to 0.08 dpa at controlled cyclic temperatures between 573 and
773 K with five cycles [26]. The total absorbed energy was determined from the integration of impact
load displacement records as was shown in Figure 2. Here, MTC-01, MTC-05 and MTC-10A
represent Mo-0.1%TiC, Mo-0.5%TiC and Mo-1%TiC alloys which were fabricated with MA treatment,
and TC-10 represents Mo-1%TiC alloy fabricated without MA treatment. It is seen that the developed
alloys exhibit much higher impact toughness than TZM, i.e. the DBTT is considerably lower and the
upper shelf energy is higher than those for TZM. In addition, the impact toughness increases with
increasing TiC content and the comparison between the curves of MTC-10A and TC-10 indicates that
MA treatment is effective to improve the resistance to irradiation. It should be noted that MTC-10A
shows excellent impact toughness after the irradiation. In view of the fact that the test was not a static
test but an impact test where the strain rate is approximately five orders higher than the former, the
result of MTC-10A seems to be very surprising. Such excellent low-temperature toughness has never
been obtained even in the as-rolled and annealed conditions before irradiation.

Figure 3. Test temperature dependence of total absorbed energy, Et, for developed
molybdenum alloys and TZM irradiated to 0.08 dpa at 573/773 K for five cycles

The energy is normalised by Bt2 (B is the specimen width, t is the
specimen thickness) to eliminate the effect of specimen size variation on Et

Figure 4 shows the effect of neutron irradiation on the test temperature dependence of total
deflection measured by impact three-point bending (left) and Vickers microhardness measured at room
temperature (right) for MTC-10A [27]. The low-temperature ductility greatly increases after irradiation,
regardless of the occurrence of significant radiation hardening. Since no appreciable increase in
ductility was observed by similarly thermally treated, but un-irradiated specimens of MTC-10A, such
a notable ductilisation is not due to the effect of thermal annealing during irradiation, but to a
radiation-induced phenomenon. Therefore the phenomenon is called “radiation-induced ductilisation”
(RIDU).
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Figure 4. Effect of neutron irradiation on total deflection by impact three-point
bending tests and Vickers microhardness at room temperature for MTC-10A

Mechanism for radiation-induced ductilisation (RIDU)

As mentioned previously, the occurrence of RIDU can easily be understood from the viewpoint
that the weak places acting as crack initiation and propagation sites are strengthened by irradiation and
its beneficial effect is larger than the detrimental effect of radiation hardening. It is well known that in
molybdenum high-energy grain boundaries are very weak and are responsible for intergranular
embrittlement [28-31]. In addition, SEM observations of fracture surfaces showed that the fracture of
MTC-10A before and after the irradiation occurred intergranularly. It is therefore reasonable to say
that the occurrence of RIDU is attributable to the strengthening of weak grain boundaries due to the
irradiation.

In order to study the mechanism of strengthening of weak grain boundaries due to the irradiation,
TEM observations were made. Figure 5 shows a TEM micrograph taken from MTC-10A in the
as-irradiated condition [27]. A number of large precipitates are observed. Figure 6 shows the histogram
of the size distribution of larger precipitates which were identified by EDX and electron diffraction
analysis. It should be noted that the observed precipitates are divided into five kinds of precipitates,
i.e. TiC, (Ti,Mo)C and (Mo,Ti)C, which have the cubic structure, and Mo2C and (Mo,Ti)2C, which
have the hexagonal structure. In view of the fact that these carbides are non-stoichiometric and the
amount of TiC addition in MTC-10A is only 1 wt.%, these precipitates are presumed to include some
amounts of oxygen and nitrogen impurities. It is also seen from Figure 6 that approximately 60% of
the observed precipitates exist at grain boundaries.

It was reported that there is a stronger cohesion between molybdenum and (Ti,Mo)C or Mo2C
than that at high-energy weak grain boundaries [31,32]. In addition, radiation-enhanced precipitation
may preferentially occur at high-energy grain boundaries. Therefore it may be concluded that in the
irradiated MTC-10A the observed grain boundary precipitates of transition metal carbide can
strengthen the weak boundaries and thus significantly improve the low-temperature toughness.
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Figure 5. TEM micrograph for MTC-10A irradiated with fast neutrons
to 0.08 dpa at controlled cyclic temperatures between 573 and 773 K

Precipitates are indicated by arrows

Figure 6. Histogram of the size distribution of precipitates identified
to be TiC, (Ti,Mo)C, (Mo,Ti)C, Mo2C and (Mo,Ti)2C and the relative

ratio of each precipitate existing at grain boundaries and in grain interior



110

High-temperature irradiation and significance of RIDU

As the irradiation temperature is increased, radiation-enhanced precipitation may occur more
easily and radiation hardening becomes less significant because of the occurrence of increased
recovery of irradiation-produced defects. This indicates that in the high-temperature irradiation RIDU
is expected to occur more frequently than in the present irradiation.

Since the effect of precipitation on mechanical property changes depends strongly on the nature
of precipitates, it is important to control compositions so that radiation-enhanced precipitation may
have the beneficial effect of strengthening the weak places. For the composition control, we can make
good use of the data obtained so far for un-irradiated specimens. We believe that the strengthening of
weak places due to irradiation occurs in many materials because materials have microstructural
heterogeneity.

Finally it should be stated that the finding of RIDU owes to the recent progress of the developments
of irradiation rigs mainly performed in JMTR and materials fabrication techniques and that it has
enabled to change our understanding of radiation effects on materials from the pessimistic one to the
very challenging one, i.e. irradiation has the beneficial effect of producing new phenomena and/or
innovative materials that will not be available without irradiation.

Concluding remarks

TZM, which is in any conditions of the as-rolled, stress relieved and fully re-crystallised one,
exhibited significant radiation embrittlement even by the irradiation to 0.1 dpa. On the other hand, the
developed molybdenum alloys with fine grains and finely dispersed particles of transition metal
carbides showed much improved resistance to radiation embrittlement. In particular, the Mo-1wt.%TiC
alloy showed a remarkable increase in ductility by fast neutron irradiation, regardless of the
occurrence of significant radiation hardening. This is directly opposite to radiation embrittlment and is
called radiation-induced ductilisation (RIDU).

The explanation for the occurrence of RIDU is that the weak places acting as crack initiation and
propagation sites are strengthened by irradiation and its beneficial effect is larger than the detrimental
effect of radiation hardening. In molybdenum, high-energy grain boundaries are weak places and
are strengthened by radiation-enhanced precipitates of transition metal carbides of TiC, (Ti,Mo)C,
(Mo,Ti)C, Mo2C and (Mo,Ti)2C.

It is expected that RIDU may occur in various materials because any materials have weak places
associated with microstructural heterogeneity. As the irradiation temperature is increased, RIDU can
occur more frequently because radiation-enhanced precipitation occurs more easily and radiation
hardening becomes less significant.
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Abstract

Our recent activities related to thermal and mechanical properties of superplastic ceramics, 3Y-TZP,
are presented in this paper. These properties were obtained after the superplastic deformation process,
because the effect of superplastic deformation on their properties is one of the important points from
an application viewpoint of superplastic deformation such as forming and joining technologies.

As for the thermal properties, specific heat was measured using the DSC method over a wide range
of temperatures, from 473 K to 1 273 K, with a nominal superplastic deformation strain of 70%.
The crystal structure was characterised by measuring X-ray diffraction patterns, and microstructural
observation was carried out using a SEM.

As for the mechanical properties, dynamic hardness and Young’s modulus were measured using the
dynamic indentation technique with a maximum superplastic deformation of 150%. Microstructural
observation was also carried out using a SEM after a thermal etching.
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Introduction

It is well known that when a ceramic sample is pulled in tension it usually breaks at fairly low
strain. However, some ceramics are capable of pulling out to very large tensile deformations of the
order of some hundreds or even more than one thousand of per cent. It is said that this phenomena of
so-called superplasticity on ceramics appears when the size of grains decreases at the magnitude of
sub-micron order. The discovery of the superplastic phenomenon in ceramic materials expands
practical applications of the ceramics, and many researches have been performed in the field of basic
understandings of superplasticity of ceramics as well as application technologies of the superplastic
deformation, e.g. advanced forming and joining technologies with superplastic deformation, etc.

Authors have also investigated the superplastic zirconia ceramics with the aim of nuclear application
in the high-temperature engineering field, and neutron irradiation research on superplastic ceramics at
high temperatures has been proposed as an innovative basic research using the high-temperature
engineering test reactor (HTTR). A preliminary study has started out using other research reactors as
well as accelerators in order to determine the most effective irradiation test conditions using the
HTTR.

In this paper, our recent activities on thermal and mechanical properties of 3 mol% yttria
stabilised tetragonal zirconia polycrystalline (3Y-TZP) after superplastic deformations are introduced.

From the application viewpoint, changes in thermal and mechanical properties after superplastic
deformation is one of the key issues. In the thermal property research 3Y-TZP specimens were prepared
after the superplastic deformation process. The nominal deformation strain in this study was about
70%, and changing the strain rate in the deformation process produced a different volume per cent of
cavities. The specific heat was measured by a differential scanning calorimetry (DSC) method over a
wide range of temperatures, from 473 K to 1 273 K. The crystal structure was characterised by
measuring X-ray diffraction patterns, and microstructural observation was carried out using a scanning
electron microscope (SEM) after thermal etching.

On the other hand, in the mechanical property research, the 3Y-TZP specimens were also prepared
after the superplastic deformation process. In this study, the maximum deformation was about 150%.
Changes in the hardness and Young’s modulus were measured by dynamic indentation technique.
A pyramid-type indentor was used, and microstructural observation was once again carried out using a
SEM after a thermal etching.

Specific heat after superplastic deformation [1]

Materials preparation

Chemical compositions of 3Y-TZP specimens used in this study are listed in Table 1. The 3Y-TZP
specimens were pulled at the temperature of 1 723 K with different initial strain rates to produce
different cavity volumes in the specimen. The nominal superplastic deformation is about 70% in this
study. From superplastically elongated specimens, about 4 mm squared samples with 1 mm thickness
were fabricated using a diamond cutter. Prepared specimens are summarised in Table 2.

Table 1. Chemical compositions of 3Y-TZP specimens (in wt.%)

Y2O3 Al2O3 SiO2 Fe2O3 Na2O ZrO2

5.15 0.01 0.02 0.01 0.04 bal.
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Table 2. Specimen preparation of 3Y-TZP

Strain rate (s–1)
4.2 × 10–4 1.4 × 10–3 4.2 × 10–3

Specimen No. 1, No. 2 No. 3, No. 4 No. 5, No. 6

Experimental methods

Bulk densities were measured using the Archimedes method at room temperature in order to
estimate the deformation-induced cavity percentages. The microstructures of pre- and post-superplastic
deformations were observed by the SEM. The phase change in the specimens was observed by X-ray
diffraction technique at room temperature. The specific heat was measured by the DSC method over
the temperature range 473 K to 1 273 K. The specimens were heated up at a speed of 5 K/min. In this
study, the accuracy and reproducibility of the measurements were checked with isotropic graphite
(IG-110) powder and platinum powder as standard samples prior to and after the measurements.

Results and discussions

Volume fraction of cavities

The deformation-induced volume fractions of cavities were estimated from the bulk density
measurement using the Archimedes method. Obtained results are summarised in Table 3. We can see
from this table that the cavity percentage of prepared specimens is 1.0% under low strain rate conditions
to 3.4% under high strain rate conditions.

Table 3. Volume fraction of cavities of superplastically deformed specimens (%)

Specimens
No. 1 No. 2 No. 3 No. 4 No. 5 No. 6
1.1 1.0 1.7 1.6 3.1 3.4

Microstructure observation

Microstructures observed by the SEM are shown in Figure 1. The homogeneous grain distribution
is observed in both un-deformed and deformed specimens. It is obvious that the grain size of the
un-deformed sample is smaller than those of deformed ones, indicating strain-induced grain growth.
However, fine grain size remained, and the average grain size is not more than 0.6 µm. In addition, the
grain aspect ratio varied slightly, i.e. the grain was elongated a little along the deformation direction.
It is admitted that there are much more cavities with higher strain rate samples. However, large cavities
as well as cavity linkage were not observed in the present samples, since the nominal deformation
strain is below 70% in this study.

Observation of phase change during superplastic deformation

Microstructural changes due to superplastic deformation have been reported [2-5], and it is said
that usually the grain growth as well as nucleation and growth of cavities occur in the 3Y-TZP during
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Figure 1. Microstructures of un-deformed and deformed 3Y-TZP specimens

(1) Un-deformed specimen (× 2 000) (2) Strain rate: 4.2 × 10–4 s–1 (× 10 000)

(3) Strain rate: 1.4 × 10–3 s–1 (× 10 000) (4) Strain rate: 4.2 × 10–3 s–1 (× 10 000)

the superplastic elongation process. The X-ray diffraction patterns of the samples deformed with
different initial strain rates are shown in Figure 2. There is little difference among them according to
the analysis on the peak values in the curves, and an almost tetragonal phase is constituted in each
3Y-TZP sample. It is concluded, therefore, that there is no phase change during the superplastic
deformation process in this study, i.e. there is no stress-induced martensitic transformation and so on.

Specific heat

The measured specific heats are plotted in Figure 3 as a function of volume cavity fraction.
The inaccuracy in the measurements is within 4%. It can be seen from this figure that the specific heat
is not affected by the volume cavity fraction. Since the cavity does not contribute to the mass of the
3Y-TZP specimen, little heat is needed to match the temperature between the cavity and the solid of
3Y-TZP. As a result, the specific heat of cavities can be negligible, which agrees with the fact that the
specific heat is independent of volume cavity fraction even if it is a high percentage.
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Figure 2. X-ray diffraction patterns of superplastically deformed specimens
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Figure 3. Obtained specific heat after superplastic deformation
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Dynamic hardness and Young’s modulus [6,7]

Materials preparation

Typical mechanical and thermal properties of the 3Y-TZP used in this study are listed in Table 4.
The 3Y-TZP specimens were pulled at the temperature of 1 693 K with strain rates at 3.3 × 10–4 s–1

and 3.3 × 10–3 s–1. To study the superplastic deformation effect on mechanical properties, specimens
with different magnitudes of nominal strain were prepared. Table 5 shows the prepared specimens in
this study.

Experimental methods

Dynamic hardness testing

A micro-indentation test with the pyramid-type Vickers indentor was carried out. The indentor
was pressed on the un-deformed and deformed specimens, and indentation load to depth data were
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Table 4. Typical mechanical and thermal properties of 3Y-TZP

Density (g/cm3) 6.05
Bending strength (MPa) (room temperature) 900~1 500
Young’s modulus (MPa) (room temperature) 2.1⋅105

Poisson’s ratio 0.31
Fracture toughness (MNm–3/2) (room temperature) 8~12
Rockwell hardness (HRA) 92
Thermal expansion coefficient ( /°C)

(20~400°C)
(20~1 000°C)

9.6⋅10–6

10.4⋅10–6

Thermal conductivity (W/mK)
(room temperature)
(600°C)

3.3
2.9

Specific heat (J/g°C)
(room temperature)

0.46
(0.11 cal/g°C)

Table 5. Prepared 3Y-TZP specimens for mechanical testing

Specimen Nominal strain (%) Strain rate (s-1) Temperature (K)
A 000 0 Room temperature
B 030 3.3 × 10–4 1 693
C 060 3.3 × 10–4 1 693
D 100 3.3 × 10–4 1 693
E 150 3.3 × 10–4 1 693
F 100 3.3 × 10–3 1 693

obtained to get the dynamic hardness as well as Young’s modulus. The maximum indentation load was
selected to be 49 mN, where the maximum indentation depth was about 1 µm. Twenty-eight kinds of
indentation data were obtained for each specimen. The dynamic hardness by Vickers indentor, Hν,
was calculated by [8]:

H c
P

h
ν = ⋅

2

(1)

where c is a constant depending on the shape of the indentor (c = 3.8548 for Vickers indentor), and P
and h are the indentation load and depth, respectively.

Young’s modulus estimation

The indentation load to depth response, as shown in Figure 4, also estimates the Young’s modulus
as follows [8,9]:

E

S

dP

dh1

1

11422−
= ⋅

ν . max

(2)
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1 1 12 2 2− = − + −ν ν ν
E E E

s

s

i

i

(3)

where, E and ν are the Young’s modulus and Poisson’s ratio, and subscripts s and i correspond to the
specimen and the indentor, respectively. Smax is the projected contact area of the indentor at the
maximum load. The dP/dh corresponds to the gradient of indentation load to depth curve at the
beginning of unloading process as shown in Figure 4.

Figure 4. Schematic drawing of indentation load to depth curve
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Results and discussion

Microstructure after superplastic deformation

Figure 5 shows the scanning electron micrographs of deformed and un-deformed specimens.
From this figure it is found that the grain structure is almost isotropic for the un-deformed specimen,
Specimen A, and grain size increases with increasing nominal strain in the superplastic deformation
process. The average grain size was analysed from the SEM images as shown in Table 6. Each size
was normalised to that of the un-deformed Specimen A. The cavity formation caused by superplastic
deformation is also seen in Figure 5.

Dynamic hardness

The dynamic hardness estimated from Eq. (1) is plotted in Figure 6 as a function of normalised
average grain size. The hardness decreased rapidly with increasing grain size, i.e. by increasing the
superplastic deformation. From a comparison between Specimens B and F, they are almost the same in
grain size and hardness in spite of different nominal strain in the superplastic deformation. The hardness
may, therefore, be strongly affected by the grain growth caused by the superplastic deformation.

It is probable that the tetragonal phase (t-phase) of the 3Y-TZP changes to monoclinic phase
(m-phase) with grain growth caused by superplastic deformation. Table 7 shows the Vickers and
Young’s modulus of zirconia single crystals with m- and t-phase [10]. The hardness of the m-phase is
about a half of that of the t-phase. The decrease in hardness with increasing grain size may be affected
by this phase transformation.
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Figure 5. Microstructures of un-deformed and deformed 3Y-TZP specimens

(1) Specimen A (deformation: 0%) (2) Specimen B (deformation: 30%)

(3) Specimen C (deformation: 60%) (4) Specimen D (deformation: 100%)

(5) Specimen E (deformation: 150%) (6) Specimen F (deformation: 100%)

Table 6. Normalised average grain size

Specimen Normalised average grain size* Nominal strain (%)
A 1.0 000
B 1.7 030
C 2.6 060
D 3.8 100
E 5.3 150
F 1.7 100

* Each size is normalised by that of Specimen A.
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Figure 6. Obtained dynamic hardness as a function of normalised grain size

Table 7. Vickers hardness and Young’s modulus of zirconia single crystals [10]

Phase Vickers hardness Young’s modulus (GPa)
Tetragonal phase 13.5 200
Monoclinic phase 07.3 244

Young’s modulus

The Young’s modulus estimated from Eqs. (2) and (3) is plotted in Figure 7 as a function of
normalised average grain size. The Young’s modulus decreased slightly with increasing grain size.
The grain size dependence of the Young’s modulus is no so strong as that of the dynamic hardness, as
shown in Figure 6. Since Young’s moduli of zirconia single crystals with m- and t-phase are almost
the same from Table 7, we believe that the phase change is not a dominant reason for the decrease in
Young’s modulus with the superplastic deformation. Although Specimens B and F have almost the
same grain size, their Young’s moduli are quite different. It is probable, therefore, that there are other
factors affecting the Young’s modulus. One factor of the decrease in the Young’s modulus may be the
cavity effect. It is well known that the cavity volume fraction increases with increasing superplastic
deformation and that the Young’s modulus of the porous body depends on the porosity. The decrease
in the Young’s modulus with the superplastic deformation is, therefore, thought to be affected by the
cavity formation. The effect of cavities on the properties should be evaluated more precisely in future.

Summary

Authors have begun the study of superplastic ceramics with the aim of nuclear application in the
high-temperature engineering field, and the neutron irradiation research on superplastic ceramics at high
temperatures has been planned and proposed as an innovative basic research using the high-temperature
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Figure 7. Obtained Young’s modulus as a function of normalised grain size

engineering test reactor (HTTR). A preliminary study has started out using other research reactors, the
Japan Materials Testing Reactor (JMTR), and accelerators in order to determine the most effective
irradiation test conditions for the HTTR.

In this paper, our recent activities related to thermal and mechanical properties of superplastic
ceramics are presented. These properties were obtained after the superplastic deformation process,
because the effect of superplastic deformation on their properties is one of the important subjects from
an application viewpoint of superplastic deformation such as forming and joining technologies.
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DEVELOPMENT OF AN INNOVATIVE CARBON-BASED CERAMIC MATERIAL:
APPLICATION IN HIGH-TEMPERATURE, NEUTRON AND HYDROGEN ENVIRONMENT

C.H. Wu
EFDA, Max-Planck Institut für Plasmaphysik
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Abstract

In the framework of the European Fusion Research Programme, a great effort has been made to
develop an innovative carbon-based ceramic material to meet all of the operational requirements. After
a decade of research and development, an advanced material has finally been developed. This material, a
3-D CFC, contains about 8-10 at.% of silicon and has a porosity of about 3-5%. This advanced
ceramic material possesses very high thermal conductivity, dimensional stability under conditions of
neutron irradiation, lower chemical erosion (longer lifetime), lower tritium retention and lower reactivity
with water and oxygen (safety concern).

This innovative ceramic material seems very promising for application in the high-temperature,
neutron and hydrogen environment. A detailed discussion concerning the development, properties and
application of the material is presented.
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Introduction

Carbon-based materials are considered an attractive choice for the plasma facing components.
This is because their low atomic number engenders a certain plasma compatibility. Carbon-based
materials pose excellent thermal shock resistance and do not melt. These properties are indispensable
for high heat flux components which must be resistant even under off-normal conditions.

The next step fusion devices (fusion reactor) will be long pulse or steady state operation, the wall
loading will be ≥ 10-20 MW m–2 and the expected plasma flux density is ≥ 1019 cm–2 s–1. In addition
intense neutron will be produced, the assessed neutron flux will be around 3.5-9.0 × 1014 cm–2s–1 for
the first wall, whilst the neutron flux for the divertor is around 1-3 × 1014 cm–2s–1, which will lead to
change of material properties. From the economic and safety point of view, an adequate long lifetime
of plasma facing components and acceptable low tritium retention are required. However, all low-Z
materials possess high erosion yields via D+/T+ sputtering and relatively high tritium retention.
Consequently, frequent removal of tritium and replacements of components are indispensable.

In addition, high heat loading due to off-normal events (e.g. plasma disruption, slow transients,
and ELMs, which can occur during a transition from detached to attached divertor operation) requires
high thermal conductivity for the carbon protection material.

To improve the properties of carbon materials, one strives for increasing thermal conductivity
(300 W m–1K–1 at 20°C, 145 W m–1K–1 at 800°C), reduced tritium inventory, reduced chemical erosion
through interactions with deuterium/tritium, increased the resistance to water/oxygen at elevated
temperatures and possibly an increased neutron stability.

In the framework of the European Fusion Research Programme, a great effort has been made to
develop an advanced CFC to meet all of these requirements. In particular, SEP-NS31, which is an
Si-doped CFC, was developed and its properties have been investigated.

Systematic investigation of B, Ti and Si doping on carbon properties

It has been observed experimentally that adding small concentrations of impurities (SiC, B, B4C)
to the bulk graphite resulted in the significant reduction of hydro-carbon formation for energetic
hydrogen ions and for atomic hydrogen.

In the framework of the European Fusion R&D programme, a systematic study on the influence
of B, Si and Ti doping on carbon properties has been performed. The following concentrations were
investigated: boron 10-23 at.%, silicon 2-40 at.% and titanium 5-10%. Generally, by doping of B, Si
and Ti to carbon, the chemical erosion is reduced. However, boron decreases the initial carbon thermal
conductivity with increasing B concentration. The reactivity of carbon with H2O/O2 was not reduced,
however, with the addition of titanium. On the other hand, the doping of silicon clearly showed that
the chemical erosion and H2O/O2 reactivity at elevated temperatures were reduced and the thermal
conductivity of carbon did not suffer up to a Si concentration of 12 at.%. Therefore, to improve the
properties of carbon, silicon doping is a most promising measure [1,2].

The influence of silicon on the characteristics of CFC

High heat loading due to off-normal events (e.g. plasma disruption, slow transients and ELMs,
which can occur during a transition from detached to attached divertor operation) requires high thermal
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conductivity for the carbon protection materials. Therefore, CFCs with high thermal conductivity
(300 W m–1K–1 at 20°C, 145 W m–1K–1 at 800°C) are favourable.

In the framework of the European Fusion R&D programme, a great effort has been made to
develop CFC to meet all operational requirements. In particular, SEP-NS31, which is an Si-doped
CFC, was developed and its properties have been investigated. NS31 is a 3-D CFC constituted of P55
ex-pitch fibres (80% vol.) in one direction and ex-PAN fibres (20% vol.) in the perpendicular
direction; this CFC undergoes a subsequent needling which gives the fibres orientation in the third
direction (z direction). The high thermal conductivity direction is that of the P55 ex-pitch fibres. NS31
is densified by chemical infiltration of pyrocarbon and heat treated at a temperature > 2 500°C. At last,
liquid silicon is injected under pressure leading partly to the formation of silicon carbide (SiC). NS31
contains about 8-10 at.% of silicon and its porosity is about 3-5% [3].

Thermal conductivity

Table 1 shows the thermal properties as a function of temperature. It can be seen that thermal
conductivity is as high as 327 W K–1m–1 at 298 K and 154.0 W K–1m–1 at 1 073 K.

Table 1. Thermal properties of Si-doped 3-D CFC NS31

Temperature
(K)

Cp
(J/kg⋅K)

Diffusivity
(mm2/s)

Density
(g⋅cm–3)

Thermal
conductivity

(W/m⋅K)
298
323
373
423
473
523
573
623
673
723
773
823
873
923
973

1 023
1 073

689.7
773.4
915.7

1 031.2
1 126.6
1 206.6
1 274.4
1 332.6
1 383.1
1 427.3
1 466.3
1 500.9
1 531.9
1 559.8
1 585.0
1 608.0
1 628.9

224.5
200.9
165.3
139.9
121.1
106.5
95.0
85.6
77.9
71.4
65.9
61.2
57.1
53.5
50.3
47.5
45.0

2.116
2.116
2.115
2.115
2.114
2.114
2.113
2.112
2.112
2.111
2.111
2.110
2.110
2.109
2.109
2.108
2.108

327.6
328.7
320.1
305.2
288.3
271.6
255.7
241.0
227.5
215.2
204.0
193.8
184.5
176.0
168.2
161.0
154.4

Chemical erosion

The measurements of the chemical erosion yields of the NS31 material were performed at an both
ion beam facility (flux density 1-4 × 1015 D cm–2s–1) and using a plasma generator (flux density
≤ 2 × 1019 cm–2s–1). The results showed that the chemical erosion yield of NS31 was lower by a factor
of about 2-3 in comparison with un-doped graphite [4,5] and the yields decrease with increasing flux
density.
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Oxidation behaviour of CFCs and doped CFCs

Oxidation resistance is an important criterion in the selection of PFCs. PFC oxidation may have
severe consequences in the eventuality of loss of vacuum and loss of coolant into vacuum accidents
(water/steam ingress into the vacuum vessel). Details of experimental investigations of doped carbon
(Ti, Si) and doped CFCs exposed to steam and air are described elsewhere. Comparing steam and air,
it was found that oxidation rates in air at 700°C are roughly about the same as the rates in steam at
about 1 000°C. In general, un-doped CFCs have a higher oxidation rate. Highly SiC-doped INOX A14
(40% vol. SiC) revealed an oxidation resistance in steam of about 2-3 orders of magnitude better than
un-doped materials; reduction of Si content to 8-10 at.% decreases the oxidation resistance in
comparison with INOX A14 (40% vol. SiC), which, however, is still better than for un-doped carbons
by a factor of about 2-4 [1]. Doping with Ti, however, does not improve oxidation resistance.

Outgassing behaviour of CFCs

A systematic investigation of outgassing behaviour of doped CFCs and un-doped CFCs was
carried out in terms of temperature dependence and temperature pre-treatment. The experimental and
evaluation procedures have been described in detail elsewhere. For comparison, the characteristics
of five materials, SEPcarb N112 (3-D), Dunlop V (2-D), SiC 2.5%, SiC 8% doped CFCs (2-D),
3-D Novotex (No3) and NS31 (Si-doped 3-D) have been investigated. In order to perform an appropriate
comparison, all pre-treated samples (1 000°C, 20 hours) were exposed to air for two weeks before the
outgassing test. In general the total amount of outgassing of Si-doped CFC is 1-2 orders of magnitude
lower than that of other carbon-based materials tested. The results also indicate that the release
temperature of H2O of Si-doped CFC is about 100°C lower than other carbon-based materials [6].

Comparative investigation of tritium retention in C and Si-doped CFC

A comparative investigation of tritium retention in un-doped carbon and Si-doped CFC (NS31)
was carried out. Before loading the specimens were conditioned for one hour at 850°C under vacuum
to remove air and moisture. Tritium loading was done with a gas mixture (H2 + 2 ppm T2), at a
pressure of 800 mbar and a temperature of 850°C for 10 hours. The retained tritium is determined with
ionisation chamber by heating the specimens with 5°C min-1 to 1 050°C (purging with He + 0.1% H2)
and oxidation at 850°C. To cross check the results, an alternative experiment was performed. Si-doped
CFC (NS31) was loaded with a gas mixture (H2 + 135 ppm T2), at a pressure of 370 mbar and a
temperature of 850°C for six hours. The retained tritium is then determined with ionisation chamber
and proportional counter. For comparison, the tritium retention in various carbon materials is given in
Table 2. It can be seen that the Si-doped (CFC NS31) has the lowest tritium retention. The results may
also show a general trend of decreased tritium retention with an increasing density of carbon materials.

Table 2. Tritium retention in various carbon materials

Materials Density (g cm–3) T-retention (ppm)*
S1611 (graphite) 1.75-1.78 295
CL5890 (graphite) 1.81-1.83 175
A05 (2-D CFC) 1.81-1.86 163
N112 (3-D CFC) 1.94-2.00 138
NS31 (Si-doped 3-D CFC) 1.94-2.11 071

* Corrected for isotope effects.
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Baking temperature

Figure 1 shows the thermal desorption spectrum of molecules CH4, H2O, CO and CO2 as a function
of temperature and time. To obtain optimum information, a very slow ramping rate of temperature was
chosen (from room temperature to 400°C in six hours). It can be seen that the main desorbed molecules
are H2O and CO2. The peak temperature of H2O is around 210°C; in contrast, the peak temperature for
un-doped carbon is 380°C. The peak temperature of CO2 is around 400°C, whilst the peak temperature
of un-doped carbon is around 600°C. The silicon has significantly reduced the baking temperature.

Figure 1. The thermal desorption spectrum of molecules
CH4, H2O, CO and CO2 as a function of temperature and time

D-diffusivity and retention as a function of Si concentration

Figure 2 shows the diffusivity of deuterium as a function of Si concentration. It can be seen that
the diffusivity increases continuously with increasing Si concentration to around 15 at.% and then
decreases again. The retained D decreases with increasing Si concentration to around 15 at.% and then
increases again (Figure 3).

The neutron effect on Si-contained CFC

8-10 at.% Si-doped CFC (NS11) was irradiated in the high flux reactor (Petten) at temperatures of
335 and 775°C in the range of 0.3/0.35 dpa. The results show that silicon-doped CFC (NS11) has the
lowest dimensional change in comparison with un-doped CFCs (Tables 3 and 4). The Si increases the
thermal stability under neutron irradiation.
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Figure 2. Arrhenius plot for the diffusion coefficient of non-trapped deuterium.
Shown are the natural logarithms of the diffusion coefficients vs. 1/kT.

Figure 3. Amount of retained deuterium as a function of
temperature in samples with different Si concentrations

Table 3. Dimensional changes in CFCs and graphite at Tirr = 335°C (dL/LO in %)

Dunlop concept 1 Dunlop concept 2 N 112Damage
dpa.g X dir. Y dir. Z dir. X dir. Y dir. Z dir. (//) (⊥ )
0.31 -0.02 0.01 -0.45 0.10 0.25 0.04 -0.08 0.05

N 312 B NS 11 RGTi (91)Damage
dpa.g X dir. Y dir. Z dir. X dir. Y dir. Z dir. (//) (⊥ )
0.31 -0.55 -0.02 -0.04 -0.07 0.06 0.12 0.30 0.18
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Table 4. Dimensional changes in CFCs and graphite at Tirr = 775°C (dL/LO in %)

Dunlop concept 1 Dunlop concept 2 N 112Damage
dpa.g X dir. Y dir. Z dir. X dir. Y dir. Z dir. (//) (⊥ )
0.35 0.04 -0.02 0.12 0.02 0.16 0.27 -0.12 -0.04

N 312 B NS 11 RGTi (91)Damage
dpa.g X dir. Y dir. Z dir. X dir. Y dir. Z dir. (//) (⊥ )
0.35 -0.07 -0.02 0.05 -0.07 -0.05 0.00 0.38 0.17

Molecular dynamics modelling of Si effect

Figure 4 shows the carbon sputtering yield as a function Si concentration under 30 eV H
bombardment. It is seen that a small fraction of silicon (10-20 at.%) in the initial carbon structure
leads to lower sputtering yields. However, at a silicon concentration of 30 at.%, Si does not affect the
carbon sputtering yield [7].

Figure 4. Carbon sputtering yield as a function of Si concentration

Conclusion

In the present study, a systematic investigation on the properties of an advanced silicon-doped
CFC is performed and the following conclusions can be made:

•  The thermal conductivity of Si-doped 3-D CFC is as high as 320 W m–1K–1 at 300 K.

•  It has been demonstrated that doping of Si increases the oxidation resistance in steam/oxygen.

•  It seems that doping of silicon decreases the total tritium retention.

•  The outgassing rates of gaseous species, H2, CH4, H2O, CO and CO2 of Si-doped carbon
materials are higher than those of un-doped carbon materials.
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•  The rate of CxHy formation (chemical erosion yield) of carbon materials is decreased by
doping of Si.

•  The post-neutron irradiation test showed (0.3/0.35 dpa.g, temperature 335 and 775°C) that
Si-doping increased the dimensional and thermal stability.

•  The results also indicated that the release temperature of H2O and CO2 molecules of Si-doped
CFC is about 150°C lower than that of un-doped carbon-based materials.
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Abstract

A carbon dioxide partial condensation direct cycle concept has been proposed for thermal reactors.
This cycle makes it possible to improve cycle efficiency due to low compression work in liquid phase
and non-ideal gas behaviour of carbon dioxide, and effective utilisation of recuperative heat. The thermal
reactor integrating this concept is expected to be an alternative solution to current high-temperature
gas-cooled reactors (HTGRs) with helium gas turbines, allowing comparable cycle efficiency of about
45% at the moderate temperature of 650°C instead of 900°C in PBMR. By using an ultra high-purity
Cr-Fe alloy, a reactor outlet temperature of 900°C can be attained, and the cycle efficiency of the
direct cycle is about 50% at a pressure of 12.5 MPa.
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Introduction

Helium is currently used as a coolant in high-temperature gas-cooled reactors. However, carbon
dioxide is used as a coolant for AGRs, as there are certain advantages to be had from its use.

Judging from the data shown in Table 1, carbon dioxide is preferable as a coolant to helium.
The higher heat transfer coefficient leads to about a 1.5 times lower temperature difference between
coolant and fuel rod cladding surface, and the higher heat transport capacity results in about a 2.5 times
more effective core decay heat removal under natural circulation conditions, reference to helium under
the same gas velocity. The 3.5 times longer depressurisation time mitigates the depressurisation transient
and makes it easier to design a passive decay heat removal system. Carbon dioxide is about 250 times
less expensive than helium per unit weight and 24 times per unit volume. In addition, considering the
lower leakage rate characteristics of carbon dioxide as compared to helium, coolant leakage problems
of gas-cooled reactors in operation are orders of magnitude less sever than with helium.

Table 1. Comparison of main gas coolant properties

Items CO2 He Remarks
Molecular weight (M) 44.0 4.0
Specific heat (Cp) (kJ/kg⋅K) 1.11 5.19
Thermal conductivity (λ)
(× 103W/m⋅K)

46.2 271.0

Heat transfer coefficient*,
fuel cladding to coolant
(at 20 MPa, 100 m/s)

1.49 1.0 = Nu⋅(λ/d)
Nu∝ Re0.8⋅Pr0.4

Heat transport capacity*
(at 20 MPa)

2.72 1.0 ∝ Cp⋅M

Pumping power* 0.63 1.0 ∝ 1/Cp3⋅M2)
Depressurisation time* 3.6 1.0 **
Cost per unit volume* 0.04 1.0

* Relative value.
** From Ref. [10].
D = equivalent hydraulic diameter.

Carbon dioxide might react with structural materials and graphite moderator under high-temperature
and radiation fields. The extensive experience in Magnox reactors and advanced gas-cooled reactors
(AGRs) for more than twenty years has shown that the corrosion problem of structural materials can be
eliminated by appropriate material selection according to service temperature and by reduction of vapour
content [1]. For the graphite moderator, it was found that the addition of methane and carbon monoxide
in a range of small concentrations (called the coolant “window”) inhibited the reaction with carbon
dioxide and the satisfactory operation was maintained without excessive corrosion [2]. The graphite
corrosion problem does not exist in fast reactors, which have no need for a moderator.

Taking into account the above advantages, we propose a new concept of a carbon-dioxide-cooled
direct cycle in the present study. Up to now, the only remotely similar proposal has been an indirect
Rankin cycle with a water/steam system which has been applied to AGRs as well as enhanced
gas-cooled reactors (EGCRs) in the UK [3,4,5].

Recently, global interest in small and medium-sized reactors has steadily increased, particularly
with regard to electricity generation as well as for district heating in cities and islands. The Research
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Laboratory for Nuclear Reactors of the Tokyo Institute of Technology started a new programme in
December 1999 to develop advanced nuclear reactors of small and medium size. In the framework of
this programme, we are designing advanced small fast reactors (FRs) [6,7], high-temperature gas-cooled
reactors (HTGRs) and boiling water reactors [8,9] in collaboration with industry.

Carbon dioxide direct cycle

Carbon dioxide is condensable from the gas to the liquid phase through cooling to below the
critical temperature of 31°C (304 K). A variety of cycles could be employed for the direct cycles and
they are typically categorised into the following three types, depending on the mass fraction condensed
to the total carbon dioxide in circulation:

1) Full condensation cycle.

2) Partial condensation cycle.

3) Non-condensation or Brayton cycle.

Thermal efficiencies are evaluated in these three typical cycles.

Full condensation cycle

The full condensation cycle coolant flow circuit and its temperature entropy (T-S) diagram are
given in Figure 1. The cycle consists of a reactor, turbine, condenser, circulation pump and
recuperator. In this cycle, the total or full quantity of carbon dioxide in circulation is condensed after
working at the turbine. The turbine exhaust carbon dioxide is cooled down in the recuperator from
point (5) to point (6). The carbon dioxide is further cooled and condensed to point (1) in the condenser
at the temperature of 25°C (298 K) and the saturation vapour pressure of 6.4 MPa. The temperature of
liquidised carbon dioxide is raised from point (1) to point (2) by pumping work. Then, the liquid
carbon dioxide is gasified and heated up to a reactor inlet temperature of point (3) through heat
exchange with the turbine exhaust in the recuperator. The gasified carbon dioxide heated in the reactor
up to point (4) is introduced in the turbine and the temperature of carbon dioxide is lowered to point (5)
after driving the turbine.

Partial condensation cycle

The partial condensation cycle is shown in Figure 2. In this cycle, a part of carbon dioxide is
condensed or the compression is performed partly in the liquid phase and partly in the gas phase.
Therefore, this cycle can be considered as an intermediate of the full condensation cycle and the
non-condensation (Brayton) cycle. While the turbine outlet pressure in the full condensation cycle is
determined by the saturation vapour pressure of liquid carbon dioxide at the condensation temperature,
e.g. 6.4 MPa at 25°C, in this cycle the turbine outlet pressure is independent of the condensation
temperature, allowing a degree of freedom for the turbine outlet pressure or the turbine expansion
ratio. The turbine exhaust carbon dioxide is cooled down in the two recuperators and the pre-cooler
from point (6) to point (9), then compressed to point (10), and is divided into two flows. A part of the
total carbon dioxide in circulation is condensed to point (1), pumped to point (2) and heated up to
point (4) in the two recuperators. The remaining carbon dioxide is heated up to point (4) via point (11)
in the compressor II and the recuperator I.
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Figure 1. Full condensation cycle

(a) Coolant flow circuit (b) T-S diagram

Figure 2. Partial condensation cycle

(a) Coolant flow circuit (b) T-S diagram
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Non-condensation cycle

The non-condensation cycle is shown in Figure 3, which can be considered a Brayton cycle. This
cycle consists of a turbine, recuperator, pre-cooler, inter-cooler and two compressors. Its arrangement
is the same as that in the typical HTGR helium gas turbine system [11]. The turbine exhaust carbon
dioxide gas is cooled down from point (5) to point (7) in the recuperator and the pre-cooler, and heated
up from point (7) to point (8) through compression. The heated carbon dioxide is re-cooled down from
point (8) to point (1) in the inter-cooler and heated up from point (1) to point (3) through compression
and recuperation.

Comparisons of cycle performance

Figure 4 shows the cycle efficiency of the three cycles – the full, partial and non-condensation
cycles – with typical values for the current light water reactors (LWRs) and gas-cooled reactors.
The assumptions for calculating are summarised in the table to the right of the figure.
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Figure 3. Non-condensation cycle

(a) Coolant flow circuit (b) T-S diagram
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Figure 4. Cycle efficiency of the three cycles

The differences among the cycle performance of the three cycles can be explained by comparing
the works in each cycle. Cycle performances are compared in Figure 5, in which they are subdivided
into the net turbine work (cycle efficiency), the compressor work, the pump work and the heat rejected
from the cycle to cooling water through the heat exchanger surface of the pre-cooler, the inter-cooler
and the condenser.

As for the full condensation cycle, its cycle efficiency is lowest among the three cycles in spite of
very low pump work done for compression in the liquid phase, mainly due to the large heat rejection
loss in the condenser.
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Figure 5. Heat balance of the three cycles

In the non-condensation (Brayton) cycle, cycle efficiency is considerably improved by achieving
smaller heat rejection loss through the pre-coolers and intermediate coolers than through the condenser
in the full condensation cycle, although the work done in the two compressors is considerably larger
than that in the pump of the full condensation cycle.

Cycle efficiency is highest in the partial condensation cycle through minimising the sum of the
condenser heat loss, the pump work and the compressor work. The optimum condensation fraction
increases with the turbine inlet temperature and the pressure ranging from 35% at 527°C and 7.5 MPa
to 64% at 827°C and 17.5 MPa. At a pressure of 12.5 MPa and a core outlet temperature of 650°C, the
cycle efficiency is about 45%, which is comparable to that of current HTGRs at the high temperature
of 800~900°C, such as PBMR.

The cycle efficiency is higher than that of the HTGR helium gas turbine system [11], resulting
from the partial condensation effect described above and the non-ideal gas behaviour of carbon dioxide
in the isentropic compression processes. The work W in the isentropic expansion and compression
processes of one mol real gas is given by:

W VdP zRT dP P= − = −∫∫
where V is the gas volume, P is gas pressure, R is gas constant and z is the compressibility factor.
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The compressibility factor z is given as a function of the reduced temperature Tr (Tr = T/Tc,
Tc = critical temperature) and reduced pressure Pr (Pr = P/Pc, Pc = critical pressure). Gases with the
same z value have the same behaviour according to the law of corresponding states. The factor z gives
the fractional deviation of the real gas from the ideal gas (z = 1) in the isentropic expansion and
compression processes.

For higher pressures and temperatures, z may exceed unity and the real gas produces more work
than that of the ideal gas in the expansion process. The z values at high pressure and high temperature are
available from the generalised compressibility charts and tables prepared by Hougen and Watson [12].
At the critical temperature and pressure, the z value dips sharply below the ideal line of unity and takes
an extremely low value – as low as about 0.2. A low z value indicates that the gas is more compressible
than the ideal gas. Since the compression processes in the present carbon dioxide partial cycle and
non-condensation cycle are done at the vicinity of Tc and Pc, their z values are estimated to be smaller
than that of a helium Brayton cycle with the same temperature and the same pressure conditions
(as shown in Table 2).

Table 2. Critical parameters and compressibility factor

Critical parameters
Typical compression condition

(35°C, 5 MPa)
Typical expansion condition

(650°C, 12.5 MPa)Gas
Tc (K) Pc (MPa) Tr Pr z Tr Pr z

He 5.195 0.275 59.31 18.18 ~1 177.70 54.95 ~1
CO2 304.14 7.384 1.01 0.68 ~0.7 3.03 1.69 ~1

Tc = critical temperature
Pc = critical pressure
Tr = reduced temperature (= T/Tc)
Pr = reduced pressure (= P/Pc)
z = compressibility factor (deviation from ideal gas = 1.0)

Both the z values are nearly equal to unity at the high-temperature and high-pressure condition in
the turbine. The z values of carbon dioxide are smaller than those of helium in the compressor. Judging
from the z values in compression and expansion, it is understood that the cycle efficiency of the carbon
dioxide cycle is higher than that of the helium cycle.

Recently, and ultra-high-purity 70% Cr-Fe alloy has been developed, the tensile strength of which
is four times higher at 1 200°C than that of Ni-based alloy [13,14]. Also, the absence of Ni makes it
possible to reduce (n,α) and (n,p) reactions in the Cr-Fe alloy to one-fifth compared to 316 stainless
steel, which contributes to the swelling of stainless steels. Consequently, if the ultra-high-purity Cr-Fe
alloy is used for the core material, the irradiation limit in fast neutron flux might be expected to be two
or three times higher at least than that of 316 stainless steels. By using the ultra-high-purity Cr-Fe
alloy, the cycle efficiency is estimated from Figure 5 to exceed 50% when the reactor outlet pressure
is 12.5 MPa and the reactor outlet temperature is 900°C (cladding hot spot temperature = 1 200°C).
The cycle efficiency is 1.5 and 1.1 times higher than those of current LWRs and HTGRs, respectively.

Perspectives

Since the direct cycle simplifies the heat transport system eliminating intermediate and water/steam
cooling loops, the plant construction cost or capital cost is expected to be comparable to or less than
that of current LWRs. The condensation cycle allows a unique passive decay heat removal system
described below.



140

A passive decay heat removal system is realised by allocating a liquid carbon dioxide storage
tank, as shown in Figures 1(a), 2(a) and 3(a). When coolant pressure depression accidents occur,
carbon dioxide in the storage tank will be gasified and supplied to the depressurised reactor core and
the decay heat is passively removed. The system could work for a short term of several hours after the
reactor shut down when the decay heat level is higher than about 1-2% of rated power. After the decay
heat level becomes less than about 1-2% of the rated power, the decay heat removal system switches
from the short-term system to a reactor auxiliary cooling system, which works passively for the long
term though natural circulation of carbon dioxide in the reactor vessel. Natural convection is about
2.5 times more effective than with helium, as described earlier, which might mitigate the depressurisation
transients in the carbon dioxide cycles.

Considering various elements such as cycle efficiency, plant safety and plant construction cost,
the carbon dioxide-cooled partial condensation direct cycle is expected to be a potential alternative
option to LMFRs.

The direct cycle is applicable to thermal reactors. The partial condensation cycle proposed in this
study provides cycle efficiency of about 45% at the current AGR core outlet temperature of 650°C.
Such efficiency would be obtained at 900°C in PBMR with a helium gas turbine. In other words, our
partial condensation concept is possible to provide a comparable cycle efficiency at the moderate
temperature of 650°C with that of the PBMR at the high temperature of 900°C [11]. For thermal
reactors with the carbon dioxide condensation cycle, it is not possible to add the methane and carbon
monoxide as AGR in order to inhibit the reaction of carbon dioxide, because it can affect the
condensable performance of the coolant and plant operability. Graphite coating with an inert material
such as silicon carbide is expected to be an alternative means. This technique is well established in the
non-nuclear field, however, corrosion and/or irradiation tests should be examined in future work.
With the graphite coating the ultra-high-purity Cr-Fe used for the core structural materials, the carbon
dioxide-cooled reactor might attain a core outlet temperature of 900°C and its cycle efficiency would
exceed 50%.

Conclusions

Carbon dioxide can achieve a higher cycle efficiency in a direct gas turbine cycle system due to
the real gas effect, especially in the vicinity of the critical points. Analysing the cycle performance of
full, partial and non-condensation cycles, the cycle efficiency is highest in the partial condensation
cycle. The partial condensation cycle is applicable to both the FR system and the gas-cooled thermal
reactors. A gas-cooled thermal reactor employing the partial condensation cycle provides comparable
cycle efficiency at the moderate outlet temperature of 650°C with that of PBMR operated at 900°C.
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Abstract

The High-temperature Engineering Test Reactor (HTTR) is a graphite moderated, helium gas-cooled
test reactor with a maximum power of 30 MW. It is the first high-temperature gas-cooled reactor
(HTGR) in Japan, and has a unique and superior capability with regard to various irradiation tests due
to the advantage of its large and high-temperature irradiation spaces.

The I-I type irradiation equipment, which is the first irradiation rig for the HTTR, is currently under
construction after several experiments such as in-core monitoring method. It is served for an in-pile
creep test for a stainless steel developed as a structural material of the fast reactor. The creep rate and
rupture time of the in-pile creep specimens will be measured at elevated temperatures in the reactor.
The equipment can handle a large load of tensile specimens, taking advantage of the HTTR’s large,
high-temperature irradiation space. Therefore, the specimens with a nominal gauge length of 30 mm
and diameter of 6 mm can be adapted for the in-pile test. This specimen size is not small, such as those
generally used for in-pile tests, but is the standard size usually used for non-irradiation creep tests.
Specimens for out-of-pile creep tests after the irradiation are also installed in the equipment.

This equipment was designed so as to carry out in-pile creep tests in the HTGR. Part of the equipment
is installed in the reactor pressure vessel through a standpipe of the HTTR. The installed part is about
8 900 mm long. The upper end of the part is fixed to the standpipe. The lower end is constituted of
three tubular parts, two irradiation units and a guide tube, and is installed in the reactor core. The units
are held in elevated ambient temperatures. In addition to the ambient temperatures and neutron and
gamma heatings, electric heaters surrounding the specimens control the irradiation temperatures of the
units to 550 and 600°C, respectively. The weight-loading system located outside the reactor gives a
stable and precise tensile load on the specimens by using levers and weights. The maximum load of
this system is about 10 kN. The creep behavior of the specimen is detected by a differential transformer
developed for high-temperature conditions.

The fabrication of this equipment was started in 1999. Functional tests for each component, such as
the weight-loading system, heater and differential transformer, were carried out outside the reactor.
The equipment was then fabricated from components. Its performance was also demonstrated outside
the reactor after fabrication. The construction is in the final stage. This paper describes the progression
of the development of the I-I type equipment.
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Introduction

The High-temperature Engineering Test Reactor (HTTR) is a graphite-moderated, helium
gas-cooled test reactor with a maximum power of 30 MW [1,2]. It is the first high-temperature
gas-cooled reactor (HTGR) in Japan with a maximum coolant outlet temperature of 850°C at rated
operation and 950°C at high-temperature test operation. It has a unique and superior capability with
regard to various irradiation tests due to the advantage of its large and high-temperature irradiation
spaces.

The I-I type irradiation equipment, which is the first irradiation rig for the HTTR, will be used for
the in-pile creep test of the stainless steel developed for the structural material of the fast reactor.
The specimen size effect on the deformation of metallic material is currently a subject of increasing
interest [3,4]. The in-pile creep behaviour of material is generally tested through the use of specimens
that are small in size. This is because it can be difficult to use the standard size specimens, usually
used for out-of-pile creep testing, due to restrictions such as an irradiation space limit and a big tensile
load requirement. The I-I type irradiation equipment is designed to carry out the in-pile creep test for
the standard size specimens while taking advantage of the superior irradiation capability of the HTTR.
It can handle large loads of specimens in a stable manner. The specimens’ creep behaviour, such as the
creep rate and rupture time, will be measured at elevated temperatures in the reactor. The fabrication
of the equipment was started in 1999 and its performance has already been demonstrated outside the
reactor. Presently, the equipment is in the final stages of development. This paper describes the design
of the I-I type irradiation equipment and the progress of its development.

Design of I-I type irradiation equipment

In-pile test condition

The targets of the test condition of the in-pile creep test in the HTTR are shown in Table 1.
The cylindrical-type creep specimen, which has a nominal gauge length of 30 mm and a diameter of
6 mm, was adopted for the test. This specimen is not a small one generally reserved for in-pile creep
tests for other reactors, but the standard one usually reserved for non-irradiation creep tests. The material
of the specimen is 316 FR steel (FBR grade type 316ss), which is a structural material developed for
the fast reactor [5,6]. The temperatures of 550 and 600°C are the targets of the irradiation temperature.
The target fast neutron fluence of 1.2 × 1019 n/cm2 (E > 0.18 MeV) will be attained in about 70 days of
the rated operation of the HTTR. The tensile stresses were determined to allow the investigation of the
creep rate and rupture time of the specimens [5], as 343 MPa (at 550°C) and 248 MPa (at 600°C).
To apply them to the specimens, tensile loads of 9.7 and 7.0 kN are respectively necessary.

Table 1. Targets of test condition on in-pile creep test in HTTR

Specimen
Material
Size (gauge)

316FR steel (FBR grade type 316ss)
ϕ6 × 30 mm

Irradiation temperature 550 and 600°C
Tensile stress/load 343 MPa/9.7 kN at 550°C

248 MPa/7.0 kN at 600°C
Neutron fluence (E > 0.18 MeV) 1.2 × 1019 n/cm2
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Major specification of the equipment

The I-I type irradiation equipment is designed to meet the requirements of the test condition
shown in Table 1. A cutaway drawing of the equipment is shown in Figure 1. It is constituted of
in-vessel and out-of-vessel parts. The in-vessel part is installed in the reactor pressure vessel through
one of the standpipes of the HTTR. This part is held by the standpipe closure with the standpipe.
The pressure boundary of the reactor coolant is held by the closure. The in-vessel part has a length of
about 8 900 mm and its lower end is constituted of three tubular parts, which are two irradiation units
and a guide tube. Each has a length of about 2 600 mm and a diameter of 113 mm. Three specimens
are installed in the irradiation unit at the same level. The units and the guide tube are installed in three
holes of the graphite reflector blocks in the column of the reflector region of the core. The level of
installation of the specimens corresponds to the fuel blocks in the fuel region. The specimens are mainly
heated by heat from the core at the operation. Because of the large heat capacity of the core, it is
thought that the irradiation temperature will not change very rapidly during operation. The irradiation
temperatures are, therefore, mainly controlled taking advantage of this superior feature of the HTTR.
An electric heater with maximum power of 300 W is equipped in each unit surrounding the specimens.
It will provide a supplementary temperature control in addition to the heat from the core. The target of
temperature deviation is a set value of ±3°C for both the irradiation temperatures of 550 and 600°C.

Figure 1. Cutaway drawing of I-I type irradiation equipment
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The out-of vessel part of the equipment, shown in Figure 1, is the weight loading system. Figure 2
illustrates this system. The levers and weights generally used for the out-of-pile creep test are used for
this system. The weights allow stable loads of 9.7 and 7.0 kN on the specimens. At the in-pile creep
test, the selected tensile loads will be applied to the specimens after the attainment of the rated reactor
power. Each load is transmitted through the load transmission rod to the specimen in each unit. If the
specimen is elongated by the proceeding creep, the level of a pulley will automatically be controlled
by a motor so as to keep the balance of the lever. Thus, the applied loads will be continuously and
precisely controlled.

Figure 2. Weight loading system of I-I type irradiation equipment
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In-core monitoring

Two sets of the in-vessel part, shown in Figure 1, were fabricated. One (Type A) is mainly used
for measuring the irradiation condition of the core, though the in-pile creep test will not be carried out
by Type A. This measurement will ensure the irradiation condition of the in-pile creep test, next to the
Type A irradiation, since it will be the first time the HTTR will measure the condition directly.
The installed specimens in Type A are used for the out-of-pile creep test after the irradiation. The other
(Type B) is used for the in-pile creep test. The irradiation condition will also be monitored. For this
irradiation test, one specimen in the unit is used to study the in-pile creep behaviour and the other two
specimens in the unit are not loaded and are used for the out-of-pile creep test after the irradiation.
For both tests by Type A and B, the monitoring electric signals are taken out of the reactor vessel
through the standpipe closure.

Table 2 shows in-core monitoring instruments for the in-pile creep test. The neutron flux at the
irradiation equipment in the core will be monitored by self-powered neutron detectors (SPNDs)
installed in it. The size of its sensor part is ϕ2 × 70 mm and rhodium is used as the emitter material.
Some small metallic wires, packed in silica tubes, are also installed in the equipment as neutron
fluence monitors. The wire materials were selected for both thermal and fast neutron fluence
measurement after the irradiation. The irradiation temperature will be continuously measured by the
thermocouples (K-type) in the equipment. The creep elongation of the specimen will be continuously
monitored by a differential transformer in the unit. The transformer was developed for this equipment
in order to work at elevated temperatures by adopting a fine mineral insulated (MI) type cable to the
transformer coils. Its long-term stability at elevated temperatures was demonstrated in advance.
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Table 2. In-core monitoring instruments for in-pile creep test

Neutron flux Self-powered neutron detector (SPND)
ϕ2 × 70 mm (sensor)
Emitter: Rhodium

Neutron fluence Fluence monitor
Wire: Al-0.41%Co, Fe, Cu, 86%Cu-12%Mn

Temperature Thermocouple
K-type

Creep elongation Differential transformer
Coil: Fine mineral insulated (MI) cable

Performance demonstration

Functional tests for the components of the I-I type irradiation equipment, such as the weight
loading system, heater and differential transformer, were carried out. Afterwards, the equipment was
fabricated from the components. Its performance was also demonstrated outside the reactor after
fabrication. The main results are described briefly as follows.

Load transmission

The load, produced by the weight loading system, is transmitted to the specimen through the load
transmission rod, shown in Figures 1 and 2. The rod is inserted into the reactor vessel through the
standpipe closure. The small gap between the rod and the penetration of the closure is sealed by
O-rings. The produced load is thought to be slightly reduced and transmitted to the specimen because
of the friction at the seal part of the penetration. The effect of the friction on the transmitted load was
experimentally evaluated outside the reactor by using the fabricated equipment. Figure 3 shows the
relationship between the effective load on the specimen and the produced load using the weight
loading system. The produced load was measured by the load cell of the equipment attached to the rod
as shown in Figure 2. The load on the specimen was measured by another load cell temporally
attached to the specimen. One can see from Figure 3 that the produced load is transmitted to the
specimen reduced by about 1.3 kN at this test condition. The effective load on the specimen is linearly
proportional to the produced one, ranging from 6 to 11 kN. At the in-pile creep test condition, although
the friction loss value may change, the linearity is thought to hold. The value will be measured by a
strain gauge attached on the rod near the specimen, and then the effective load will be controlled
taking the linearity into consideration.

Temperature control

The electric heater surrounding the specimens in the unit will keep the temperature stable in
addition to the heat from the reactor core. The temperature controllability of the heater was tested by
using a mock-up of the irradiation unit. The mock-up unit was installed in a furnace which created
thermal disturbances. At the disturbance, the power of the electric heater was controlled automatically
so as to keep the set value of the specimen temperature. Figure 4 shows the experimental result of the
temperature control test. The set value of the specimen temperature is 600°C. The furnace temperature
was changed ranging from about 550°C to 570°C as a thermal disturbance. The electric heater power
was automatically controlled to keep the set value. As a result, the specimen temperature was maintained
around the set value. In this case, the deviation of the specimen temperature was within 3°C. This result
confirms that the specimen temperature will be controlled in a stable manner at the in-pile test.
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Figure 3. Effective load on specimen by weight loading system
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Figure 4. Specimen temperature control by electric heater at disturbance condition.
Specimen temperatures were measured at the upper, middle and lower positions of its gauge part.
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Creep behaviour measurement

The in-pile creep elongation will be detected by the differential transformer with the fine MI
cable coil. Figure 5 shows the out-of-pile experimental result of the creep behaviour measurement.
The test specimen was elongated at a temperature of 600°C. The elongation of the specimen was
detected by both the differential transformer and a strain gauge which was temporally attached to the
specimen. We can see from this figure that the both measured values are in good agreement. It is
thought, therefore, that the creep behaviour at the in-pile-test will be precisely measured by the
developed transformer.

Figure 5. Measurement of creep behaviour by differential transformer
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Summary

The I-I type irradiation equipment is the first irradiation rig for the HTTR. It will be used for the
in-pile creep test for the standard size specimens of 316 FR steel. Fabrication of the equipment was
started in 1999. Its performance, such as the load transmission, temperature control and creep behaviour
measurement, has already been demonstrated outside the reactor. It is now temporarily located in the
reactor building of the HTTR. After the demonstration of the performance of the HTTR, it will be
installed in the reactor for the irradiation test.
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Abstract

Recent activity in efforts to develop optical diagnostic techniques for the high-temperature test reactor
(HTTR) is reviewed. Radiation resistant optical fibres have been developed, which will withstand
radiation damages; these are expected to be deployed in the HTTR core regions within a few years.
Temperature, rector power and other operating parameters could be measured by the optical diagnostic
systems, which have several advantages over other diagnostic systems.
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Introduction

Technologies for high-temperature gas-cooled reactors (HTGR), which have several attractive
features, such as more stable and safer nuclear properties than other reactor types, are being extensively
developed [1]. Intensified efforts are devoted in Japan to develop technologies related to the stable
operation and effective utilisation of a high-temperature test reactor (HTTR) [2]. Among these efforts,
the development of optical diagnostic techniques will be highlighted here.

Though the HTGR has several attractive features, it has some disadvantages. Namely, visibility of
its core region is very poor in general even at reactor shutdown, as graphite moderator blocks seriously
obstruct optical access. A typical example of this shortcoming was experienced when a fire developed
in the core region of a so-called Colder Hall type reactor [3]. It was only after desperate and dangerous
efforts that the burning position was identified. If remote optical diagnostics were available, it would
improve the maintainability of the HTGR, resulting in far better social acceptance of this type of
reactor. Ceramic fibre optics are the only tools that could render the solid-made HTGR core accessible.

Other issues are problems related to the highly corrosive environments in an HTGR core and the
high-temperature atmosphere. Helium gas is extremely inert even at elevated temperatures. However,
once contaminated with a small amount of impurities such as oxygen and carbon, it becomes seriously
corrosive [4-6]. At present, among commercially available metallic structural materials, only the
so-called alpha-tungsten strengthened “super-alloys” [7], which are expensive and poorly workable,
can withstand the mechanical degradation caused by impure helium corrosion in HTGRs [6,7].
Concerning electrical functional ceramic insulators, their electrical insulating ability seriously degrades
above 600°C. At best, an electrical resistivity of the order of about 106 ohm/m at 1 000°C could be
expected for a highly pure alumina (Al2O3) [8]. For commercial ceramic insulators, resistance would
be of the order of 104 ohm/m or less [9]. The poor compatibility of materials with HTGR core
environments renders the application of conventional electrical dosimetry, such as thermocouples and
self-powered radiation detectors (SPDs), very difficult in HTGR core regions. In the meantime, fibre
optics have refractory properties in HTGR cores, as they are made of refractory silicon oxide (silica;
SiO2) and silica showed good compatibility with corrosive helium gases in HTGRs [4].

Until recently, silica core fibre optics have been considered to be vulnerable to nuclear radiation,
with the result that the application of fibre optics was judged to be unrealistic in high-power nuclear
reactor cores. However, there is evidence demonstrating that recently developed optical fibres can
withstand radiation damage in HTGRs [10,11]. The present paper will review recent efforts in the
development of radiation-resistant optical fibres and examples of optical diagnostics in radiation
environments similar to that of the HTGR.

Development of radiation resistant optical fibres

Two major effects, electronic excitation and atomic displacement, are considered in radiation
effects in general. Electronic excitation effects will activate pre-existing structural defects through
ionising effects and produce optical absorption centres. In the meantime, atomic displacement effects
will introduce new structural defects. In general, radiation effects introduce strong optical absorption
bands in the wavelength range shorter than 700 nm, namely visible to near ultra-violet region [10,11].
Also, an increase of optical absorption is observed in the infrared region, in the wavelength range of
800-2 000 nm, by radiation effects. In this case, the strength of radiation-induced optical absorption
has a very weak wavelength dependence.
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Figure 1 shows the strength of radiation-induced optical absorption in a newly developed
radiation-resistant optical fibre, under gamma-ray irradiation, specifically purely electronic excitation
radiation. A fluorine doped (F-doped) optical fibre showed far better radiation resistance compared
with a pure silica core fibre in the wavelength shorter than 700 nm. Here, the F-doped fibre (FF-4) was
developed by Shamoto, et al. of Fujikura Co. Ltd of Japan [11]. Radiation-induced optical absorption
was 0.5 dB/m at about 600 nm, caused by radiation-induced defects of so-called non-bridging oxygen
hole centres (NBOHC), with an electronic excitation dose of 1 × 106 Gy. Better radiation resistance
was demonstrated in a F-doped optical fibre (MF-1) developed by Hayami, et al. of Mitsubishi Co. Ltd
of Japan, as shown in Figure 2 [12]. In this case, the radiation-induced optical absorption at about
600 nm was less than 0.2 dB/m with the same electronic excitation dose.

Figure 1. Growth of optical absorption in newly developed radiation-resistant optical
fibre FF under pure electronic excitation irradiation (cobalt-60 gamma-ray irradiation)

Figure 2. Growth of optical absorption in MF-1 developed
by Mitsubishi under pure electronic excitation irradiation
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The electronic excitation dose rate in the core of HTGRs will be not large, due to its moderate
nuclear power density during operation and due to low residual radioactivity after reactor shutdown.
The dose rate will be about 100 Gy/s at reactor full power and less than 0.1 Gy/s at reactor shutdown
in the case of the HTTR. At this point, these newly developed fibres could be used for visible
applications for more than 107 seconds, namely about 3 × 103 hours at reactor shutdown, without any
serious disturbance by radiation-induced optical absorptions.

In the case of reactor full power operation, atomic displacement effects by fast neutrons should be
considered. Figure 3 shows an increase of radiation-induced optical loss in FF-4, under irradiation in
the Japan Materials Testing Reactor (JMTR). The irradiation temperature was 400 K and fluxes of fast
(E > 1MeV) and thermal (E < 0.687eV) neutrons are 6 × 1016 and 8 × 1016 n/m2s, respectively.
An ionising dose rate is calculated to be about 0.5 kGy/s. At reactor start-up, so-called radiation
hardening (the increase of optical transmission by radiation effects) was observed as shown in the data
at 1 MW. Optical transmission loss was smaller than that before the irradiation in the entire wavelength
range of 400-1 600 nm. Then, radiation-induced optical absorption increased in the whole wavelength
range. At about 600 nm, the strength of optical absorption due to the NBOHC increased with an
increase in the irradiation time. However, the induced optical transmission loss was less than 20 dB/m
after 21 days of irradiation. The corresponding fast neutron fluence was about 1 × 1023 n/m2 and the
electronic excitation dose was about 1 × 109 Gy. These values correspond to about 10 years operation
of the HTTR. The optical transmission loss of 20 dB/m is acceptable, when a strong light probe is
assumed. Concerning the infrared regions, the radiation-induced optical transmission loss was very
small, rather it can be said that the reactor irradiation improved optical transmission. However, the
optical absorption by OH (oxyhydrate) grew, which would interfere with optical diagnostics in the
infrared regions.

Figure 3. Growth of optical absorption in FF-4 under JMTR irradiation

The increase of optical absorption in the infrared range in comparison with the data obtained at
1 MW had a weak wavelength dependence when the absorption by OH was ignored. The introduction
of this wavelength-independent absorption could be interpreted as the optical loss being caused by
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so-called micro-bending of the optical fibres. Specifically, some structural damage at the interface
between the core and the clad of optical fibres was introduced over the course of irradiation. F-doping
is found to make optical fibres sensitive to micro-bending loss, because the F-doping of the core silica
would decrease the difference of reflectivity between the core and the clad. However, the bending loss
could be minimised in the HTGR, in which optical fibres would be applied with a large bending
curvature.

Visible inspection into HTGR core regions could be undertaken, with fibre bundles of the newly
developed radiation-resistant optical fibres such as MF-1 and FF-4, even when the HTGR is operating
under full power.

Other possible diagnostic tools include reactor power monitoring and temperature measurement.
Radiation effects will generate luminescence in ceramic materials. Figure 4 shows radiation-induced
luminescence (radio-luminescence) in fused silica, the material of which an optical fibre is composed.
Strong radio-luminescence peaks are observed at 450 nm and at 1 280 nm, as is so-called Cerenkov
radiation in the wavelength range of 600-1 800 nm. The intensity of the radio-luminescence peak at
1 270 nm is plotted as a function of the reactor power in Figure 5, which shows linear dependence on
the reactor power. The intensity of the Cerenkov radiation also showed good linear dependence on the
reactor power. At present, it is assumed that the intensity of the radio-luminescence at 1 270 nm and
that of Cerenkov radiation would be proportional to the electronic excitation dose rate, namely, the
gamma-ray dose rate in the reactor. In general, the gamma-ray dose rate is proportional to the local
nuclear power in the fission reactor. Thus, a local nuclear power could be monitored with fine optical
fibres in the HTGRs.

Figure 4. Radiation-induced luminescence (radio-luminescence)
from fused silica core optical fibre irradiated in JMTR

Figure 5. Intensity of Cerenkov radiation observed in a fused
silica core optical fibre as a function of the JMTR nuclear power
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Through radiation-resistant optical fibres, thermo-luminescence and black-body radiation could
be observed. Figure 6 shows thermo-luminescence and the black-body radiation from a heated fused
silica core of the optical fibres. Figure 7 shows their intensities as a function of temperature with those
from alumina (Al2O3). As expected, intensities are inversely proportional to the absolute temperatures.
Temperatures of alumina were monitored in the JMTR as shown in Figure 8, by a conventional
thermocouple of the n-type and by the optical fibre using the relationship shown in Figure 7 [13].
The temperature estimated by optical signals follows that measured by the thermocouples very well
over the course of the JMTR operation at about 800°C. The total neutron fluence is more than
1 × 1024 n/m2, far larger than that expected for the HTGRs over its 10-year operation.

Figure 6. Thermo-luminescence from a fused silica core optical fibre
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Figure 8. Example of temperature monitoring by fused silica
core optical fibre under JMTR high-temperature irradiation

Summary

The present status of the development of optical diagnostics for application in HTGRs in Japan is
briefly reviewed. The results strongly demonstrate that some of recently developed radiation-resistant
optical fibres could be applied in core regions of the HTGRs for optical diagnostics.
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Abstract

For the real time measurement of thermal neutron flux and gamma-ray intensity distributions, two
methods were developed. One is the method composed of a scintillator optical fibre with a scanning
driver and the other is self-powered detector with the driver.

The optical fibre method entails a scintillation powder of ruby, Al2O3(Cr2O3), being attached to the tip
of a fibre and the other end of the fibre connected to a photomultiplier. The current of the photomultiplier
anode was measured. When the scintillator was mixed with 6LiF powder, the neutron flux was
measured, and without 6LiF, gamma-ray intensity was measured. The position distribution was obtained
by scanning the position with the fibre through the fibre driver. This method, however, can only be
applied at temperatures up to about 100°C. Other scintillators are now under investigation.

For the self-powered detector, the insulator between the central needle electrode, i.e. platinum and the
outer cylindrical cathode i.e. Inconel (which can be used at high temperatures) is important. A pure
aluminium oxide insulator could be used up to about 400°C, and a quartz insulator was usable up to
about 500°C.
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Introduction

About 10 years ago, a real time measurement method for neutron flux and gamma-ray intensity
distributions was developed [1,2]. In this method, a scintillation powder of ZnS(Ag) was attached to
the tip of a fibre and the other end of the fibre was connected to a photomultiplier. Since the thermal
neutron flux was less than 108 n/cm2s in a critical assembly, the number of pulses from the
photomultiplier was counted. When the scintillator is mixed with 6LiF powder, the neutron flux was
measured, and without 6LiF, gamma-ray intensity was measured. The position distribution was
obtained by scanning the fibre with a fibre driver. With this new method, neutron flux distribution and
gamma-ray intensity distribution in a reactor core were obtained over 1 meter in about 10 minutes with
a position resolution of about 1mm. This method is very useful for the characterisation of critical
assemblies and research reactors.

However, in a usual reactor core with a neutron flux of around 1012~13 n/cm2s, it was not able to
use such detectors, because an uncountably huge number of pulses appeared, and also because the
ZnS(Ag) scintillator deteriorated due to radiation damage. We therefore used a ruby, aluminium oxide
Al2O3(Cr2O3) scintillator called “Desmarquest” which is highly resistant to radiation damage, and we
measured the electric current intensity from the photomultiplier anode, not the number of pulses.

For the self-powered detector (SPD), we are now trying to find a better insulator, i.e. platinum,
between the central needle electrode and the outer Inconel cylindrical cathode, which can be used at
high temperatures. A pure aluminium oxide insulator could be used up to about 400°C. A quartz
insulator was able to be used up to about 500°C. Other materials are currently under investigation.

Instrument

Measurement system

Figure 1 shows the measurement system. The scintillator fibre detector was inserted into one of
the irradiation holes in the reactor core with a length of 550 mm of the TRIGA II of The Institute for
Atomic Energy, Rikkyo University or taken out of the hole with a fibre driver which is automatically
controlled by a personal computer. The optical signal through the fibre is introduced to a
photomultiplier after the transmission of a band pass optical filter. Photomultiplier output current was
measured with a nano-ammeter.

Figure 1. Measurement system
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Detectors

Fibre detector

Although a recently developed quartz fibre [3] can be used up to 1 000°C, we tentatively used an
ordinary large diameter core quartz fibre, SC•600/750 (Fujikura Co. Ltd.), with a core diameter of
600 µm and an outer diameter of 1.5 mm. The bottom of a stainless steel cap was filled with the
powder of scintillator AF995R Al2O3(Cr2O3) (Desmarquest Co. Ltd.) and then the fibre was inserted
into the cap. The scintillator powder was mixed with 6LiF powder for thermal neutron measurement
and with silicon nitride powder for gamma-ray measurement with a ratio of 2/1 for scintillator/
chemicals.

To distinguish the scintillation light component with longer wavelength of 690 nm from the
Cherencov light component with shorter wavelength, a band pass interference optical filter, AJ46154
(Edmond Scientific Japan Co., Ltd.), was used. With this new method, neutron flux distribution and
gamma-ray intensity distribution in a reactor core were obtained over 1 meter in about 10 minutes with
a position resolution of about 1 mm. This method is very useful for the characterisation of ordinary
research reactors. However, it is applicable only up to about 150°C, because the light emission
property of the scintillator deteriorates at high temperatures, as discussed below.

Self-powered detector (SPD)

Figure 2 shows the SPD configuration for gamma-ray measurement. The detector is composed of
a central wire electrode with a diameter of 0.7 mm and a length of 70 mm and an outer electrode of
Inconel 600 (Ni, Cr, Fe, Mn alloy) with an inner diameter of 2.5 mm and an outer diameter of 4.0 mm.
Between the two electrodes, a quartz pipe with a wall thickness of about 0.22 mm is inserted as an
electrical insulator. As a central wire electrode, a platinum wire was used as a detector and an Inconel
wire was used as another detector for comparison.

Figure 2. Schematic view of self-powered detector

Experimental results

Fibre detector

Figure 3 shows a wavelength spectrum obtained with a ruby scintillator mixed with 6LiF in the
JRR4 reactor, (a) without optical filter showing the light, perhaps Cherencov light, from the fibre and
(b) with the band pass filter showing only the light from the scintillator itself.
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Figure 3. Wavelength spectra of the light from detector
(a) without optical filter and (b) with optical filter

(a) (b) 

Figure 4 shows the temperature dependence of light intensity. The intensity of 690 nm light from
the scintillator drastically decreases with temperature. It disappears above 300°C. This scintillator is
difficult to use at temperatures above 100°C. We are now trying to use other scintillators, including a
gas scintillator. The intensity of 380 nm light in the Cherencov region does not change much at all.

Figure 4. Temperature dependence of light intensities of scintillation and Cherencov

Figure 5 shows the geometrical distributions of neutron flux and gamma rays obtained by moving
the fibre detector with the band pass filter by using fibre driver with the scanning speed of 8 min/m in
the core of the research reactor TRIGA Mark II of Rikkyo University. Curves (1), (2) and (3) were
obtained by the detector with a scintillator mixed with 6LiF, by the detector with only a scintillator and
by the detector without scintillator, respectively. The difference between values (1) and (2) was
determined to obtain the distribution of thermal neutron flux as shown by the curve (1)-(2). Figure 6
shows the comparison between the neutron flux distribution, the curve (1)-(2), obtained with the fibre
detector and that with gold foil activation method. The two are in good agreement. However, the
activation method requires four or five hours to obtain the distribution with a position resolution of
about 10 mm, whereas the fibre method only requires 10 minutes or so with a position resolution of
about 1 mm.
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Figure 5. Position distribution of radiation intensities obtained with fibre detectors

(1) Ruby scintillator powder mixed with 6LiF powder, (2) Scintillator powder only,
(1)-(2) The difference, (3) Fibre only without scintillator

Figure 6. Comparison of position distribution of thermal neutrons
obtained with fibre detector and that with Au foil activation method

Self-powered detector (SPD)

We tried out two kinds of insulators, a pure alumina (99.5%Al2O3) tube insulator with a wall
thickness of 0.2 mm and a quartz tube with a wall thickness of 02~0.25 mm. SPDs were irradiated
with 5 × 102 Gy/h (for water) of 60Co gamma rays in an electric furnace. With the quartz tube
(as shown in Figure 7) the difference between the detector with a central electrode of Pt and that with
an Inconel electrode was kept almost constant up to about 500°C. However, with the alumina tube, a
rather larger current appeared at temperatures above about 400°C. These results should be confirmed
by additional experimentation. Pure quartz, such as optical fibres, appears to be an attractive option.
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Figure 7. Temperature dependence of self-powered detectors
with a Pt central electrode and with an Inconel central electrode

Conclusions

For the measurement of geometrical distribution of neutron flux and gamma-ray intensity in
reactor cores, the method of scanning the core with an optical fibre with a scintillator (ruby) attached
on the tip was useful. Since there is Cherencov light emission in the fibre, an optical band pass filter
was used to pass only the scintillation light. When the scintillation powder was mixed with 6LiF
powder, it was possible to measure thermal neutron flux distribution over 1 meter in only about
10 minutes. Without 6LiF, gamma-ray intensity distribution was measured.

However, the light emission of the ruby scintillator decreases at high temperatures, and thus this
scintillator can be substantially used only up to about 100°C, rendering this method applicable for
research reactors and critical assemblies. We are now trying other scintillators, including gas
scintillators.

Self-powered detectors can be used at much higher temperatures. A quartz insulator was used up
to the temperature of about 500°C, whereas pure alumina was applicable below about 400°C.
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Abstract

This paper presents a concise review of some of the test capabilities developed at the OECD Halden
Reactor Project for the characterisation of fuel and materials properties under irradiation. Insights on
some of the instrumentation utilised in these tests are also presented. The paper addresses some of the
irradiation techniques used for gas reactor investigations, notably in the field of AGR fuel and materials.

                                                     
1 Currently at the OECD Nuclear Energy Agency.
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Introduction

The Halden reactor is a test station where a range of investigations is carried out on nuclear
materials under a wide variety of conditions. Different types of reactor environments can be simulated
covering BWR, PWR, VVER, CANDU and AGR needs.

The key of the Halden irradiation is the ability to monitor on-line the relevant performance aspects.
Each experimental rig is, in fact, a compact agglomerate of technology developed to extract data from
the test section during the test performance. Most of these instruments are required to work for a long
time, from months to many years, under demanding radiation, temperature and pressure conditions.

This paper intends to provide only a brief summary of some of the techniques in use at Halden,
addressing in particular some examples of gas reactor applications.

Instrumentation for LWR fuel testing

Investigations of fuel performance under steady state and transient operation conditions have
constituted a major part of the experimental work carried out in the Halden reactor since its start-up in
1959. The in-core studies were supported by the development and perfection of instrumentation and
experimental rig and loop systems where reactor fuels and materials can be tested under PWR and BWR
conditions. Fundamental knowledge and contributions to the understanding of LWR fuel behaviour in
different situations could thus be provided in support of a safe and economic nuclear power generation.

Fuel testing at the Halden Reactor Project has for a number of years focused on implications of
extended burn-up operation schemes aimed at an improved fuel cycle economy. The experimental
programmes are therefore set up to identify long-term property changes with an impact on performance
and safety. While PIE ascertains the state existing at the end of irradiation, in-core instrumentation
provides a full description of performance history, cross-correlation between performance parameters,
on-line monitoring of the status of the test and a direct comparison of different fuels and materials.
Trends developing over several years, slow changes occurring on a scale of days or weeks, and transients
from seconds to some hours can be monitored. The data generated in the fuels testing programmes
originate from in-pile sensors, which allow to assess:

•  Fuel centre temperature and thus thermal property changes as function of burn-up.

•  Fission gas release as function of power, operational mode and burn-up.

•  Fuel swelling as affected by solid and gaseous fission products.

•  Pellet-cladding interaction manifested by axial and diametral deformations.

The type of instruments that are put in place for fuel on-line performance monitoring consist
mainly of:

•  Refractory metal thermocouples, W-Re type. These thermocouples can measure fuel
temperatures up to 2 000°C-2 200°C. However, the lifetime at very high temperature can be
rather limited. Long-term operation (years) can be ensured at temperatures below ~1 400°C.
The reason for the limited time endurance in high-temperature fuel environments is believed
to be due to chemical attack of fission products. Refractory metal thermocouples normally
have a refractory metal sheath and thus can not be directly welded on stainless steel structures.
Techniques have been developed at Halden for refractory metal to stainless steel transition.



169

•  Non-refractory metal thermocouples. For operation up to 1 300°C nicrosil-nisil thermocouples
are sometimes used at Halden for fuel temperature measurements when operation allows.
For other applications, such as coolant temperature and cladding temperature measurements
up to 1 100°C, chromel-alumel thermocouples are normally used.

•  Differential transformers. These instruments are fundamental for the Halden fuel tests, as
they are used for fission gas release, fuel swelling, cladding axial deformation and cladding
radial deformation measurements. They are also used for a range of additional applications in
the field of materials testing, e.g. creep. A schematic of this type of instrument is shown in
Figure 1. In this case the application is to measure cladding axial strain. The Halden operating
experience for this type of instrument is ~350°C and it is not believed that it can function at a
significantly higher temperature. However, high-temperature phenomena can be detected by
this sensor, as long as the sensor itself is kept below ~350°C.

Figure 1. Cladding extensometer (EC)

a) Test rod end plug assembly e) Twin-lead signal cables
b) Primary coil f) Body
c) Secondary coils g) Housing
d) Ferritic core

a c d eg f

b

Obviously, there are many other types of sensors, but the above are the most commonly used ones
at Halden. The irradiation of instrumented fuel rods is carried out in specialised rigs according to test
objectives, e.g. long-term base irradiation, ramps or transient testing. In addition to fuel instrumentation,
some rods in experimental rigs have gas lines attached to their end plugs. This allows the exchange of
fuel rod fill gas during operation and makes it possible to determine gas transport properties as well as
the gap thermal resistance and its influence on fuel temperatures. It is also possible to analyse swept
out fission products for assessment of fuel microstructural changes and fission gas release. This is an
important experimental technique for the high burn-up programmes currently being executed and
defined for the period 2000-2002.

The examples of experimental work and results selected for this paper relate to high burn-up fuel
performance with respect to thermal behaviour, fission gas release, PCMI and cladding creep. They
can be used for fuel behaviour model development and verification as well as in safety analyses.

Example of fuel temperature and fission gas release data

An example of how Halden measurements are used is given in Figure 2, which shows combined
fuel temperature and fission gas release pressure of a MOX fuel rod. The measurement temperature
was up to ~1 200°C for most of the operating period, except for the interval 13-20 MWd/kg, where the
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Figure 2. Measured and normalised rod pressure histories

temperature was lower. Since the fuel centre thermocouple requires a 1 to 1.5 mm hole along the fuel
pellet axis, the measured temperature is somewhat lower than the actual fuel centre temperature away
from the thermocouple. The latter temperature can however be reasonably well estimated based on the
measured temperature, as shown in Figure 2.

The rod pressure measurements show that there is a pronounced increase of pressure at a burn-up
of ~20 MWd/kg, when the actual fuel temperature exceeds the value of 1 300°C. The operating pressure
rises quickly from 10 to 20 bar and, in subsequent steps, up to 27 bar. This gives a clear indication that
substantial fission gas is being released from the fuel into the rod free volume. Such coupling between
fuel temperature and fission gas release measurements is fundamental for understanding the mechanisms
of fuel behaviour and for developing realistic fuel performance models.

Example of cladding creep reversal (and rod overpressure) data

Fission gas release at high burn-up may result in the rod pressure exceeding the coolant pressure.
A creep-out of the cladding may then open the fuel-cladding gap and lead to increasing fuel temperatures
and further, increased fission gas release. In order to assess the consequences for fuel integrity, the
creep characteristics of cladding material must be known.

Cladding creep data at high fluence in the presence of neutron flux were produced in the Halden
reactor under representative LWR conditions in a diameter measurement rig. A gas line connected to
the cladding tube enabled to change the rod inner pressure. In this way, several stress reversals were
produced, and the cladding creep was measured in-pile by a diameter gauge with a relative precision
of ±2 µm. Unlike PIE which only provides a single point, the results obtained show in a unique
manner the development from primary to secondary creep.
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The reaction of pre-irradiated BWR cladding material (fluence 6 × 1021 n/cm2, E > 1 MeV) to
stress reversals is shown in Figure 3. The rod diameter changed in a stepwise manner whenever the
applied stress was changed. Figure 3 also shows that immediately following each stress change, although
sometimes difficult to detect, primary creep occurred. These data have provided insight in the reaction
of cladding material to changing stress conditions and the relation of primary and secondary creep to
stress change and stress level. They are used by Halden Project participants for modelling the creep-out
behaviour at high burn-up as consequence of rod overpressure. A question posed before conducting
the test was whether primary creep would recur with every stress change. This was answered in a direct
manner and the result has a bearing on the modelling of cladding failure induced by power changes.

Figure 3. Creep response of cladding tube subjected to compresssive
and tensile stress. The recurrence of primary creep can be noted.

A complementary test, in which a pre-irradiated PWR rod equipped with a fuel centreline
thermocouple is subjected to rod overpressure, was executed with the aim to determine the pressure
beyond which the fuel temperature will increase due to clad creep-out. The fuel (burn-up 55 MWd/kg)
was re-instrumented with a fuel thermocouple and a cladding elongation detector. The rod overpressure
was controlled with a high-pressure gas supply system connected to the fuel rod with a gas line.

Re-fabrication and re-instrumentation of test specimen

A range of practical applications requires that materials retrieved form power reactors be
re-irradiated in a test reactor. This occurs in particular when fuel properties are to be measured at high
burn-up and at conditions that cannot be attained in power reactors. Practical examples are:

•  Burn-up extension beyond level allowed in power reactors.

•  Power ramps.

•  Operations at non-standard water chemistry conditions.

•  Special conditions that can only be simulated in a test reactor (e.g. controlled rod overpressure).

•  Safety-related tests such as dry-out tests.
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Halden has specialised in re-fabrication techniques, which have enabled to perform a variety of
tests on representative fuel specimens. A schematic of how this operation is carried out is shown in
Figure 4. The re-fabrication (and re-instrumentation) technique has been fundamental for Halden tests
in the last decade, when the trend towards high burn-up testing has become important. A similar trend
is being experienced in the materials area, where the demand for testing of representative, high-dose
materials retrieved from power reactors is increasing.

Figure 4. Re-instrumentation/re-irradiation of fuel rods
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Applications for gas reactors

The Halden instrumented tests have addressed water reactor issues in most cases. However,
efforts have been made to broaden the range of applicability to gas reactors. Two such applications are
described in the following.

Testing of AGR fuel

During the last decade, tests have been carried out at Halden on AGR fuel. The main objective of
such tests was to assess the performance under power uprating conditions, but power oscillation tests
were also carried out. Obviously, AGR fuel temperatures are much higher than in water reactor fuel
and the question was concerned how an AGR fuel test could be successfully conducted in the Halden
reactor. This operates at 240°C coolant temperature, whereas the requirements were that the AGR fuel
cladding temperature should be ~700°C at 20 kW/m and 1 000-1 100°C at 50 kW/m.
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The required AGR cladding temperature conditions were achieved without utilising expensive gas
loop solutions. As shown in Figure 5, the AGR fuel rod is encapsulated into a zircaloy tube such that a
controlled gap exists between the AGR fuel rod and the outer tube. The gap site is controlled by means
of special spacers placed in a certain manner between the pins of the AGR rod and the filler gas
composition is chosen such that the AGR cladding temperature versus power matches the one in actual
AGR reactors.

Figure 5. Ramp rig providing data on test temperature and elongation

The encapsulation design and procedure were conceptually simple but complex to realise, especially
considering that fuel pre-irradiated in a commercial plant had to be tested. This means that the spacer
attachment, the encapsulation and the capsule sealing had to be carried out in hot cells. In addition, as
shown in Figure 5, differential transformers were attached to the capsule in order to monitor the AGR
fuel rod elongation during ramp.

The above tests were preceded by a qualification campaign to qualify the test method. As part of
this effort, Figure 6 shows the measured cladding temperatures in two rigs that were used in the early
phase of the AGR irradiations. As one can observe, the measured cladding temperatures were exactly
those set in the test requirements (e.g. ~700°C and ~1 000-1 100°C at 20 and 50 kW/m).
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Figure 6. AGR fuel and clad temperatures in the Halden ramp rig. Clad temperatures were
measured, fuel temperatures were inferred from power and clad temperature measurements.

Testing of gas reactor materials

In addition to fuel tests, gas reactor materials are also being irradiated in the Halden reactor. As an
example, Figure 7 shows a capsule used for AGR graphite testing. In this case, pre-irradiated samples
extracted from power reactors are assembled into capsules where both the gas coolant chemistry
(i.e. composition with additives and/or impurities) and the specimens temperature can be varied.
Dimensional measurements as well as temperature measurements are carried out on-line, but they are
not shown in Figure 7. Rigs with 4 to 6 capsules of the type shown in Figure 7 have been designed and
are in service at Halden.

These types of measurements are used to anticipate the behaviour of structural materials and are
thus essential for plant life extension assessments. They are also very useful for identifying means to
improve the materials long-term performance, for instance by means of coolant chemistry measures.
This applies to gas reactor as well as to water reactors, as presented in the next section.

LWR materials testing

In LWR, stainless steel structural materials can crack under the combined effect of stress, chemical
environment and radiation. Tests in this field were initiated at Halden a decade ago, aiming primarily
at providing basic data on crack propagation and at determining water chemistry conditions that can
reduce the stress corrosion cracking rate. In order to achieve these goals, it was essential to put in
place reliable means to measure crack propagation with great precision and sensitivity.
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Figure 7. Schematic of the capsules to test HGR graphite materials
in the Halden reactor (specimen temperature measurements by

means of thermocouples not shown in the figure were also performed)
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The most important steps in this development were the following:

•  Development of an in-pile potential drop measurement method for crack growth determination.
The required sensitivity was of the order of a 1/100 of a millimetre.

•  Development of a system for varying the specimens loading on-line. This considerably
enhances the test efficiency, in that the range of stress intensity covered by the test can be
widened as wished.

•  Development of loops able to operate with flexible water chemistry.

•  Development of techniques for the utilisation of pre-irradiated specimens such that prototypical
material at high dose can be tested at Halden.

An example of test rig for such type of studies is given in Figure 8. Details of the on-line crack
propagation monitoring are given in Figure 9.

In addition to the above, other measurements such as in-reactor crack initiation and creep
monitoring of stainless steel materials are also carried out at Halden.
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Figure 8. Example of test rig for LWR materials
test studies (stress corrosion cracking at Halden)
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Figure 9. Principle layout of the in-core type CT specimen
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Abstract

Experimental devices have been developed for examining the work function (WF) change – by means
of Kelvin probe (KP) – of metallic and ceramic materials due to ion irradiation in low energy (500 eV)
or high energy (MeV) ranges. The charging effect on the performance of the KP was efficiently reduced
using appropriate shielding. An error deduction method has been suggested to effectively eliminate the
influence due to charging by introducing a reference sample. Polycrystalline Ni samples, each of
99.95% purity, were used in the research. The experiments were performed using He+ and H+ ion
beams of 1 MeV, 2 × 1016 ions/m2/s under a pressure of 1 × 10–4 Pa, and a He+ beam of 500 eV,
2 × 1017 ions/m2/s under a pressure of about 1 × 10–2 Pa. The results indicated that the irradiation of
500 eV He+ resulted in a WF decrease, then an increase until saturation, while 1 MeV ions only
induced a WF decrease, then saturation. A surface model of a loosely bound adsorbed layer plus a
native oxide layer on metals is presented to explain the observed phenomena. The nuclear stopping is
responsible for the results in the case of 500 eV He+ irradiation that is powerful enough to sputter
away the whole overlayer from the bulk surface. In the MeV case, the electronic stopping plays a
decisive role, which allows the topmost adsorbed layer to be partially removed by He+ and H+ of
1 MeV. The application of this technique to monitoring/characterisation of material surfaces in the
field of nuclear engineering is to be discussed.
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Introduction

Among the engineering issues in realising fusion energy are plasma-facing materials (PFMs) that
significantly affect the fraction of the plasma particle flux that is trapped at the surface or in the bulk
of materials. This in turn has a strong influence on the density of the edge plasma since recycled
particles fuel the plasma [1]. Nickel, capable of trapping more helium than hydrogen, is one of the
potential materials to be used to trap the helium ash produced by D-T reactions, the use of which is
helpful to maintain the optimum fuel conditions within a fusion reactor [2]. These helium selective
pumping materials may be placed near the divertor or the limiter in a tokamak. It will be subjected to
heavy radiation from the neutron and various ions existing in tokamaks. Since surface properties
significantly influence particle recycling on the surface of the materials, extensive laboratory
experiments as well as in-reactor tests are necessary.

In the field of fusion application, the surface of the in-vessel metallic components is by no means
clean from beginning to the end, as no strict cleaning procedures are used before the normal operation
of the plasma. Even if one wants to do so, it seems to be impossible due to the prohibitive size of the
area to be treated in a tokamak. During normal operation, the deposition of the materials eroded
elsewhere due to physical or chemical sputtering represents a continuous contamination source. It is of
practical importance to study the effects of ion bombardment on the native surface or the surface with
possible deposits from within the tokamak. It is these processes that significantly affect the particle
recycling on the surface of the materials.

The present authors’ group has developed two different types of Kelvin probes (KP) in their lab.
One is a “high-temperature” KP (HTKP), constructed with the help of Professor Nowotny, University
of New South Wales, Australia. This probe enables contact potential difference (CPD) measurements
under a controlled atmosphere around one atm and at elevated temperatures up to 1 000 K. The HTKP
has been employed for years in studies on the effect of sweep gases on the surface defects generated
on lithium ceramics such as Li4SiO4 [3], Li2TiO3 [4], Li2ZrO3 [5], Li2O and LiAlO2 [6,7], all potential
materials for tritium breeding in a thermonuclear fusion reactor. The other probe has been designed
and constructed recently for research under high vacuum conditions, particularly on the influence of
ion irradiation on the WF change of metallic materials, with a view to clarifying the interactions
between the plasma and the inner surface of the main vessel of the fusion reactor [8,9].

In this paper, construction of the experimental devices is to be described first, including the set-up
connecting to one of the beam lines of the van de Graff accelerator of the Research Centre for Nuclear
Science and Technology, the University of Tokyo, for conducting studies with an ion beam accelerated
to 1 MeV, and the device in the present author’s lab that delivers a low energy (<1 keV) ion beam.
As the major analyser, a KP is to be used to evaluate the WF change of polycrystalline nickel over the
course of the processes. A detrimental charging effect on the normal operation of the KP has been
observed. Effective solutions have been taken in the measurements, which ensures the correct acquisition
of data. The surface change can then be inferred from all available information. The developed system
and method may serve as a powerful tool in in situ monitoring of surface changes under ion irradiation.

Construction of devices

Design

The set-up connecting to the van de Graff accelerator is shown in Figure 1. It is a vacuum
chamber connected to the beam line of the van de Graff accelerator and evacuated by a pumping
system composed of a turbo molecular pump and a rotary pump. Within the chamber, there exists a
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Figure 1. Scheme of the device used for MeV ion irradiation
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sample holder with four seats for samples. Usually seat D is always kept open to allow the beam from
the accelerator to pass though and to reach the subsequent chamber for flux monitoring by a Faraday
cup. The holder can be moved by a servomotor in a translation mode to make the samples align to the
beam line for irradiation, or the KP for measurement in turn. The mechanism of a KP is based on the
formation of a vibrating parallel capacitor between the probe tip and the specimen to be tested [10,11].
Thus the measurement and the irradiation cannot be performed at the same time, otherwise the
irradiation would damage the probe and the sample would also be blocked by the probe.

The device used for low energy ion irradiation is a newly established device in the present
authors’ lab [8], as shown in Figure 2. The new device has been equipped with a KP, and a beam source
composed of a dc-arc discharge section, and a beam extraction and focusing section. The ion source is
capable of producing both positive ion beam and negative electron beam up to 660 eV. The beam flux
is measured with a Faraday cup. The probe can be rotated and moved for fine adjustment of the
separation between the probe and the sample. The temperature of the sample surface can be checked
occasionally using a rotatable thermocouple. A resistive heater is used for heating or annealing the
sample. A quadruple mass spectrometer (QMS) is used for gas analysis. A blank port is prepared for
an Auger electron spectrometer/low-energy electron diffraction (AES/LEED) analyser that is intended
to be installed in the future. The pumping system consists of a 150 l/s turbo-molecular pump and a
5 l/s rotary pump, and achievable base pressure is nearly 1 × 10–6 Pa after 24 hours bake-out at about
100°C.

Charging effect

The Kelvin probe measures contact potential difference (CPD) between the probe tip and sample,
which can be expressed as:

( )CPD es p= −Φ Φ (1)

where CPD is in the units of volts, Φs and Φp, the work functions, of the tip and the sample,
respectively, all in the units of eV; and e the elementary charge. The probe currently used to measure
the CPD was named after Lord Kelvin, who arranged the tip and the sample as two plates of a parallel
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Figure 2. Scheme of the device used for low energy
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plate capacitor that were in contact via an external circuit [12]. The set-up was greatly improved by
Zisman [13] by introducing vibration to one of the electrodes of the capacitor, which made it possible
to measure the CPD more exactly, quickly and continuously. Modern Kelvin probes are only variants
of the one modified by Zisman, with use different means of vibration and electronics.

Figure 3 illustrates the principle of a Kelvin probe, of which (a) indicates the relationship of the
Fermi levels and WFs of the probe tip and the sample in contact; in (b) the surface charge is correlated
to the CPD through Q = CPD⋅CKP, where CKP is the Kelvin probe capacity. Charge transfer will not
stop until the Fermi levels approach the same value; and (c) shows the situation when the backing
voltage Vb compensates the CPD, thus no charges exist on both of electrodes, and Vb + CPD = 0. In the
following context, -Vb will be used to represent the probe output.

Figure 3. Electron energy level diagrams of two different metals (a) without contact,
(b) with external electrical contact, and (c) with inclusion of the backing potential Vb.
Here EF and E0 denote Fermi and vacuum energy level of an electron, respectively.
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It is well known that the correct measurement of the CPD via the Kelvin probe is vitally
dependent on achieving a zero field between the specimen and the probe. Accordingly, one can easily
imagine that any external field induced by stray charges in space may damage normal operation of the
probe, as was found by the present authors in the course of constructing the devices [14]. Other groups
also reported the influence of charges from the heater filament [15] or plasma [16] on the performance
of the probe. But their work is rather scattered and unsystematic.

In our work, we observed miscellaneous charging effects [14], e.g. (1) charging on insulating
parts due to bakeout process, (2) thermal electrons from the resistive heater, (3) charges from the
quadruple mass spectrometer and (4) charges from secondary electrons emitted due to ion or electron
irradiation. A model has thus been presented to evaluate the influence of the extra charge-induced
electric field on the probe output [14]. Further, direct evidence of such an influence will soon be
published [17].

Careful shielding has been used in the experiments, ensuring the correct acquisition of the
experimental data via the probe [14]. In the case of the set-up connecting to the van de Graff accelerator,
the probe tip and the samples were enclosed with a metallic box, which greatly decreased the incoming
secondary electrons and also protected them from the impingement of ions. This measure, along with
introduction of a reference sample and adoption of an appropriate method to acquire data and a
mathematical post–treatment of the datasets, significantly lowered the detrimental effect to an acceptable
level. On the other hand, in the case of new device, the charge sources were carefully enclosed to
avoid the escape of the charges into the chamber space. This method also worked quite well. Further
measures that may root out any charging effects will soon be tested [18].

Experimental

MeV ion irradiation

The measurement seriously suffered from charging effects at the initial stage of this series of
experiments. Reliable results were acquired only after the appropriate shield was put into place to
protect the probe and samples, and after application of the mathematic post-treatment on the obtained
datasets (see previous section) [14]. The irradiations were carried out intermittently, which means
repeated processes of irradiation and measurement. The basic experimental conditions are listed in
Table 1. The fluence and time summations for each run are presented in Tables 2 and 3 for He and H
ion species, respectively.

Table 1. Basic experimental parameters of MeV ion irradiation

Parameter Sample Ion species Ion energy Beam flux Pressure Temperature
Value Ni (99.95%) H and He 1 MeV 2 × 1016 ions/m2/s 1 × 10–4 Pa Room T

Table 2. Fluence and irradiation time of MeV H ions (1018/m2)

Run No. 1 2 3 4 5 6 7 8

Σ (time) (s) 5 25 85 385 2 185 3 985 5 785 7 585

Σ (fluence) 0.1 0.5 1.7 7.7 43.7 79.7 116 152
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Table 3. Fluence and irradiation time of MeV He ions (1018/m2)

Run No. 1 2 3 4 5 6
Σ (time) (s) 5 15 45 105 405 2 205
Σ (fluence) 0.1 0.3 0.9 2.1 8.1 44.1

Low energy ion irradiation

Due to the intrinsic configuration of the probe, as mentioned above, the WF measurement could
not be made during the irradiation on samples. Once each run of irradiation was completed, the probe
had to be rotated over the sample and adjusted to the given distance from the sample. At this point the
measurement could be undertaken. The charging effect was also a major obstacle to obtaining reliable
data. The shield enclosing the ion beam, along with other measures, greatly decreases the detrimental
effect and ensures an acceptable error range in the measurement [18]. The basic conditions and the
fluence and irradiation time are given in Tables 4 and 5. The purity of He gas used in the experiments
was 99.99995%.

Table 4. Experimental conditions of low energy ion irradiation

Parameter Sample Ion
species

Ion
energy Beam flux Base

pressure
Working
pressure Temperature

Value Ni (99.95%) He 500 eV 2×1017 ions/m2/s 1×10–6 Pa 1×10–2 Pa (He) Room T

Table 5. Fluence and irradiation time of low energy He ion (1018/m2)

Run No. 1 2 3 4 5 6
Σ (time) (s) 5 25 85 385 1 285 4 885
Σ (fluence) 1 5 17 77 257 977

For both MeV and low energy cases, the nickel samples from Nilaco Co. were polycrystalline
with a purity of 99.95%, and were cleaned using acetone and alcohol prior to transfer into the vacuum
chamber. The probe was a commercial product from Besocke Delta Phi GmbH [19]; a schematic
drawing is illustrated in Ref. [14]. The probe tip was made of gold mesh with a diameter of 2.5 mm,
and the spacing between the probe and the sample was smaller than 1 mm.

Results and discussion

Results

MeV ion irradiation

The work function changes due to the ion irradiations shown in Figure 4, in which “Fluence”
signifies the accumulative fluence. It is clearly indicated that the ion irradiations result in a WF decrease
coupled with a fluence increase for both of the ion species. The WF change due to H ion irradiation
tends to saturate after the fluence reaches about 5 × 1019/m2. Similar behaviour is not clearly observed
for the sample under He ion irradiation until a fluence of 5 × 1019/m2. The WF decrease by He ion
irradiation is larger than that by H ion irradiation for a given fluence, especially in the low fluence range.



183

Figure 4. Work function change of Ni due to MeV H and
He ion irradiation as a function of irradiation fluence
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Low energy ion irradiation

The irradiation of 500 eV He+ ions on the nickel sample under the fluence indicated in Table 5
yields results as depicted in Figure 5. The first run decreased the WF by about 220 mV (∆Φ = 0 prior
to irradiation), and the following runs increased the WF drastically until the fourth run at an accumulated
fluence of about 8 × 1019 ions/m2. The subsequent two runs only induced a slight decrease (saturation?).
The process shows an obvious three-stage development of the WF change.

Figure 5. Work function change of Ni due to 500 eV He
ion irradiation as a function of irradiation fluence
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Model of nickel surface

It is well known that there exists a thin oxide layer on the metal surface which naturally forms in
air due to the oxidation process which occurs on the surface. The surface of oxides can usually adsorb
gas species, as indicated by Henrich and Cox [20]. In the case of interest, NiO on Ni surface, summaries
can be found on adsorption of common gas species on the surface. Reactive gas species usually adsorb
on the surfaces of NiO as well as Ni in the form of anions or partial transfer of electrons from the
surfaces to the adsorbates. A model of a nickel surface (as shown in Figure 6) is thus presented for
discussing the experimental results in the following sections. The model advocates a two-layer
structure for nickel surface, i.e. oxide layer on the bulk and adsorbed layer on the oxide layer.
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Figure 6. Model of nickel surface
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Some research groups pointed out that the oxide layer formed on a clean Ni surface is about 1 nm
thick [21-23]. No reports are available on the thickness of the adsorbed layer on NiO layer. A thickness
of less than 1 monolayer is valid if only chemisorption is taken into consideration.

Since reactive gas species usually adsorb on the surfaces of Ni and NiO in the form of anions or
partial transfer of electrons from the surfaces to the adsorbates, the formation of a surface dipole moment
towards the bulk can be expected, which leads to a WF increase on the surface according to Ref. [10]:

( ) ( )[ ]∆φ =
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*

0
3 2

1 9 4

(2)

where N is the number of substrate atoms per m2, θ is the fractional coverage of the adsorbate (at θ = 1
the adsorbate density is N), µ* is the dipole moment of an isolated adsorbate surface moiety in cm
(defined as positive if the negative end is toward vacuum). α is the polarisability of the dipole in m3,
and ε0 is the permittivity of vacuum in SI units; the resulting ∆φ is in eV. α is usually treated as a
constant. µ* can be extracted from the slope of the work function change (experimental) as a function
of coverage in the limit of zero coverage, and is also a constant.

The desorption/adsorption experiments performed on similar samples [8,17] indicate that ∆φ
increases with θ monotonically in the present series of experiments, i.e.:

( )d d∆φ θ >0 (3)

Discussion

MeV ion irradiation

Calculation using the latest TRIM code (SRIM2000.39 distributed by Ziegler, et al. [24]) indicates
that in the case of MeV light ions like H+ and He+ used in this study, the electronic stopping powers
are of the order of 102 eV/nm, which is about three orders higher than their nuclear ones. Further, the
nuclear sputtering yields are very low, about 10–3 level or lower for nickel sample. Therefore, the
nuclear sputtering effect is minute, especially at the initial stage where the fluence is low. How did the
irradiations change the surface and induce the decrease in WF of hundreds of meV?

Ion irradiation induces temperature rise of the bombarded sample due to energy transfer from the
incident ions. A test was carried out to check this effect. The results indicate that an ion beam of the
same parameters as indicated in Table 1 led to a temperature increase of less than 10°C within the first
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10 seconds. The temperature increase finally saturated at 115°C after 30 minutes irradiation. In view
of the results from the test, thermal desorption of the adsorbed species should not be considered the
main cause for the decrease in WF in Figure 4, at least in the low fluence range.

Since the electronic stopping powers are much higher than the nuclear ones in the present case,
electronic sputtering may play a key role in the processes.

In the regime of electronic stopping, most studies were carried out on insulators such as gas solids,
organic and inorganic solids [25-27]. The energy deposited electronically in a solid can led to energetic
atomic motion by a number of non-radiative relaxation processes. After the passage of an ion, a roughly
cylindrical region of energised atoms and molecules is formed. Below the surface those non-radiative
processes that release sufficient energy can produce defects in solids. Non-radiative relaxation can
cause the ejection of atoms and molecules at the surface of a solid; this phenomenon is referred to as
electronic sputtering.

Electronic sputtering of metals is a completely new field for which few articles in the literature
are available [28,29]. A basic requirement is a large enough electronic stopping power, usually of the
order of 10 keV/nm, which is always achieved by heavy ions with super-high energy (10-103 MeV).

Returning to the present experiments, the electronic stopping powers are less than 1 keV/nm based
on SRIM calculation. Significant electronic sputtering of the bulk materials should not occur during
the irradiations. Nevertheless, the energy deposited electronically at/near the surface may lead to
desorption of the adsorbed species on the oxide layer. These adsorbed species may bond to the oxide
surface weakly, with low binding energies, which makes the desorption process occur easily. Such a
process has not yet been studied in a MeV regime, but similar process in a keV regime have been
reported [30], in which a very high sputtering/desorption yield (several molecules/ion) due to Ar ion
bombardment of unbaked stainless steel was found.

Thus, it follows reasonably that the WF decreases shown in Figure 4 result from the desorption of
the adsorbed gas species from the sample surfaces, which decreased the surface coverages of the
adsorbates and in turn led to the decrease in WF, according to Eqs. (2) and (3).

Accordingly, the results that the WF decrease by He ion irradiation is faster than that by H ions is
simply because of the difference of about five times in their electronic stopping powers, according to
SRIM evaluation. The larger power of He ions certainly led to a faster process.

The saturation tendency is related to the maximum desorption under the present experimental
conditions, and the difficulty in adsorption from residual gases since the pressure was kept at 1 × 10–4 Pa
or lower during the whole experiment. This is consistent with the result obtained in the oxygen
adsorption experiment [8], in which it was found that oxygen adsorption occurred on the heated
surface only after the pressure increased to over 1 × 10–3 Pa. Here the maximum desorption does not
mean definitely thorough desorption from the surface because the adsorbed phases are different in
their binding energies. Which phases will desorb depends on whether the transferred energy from the
incident ions is large enough to overcome the corresponding binding energies. For example, O2 bonds
to the defective NiO surface less strongly than does O [20].

The saturation levels may not be the same for two species, depending on the initial surface states
and irradiation processes. In our experiments, the details of the saturation level of He ion irradiation
are unclear due to insufficient fluence. Moreover, the obvious logarithmic relationship between the
WF change and the fluence before saturation needs to be studied further in the future.
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Low energy ion irradiation

Calculation using SRIM2000 revealed a totally different picture of energy transfer from the low
energy ions to nickel. The nuclear stopping power is higher than the electronic one, all of the order of
10 eV/nm. Simulation produced a nuclear sputtering yield of about 20%. All this may imply a different
mechanism responsible for the irradiation behaviours occurring on the surface.

In a previous section, the decrease in WF was attributed to desorption of the adsorbed species
from the surface due to electronic processes. In the present case, the electronic stopping power is too
small to function significantly. The nuclear sputtering, however, becomes overwhelming. In view of
this, the decrease in WF after the first irradiation as shown in Figure 5 may be attributed to desorption
of the adsorbed species due to efficient nuclear desorption processes [30].

Therefore, the following increase in WF can then be attributed to the sputtering of the oxide layer.
The opposite process – oxidation – has been studied extensively, which may present a beneficial hint
to explaining the present results. Pope, et al. [31] studied oxidation process of a clean Ni(100) surface
and correlated the surface coverage by nuclear reaction analysis and the WF change by Kelvin probe
for O2 on Ni(100) at 325 K. The clean surface was prepared by sputtering and oxidation/reduction
processes, verified by LEED and AES. Oxygen pressure during exposure was about 10–5 Pa.
The initial ∆φ was equal to zero before admitting oxygen. Then a rapid WF increase to its maximum
plateau of about +330 meV was observed due to rapid adsorption of oxygen at the initial stage of
oxidation up to a coverage of 0.5 ML, followed by a slight decrease to +320 meV with a slow increase
of the coverage to 0.57 ML at about 25 L. This probably indicates some penetration of oxygen below
the plane of the nickel surface, then an accelerating region of the coverage until saturation at 2.45 ML,
due to the nucleation and growth of the oxide layer, accompanied by the drastic WF decrease to
∆φ = -470 meV.

Similar behaviour was also reported by Inoue [32] in his work on O2/Ni(111) systems. A WF
increase of ∆φ = +0.9 eV was observed first, followed by a decrease to ∆φ = -0.7 eV.

They attributed the WF increases to the oxygen adsorption on the clean surface due to the
formation of surface dipoles toward the bulk, and the subsequent decreases to the nucleation and
growth of the oxide layer.

In our case, the increase from ∆φ = -220 meV to ∆φ = +460 meV should correspond to the change
from oxide layer to adsorbed layer, just opposite to the changes from ∆φ = +330 meV to ∆φ = -470 meV
in Pope’s case, and from ∆φ = +0.9 eV to ∆φ = -0.7 eV in Inoue’s case, respectively. The behaviours
are similar in these cases, although the absolute values are hard to compare with each other because
the samples are different in their crystallographic orientation and initial surface state, and the methods
used to measure the WF are also different.

One more point worth indicating is that ∆φ = -220 meV might not represent the bottom of the
valley due to desorption, due simply to sparse experimental points around the area. The bottom level
depends on the maximum desorption that will be investigated in the future, starting from a smaller
fluence under smaller fluxes. However ∆φ = +460 meV may be the state of nickel surface with
adsorbates on after the oxide layer was removed completely. The adsorbates came from the residual
gases, taking into account that the base pressure was 1 × 10–6 Pa, together with the residual gases from
the working gas and piping system, although the purity of the gas was high. The partial pressure of
residual gases was of the order of 10–6 Pa, as estimated using quadrupole mass spectrometry. Under
this pressure, a clean surface may be covered by the adsorbed species within minutes if each incident
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species can be adsorbed firmly. Thus in the present study, the surface was by no means clean even
after long time sputtering. But the formation of oxide was not observed in the experiment since a
drastic drop in WF after the initial adsorption was absent. It seems that the surface changed into the
state of the adsorbed surface after the fourth irradiation, and the subsequent irradiations just repeated a
desorption-sputtering-adsorption process. This is why the WF tended to saturate after the fourth run.
Actually, in Figure 5, a slight decrease in WF is observed, which may be ascribed to a rougher surface
induced by irradiation that favours a bit lower WF [33], or to probable penetration of oxygen below
the plane of the nickel surface, which leads to a slight decrease in WF [31]. But the slight changes are
indeed within the experimental error range (about 30 mV) [18]. It is thus difficult to draw any
conclusion about it for the present.

Potential applications in nuclear engineering field

Tritium-breeding lithium ceramics have been studied by the present authors under ion irradiations.
Unfortunately, due to charge build-up on the irradiated sample surface, the probe output was greatly
affected. But to raise the temperature of the sample so as to increase its electric conductivity and to
achieve a charge-free surface may be a possible way to apply the Kelvin probe to the issue, as proved
in the use of high-temperature Kelvin probe in the case of oxide ceramics by Suzuki, et al. [3-5].
Suzuki found that adsorption/desorption of hydrogen and water vapour, and oxygen vacancies formation
on the surface/near surface were considered to be responsible for the corresponding work function
changes observed in the experiments.

Studies on poly-Ni may contribute some hints to the fusion society in the issues concerning the
particle recycling on the first wall. One indirect example can be presented to demonstrate the possible
application in the field. It is relevant to radiation-induced release of hydrogen from C:H films due to
MeV-level irradiation of various ion species, studied and summarised by Trakhtenberg, et al. [34],
who found that the release could be explained well using an ionisation vacancy model (IVM). The model
postulates that the electronic stopping is responsible for the C:H bond break, while nuclear stopping is
responsible for the generation of vacancy-type radiation-induced defects. The interactions between the
resultant mobile hydrogen molecules and the vacancies reasonably interpret evolution of the releases
observed.

In view of the surface sensitive nature of the Kelvin probe and its feasibility in studying
fusion-related materials as proved by the present author’s group, if combined with other surface
analysers, it may contribute much more to not only fundamental researches on the issues such as
adsorption/desorption, adsorbate phases, retention, and permeation in both tritium breeding and
plasma facing materials, but also to the potential future use in fusion reactor as an in situ surface
analysers.

Conclusions

•  Experimental devices have been successfully developed for examining the work function
(WF) change by means of Kelvin probe (KP), of metallic materials due to ion irradiation in
low energy (some hundreds of eV) or higher energy (MeV) ranges.

•  The WF decrease due to 1 MeV light ions He+ and H+ irradiation on Ni can be attributed to
desorption of the adsorbed species on the surface due to energy transfer via electronic processes
(inelastic collision), and the subsequent saturation may correspond to a maximum desorption,
according to the simulation by SRIM2000, the two-layer surface model and the model for
surface dipole-induced work function change.
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•  In contrast to MeV light ions, low energy ion irradiation favours elastic collision, ion energy
transfers to target atoms mainly via nuclear stopping. The initial WF decrease can then be
attributed to efficient nuclear desorption/sputtering of the adsorbed species. The subsequent
WF increase should be considered a result of a gradual removal of the oxide layer. The final
state of the surface might be adsorbates on the metal bulk, due to the existence of oxygen in
the working atmosphere at a partial pressure lower than 10–5 Pa. The oxide phase did not form
after each irradiation, or a large WF decrease should be observed.
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Abstract

Acquisition of systematic irradiation data is essential for understanding the fundamental processes of
irradiation effects and for the establishment of a reliable database of irradiation effects in nuclear
systems. This will take several years and the great expense of several different irradiation rigs in a
fission reactor irradiation. There, it will take quite a long time to carry out the needed iterations
between irradiation tests and evaluation and materials developments. An irradiation rig was developed
to carry out irradiation under multiple conditions of temperatures and irradiation fluences. Irradiation
tests of nuclear materials were successfully carried out in the Japan Materials Testing Reactor.
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Introduction

There are increasing demands for high-temperature irradiations in a fission reactor from Japanese
university researchers [1]. Under such conditions, a precise temperature control is especially important
for fundamental studies of irradiation effects in materials for high-temperature applications.

Below 500°C, a technique of temperature control by electrical heating systems has been established
and irradiation temperatures are controlled, being independent of a reactor nuclear power in the Japan
Materials Testing Reactor (JMTR) [2]. An irradiation rig composed of several subcapsules that can be
retrieved from a reactor core during irradiation makes it possible to study irradiation effects in
materials as functions of a temperature and neutron fluence.

Several irradiations have been carried out at temperatures above 800°C for study of irradiation
effects in materials for high-temperature gas-cooled reactor (HTGR) applications, such as silicon carbide
(SiC) composites. Preliminary studies have also been carried out prior to their planned executions at
the high-temperature test reactor (HTTR). In the HTTR, temperature control is carried out by the
so-called helium gas pressure control method (GPTC). Thermal conductance between irradiated
materials and a capsule wall could be controlled thermal conductance of helium gas filling a capsule.

It is demonstrated that the GPTC method could control irradiation temperatures independent of
the JMTR reactor power above 10 MW, being 20% of its full power. Thus, effects of low-temperature
irradiation effects could be minimised by the GPTC method. This technique has a large time constant
to regulate temperature and it requires a sophisticated program for a computer-assisted automatic
system. Recently, the reactor operating group in the JMTR in JAERI Oarai Establishment developed a
successful computer program for the GPTC method, making this process applicable under wider
ranges of temperature. Also, temperature control by electrical heating, the EHTC method, was also
successfully applied to irradiation above 800°C.

This paper will describe the recent status of irradiation tests in JMTR for Japanese university
research activities in HTTR related fields. The paper will also describe technical details of temperature
control in a fission reactor at elevated temperatures.

Development of irradiation rigs

Figure 1 shows the general structure of the present irradiation system. Ten small subcapsules
were accommodated in a temperature-controlled irradiation rig [3], which has two independently
regulated temperature zones. The irradiation rig, a protecting tube, a junction box and a lifting device
form a pseudo-shroud system, and the small subcapsules can be lifted up from and inserted down into
the temperature-controlled rig in the JMTR core during reactor operation. Irradiation temperatures
were controlled by electric heaters encased in the rig, as shown in Figure 1. Two different temperature
zones were set up above and below the mid-plane of the reactor core, which can be independently
controlled irrespective of the reactor power. Figure 2 displays a cross-sectional view of the rig
accommodating the subcapsules. Five transfer tubes were installed in the rig, being thermally bonded
by aluminium block. The electric heaters were coiled on the outer surface of the aluminium block,
which ensures temperature homogeneity. A reflecting tube and a gap between the reflecting tube and a
wall of the rig (described as the outer tube in Figure 2) will set up an appropriate heat-removal rate for
temperature controls.
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Figure 1. Schema of temperature and fluence controlling irradiation rig

Figure 2. Cross-sectional view of temperature and fluence control irradiation rig

A schematic view of a train of two subcapsules is shown in Figure 3. Two subcapsules were
connected through an alumina-made thermal insulator; they can be inserted into or removed from the
irradiation rig during reactor operation. The temperature of each subcapsule was monitored by a
thermocouple inserted into an aluminium-made top cap of the subcapsule shown in Figure 4. Each of
the two subcapsules can be irradiated at different temperatures otherwise under nearly the same
irradiation conditions.



194

Figure 3. A train of two subcapsules for two different irradiation temperatures

Figure 4. Structure of a subcapsule in a transfer tube.
Temperature is monitored by a thermocouple on the top cap.

The rig described above was developed for irradiations below 300-400°C. Figure 5 shows details
of an irradiation rig for the middle-temperature range, 500-600°C. Electrical heaters were installed
inside the inner wall to maintain a good thermal isolation from the reactor coolant. Figure 6 displays
the detailed structure of a rig for high-temperature irradiation in the range of 800-1 000°C.
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Figure 5. Structure of rig for middle-temperature irradiation

Figure 6. Structure of rig for high-temperature irradiation

History of irradiation tests

The present irradiation rig has the potential of temperature control by changing helium gas pressure
in a gap between a reflecting tube and the outer tube shown in Figure 2, independently of the reactor
power (gas pressure temperature control, GPTC). Figure 7 shows one example of temperature control
using the GPTC method, without using electric heaters at reactor shutdown. The gamma heating rate
changed from about 7 W/g to less than 1 W/g, but the temperature of a subcapsule could be kept
constant at about 680 K. However, the reactor power changed fast by abrupt insertion of stopping
control rod at the end of reactor shutdown and the temperature could not be controlled well by the
GPTC. In general, the GPTC has advantages over electric heater temperature control (EHTC). The rig
structure could be simplified and more specimens can be irradiated. The most important issue to point
out is that the possibility of failure always exists with an electric heater. Although electrical heaters
can occasionally survive more than one year of irradiation in the JMTR (averaging five cycles a year),
up to more than 1 021 n/m2 fast (E > 1 MeV) neutron fluence, their reliable lifetime will only be a few
cycles JMTR irradiation.
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Figure 7. Temperature control by GPTC method at JMTR shutdown

Development of reactor materials sometimes demands irradiation exceeding 1025 n/m2 of fast
neutron fluence. The GPTC will not have a life limitation insofar as a geometry of the gas gap does
not change drastically due to swelling. However, the GPTC cannot control an abrupt change of reactor
power in the present system because it takes several minutes to attain equilibrium gas pressure in the
gas gap. The basal temperature control was carried out by the GPTC and the EHTC was used for
compensating abrupt but small changes of temperature especially at reactor start-up and shutdown.
Figure 8 shows a temperature history of irradiation using the present irradiation rig in 1996.

Figure 8. Example of history for temperature and fluence control irradiation

The subcapsules were inserted into the irradiation rig after the reactor power and the temperatures
of the rig were stabilised as shown in Figure 7. Then, subcapsules were sequentially removed from the
rig during reactor operation. Irradiation with five different levels of neutron fluence, from 9 × 1022n/m2

to 1.4 × 1024n/m2 and at two different temperatures of 573 and 673 K, were realised in one exertion



197

of irradiation. Previous preliminary results, however, suggested that specimens were exposed to low
flux fast neutron irradiation even when they were not inserted in the reactor core. Figure 9 shows
induced radioactivity of iron dosimetry foil as a function of a distance along the height of reactor core.
The induced radioactivity is roughly proportional to the fluence of fast neutron. It can be seen that
substantial neutron flux exists even in an out-of-core region. A length of the rig was enlarged as long
as possible and the subcapsules were placed at about 300 mm above the edge of the reactor core to
avoid exposure to the low flux neutrons, where the fast neutron flux is about 10–4 of that at the core
centre.

Figure 9. Distribution of neutron flux at top end of rig

Figures 10 and 11 show examples of temperature histories realised in the JMTR using these
irradiation rigs. Temperatures could be controlled as wished in the temperature range of 600-1 000°C,
by the GPTC and EHTC methods.

Figure 10. Example of temperature control at middle-temperature range
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Figure 11. Example of temperature control at high-temperature range

HISTORY OF IRRADIATION HIGH TEMPERATURE

More than a few thousands transmission electron microscope (TEM) specimens of different
materials were irradiated. Microstructural modifications due to a fission reactor irradiation were
examined in comparison with those under other irradiation sources such as high-energy electrons in
high voltage electron microscopes (HVEMs) [3]. Extensive data were accumulated and fundamental
processes of irradiation-induced microstructural evolution were analysed as a function of a variety of
irradiation conditions.

Conclusion

A rig was developed for controlled irradiation in the JMTR fission reactor. Irradiation of five
different fast neutron fluences at two different temperatures could be carried out successfully using the
developed rig. The irradiation history confirmed satisfactory control of temperature in the range of
300-1 000°C, as well as of neutron fluence.
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Abstract

Issues associated with material selection and behaviour are being examined for the main reactor circuit
components of the modular high-temperature reactor. The work is being performed as part of a
collaborative European development supported by the European Union 5th Framework Programme.
The work considers materials for the reactor vessel and certain high-temperature regions including the
turbine and the graphite core. This paper reviews the main elements of the materials work programme
and reviews some initial findings with regard to material choices and needs.
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Introduction

A common European approach to the renewal of HTR technology has been established through
the direction of a European HTR Technology Network (HTR-TN) to co-ordinate and encourage
work-shared structures and serve as a channel for international collaboration in this technology [1].
The European Commission is supporting a number of research activities on modular HTR technology
in its 5th EURATOM Framework Programme [2]. These involve partnerships between principal
industrial and research organisations from countries of the European Union working to bring European
expertise and experience in the HTR together and to support industry in the design of reactors. Two
projects within the Framework Programme – HTR-M and HTR-M1 – consider the selection and
development of materials for the key components of the HTR. They investigate the materials for the
main components, extend over four years and involve eight partners. This paper provides an overall
description of the HTR materials projects, their objectives and some results from initial actions that
focus on the needs for feasibility with respect to material choice and structural integrity.

Background to HTR development in Europe

Commercial experience with gas-cooled reactors began in 1956 in the UK, which extended to
cover 26 Magnox Stations and 14 advanced gas-cooled reactors using CO2 gas as a coolant. HTR plants
began in Europe in the 1950s. They used helium as the coolant to permit an increase in operating
temperature. Coated ceramic fuel particles and a dispersed graphite matrix and moderator were used
and in the years 1960 to 1990 many HTR prototypes were built and tested in Europe, i.e. DRAGON
(UK, 1964-1975), AVR (Germany, 1966-1988) and THTR 300 (Germany, 1983-1989). These provided
a valuable foundation on which to base future HTR development.

There was a continued interest in larger steam cycle plants in Germany, Russia and the US
through the 1970s and commercialisation seemed promising in the early 1980s with the medium-sized
concept developed in Germany for industrial process heat applications. The commercial development
of this HTR-MODUL plant was however terminated in 1990.

Renewed interest in HTRs in Europe came following the development of the HTR coupled to a
gas turbine power conversion system which led to today’s developments of the industrial prototypes
GT-MHR (in Russia) and PBMR (in South Africa) which are supported by international teams with a
strong European involvement.

Overall objectives and description of the HTR materials projects

The main objectives of the HTR materials projects are to provide information for the key
components and support the development of high-temperature reactor technology in Europe. Two
ongoing projects (HTR-M & HTR-M1, managed together) cover three areas: the reactor vessel,
high-temperature materials (internal structures and turbine) and graphite structures including
oxidation. A description of the main activities and tests to be performed is provided in Figure 1.

Reactor vessel

Design information for the HTR reactor pressure vessel (RPV) is not well established under HTR
conditions and further improvement is needed in the areas of design and structural integrity analysis
and materials properties data. Information is also needed concerning manufacturing of products and
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parts, behaviour of welded joints and the influence of environment (neutron-irradiation fluence,
operational temperature, and helium environment). The integrity of the welded joints is seen as a
particularly important feasibility issue. The objective of this work is therefore to investigate and
confirm the choice of candidate material options for different HTR concepts, in relation to both normal
and accident conditions, and to compile their design properties.

The work (performed in HTR-M) covers a review of vessel materials and their properties, focusing
on existing thermal gas-cooled reactors and previous high-temperature reactors and the setting up of a
materials database on design properties. This will lead to a recommendation for appropriate vessel
materials, depending on operating conditions, and identification of data omissions and the selection of
a material for testing under irradiated and non-irradiated conditions. The work package will consider
materials for a “cold” (current PBMR) and “warm” (GT-MHR) vessel option. Specific tests on welded
joints are to be performed covering tensile, creep and/or compact tension fracture specimens to
determine representative properties including the effects of irradiation. A further review and synthesis
is planned on completion of the irradiation test work and examination.

High-temperature materials

The HTR primary circuit components operate at temperature above 600°C and up to 850 to 900°C
in order to achieve high energy levels and high cycle efficiency. For such components a number of
metallic and ceramic materials are required in the region of the core and reactor internals (i.e. metallic,
ceramic and composite materials) and for the core support and other structures. For these materials and
components, some data exists but the information and experience are not well established for the HTR
environment. Also, metallic materials are required for the turbine components for which the expected
working conditions are outside of today’s industrial experience and a significant effort of material
development is required in this area.

The first step involves putting together a database of properties that takes the experience on existing
high-temperature and gas-cooled reactors into account. This is covered in HTR-M. The database will
include a reference to material composition, microstructure, manufacture (products and parts, etc.) and
extend to materials required to withstand temperature levels experienced in emergency modes
(e.g. carbon-based materials reinforced by carbon fibres, Ni-based alloys, etc.). The control rod
cladding is investigated for the internal reactor structures and the disc and blades of the turbine. For the
turbine, the two most promising grades will be investigated taking different options into account,
manufacturing aspects and characterisation of improved alloys made by various manufacturing routes.
Short term mechanical tests needed to quantify the materials in the HTR environment will be performed
covering tensile, fatigue, short term creep and creep/fatigue tests planned (in air, vacuum, helium) at
temperatures up to 1 000°C. The results of the test programme will be stored in the database.

Within HTR-M1 the work on the blade materials has been extended to cover intermediate-term
creep effects to confirm the suitability of the chosen alloys for longer-term high-temperature exposure.
Testing is planned at temperatures of 850°C with testing times up to 10 000 hours. The expected number
of tests will cover specific grades, fabrication routes and heat treatments. Tests will also be carried out
on aged material and damage analysis and lifetime modelling will be performed (based on results from
notched specimens) and the results incorporated into the developing database.
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Graphite

The need for reliable graphite data is a crucial issue for existing and new HTR projects and is an
important consideration for future decommissioning activities. Graphite plays an important role as a
moderator and structural component and has important safety implications because of structural and
other property changes that occur when it is irradiated. Its selection also has important consequences
for future decommissioning activities. Oxidation resistance of graphites at high temperature also requires
special attention due to its relevance for safety analyses of air and water ingress accidents, licensing
procedure and normal operation.

The HTR-M project provides for a limited review of existing graphite information. This is to
identify gaps in data and testing requirements. Many of the graphites used in previous core designs are
no longer manufactured commercially, and currently available grades of graphite are limited to a few
specific sources of raw materials. Very few of the grades may turn out to be suitable or desirable for a
European-based modular HTR. The work package also involves test work to investigate the influence
of oxidation arising from severe air ingress with core burning and an investigation of protective coatings
and innovative C-based materials. Overall this work package is expected to provide a platform of
material data for future application and selection of graphites for the HTR.

The HTR-M1 project will focus on initiating an irradiation programme on chosen graphites to
determine the variations in their physical and mechanical properties up to low/medium irradiation doses
(making use of the results from HTR-M as a basis for estimation and extrapolation to higher doses).
Discussions will be held with graphite manufacturers to investigate the possibility of producing small
quantities of alternative graphites (in the laboratory) which would have a better combination of
desirable properties. Whilst this project falls short of the ultimate selection criteria for the graphite,
which will mainly be based on long-term irradiation behaviour, it will establish the groundwork for
continuation of the irradiation programme on the most desirable graphite(s). The project will also
make use of valuable diminishing experience from experts in design, experiments and testing of graphite
within Europe serving to reinstall graphite irradiation and qualification methods within Europe while
the available experience and facilities exists.

Material and structural integrity issues

HTR reactor pressure vessel (RPV)

The work on the RPV will establish available information on a few selected vessel steels and a
database for design and feasibility investigations. Two types of materials are currently used for RPVs,
depending on whether the temperature of the pressure boundary under normal operation or design
conditions exceeds the limit for LWR pressure vessels of 370°C.

Most designs of future plants make use of the either SA 508 steel for insulated vessels or
modified 9Cr-1Mo steel for “inlet temperature vessels”. These materials have similar strength levels at
temperatures up to 370°C. The use of modified 9Cr-1Mo steel allows higher temperatures with only a
gradual reduction in design strength at temperatures up to 450°C. Above 450°C allowable stresses for
all materials fall off rapidly. Modified 9Cr-1Mo steel has an even bigger advantage over the other
materials at these higher temperatures. At 500°C for example, RCC-MR indicates that its design strength
is twice that of 2¼ Cr-1Mo steel (Figure 2).

Existing LWR pressure vessels in SA 508 and its European derivatives encompass the conditions
in proposed HTR vessels with respect to operating temperature, wall thickness, design features (thick
flanges, etc.) and irradiation levels. The large database and the extensive fabrication experience from
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LWR programmes provide a sound basis for HTR vessel design. The most obvious gap in data relates
to possible transients involving temperatures above the usual LWR limit of about 370°C.

A substantial database and fabrication experience exists at least for CO2-cooled reactors in the
UK, with respect to C-Mn steels similar to the SA 516-70 grade specified in Chinese designs. There is
European experience of complementary high-temperature materials (2¼ Cr-1Mo grades). There
should be relatively few problems in assembling an adequate database extending to temperatures
involved during transients.

The above considerations leave modified 9Cr-1Mo steel with the most uncertainties as to the
available database and fabrication experience with respect to HTR vessel characteristics. This material
also potentially has the wider applicability and since for the Framework Programme it is only possible
to test one material within the high flux reactor this represents the most likely candidate for the
experiments. The extent of testing of control specimens is expected to cover as received (welded and
post-weld heat-treated) and irradiated material (irradiation time about 100-200 hours). Thermal ageing
effects in 40 years at 450°C may be significant but useful experiments may not be possible within the
time scale of HTR-M.

The main concerns with regard to structural integrity are expected to be at the welds. They carry
an additional requirement to satisfy the safety analysis methodology and safety studies (defect location
and defect size) and have to be assessed from the point of view of non-destructive examination and
potential for failure or leakage.

The main damage mechanisms to be addressed are fracture, fatigue and creep fatigue. These have
to be evaluated from an initiation aspect and for crack growth of defects under fluctuating thermal and
mechanical loads. The potential effects of environment (temperature, irradiation, ageing) all have to be
taken into account. The test programme and its development addresses toughness and creep properties
under as-fabricated and simulated end-of-life conditions. This will provide an understanding of the
welding processes, weld metals and post-weld heat treatment required for thick welds and weld factors
to be applied on the base material properties.

Other sensitive zones that are to be checked are areas that feature thicker sections (potential for
reduced properties and strength), hot spots and regions important from a functionality point of view.
This includes the flange area and belt line which have to satisfy primary and secondary stress limit
requirements and progressive deformation mechanisms.

HTR high-temperature materials

For internal structures austenitic and ferritic steels can be used for some of the non-graphite
components (core support plates, grids) where there is an established experience with the steel in gas
and other elevated temperature reactors. In general operability and applicability up to temperatures of
550°C has been firmly established for some materials within projects such as the advanced gas-cooled
Reactor in the UK, the European Fast Reactor Project and high-temperature reactor projects such as
AVR. Some C/C composites have also been investigated for use on HTTR for the control rod. The use
of such materials is considered to provide increased thermal resistance offering potential for improved
reactivity control during shutdown and for allowing the normal operating temperatures of future reactors
to be increased. Experience of materials for operation at much higher temperatures at the moment rely
heavily on nickel-based and Fe-Cr-Ni alloys. For the HTR which has the additional effect of a helium
environment the PNP and Japanese He/He exchangers provide some important experience (Figure 3).
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For the turbine components, especially the turbine discs and blades, criteria for material selection
are to be based on a safe operation period, of say 60 000 hours at 3 000 rpm (50 Hz), with upper
temperature limits in the range 850 to 950°C. Candidate alloys for the disc must have a sound industrial
base and be capable of production of large defect-free ingots with good forging properties and proven
thermal stability. Candidate alloys include A286 (Cr Ni Fe), IN 706, IN718 and UDIMET 720.
The introduction of HIP material currently being investigated for the fusion reactor also offers the
possibility of producing near-finished-sized components suitable for turbine discs. For the turbine, the
materials for cooled and non-cooled blades have to be investigated (although the former clearly offers
cost advantages). Metallurgical factors such as cobalt content of the material also have to be assessed
with regard to activation potential which may impact on maintenance costs.

The main structural integrity issues concern creep and the influence of the environment. Two basic
requirements dictate the design of gas turbine blades and discs: cycle temperature and the maintenance
of critical dimensions (clearances) throughout the service life. The selection of turbine blade designs
are often limited by the high-temperature creep properties of the material (i.e. non-cooled blade).

For turbine discs there is a requirement to limit the permanent growth and distortion to within
typical design life targets. This is usually achieved by maintaining a greater part of the disc cross-section
within elastic limits (i.e. satisfying progressive deformation or shakedown criteria). Critical regions for
the disc from the point of view of potential creep and fatigue failure are the hottest parts. These are at
the disc neck because of unrelieved high localised stresses giving rise to undetected growth; and at the
rim, due to the additional geometric effects of the blade root slots and possibly cooling holes. Careful
material selection or control of localised stress and temperature conditions can avoid creep-fatigue
interaction problems in these areas.

For the turbine blades failure modes such as creep, high cycle fatigue and low cycle fatigue have
to be taken into account. The gas radial temperature variation often peaks typically in the middle third
of the blade with steep temperature gradients across the blade section which vary according to the
transient and steady state conditions. All regions of the blade profile therefore undergo complex
stress-strain cycling with reversed plasticity in some areas. For material selection a close understanding
of some important parameters such as creep rupture, creep ductility and creep rate are needed.
Typically for nickel-based super-alloys, time-dependent effects induced by creep and oxidation on
cyclic crack growth rates are important for design, and hence an understanding of creep crack growth
behaviour and the interaction between creep and fatigue with tensile and compressive dwells is needed.
The awareness of the role of grain boundaries in high-temperature fracture has also led to significant
developments in single crystal super-alloys that can give beneficial anisotropic material properties.

Corrosion can cause a significant shortening of the material creep life and acceleration of creep
crack growth rates. Application of suitable coatings can arrest creep reduction tendencies, however
their use requires an understanding of the potential for interfacial cracking at the coating layer to avoid
the development of more significant cracking from the interface.

Graphite

a) Properties

The graphite core is a key component that affects safety and operability of the reactor. As well as
acting as a neutron moderator and shield, it is a structure that generally provides channels for the
passage of fuel and control devices, and coolant flow. The problem is that when irradiated by fast
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neutrons, graphite suffers damage to the crystallite structure. The resulting damage causes a change in
all the physical and mechanical properties of the graphite e.g. strength, coefficient of thermal expansion
(CTE) and thermal conductivity.

Ideally, the graphite chosen for HTR designs should be reasonably isotropic, exhibit small
dimensional change behaviour, and have a low CTE, a high thermal conductivity, a high irradiation
creep constant, a low Young’s modulus and a high strength. The problem is that many of these
properties are not compatible in practice for normal commercial graphites, e.g. graphites with high
strength also have a high Young’s modulus. Other factors affecting the choice of graphite would be
impurity levels, cost and machinability.

Over the past 60 years, R&D activities have been undertaken in a number of countries to investigate
graphite properties. The IAEA International Irradiated Graphite Database Technical Steering
Committee is currently compiling a database on graphites past and present and has recently held a
seminar [3] to review the current situation.

Many of the graphites used in previous core designs are no longer available in practical terms for
a number of reasons. The decline in the ability to manufacture nuclear grade graphite in large quantities
in the UK is an example of the above. Two large plants, one owned by Anglo Great Lakes (AGL, now
SGL) and the other by British Acheson Electrodes Ltd (BAEL, later known as Union Carbide and
presently called UCAR) manufactured all the gilsocarbon graphite used in the UK’s AGRs. Neither
plant now exists. Today’s HTGR projects – HTTR (Japan) and HTR-10 (China) – use a Japanese
graphite (IG-110). This graphite, with its high strength, should be taken into account for exchangeable
core components of the HTR where low fast neutron fluences and hence low total doses apply.
The behaviour for very high doses is not yet fully known.

For a future design it might not be possible to generate a complete irradiated material property
database for a particular graphite in advance of the design and construction phases of a reactor. In such
cases, existing experience in graphite development together with irradiation test programmes can be
used to provide an initial assessment of the suitability of currently available graphites. All available
data should be put into a systematic database to find the best candidate materials. These would then
have to be irradiated at the appropriate temperatures expected under HTGR conditions and to the peak
doses envisaged and screening tests performed, to compare the results with data from the database, and
to update the existing models for reliable interpretation and comparison.

Generally, the most important material property change from the point of view of core lifetime
integrity is dimensional change. Graphite initially shrinks but then undergoes shrinkage reversal,
i.e. growth. This is referred to as “turnaround”. The exact form of the dimensional change curve varies
with irradiation temperatures. Normally, the higher the temperature the lower the peak shrinkage and
the lower the dose at which turnaround occurs. Different graphites can have significantly different
dimensional change curves at the same temperatures.

The validation of the through life performance of the graphite core structure is critically dependent
on the knowledge of graphite properties and the way they vary under fast neutron irradiation. It is
essential therefore that its behaviour be fully understood and investigated up to at least the peak design
dose and over the appropriate temperature ranges.

The final choice of graphite for the core should therefore be based on a number of factors,
although the most important will be the effects of fast neutron irradiation on its properties up to the
peak doses envisaged. Given the best graphite available, it is the task of the core designer to produce a
design that will operate safely over the design life of the reactor. The most important considerations
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are component integrity and changes in core geometry, both of which are affected by the dimensional
change. For example, graphite shrinkage could lead to disengagement of individual components and
between the core and interfacing structures and to a loss of control of the core geometry; graphite growth
could lead to the take-up of design clearances and large forces between structures; and differential
shrinkage/growth in a component could lead to high stresses and failure by cracking.

b) Oxidation

The graphite oxidation work involves two principal tasks relevant to safety analysis and licensing
of HTRs for normal operation:

•  The improvement of experimental database for advanced graphite oxidation models.

•  Experimental investigation of innovative C-based materials for application in HTRs.

Graphite burning under severe air ingress accidents is assessed by computer models based (up to
now) on isothermally measured kinetic equations which consider in-pore diffusion and chemical reaction
mechanisms. The data requirement for such models are burn-off dependent chemical (regime 1)
reactivities and in-pore diffusion coefficients. The experimental work to be undertaken deals with the
case of severe air ingress, with the diffusion influences of the oxygenation process determined using
the thermo-gravimetric facility THERA housed at FZJ. Measurements are made for the German A3
fuel matrix graphite (type A3-27) and for a typical structural graphite (V483T fine grain graphite) in
oxygen at temperatures between 823 and 1 023°K and oxygen partial pressures between 2 and 20 kPa.

Although material development for HTRs almost ceased in Germany in 1985, development of
C-based materials for fusion reactors continued. These included innovative concepts such as carbon
fibre composites and mixed materials (Si, Ti content) which show a high heat conduction and high
strength. A second series of experiments are therefore planned to look at the performance of such
materials under accident typical temperatures (about 1 273°K) in steam and in air. The experimental
work involves the use of induction-heated tube-shaped samples in an induction furnace facility.
Oxidised gas flows through the inner bore hole of the tube with flow rates sufficiently high to suppress
the influence of boundary layer mass transfer on kinetics. Oxidation effects are measured by mass
spectrometric analysis of the product gases and by weight loss of the sample. Experiments are also
planned for measurements of CFC materials irradiated and non-irradiated (up to 1 dpa) that will look
at strength, dimensional change, thermal diffusivity and heat capacity.

HTR materials database

The need for reliable material data and properties is a key issue in the development of any
innovative reactor technology and is especially important for the understanding of structural integrity
issues and material behaviour. It is particularly important in those areas where safety considerations
are uppermost. For the HTR key component materials a database of properties is required that covers
information on manufacturing provisions, products and parts, test data information and design properties.
Reliable design property information is one of the main outputs and needs. Work on developing a
database is underway with considerations being given to the development of a web-based facility.
Design and technological issues plus omissions and shortage of test data will be the basis on which the
database will be built up and expanded and on which future R&D needs will be assessed.
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Summary and conclusions

The need for reliable material data and properties is a key issue in the development of HTR
technology and is especially important for those areas where safety considerations are uppermost.
The HTR-M & M1 projects aim to provide a firm materials platform on which to develop the future
HTR technological basis within Europe and provide a first step towards building an understanding of
the behaviour and manufacturing requirements for some of the new materials that will be needed for
such developments. The objective is to improve knowledge of materials for future HTRs for the reactor
pressure vessel, the control rod and turbine (blades and discs) and the reactor graphite. The projects
extend over a period of four years and are being performed with the support of the European Union
5th Framework Programme. The project is also being co-ordinated through the direction of a European
HTR Technology Network (HTR-TN). This paper outlines the work programmes and reviews important
issues concerning material needs for feasibility and assurance of structural integrity.
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Figure 1. Summary of HTR-M & HTR-M1 work programmes
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Tests on steel RPV welded joints: tensile/creep, cross weld, creep/fatigue,
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 creep & creep/fatigue tests in helium at JRC on servo hydraulic test rig.

 Medium-term creep tests for blade material (10 000 h) at 850°C
 Lifetime modelling based on notched specimen tests
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 Discussions with manufacturers on producing small quantities of alternative
 graphites
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Figure 2. Allowable stresses for RPV materials
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RADIALLY KEYED GRAPHITE MODERATOR CORES:
AN INVESTIGATION INTO THE STABILITY OF FINITE ELEMENT MODELS
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Abstract

Finite element (FE) approaches are widely used to successfully predict the behaviour of engineering
structures. However, the mechanical interactions between the keys and blocks in graphite moderator
cores present particular computational problems due to the large number of contacting surfaces. Such
models can often be computationally unstable. In this study, modelling strategies designed to improve
solution stability have been explored. Results indicate that the incorporation of inter-layer friction can
significantly enhance computational stability.
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Introduction

The majority of the United Kingdom’s gas-cooled thermal nuclear reactors have a graphite
moderator core of the radially keyed design type. This core design is composed of large graphite bricks
interspaced with interlocking moderator keys, geometrically configured in a manner which produces
an overall negative Poisson’s ratio under thermal and mechanical influences. It is critically important
that the principal safety functions of control rod insertion and fuel cooling can be maintained throughout
the reactor life. Based on existing evidence, it is presently believed that there is a large degree of
redundancy in this functionality but this has yet to be quantified. Ultimately, the influence of factors
such as cracked and broken keys on the relative displacement of the large number of core blocks needs
to be evaluated in order to ensure safe operation.

The possibilities of assessing graphite moderator core behaviour in service are obviously
extremely limited. One approachable way to proceed with an exploration of the mechanical behaviour
of the core is to develop computer models, finite element (FE) analysis providing an obvious choice of
technique [1,2]. There are, however, potential difficulties associated with this type of numerical
approach. Graphite core behaviour can be highly non-linear due to the large number of independent
bodies and contacting surfaces, and this can produce unstable or highly inefficient solutions.

The aim of this study was therefore to establish a stable modelling strategy which allowed the effect
of contact conditions and restraints on key motion of a single key and a 3 × 3 multiple key-keyway
model configuration to be investigated. While the work has been prompted by current UK requirements,
the FE methodologies deployed are relevant to all graphite-moderated, high-temperature nuclear reactors.

Methodology

Investigations into key movement and analysis stability were first explored using a model of a
single key and its surrounding keyway (ABAQUS FE software). The dimensions of the model were
extracted from the geometry of a typical Magnox moderator core (Table 1), with an element height of
4.2 mm. For calculation efficiency eight noded elements were used with one internal integration point
(CP8R: eight-node bilinear, with reduced integration). Contact surfaces were defined to allow relative
motion between the key and the keyway bodies. The entire perimeter of the key was designated as the
“master” surface, whilst “slave” surfaces were defined for both inner edges of the keyways.

Material properties for unirradiated Pile Grade “A” nuclear graphite show that the material
exhibits high anisotropy (Table 2). The long axis of the moderator brick corresponds to the extrusion
axis in manufacture and is denoted as the parallel direction. Since the finite element modelling was
concerned with a horizontal slice of the moderator core, an isotropic model was used, with the
perpendicular values taken from Table 2.

All entities of the model were constrained so that no out of plane motion could occur (z-direction).
In addition, the lower keyway was completely restrained and the upper keyway was prevented from
rotating. The model was loaded by applying a controlled displacement of 1 mm to the upper keyway in
the y direction; this was deliberately applied at an oblique angle in order to produce a response
involving multiple contacting surfaces. The behaviour of the model was then predicted.

Results and model developments

The model was run under the described conditions, and the upper keyway closed sufficiently to
cause contact between the key and the upper keyway and the resulting displacement of the key.
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Table 1. Geometrical data used in the model construction

Typical data, provided by BNFL

Model component Dimensions (mm)
Diameter of all fuel channels 98.4
Square brick depth and width 170.7
Octagonal brick depth and width 221.0
Octagonal brick side face 170.7
Corner key depth 42.7
Corner key width 17.6
Side face key depth 30.0
Side face key width 17.6
All keyway widths 17.8
Keyway depth (side face, square brick) 16.7
Keyway depth (side face, octagonal brick) 18.5
Keyway depth (corner face, octagonal brick) 23.6
Key/keyway clearances 0.2
Wigner gap (side-faces) 1.1

Table 2. Pile Grade “A” materials properties

Typical data, provided by BNFL

Young’s modulus
Tension
Compression

11.0 ± 3.4 GPa
07.6 ± 2.1 GPa

Parallel

Tension
Compression

4.8 ± 1.4 GPa
4.1 ± 1.4 GPa

Perpendicular

Coefficient of friction
Dynamic (>250°C) 0.03 to 0.08 Parallel and perpendicular
Static (>250°C)
(add to dynamic values)

+0.05 to 0.10 Parallel and perpendicular

Poisson’s ratio
ν ≈ 0.1 Parallel and perpendicular

Figure 1. 3-D model of a single key-keyway
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However, the solution failed to converge after only 15% of the prescribed displacement following
severe cutbacks in time incrementation and excessive discontinuity iterations. This instability was
attributed to a number of factors. Any change of direction in the key may cause numerical instabilities
that the solution routine needs to deal with. Multiple changes in directions, which can be caused by
multiple movements or rotations, cause “key rattle”. The result of this is cutbacks in solution
increments and possible failure of the solution routines to find a convergent solution. An additional
instability of the system can be caused by unconstrained rigid body motion – this results from the lack
of connection between the graphite blocks and keys that are not in contact. This unconstrained motion
allows free movement of the keys within the keyways and hence allows key “bounce”, a process that
can continue ad infinitum. This causes the same numerical problems evident in key rattle.

As a result of this failure of the solution to converge, the model was run under a variety of
modelling and contact conditions, each tested to improve the stability of the solution. These were run
as follows.

Altering contact surface conditions

The construction of the contacting surfaces was altered from a single contacting key-keyway
contact pair (for each of the upper and lower keyways) to sets of three contacting surfaces located
around the edges of the key (Figure 2).

Figure 2. Location of master and slave surfaces in a key-keyway contact pair

Master Surface

Slave Surfaces

Key

Keyway

x

y

This approach produced improved solution efficiency as the master surface had a constant tangent
direction for contact with each slave surface. The corner nodes of the key were not included in the
master surfaces and were therefore able to pass through the slave surface. Due to the small key rotation
however, this penetration never exceeded 0.08 mm.

This modification of the contact configuration produced a convergent solution, for the complete
1.0 mm displacement. The occurrence of “rattle” behaviour was confirmed and can be seen in Figure 3,
which shows the displacement of the centre of the key. Whilst the solution finally converged, severe
time increment cutbacks appeared in the solution, including discontinuity iterations.

Restriction of key separation after initial contact

In this investigation, the contact surfaces were restrained from re-separation once initial contact
had occurred. The instability of the key motion was reduced, and a stable solution was reached.
However, comparison of the key motion with previous solutions showed that the technique influenced
the path of the displacement and the final resting positions of the key within the keyway. This
procedure was considered inappropriate as it artificially influenced the final solution.
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Figure 3. Displacement behaviour of the centre of the key
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Modelling of key displacements with springs

Spring elements of very low stiffness were attached to the key in order to reduce the rattle effects
of the key within the keyway. One end of the spring was situated in the centre of the key, the other
was connected to ground. In addition, a small resistance to rotational motion was introduced to the
system using a rotational spring. The concept was that forces may have been able to reduce any
bouncing or rattle movements of the key and stop rigid body motion.

Despite the initial analysis stability after first contact with the keyway, however, further
displacement caused the tendency for the key to slide and move in an attempt to return to its original
position relative to the ground. As a result, this process presented a problem due to artificially
imposing motion conditions on the solution. Although the problem was small in this case, since any
significant contact pressure was enough to overcome these spring forces, solution stability was
compromised since the direction of key displacements were often reversed in subsequent increments.
Like many of the previous modelling techniques, this process caused inefficient solutions due to
incremental cutbacks.

Investigation into the use of friction and mass

All springs were removed from the model. An underlying rigid plane surface was then defined
against which inter-layer friction could be generated. The underside of the key was selected as a
contact surface with this plane, whilst the base of the keyway elements was simply constrained in the
z direction. In an initial process test, a normal force of 103N was applied to the centre of the key to
simulate the weight of the key and that of the keys in the nine layers above. This provided the
perpendicular force necessary for a frictional force between the key and the underlying surface to be
generated.
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Although the solution of each increment was slightly longer in comparison to previous models
(on account of more contact surfaces), the full 1 mm displacement was achieved with this model, with
minimal cutbacks in time incrementation. As a development of the most stable solution tested, mass
effects replaced the force used to create friction, in an attempt to model this process more accurately.
This was achieved by assigning a density of 1 731 kg/m3 to the graphite key. A gravitational acceleration
field was then applied to the system, perpendicular to the rigid layer (z direction). The two keyway
components of the single key model were not assigned a value of density as they were fully constrained
by the boundary conditions imposed. The result of these new conditions provided identical analysis
stability. The modelling technique was therefore retained, as the conditions were considered more
accurate than applying a single point force, which could locally distort elements and produce peaks in
friction and hence artificial moments and forces.

Extrapolation of the single keyway model findings to larger models

A single generic unit cell, consisting of 1 226 solid elements, was designed to model a square
section of the core surrounding either an interstitial channel, or, with an additional centre section, a
corner key section (Figure 4).

Figure 4. Single generic unit cell

Interstitial channel
arrangement

Centre added to make
corner key arrangement

A 3 × 3 unit cell arrangement was created (Table 2/Figure 5) and a ramp uni-axial displacement
of 5 mm was applied in order to assess the ability of this type of geometry to respond with a negative
Poisson’s ratio. The compression was applied over a period of 10 seconds. Simple boundary conditions
were used. These were designed to produce multiple contacting surfaces. A much larger model,
however, would be required to predict the effect of the actual core boundary conditions. The complete
outer bricks enabled the displacements to be applied to the octagonal bricks only, in the manner of
restraint rods at the core periphery.

Figure 6 shows the final position of the corner key and key-way that experienced the highest
displacement. It can be seen that the key has experienced an anti-clockwise rotation and loaded
in shear due to the relative movement of the two octagonal bricks that comprise the keyway.
Transference of displacement occurring throughout the model is shown on an undeformed model
in Figure 7.
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Figure 5. Boundary conditions applied for uniaxial compressive loading

Figure 6. Key and keyway position after a uniaxial displacement
of 5 mm was applied to the upper surface of the 3 × 3 model

upper brick
motion

Figure 7. Displacement in the model (mm) under 5 mm uniaxial loading

Displacement in y
direction (mm)

x

y

5.0

0.0
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In a separate analysis, the displacement was allowed to continue until no more movement was
possible. It was found that the outer surface could be displaced approximately 7 mm. At this point, all
bricks and keys in the 3 × 3 model had come into contact with their immediate neighbours, i.e. all the
gaps had been closed up. In addition, larger model sizes have been tested. The increasing model
complexity significantly reduced the efficiency of the analyses. The dramatic increase in analysis time is
considered a result of the increase in the number of contact surfaces required in the model. The resulting
stress field is shown in Figure 8.

Figure 8. Distribution of von Mises stress under 5 mm uniaxial compressive displacement

von Mises
stress (MPa)

x

y

0
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One possibility of improving model efficiency would be to reduce the level of detail at the centre
of the graphite bricks. It is likely that no significant changes in the FE solutions would result from this
simplification as the centre of the bricks experience very little stress or strain (Figure 7) as the problem
is primarily one of contact between the bricks and keys.

Conclusions and recommendations for further work

•  This study has shown that the graphite bricks themselves deform very little. The deformation
applied to the model was accommodated by closing up the gaps between the layers of bricks.

•  Finite element analyses of key-keyway interactions that use springs to represent the interactions
between the contacting surfaces displayed unstable behaviour associated with keys rattling
inside the keyways. This led to rapidly changing contact conditions and failure of the model
to produce a convergent solution.

•  The incorporation of inter-layer friction between the model and a rigid substrate produced a
stable solution in the single key and multi-key models. However, the large number of contacting
surfaces and the necessity to use three-dimensional elements significantly affected the
efficiency of the model and produced impractical analysis times.

•  Recommendation for further work: As the bricks themselves have been shown to undergo
minimal deformation, the FE models could be made more efficient by reducing the numbers
of elements used to represent them. This could convey considerable advantage in reducing the
computer run times. This would allow the behaviour of larger models, with more realistic
boundary conditions and materials properties, to be explored.
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Abstract

With the aim of nuclear application of ceramics in the high-temperature engineering field, the authors
have investigated the mesoscopic microstructure related to the mechanical and thermal properties of
ceramics. In this paper, recent activities concerning mechanical properties, strength and Young’s
modulus are presented.

In the strength research field, the brittle fracture model considering pore/grain mesoscopic microstructure
was expanded so as to render possible an estimation of the strength under stress gradient conditions.
Furthermore, the model was expanded to treat the pore/crack interaction effect. The performance of
the developed model was investigated from a comparison with experimental data and the Weibull
strength theory.

In the field of Young’s modulus research, ultrasonic wave propagation was investigated using the
pore/wave interaction model. Three kinds of interaction modes are treated in the model. The model was
applied to the graphite, and its applicability was investigated through comparison with experimental
data.
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Introduction

In general, it is important to study macroscopic properties such as mechanical and thermal
properties from a viewpoint of mesoscopic microstructure in order to develop microstructurally
controlled new materials with the necessary material properties as well as to develop design and/or
maintenance methods for structural materials. The authors have investigated the mesoscopic
microstructure related mechanical properties as well as thermal properties of ceramics aiming at the
nuclear application of ceramics in the high-temperature engineering field. In the paper, our recent
activities with regard to the mechanical properties, strength and Young’s modulus are presented on the
basis of mesoscopic microstructure.

In the field of strength research, a brittle fracture model taking the mesoscopic microstructure into
account was proposed [1]. Several researchers have expanded the model so as to treat the strength
under stress gradient condition [2-5], e.g. bending strength, etc., since the model was applicable only
to a uniform stress condition; specifically, the model can predict only tensile strength. Furthermore,
we have modified the model so as to treat the interaction effect between crack and pore in order to
predict strength over a wide range, including under oxidation conditions, etc. [6]. Moreover, the
performance of the mesoscopic microstructure based fracture model was investigated from a comparison
with the Weibull strength theory [4], which is generally applied in ceramics strength research.

In the field of the Young’s modulus research, a prediction model has been developed [7-11].
In the model, the interaction between ultrasonic wave and mesoscopic pores is considered. Three kinds
of wave/pore interaction modes are treated in the model:

1) Direct wave mode. The wave has no interaction with pores.

2) Creeping wave mode. The wave impinges on pores and then it propagates around the pore as
a creeping wave.

3) Direct wave mode. The wave impinges on pores and scatters away.

The model can predict the ultrasonic wave propagation velocity as well as the height of echo
signal due to pores, and the Young’s modulus is obtained on the basis of wave propagation theory
within a solid. The Monte Carlo simulation technique was also used so as to predict the non-uniformly
distributed pore arrangements [12].

Generally speaking, the models presented are basically applicable to the other ceramic materials,
such as the superplastic material 3Y-TZP zirconia (3 mol% yttria stabilised tetragonal zirconia
polycrystal), silicon carbide, etc.

Strength-related activity [3-6]

Mesoscopic microstructure-based fracture model [4]

Uniform stress condition (Burchell model) [1]

The grain of graphite consists of a stack of parallel hexagonal net planes as schematically shown
in Figure 1. Due to the weak van der Waais force operating in the c axial direction and the strong
covalent bond connection in the a axial direction, cleavage within the grain occurs easily in the c axial
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Figure 1. Microstructure-based fracture model

direction. If the inherent flaw in the graphite body faces a grain having inclination angle θ (as shown
in Figure 1), the crack would deviate from its extension direction. When the uniform stress σ acts on
inherent flaw size c, the probability that one grain will fracture, Pf, is:
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where KIC is a fracture toughness for grains, so-called particle KIC. If there are n grains in the entire
row, that probability that all grains will fail, Pn, is:
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Here, it is assumed that the flaw will extend at a grain size, a, if the entire row with n grains fail.
Therefore, Eq. (2) is thought to be the probability that the flaw size c will extend from length c to
length c + a. The probability that the flaw will extend from c to c + ia, i.e. fracturing i rows of grains,
is then expressed as:
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which then may be approximated to:

( )
di

iac

K
nP IC

i

n




























+πσπ
= −∫

3

1

1

0

cos
4

lnln

(4)



228

Now, when the probability f(c)dc means that initial flaw size has a length between c and c + dc,
the probability that one tip of a single flaw will fracture under applied stress σ may be written as:
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The survival probability Ps is then given as:
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Here, when N is the number of pores per unit volume and V is the specimen volume, the total
survival probability of the volume V under stress σ, having 2NV flaw tips is (Ps)

2NV. Therefore, the
total fracture probability of the specimen may be written as:
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Stress gradient condition (expanded model with divided small elements) [2,3]

If the specimen has a large stress gradient, it would be necessary to divide into small elements so
as to regard the uniform stress within the small elements as schematically shown in Figure 2. When the
stress and volume of (kk,jj) element are σ(kk,jj) and V(kk,jj), the survival probability of the element is:
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Therefore, the total fracture probability of the specimen may be written as:
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Figure 2. Application of microstructure-based brittle fracture model to stress gradient condition
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Application of the model

Tensile strength

The tensile strength of nuclear grade graphite, H-451, was estimated by Eq. (7) on the basis of the
microstructure-based brittle fracture model. Input parameters are summarised in Table 1.

Table 1. Input parameters of H-451 graphite

Parameter Value
Mean grain size (µm) 500*
Bulk density (g/cm3) 1.79*
Mean pore size (µm) 42*
Standard deviation parameter of pore size 2.3
Mean pore area (µm2) 700*
Number of pores per volume (m–3) 2.97 × 108*
Specimen volume (m–3) 4.65 × 10–7**
Specimen breadth(mm) 10.29**
Grain fracture toughness (MN/m3/2) 0.285*

* From Ref. [1].
** From Ref. [13].

In the table microstructural parameters were obtained by Burchell from an image analysis with
microstructural observation [1], and specimen size was determined by the experimental data of the
graphite [13]. Here, pore size distribution f(c) in Eq. (7) is assumed to be a log-normal statistical
distribution. The standard deviation parameter is determined so as to fit the mean tensile strength in
the analysis. Figure 3 shows the prediction and experimental results. We can see from this figure that
the microstructure-based brittle fracture model has a fairly good prediction of the tensile strength
distribution.

Figure 3. Prediction of tensile strength of H-451
graphite by microstructure-based brittle fracture model
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Tensile strength distribution

The experimental data are plotted with three kinds of probability plots; they are the Weibull,
normal and log-normal probability plots. Figure 4 shows the Weibull probability plot of experimental
data, and correlation coefficients for them are listed in Table 2. From them it is found that the tensile
strength fits in well with the Weibull statistical distribution rather than the other two distributions. It is
presumed, therefore, that the fracture of graphite might obey the so-called “weakest link theory”, and
the “weakest link” might correspond to the defect of the origin of fracture among many defects within
the graphite body. The predicted result is also plotted with the Weibull probability plot in Figure 5.
The prediction fit in well with the Weibull statistical distribution as opposed to the experimental data.
Correlation coefficients of the prediction are also listed in Table 2. The prediction result shows the
same tendency as the experimental data, i.e. both experimental and predicted data fit in well with the
Weibull probability plot and next with the normal probability plot.

Figure 4. Weibull probability plot of experimental data

Table 2. Correlation coefficients for three kinds of statistical distributions

Experiment* Prediction
Weibull 0.983 0.998
Normal 0.974 0.997
Log-normal 0.960 0.987

* From Ref. [13].
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Figure 5. Weibull probability plot of predicted data

Bending strength

Microstructure-based brittle fracture model was applied to the four-point bending test in Eq. (9).
The predicted analytical result is plotted with experimental data [13] in Figure 6. We can see from this
figure that the model has a good bending strength prediction, although the predicted variance of the
bending strength is somewhat smaller than the experiment; namely, the expanded model with divided
small elements is applicable to the bending strength condition.

Figure 6. Prediction of four-point bending strength of H-451
graphite by microstructure-based brittle fracture model
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Comparison of bending strength with Weibull strength theory

The prediction by Weibull theory was also carried out to the bending strength condition. Here, the
Weibull modulus, m, is determined by the tensile strength data [13] from a Weibull probability plot as
shown in Figure 4. The predicted mean bending strength was 22.1 MPa, which is a fairly good
prediction compared with experimental mean bending strength of 22.0 MPa. However, it is not
possible to predict the strength distribution such as the microstructure-based brittle fracture model; this
is a disadvantage of the theory from a viewpoint of an assessment of structural integrity.

Grain size effect on strength

Figure 7 shows the grain size effect on the tensile strength predicted by Eq. (7). In the prediction
the pore size is assumed to be constant as listed in Table 1. We can see from this figure that the
fine-grain material has high tensile strength. Figure 8 shows the Weibull probability plot of different
grain size with constant pore size distribution. From this figure it is found that the material with fine
grain size has large scatter of the strength. This is a reasonable trend if the relative pore size is taken
into account; when the grain size becomes smaller, the pore size becomes relatively large, and at that
time the pores would act well as the origin of fracture.

Pore distribution effect on strength

Figure 9 shows the pore size distribution as a function of standard deviation parameter in the
log-normal statistical distribution. In this case the mean pore size is assumed to be constant at 42 µm.
Figure 10 shows the pore distribution effect on the tensile strength predicted by Eq. (7). In the
prediction the grain size is assumed to be constant at 500 µm. The material with large pore deviation
parameter has low tensile strength, because there are many large-size pores in the material. Figure 11
shows the Weibull probability plot of different pore size distributions. It is understandable that the
material with large pore deviation parameter shows large scatter of the strength, because there are also
many large pores in the material.

Figure 7. Grain size effect on tensile strength
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Figure 8. Weibull probability plot of different grain size

Figure 9. Pore size distribution

Figure 10. Strength change with pore deviation parameter
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Figure 11. Weibull probability plot of different pore deviation parameter

Young’s modulus related activity [9-12,14-16]

Wave/pore interaction mode [7,8]

Pores with a radius r are assumed to be distributed homogeneously at a constant pitch p with N
layers as shown in Figure 12 [7]. When the ultrasonic wave propagates from the left side to the right
side, the waveform was changed by the pore-wave interaction. Three kinds of wave propagation mode
due to pore-wave interactions were considered in the simulation analysis: the direct wave, creeping
wave and scattering wave modes as shown in Figure 13 [7]. If we consider that the collision
probability of incident ultrasonic wave to a pore is f, then the probability of direct wave is 1 – f. Now,
if c is the probability of the creeping wave after impinges on the pore at probability f, the probability
of creeping and scattering waves are cf and (1 – c) × f, respectively. Therefore the propagated wave
becomes a mixed-mode wave in combination with both direct and creeping waves. Now, the time
delay between the direct and creeping waves is:

pc

p
d

V

r

V

l
t −=

4 (10)

where lp is the circular length of the pore with radius r, and Vc and Vp are the sound velocities of
creeping and direct waves, respectively.

Figure 12. Ultrasonic wave propagation within porous body [7]
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Figure 13. Pore-wave interaction model [7]

If the number of pore layers becomes large enough, the propagating ultrasonic waveform as a
function of time, h(t), becomes a Gaussian statistical distribution, and h(t)is given by [7]:
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where a and σ are given by:
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Here, in the Gaussian statistical distribution given by Eq. (11), both mean value and maximum H
is given by t = tp. In the case of the graphite, the porosity, Por in Eq. (13), was determined from the
true density of the graphite as follows:

Por = −2 26

2 26

.

.

γ (14)

where γ is a bulk density.

If the sound velocity of the longitudinal wave in the solid body is taken into account, the sound
velocity is given by:
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where E and ν are the Young’s modulus and Poisson’s ratio, respectively. Then the Young’s modulus
with pore is calculated by:
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where E0 and E are Young’s moduli without and with pore conditions, respectively. α is the ratio of
sound velocity, and is given by:

α = V

V
c

p

(17)

Analytical condition of graphite

Input parameter

The typical graphite properties of fine-grained nuclear grade graphite are listed in Table 3.
Analysis input parameters include porosity Por, pore radius r, probability of the creeping wave c and
sound velocities Vc and Vp.

Table 3. Typical properties of fine-grained isotropic nuclear grade graphite (IG-110 graphite)

Bulk density (kg/m3) 1.78 × 103

Tensile strength (MPa) 25.3
Compressive strength (MPa) 76.8
Young’s modulus (GPa) 7.9
Thermal expansion coefficient (293 to 673 K) (10–6/K) 4.06
Thermal conductivity (673 K) (W/(mK)) 80

Since mean pore radius was estimated at 9.2 µm for fine-grained nuclear graphite, IG-110, by a
quantitative image analysis technique [2], the pore radius was determined to be 9 µm in the analysis.
The sound velocity of the creeping wave around the spherical pore was assumed to be 0.71 × Vp [8] in
this study. The input parameters used in the analysis are summarised in Table 4.

Table 4. Input parameters of simulation analysis

Porosity 0.2124
Pore radius (µm) 9

Direct wave 2 100
Wave velocity (m/s)

Creeping wave 2 100 × 0.71

Probability of creeping wave

In the pore-wave interaction model, the probability of the creeping wave is concerned with the
attenuation characteristics of the ultrasonic wave. Therefore, at the beginning of the analysis, the
probability of the creeping wave was determined from the attenuation data of the fine-grained nuclear
graphite, IG-110 [14].
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Figure 14 shows the noise echo height versus distance from the surface as a function of the
probability of the creeping wave. The noise echo height decreased as distance increased, and also as
the probability of the creeping wave decreased. This is an understandable change when taking into
account the total number of the scattering wave, i.e. the total number increases when the distance from
the surface increases due to the increasing of the pore-wave interaction chance as well as when the
probability of the creeping wave decreases. From this figure the probability of the creeping wave is
determined as 1 – c = 3 × 10–4 in the analysis.

Figure 14. Noise echo height versus distance from the
surface as a function of probability of creeping wave

Application of the model

Estimation of Young’s modulus

The ultrasonic wave/pore interaction model was applied under the oxidation condition, and the
Young’s modulus change with oxidation was estimated. The oxidation induced weight loss, burn-off,
was considered as bulk density in the analysis in Eq. (14), and the Young’s modulus was estimated by
Eq. (16). Here, the Young’s modulus without pore, E0, was 17.5 GPa in this study, which is derived
from the crystal Young’s modulus in a and c axial directions with random grain orientation [16].
The analytical result is shown in Figure 15 with the experimental data. We can see from this figure
that the interaction model predicts fairly well the Young’s modulus under oxidation conditions.

Figure 15. Prediction of Young’s modulus under oxidation condition (IG-11 graphite)
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Now, the Young’s modulus change with oxidation was analysed with several different kinds of
graphites, fine-grained with small pores to coarse-grained with large pores, as listed in Table 5.
Analytical results were plotted in Figure 16 in normalised value by each 0% burn-off value. We can
see from this figure that the Young’s modulus with the oxidation change can express the common line
when the normalised value is applied.

Table 5. Input parameters in the oxidation effect analysis

Graphite IG-11 PGX H-451 AXF-5Q AGX
Density (g/cm3) 1.72 1.74 1.79 1.8 1.648
Pore size (µm) 14 238 41 1 188

PGX from Ref. [2], all others from Ref. [1].

Figure 16. Young’s modulus change with oxidation of several kinds of graphites

Estimation of oxidation damage

One of the important subjects using the UT is to detect the oxidation damage in the graphite
component, since the oxidation greatly affects the strength of the graphite. If the graphite is oxidised
by oxygen, water, etc., pores are produced within the graphite. Since the created pores would act as a
crack initiation and/or extension, the strength of the graphite is reduced with oxidation. Therefore the
wave propagation within the oxidised graphite components was investigated through simulation
analysis. The pore radius was determined by the fracture toughness data under oxidation taking the
fracture mechanics approach into account. Sato, et al. reported the mode-I fracture toughness under
oxidised conditions of fine-grained nuclear graphite, IG-110, and they provide the following
experimental equation:

( )K

K
BIC

IC0

527= −exp .
(18)



239

where KIC and KIC0 are the mode-I fracture toughness for oxidised and un-oxidised conditions,
respectively. B is the so-called “burn-off” defined by the weights, W0 and W, before and after
oxidation, respectively.

B
W W

W
= −0

0

(19)

On the other hand, from tensile strength data under oxidation condition [15], the oxidation-induced
strength degradation can be estimated as follows:
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where St and St0 are the tensile strength of oxidised and un-oxidised conditions.

From the fracture mechanics consideration:

K S cI t r∝ ⋅π (21)

where cr is a crack size. The crack size is then estimated by:
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Here, the crack size was assumed to be equal to the pore size in the analysis. The maximum
waveform height in oxidation condition was normalised by that of un-oxidised condition, and plotted
in Figure 17 as a function of burn-off. The ultrasonic signal echo height increases with increasing
burn-off. For example the estimated echo height was about 1.5 times as large as that of the un-oxidised
one at 5% burn-off. From this figure it is found that the UT is hardly applicable to the detection of the
oxidation damage in graphite components under uniformly oxidised conditions, because normally the
pass/fail judgement is done by the signal/noise ratio at 4, which corresponds to 12 dB. When the
distributing oxidation condition, which would be caused by higher temperature oxidation at about 600 to
900°C and the near surface region have high burn-off, the UT might be an applicable method.

Figure 17. Ultrasonic signal echo height as a function of the burn-off rate



240

Summary

With the aim of nuclear application of ceramics in the high-temperature engineering field, the
authors have investigated the mesoscopic microstructure-related mechanical properties as well as
thermal properties of ceramics. The neutron irradiation study has been planned and proposed as an
innovative basic research using the high-temperature engineering test reactor (HTTR). Currently, the
preliminary study is being carried out using other research reactors such as the Japan Materials Testing
Reactor (JMTR), etc., to determine the most effective irradiation test conditions using the HTTR.

In the paper, our recent activities with regard to the microstructure-related strength and Young’s
modulus are presented. To develop the mesoscopic microstructure-related material model is one of the
key points in the research, and the model will be useful to develop microstructurally controlled new
materials as well as to develop an advanced design and/or maintenance method for structural ceramics.
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Abstract

Graphite oxidation must be carefully considered in safety analyses for modern energy systems such as
HTRs or fusion reactors. Restrictions of actual oxidation models and their improvement are discussed
and some experimental data and calculation results concerning these subjects are presented. Advanced
graphite oxidation models should solve the diffusion/reaction equation for in-pore diffusion controlled
conditions (regime II), provided that burn-off dependent reactivities and diffusivities are known. It is
suggested that a reasonable agreement between experimental rate data and calculation results is
obtained only if graphite removal by erosion is considered in addition to gasification. Further, for
high-temperature oxidation of graphite by oxygen, in regime III the increase of the mass transfer rate
by a two-reaction mechanism should be taken into account. Finally, changes in geometry and
configuration of carbon components induced by oxidation in regime III have to be considered.
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Introduction

Graphite and other carbon-based materials are widely used in innovative energy systems like
high-temperature reactors (HTRs) and fusion reactors. Safety considerations for these systems require
a careful examination of accident scenarios with carbon oxidation (air ingress with carbon burning,
water ingress). Accordingly, carbon oxidation codes were developed and used for these systems [1,2].

As described in more detail in [3], the chemical oxidation regime (regime I) is less important in
safety examinations for accidents because of the comparatively low rates in this regime. Nevertheless,
for oxidation under normal operation of HTR this has to be considered. In regime I volume-related
rates rI are given for small concentration ranges of the oxidising gas as:

( ) ( ) [ ]r k E RT c f B mol m sI vo A e
n

I v= − ⋅ ⋅ ⋅− −exp 3 1 (1)

where n is the reaction order, kvo is the rate constant, EA is the activation energy, ce is the educt gas
concentration and Bv is the volume related burn-off, here used as a relative value normalised with the
burn-off of the virgin material. For larger concentration ranges a Hinshelwood-Langmuir type equation
has to be used, which also considers inhibition by reaction products [see right-hand side of Eq. (2)].

More relevant for safety analyses is regime II (in-pore diffusion controlled regime). At intermediate
temperatures, consumption of oxidising gases within the pores becomes important and, accordingly,
the oxidation attack becomes smaller in the depth of the material; this is due to the fact that the
temperature dependence of the chemical process is much larger than that of the competing in-pore gas
diffusion. Therefore, a concentration and – as a consequence of that – a burn-off (oxidation) gradient
within the carbon is found. For integral isothermal rates an increase with (surface related) integral
burn-off Bs up to a plateau value is usually observed [4]. Assuming carbon to be homogeneous with
respect to gas transport and reactivity, Eq. (2), which is a superposition of second Ficks law and rate
equation of regime I, has to be solved (written here for Hinshelwood-Langmuir kinetics [4,5], cpr is the
product gas concentration, x is material depth, ε is the transport porosity, Deff is the effective gas
diffusivity within the graphite and k are rate constants). The solution of Eq. (2) is substantially
complicated by the fact that Deff and k (particularly kvo depend significantly on the local burn-off; this
burn-off dependence is rarely known in a sufficient manner).
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The relation to the integral rates rII of regime II is given by the concentration gradient on the
geometrical surface:
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∂ 0
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(3)

Due to the aforementioned problems with the solution of Eq. (2), isothermally measured rates rII

have mainly been used up to now; this however has the disadvantage that non-isothermal processes
cannot be exactly modelled and that information on the depth of oxidation attack is not obtained. Fitting
equations for rII use solutions of Eq. (2) for B = 0 containing an empirical burn-off dependence fII(Bs);
as an example, the following expression for isothermal rates rII is based on kinetics as in Eq. (1):
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( ) ( ) ( ) [ ]r k E RT c f B mol m sII II A e
n

II s= ⋅ − ⋅ ⋅ ⋅ ⋅ ⋅+ − −exp 0 5 1 2 2 1. (4)

with (for B = 0):
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0
1 2 0 5 1 52 1 . .

In contrast to this simplified approach, advanced carbon oxidation models require a complete
solution for Eq. (2).

At high temperatures (regime III) external mass transfer to the outer surface is the rate-limiting
step and the reaction is restricted to the geometrical surface only; mass transfer rules are usually applied
here for rate calculations, meaning that kinetics are not influenced by the properties of the solid.
It should be noted however, that mass transfer may be influenced under certain conditions by the
chemical reaction, particularly in the case of air ingress. Carbon gasification can occur for air ingress
conditions at high temperatures via the Boudouard reaction, whereas CO formed is oxidised by
oxygen within the boundary layer to CO2; this leads to a remarkable rate increase in comparison with
mass transfer rules. Advanced oxidation models have to consider these influences. Further, graphite
oxidation models have up to now been restricted more or less to conditions where the geometry and
the configuration of the carbon components remain unchanged by oxidation. However for HTRs, in
reality changing geometry will influence flow and mass transfer conditions; in case of large burn-off a
pebble bed core may densify by movement of the debris of oxidised pebbles. Strength loss of block
type HTR fuel or of reflectors may even lead to a break-down of the respective component combined
with a complete change in flow conditions. Because the accident progress is substantially influenced
by these geometry effects for later accident stages, these effects have to be carefully considered in
safety analyses and should be modelled in advanced oxidation models.

For the approximate estimation of transition temperatures between different oxidation regimes
Table 1 contains respective formula (valid strictly for n = 1 and Bs = Bv = 0; l = V/Sexposed, where
Sexposed = geometrical surface of the specimen exposed to the oxidising gas, V = specimen volume
and β = mass transfer coefficient). Transition I-III – omitting regime II – occurs for β = Deff/l respectively
Sh/xl < ψ/l (Sh = Sherwood number, xl = characteristic specimen length as defined by analogy theory
in flow/mass transfer, ψ = diffusion permeability Deff/D).

Table 1. Approximate transition temperatures between oxidation ranges
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Numerical solution of the diffusion/reaction equation

Most relevant input data for models solving the diffusion/reaction Eq. (2) are burn-off dependent
reactivities and diffusivities. In the next subsection, the data situation is briefly outlined for a typical
nuclear grade graphite. Using these data, the computer model PROFIL is used for demonstration of the
differences to the simplified approach using the example of reaction with air.

Burn-off dependent reactivities and effective diffusivities

Data on burn-off dependent reactivities of nuclear carbon are mainly available for oxidation in
oxygen/air. For V483T fine-grain graphite (ash content: < 300 ppm, density: 1 810 kg/m3) developed
for use in the core support structure of HTRs, a continuous reactivity increase by a factor of 3.8 up to a
burn-off of 0.37 is found at 7 73 K in air, followed by a nearly linear rate decrease [3]. This increase is
due to enlargement of pores and the opening of blind pores, whereas the decrease is caused by reduction
of the inner surface area due to oxidation-induced vanishing of pore walls; its activation energy is about
165 kJ/mol. For homogeneous graphites, no temperature dependence of the (normalised) reactivity
versus the burn-off curve was found. Literature data on the regime I reaction order of other nuclear
graphites in air (12-100 kPa) resulted in values of 0.54-0.60 [6]; sufficient data allowing for a fit on a
Hinshelwood-Langmuir equation are not yet available. The more complicated behaviour of less
homogeneous materials like the HTR fuel element matrix material A3-27 as reactivities of other types
of nuclear carbons (CFCs, doped carbons) in regime I are given in [7]. Effective diffusion coefficients
in porous carbons may be measured by static [8] or transient [9] methods; only transient methods are
able to cover the effect of blind pores, which are also affected by oxidation. A systematic comparison
of static and transient results is still to be done. Measurement of diffusion permeabilities at different
pressures allow for the determination of the contribution of Knudsen diffusion and provides data on
the average pore radius [6]. For V483T graphite it was shown through static measurements that the
opening of closed micropores at low burn-off (air oxidation 673 K) led to a significant decrease of the
average (transport) pore radius of A3-27 from 2.5 µm (virgin) to 0.45 µm (burn-off 0.15). Its diffusion
permeability ψ increased in this burn-off range from 8·10–3 to 5·10–2. For burn-off dependence of
diffusion permeability holds here: ψ ~ B1.7. Data for the HTR fuel element matrix material are
presented in [3].

Solutions of the transport/reaction equation with PROFIL

Numerical solutions of Eq. (2) are performed with the computer model PROFIL for V483T graphite
because of its homogeneous character. The burn-off dependence of reactivity and permeability used are
those used in the previous section. The oxidation medium is air at 0.1 MPa; a temperature-independent
Hinshelwood-Langmuir term ( ) [ ]k k E RT m molA01 1 1

30 35= ⋅ − =exp .  is applied. No hindrance by

external mass transfer (regime III) is taken into account. Geometry of a plane sheet (thickness = 0.02 m)
is assumed with oxidation from both major surfaces.

At first, the relevance of instationary calculations were proven. Based on Crank [10], it was shown
that quasi-stationary conditions (dce/dt = 0) are usually allowed in the solution of Eq. (2) because time
constants for reaching diffusion/reaction equilibrium under constant burn-off are small compared with
characteristic times, which are required for variation of burn-off dependent diffusion/reaction parameters
by the chemical reaction.
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Figure 1 contains numerical solutions of Eq. (2) for 1 073 K; rII versus burn-off is given for
different assumptions. Curve A represents a solution without consideration of any other weight loss
than by chemical reaction. There is a strong rate increase, followed by slower decrease which
accelerates in the final stage. Such behaviour is not observed under fast flow conditions, but may be
found during oxidation in a thermogravimetric apparatus with small flow rates (low T). The rate
increase is due to an increase of reactivity and porosity with burn-off at low burn-off values. The rate
decrease is caused by the dominating decrease of reactivity at high burn-off, which also leads to an
effect similar to a diffusion boundary layer. In the outer regions with high burn-off, the diffusivity is
high and the reactivity is small and, accordingly, the mass transport resembles that in a boundary layer.
Oxidation experience in regime II with flow, however, shows that there is a continuous size reduction
due to erosion by flow-induced shear forces and some dust is usually found in these experiments (up
to 20% of the total weight loss for turbulent flow in tubes, Re = 2 500). Rate curves B model oxidation
rates considering erosion, which is roughly approximated by an erosion rate re depending on the outer
burn-off by re = 1.4·10–6·(Bv,x = 0 – 0.4)2 m/s (Bv,x = 0 ≥ 0.4). Erosion acts only on the outer surface.
Curve B-1 contains the chemical oxidation rate and curve B-2 the total C-removal rate (chemical
reaction plus erosion). Both curves lead to a plateau value, as observed in regime II under flow. A rate
decrease as in curve A does not occur, because the aforementioned boundary-layer-like effect does not
exist and an equilibrium between erosion, renewing of the outer surface, and chemical reactions with
diffusion is established. This results in oxygen concentration profiles, which move nearly unchanged
in shape through the porous carbon, as the density (oxidation) profiles do. Such oxygen concentration
profiles are shown in Figure 2 for different time steps. For comparison one profile without calculation
of erosion (H) is shown, too; the latter reveals the boundary-layer-like effect between 0-0.006 m.
The depth of penetration of the oxidation effect is higher than estimated by usual formula, based on
B = 0, even if erosion is considered.

Figure 1. Calculated regime II rates vs. integral burn-off
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Figure 2. Oxygen profiles in V483T at 1 073 K in air

A: t = 2 000 s, ∆t of subsequent curves A-G: 4 000 s; H: t = 30 000 s
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Additional calculations were performed for transient rate behaviour in regime II. The answer of
rII on jumps in temperature is demonstrated in Figure 3 (V483T in air, starting temperature 1 073 K,
lower curve chemical reaction only, upper curve includes erosion). Rate rII follows that jump, but
because the aforementioned equilibrium is disturbed by temperature change, for a significant period of
time resp. C-removal rate rII changes its value until the equilibrium oxidation profile for the actual
temperature is reached. This transient behaviour has to be considered in evaluation of experimental
rII data.

Figure 3. Regime II rates during fast temperature changes
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Comparison of these calculations with experiments in regime II, described resp. cited in a former
paper [5], reveals sufficient agreement. The depth of penetration (density profiles) measured and
calculated (considering different gas composition) are of the same size; for the increase of rII with Bs a
factor of 6 ± 3 was measured (this uncertainty is caused by the uncertainty of the measured starting
value). Considering that ψ for low B used in calculations is probably too low due to neglecting dead
end pores, the calculated increase factor of 9 might be overestimated; that can explain the disagreement.
The burn-off resp. time range required to reach a stationary rate is in calculations larger than measured
by up to a factor of 2, which might be due to uncertainties in the erosion function used. Agreement
between measured and calculated stationary rII values is still sufficient but suffers to some extent from
the aforementioned differences between theoretical and measured apparent activation energies in
regime II.

Continuation of these calculations is required to obtain a sufficient understanding of such
reaction/transport processes: Differences of numerical solutions of Eq. (2) to results of approximate
method are obviously too large to be omitted. Further, the described solutions of Eq. (2) are only valid
for homogeneous materials; an extension of the model to inhomogeneous carbon materials (matrix
graphites for HTR fuel elements, composites) has yet to be done.

Influence of chemical reactions on mass transfer

For the lower temperature range of regime III of the graphite/O2 reaction it was experimentally
verified that no influence of chemical reactions on mass transfer occurred [11]. The same holds for fast
temperature transients as expected in fusion reactor accidents [12]. There are however several reports
on rate measurements at higher temperatures in regime III, indicating an enhancement of rates compared
to mass transfer rules by up to a factor of 4 [13]; an explanation of this effect is given in [13].
As schematically shown in Figure 4, the carbon oxidation by air may occur at high temperatures through
a two-reaction process involving carbon gasification by Boudouard reaction and homogeneous
CO-burning in the boundary layer. Steeper gradients and higher temperatures within the boundary
layer can explain the above-mentioned rate enhancement.

Figure 4. Schematics of carbon oxidation in air by a two-reaction mechanism
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The rate enhancement is obviously coupled to the change in carbon gasification mechanism from
C/O2 to C/CO2 (Boudouard) reaction. The conditions for this change will be discussed here in detail.
The (regime I and regime II) rates of the Boudouard reaction are substantially smaller for a given
temperature than those of the C/O2 reaction; however, at high temperatures, a (common) rate limit
exists by mass transfer conditions. Accordingly, CO2, which is formed near the surface though a C/O2

reaction, will with increasing temperatures compete with oxygen as gasifying agent. This is due to the
fact that no mass transfer restrictions are acting under these conditions for the Boudouard reaction due to
the lower chemical rates and due to the smaller diffusion distance to the carbon surface. The contribution
of the Boudouard reaction to the total C gasification is roughly given by the quotient q:

q =
regime II rate of the Boudouard reaction

mass transfer controlled rate of the C O reaction2

          with q ≤ 1
(5)

One should bear in mind that not only the CO2 formed near the carbon surface by C/O2 reaction
has to be taken into account in estimation of the Boudouard reaction rates, but also CO2 already present
in the bulk and diffusing to the surface. This quotient q describes the process fairly exactly for low
q values; at high values some deviations may be found, because the homogeneous reaction moves
from the surface into the boundary layer and with respect to boundary layer transport multi-component
diffusion has to be considered. Nevertheless, q = 1 may be taken as a first approximation for conditions
when the gasification has changed completely to the two-reaction mechanism.

A computer model that allows easy introduction of this two-reaction mechanism into graphite
oxidation codes for calculation has not yet been developed. In addition it should be noted that in the
majority of air ingress accident sequences to be considered, the two-reaction mechanism is not relevant,
because the oxygen is already completely consumed in areas with relatively low temperatures, which
correspond to low q values. Nevertheless, in case of loss of vacuum with air ingress into the vacuum
vessel of fusion reactors, the two-reaction mechanism has to be considered in hot carbon areas for some
minutes, until these areas are cooled down. Further, it should be noted that the regime II kinetics of the
Boudouard reaction are not sufficiently known [14]. Additional measurements of Boudouard kinetics
are however required, not only because of the two-reaction mechanism, but also because the Boudouard
reaction is the main process attacking fuel elements for several important sequences of chimney
draught air ingress accidents in innovative small-sized HTRs [14].

Altogether, we propose a rate enhancement factor of 4⋅q to be used in safety analyses for air ingress
accidents until a complete computer model describing the two-reaction mechanism is available.
Preliminary regime II rate data of the Boudouard reaction for use of in estimation of q are found in [5].
It should be noted that the above-mentioned rate enhancement factor only has to be applied on the
mass-transfer-controlled (regime III) reaction of oxygen with carbon.

Oxidation-induced changes of geometries and configuration

For most cases in regime III, the oxidation does not proceed homogeneously along the surface,
because the mass transfer coefficient is not constant. This leads to changes in geometry, which induce
further changes of mass transfer coefficients and oxidation rates. Whereas for simple geometries like
pebbles, cylinders or plane sheets the distribution of mass transfer coefficients along the surface is
well known, this is not the case for the complex geometries which are formed by inhomogeneous
oxidation along the surface. Accordingly, experiments are necessary for measurements of the respective
effects. For HTR air ingress accident conditions such measurements were performed for (fuel element)
pebbles in the most and least dense configurations, for pebble beds and for cylinders in crossflow.



251

Experiments on defined configuration were executed on a single graphite pebble surrounded by
alumina pebble segments, simulating the surrounding in a bed [15]. In general it was found that the
total burn-off rate for the least dense configuration is similar to that of a single pebble, but the most
dense configurations lead to higher oxidation rates. Experiments on graphite pebble beds with the most
stochastic configuration possible were first performed in the FZJ facility SUPERNOVA [16] at
comparatively high air flow rates. Figure 5(a) shows the inner section of the furnace with the pebble
bed; alumina pebbles are used in the bottom part of the pebble bed in order for the graphite pebbles to
always have flow conditions as in the centre of the bed. Figure 5(b) contains a facility for measurement
of the diameter distribution of oxidised pebbles. Figure 6 shows pebbles oxidised at about 1 000°C in
air flow to 15 and 25% of burn-off in comparison with a virgin pebble. At contact points with other
pebbles the oxidation remains small; no oxidation is found there up to a total pebble burn-off of 20%.
The relation between the (local) maximum and the average burn-off of a pebble was measured to
about 3.

Figure 5. Inner section of SUPERNOVA with bottom part of test pebble bed (a)
and facility for measurement of diameter distribution of oxidised pebbles (b)

a

     

b

Similar experiments were performed later on in the facility VELUNA (University of Duisburg) at
low flow rates representative of air ingress by chimney draught in the HTR-Module. The results were
in general similar to those of SUPERNOVA, but – due to the lower flow rates – the relation of maximum
to average burn-off increased to up to 9. For both the SUPERNOVA and VELUNA experiments it
was not possible to fit the results of the burn-off distribution along the pebble surface into a reasonable
mass transfer model. The oxidation behaviour of graphitic cylinders in cross-flow is described in [11].

In recent safety analyses for air ingress in pebble bed HTRs with the code REACT/THERMIX we
considered these geometry effects for the core as follows. We selected – depending on the total air
flow rate within the HTR core – a suitable value for the relation between maximum and average
burn-off between 3 and 9 with a corresponding (experimental) burn-off distribution. Further, these
values were multiplied for each mesh point of the calculation grid by the relation of actual rate to mass
transfer rate, i.e. weighted with the degree of mass transfer influence. In so doing, a more realistic
answer to the question of at what time the first coated fuel particles are set free from surrounding
graphite can be given.

Concerning changes in configuration of graphitic components by break down or debris movement,
no reasonable model exists up to now. In safety analyses it was assumed [2], that the bottom reflector
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Figure 6. Shape of oxidised pebbles compared with virgin ones at 15% (a) and 25% (b) burn-off

a

b

breaks down at a certain burn-off, but calculations were not continued beyond this point. Experimental
data about the flow behaviour in the case of configuration changes may be obtained from the NACOK
experiments [17], where a downsized HTR core can be oxidised in air.

Conclusion

The discussion of the status of advanced graphite oxidation models for oxidation regimes II and
III leads to the conclusion that in safety analyses for air respectively steam ingress accidents in HTRs
and fusion reactors the following topics should be considered:

•  In regime II a solution of the combined reaction/in-pore diffusion equation is advisable for not
too inhomogeneous carbons, provided sufficient reactivity and diffusivity data are available.
This leads to more precise results for the transient behaviour and provides data on the depth
of the oxidation attack. For inhomogeneous materials a sufficient model does not yet exist.



253

•  For high-temperature oxidation by air in regime III an increase of the mass transfer rate by
chemical reactions (two-reaction mechanism) has to be considered; a complete model for the
complex process does not yet exist, but reasonable results are obtainable using a simplified
approach.

•  Data on changes in geometry by carbon oxidation in regime III are available for pebble beds,
single pebbles and cylinders in cross-flow; this effect has to be taken into account, because
deviations between maximum and average burn-off of a component may be large. A complete
model for the interaction between geometry changes and mass transfer does not yet exist for
pebble beds, nor for more simple geometries like single pebbles and cylinders; simplified
approaches are available for the most safety-relevant issues. Concerning configurational
changes of graphite components by oxidation no reliable data are available and additional
measurements are required.
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IRRADIATION CREEP IN GRAPHITE – A REVIEW

Barry J. Marsden
The University of Manchester School of Engineering, UK

Stephen D. Preston
SERCO Assurance, Risley, Warrington, Cheshire, UK

Abstract

In the presence of fast neutron radiation graphite creeps at a faster rate than it would without radiation.
This is fortunate, as otherwise shrinkage and thermal stresses would lead to early graphite component
failure in reactor. Work on irradiation creep carried out since the early 1950s is described in this paper.
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Definition of irradiation creep

Irradiation creep in graphite is defined as “the difference in dimensions between a stressed sample
and a sample having the same properties as that stressed sample when irradiated unstressed”.

In unstressed graphite, fast neutron irradiation changes dimensions, modulus and the coefficient
of thermal expansion (CTE). In addition, stressed graphite exhibits creep strain, additional changes to
CTE and additional changes to modulus. It is also postulated that creep strain modifies the graphite
dimensional change rate.

Therefore creep strain is the total strain observed in the stressed specimen minus:

•  The strain due to dimensional change alone.

•  The strain due to irradiation-induced change to CTE in an unstressed specimen.

•  The strain due to irradiation-induced change to Young’s modulus.

•  The strain due to the additional change in CTE due to creep strain.

•  The postulated dimensional change due the change in creep strain, due to the change in CTE.

The assessment of irradiation creep and creep rate, in the UK and other countries, is usually
represented by the following relationship:
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where α(T) and β(T) are temperature-dependent constants, b is a constant, σ is the applied stress, γ is
the irradiation dose and Ec is the creep modulus, which is modified by structural changes or oxidation,
but not the initial irradiation hardening (pinning) discussed later.

Early work

Simmons [1] observed that specimens irradiated under constant stress at 164°C exhibited a
permanent set, which could not be thermally annealed out and was different in magnitude in the
perpendicular and parallel extrusion directions.

Losty and Davison [2,3] carried out irradiation creep experiments on graphite and carbon springs.
They showed that carbon crept at a much faster rate than graphite, but both exhibited non-linear
primary irradiation creep. The constant strain experiments carried out at temperatures between 30 and
330°C showed that the creep rate in both graphite and carbon decreased with dose as a function of
initial stress. From these results it appeared that the behaviour was not dependent on temperature but
was a function of irradiation dose alone. The constant stress experiments showed that for carbon, creep
increased at an ever-increasing rate with dose, whereas for graphite, the behaviour appeared to be
linear. There was a partial recovery of creep strain in graphite on load removal.

Losty, et al. [4] carried out further experiments in one of the Calder Hall reactors. He demonstrated
that irradiation creep strain was proportional to stress and that there was an initial non-linear rapid
increase in strain with dose (primary creep) after which the creep rate was linear and appeared to be
independent of irradiation temperature. Further experiments by Losty, et al. [4] were carried out in
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compression in HERALD (AWE). These experiments covered a range of stresses up to 18.75 MPa, to
a dose of ~2.4 × 1019 n/cm2 EDND at 70°C. The experiments showed a bi-linear dependence on creep
strain with stress.

Gray, et al. [5] reported higher dose experiments for a number of graphites including Pile Grade A
and some new improved candidate graphites. The graphites were irradiated to 50 × 1020 n/cm2 EDND
at a nominal temperature of 410°C in both compression and tension. In analysing these experiments he
accounted for the irradiation induced changes in CTE and modulus.

Both PGA and the new isotropic graphites exhibited non-linear primary creep strain to
~2.5 × 1020 n/cm2, followed by linear secondary creep strain. PGA graphite samples cut perpendicular
to the extrusion direction crept at twice the rate of PGA samples cut parallel to the extrusion direction.
There appeared to be little or no effect of irradiation temperature. The authors noted that there appeared
to be a correlation between the linear (secondary) creep rate and the initial elastic deflection due to the
loading. It was also noted that in a previously radiolytically oxidised specimen with 18% weight loss,
a creep strain of 7.5% was attained, which was much greater than would have been expected for
non-oxidised material. It was also noted that large strains were achieved in tension, that would have
failed an unstressed sample irradiated to a similar dose. The observed change in CTE due to creep
strain is also presented in the paper; compressive creep strain increasing CTE, tensile creep strain
decreasing CTE.

Brocklehurst and Brown [6] later reported further data on the BR-2 experiments for semi-isotropic
graphites with irradiation temperatures between 300-650°C. This work also included irradiation creep
results on an HOPG graphite sample. Although originating from different sources, all of these
semi-isotropic graphites had similar values for the Young’s modulus. They fit the following relationship
to the combined tensile and compressive data:

βσγ+ασ=εcr

where the constant α equals (0.9 ± 0.1) × 10–6 per psi per 1020 n/cm2 (or 6.2 × 10–6 MPa per 1020 n/cm2)
and the constant β equals (0.2 ± 0.1) × 10–6 per psi per 1020 n/cm2 (or 1.38 × 10–6 MPa per 1020 n/cm2).

Upon conversion of the creep rate to elastic strain units this gives 1.03 for α and 0.23 for β.
The primary creep coefficient has been taken to be unity and the secondary creep coefficient 0.23 for
UK assessments in the range 300 to 650°C ever since.

The pyrolytic specimen irradiated in these experiments was loaded parallel to the basal plane
(“a” direction). Before irradiation the modulus was measured as 75 GPa which was an order of
magnitude lower than the theoretical value of ~1 000 GPa. Brocklehurst and Brown took this as an
indication of the large amount of basal plane shear that was possible within the crystal. They plotted
the creep data for this specimen along with the semi-isotropic creep data and the previously reported
PGA creep data in elastic strain units [5]. The resulting data fitted the equation given above.

Measurements on other properties showed that there was an additional change in CTE due to
creep strain as described above, but not a change in Young’s modulus above that was expected due to
fast neutron irradiation. The change in thermal expansion could be annealed out, but the creep strain
could not be fully recovered.

Jenkins and Stephen [7] irradiated graphite springs at temperatures between 70 and 300°C.
The creep rate was measured in reactor. Unfortunately the experiment was subject to several unexpected
trips and shutdowns. However analysis of the results showed that transient creep accounted for about
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0.31 elastic deflections (lower than that found by the other works above, but similar to that given by
Kennedy, see below). The results clearly showed that all of the transient creep strain was recoverable
on load removal in reactor, but only partially recoverable out of reactor. The steady state creep rate
increased with irradiation temperature by a factor of about 1.6 between 100 and 300°C. This result is
the opposite to that given by Kennedy, who predicted a higher creep rate at 100°C and is contrary to
that found by other UK works, which measured no change in rate between these temperatures.

The early UK creep law is illustrated in Figure 1.

Early work in the USA and Russia

Kennedy [8] carried out irradiation creep experiments on various graphites between 150-370°C.
His results indicated that graphite exhibited primary and secondary creep strain. He proposed that the
primary creep behaviour could be related to a model proposed by Hesketh [9] and not the pinning/
unpinning model discussed later. From the results he concluded that primary creep was independent of
temperature and that it was proportional to the irradiated modulus. He also noted that the experiments
showed that primary creep was recoverable in a reactor. He concluded that (even at these low
temperatures) secondary creep did exhibit temperature dependence. Further results at low temperature
and at 700°C are presented in a later ORNL report [10]. He concluded that the creep mechanism in
graphite could be explained by a model for uranium, given by Roberts and Cottrell [11], which relates
creep to the growth and yield of the crystals.

Similar results to these have been produced at the Kurchatov Institute in Moscow who proposed
the creep law:
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where F is the irradiation fluence (or dose in units En > 0.18 MeV) and K, Q1, Q2 and B are
temperature-dependent creep constants.

This Russian work [12] provides a fundamentally different creep law to the UK creep law,
although the Russian creep values are in good agreement with US data from Oak Ridge, see Figure 2.

High-temperature creep experiments

As part of the DRAGON programme, irradiation creep experiments on Gilsocarbon graphite were
carried out by Manzel, et al. [13] in the range 850 to 1 240°C to a dose of 11.9 × 1020 n/cm2 EDND.
These experiments consisted of three sets of 12 specimens connected together and loaded with three
different loadings. Unfortunately there are insufficient data to confidently separate out primary and
secondary creep coefficients, but the results clearly show that there is a temperature dependence on
creep rate and probably primary creep.

Veringa and Blackstone [14] carried out irradiation creep experiments in HFR Petten. These
restrained creep experiments were carried out over a large temperature range from 400 to1 400°C.
The specimens consisted of a dumbbell inside a restrainer. Both dumbbell and restrainer were
manufactured from graphite, however the restrainer was manufactured from a different (more irradiation
stable) graphite. The data appeared to indicate that creep rate was not only a function of temperature,
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but also a function of flux. Veringa and Blackstone [15] presented the creep coefficient multiplied by
Young’s modulus and the neutron flux. These data form a consistent set of data, which they fitted to
the relationship:

( )
creep coefficient cont.

exp
=

−E kT

E
im

xxφ

where Eim is an activation energy, k is Boltzman’s constant, T is temperature, Exx is the modulus and
φ is the flux.

No other author has put forward the possibility of flux dependence on irradiation creep and results
by Brocklehurst [16] for boronated graphite appear to show that there should be no rate dependence.
However, the present authors consider that the results from this work give such a good fit to the above
relationship, that it merits further analysis and comparison with creep data from other sources.

Two extruded coke graphites – AS2-500 and P3JHAN – were irradiated between 850 and 1 100°C
in graphite creep experiments in the Siloé reactor at Grenoble by Jouquet, et al. [17]. The experiments
were monitored continuously in reactor to a fast dose of ~3 × 1021 n/cm3 EDND. The results show
primary and secondary creep strains. Once again it is demonstrated that the primary creep strain is
recoverable. The primary creep strain was found to be between 0.74 and 1.45 elastic deflections with
the exponential coefficient for primary creep between 2.8 and 4.0. The secondary creep rate β(T) was
between 0.4 and 0.72 compared with 0.23 as defined by the UK creep rule for temperatures between
300-650°C.

The effect of modulus on creep strain

It is reasonable to assume that in a constant stress creep experiment, the irradiation creep strain
should be modified by changes to the modulus and it is known that fast neutron irradiation significantly
changes the modulus in graphite. Furthermore in the AGR and Magnox reactors, there are significant
changes to modulus due to radiolytic weight loss. Weight loss is also of interest in HTR designs
incorporating a steam cycle and helium/water heat exchanger, since there is also the possibility of
weight loss due to thermal oxidation in the event of leakage.

To study this effect Brocklehurst and Brown [18] irradiated various isotropic graphites, under load,
in the BR-2 reactor to a dose of 60 × 1020 n/cm2 EDND between 300-650°C. Some of the specimens
had been pre-irradiated to 140 × 1020 n/cm2 EDND and some had been pre-oxidised radiolytically to
28% weight loss. The experiments were carried out in compression and tension. In order to understand
the findings it was then necessary to try to separate out the creep strains from the changes due to
dimensional change, modulus changes and CTE changes.

The main difficulty was to sort out the change in modulus due to pinning, the change in modulus
due to structure and the change in modulus due to oxidation. The method used was to anneal the
specimens to remove the pinning effects.

When plotted as elastic strain, the pre-oxidised specimens, as predicted by the UK creep law,
appear to creep at a lower creep rate than the controls (see Figure 3). However, the effect is lower than
would be predicted by reduction in modulus alone.
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In the case of the pre-irradiated specimens, these appear to show a reduced creep rate as expected
(see Figure 3), but again the data are insufficient to arrive at any firm conclusion.

These findings, along with the theoretical consideration discussed later, were used as the basis for
the UK creep rule.

Creep at high dose and high temperature

ORNL and KFA have carried out irradiation creep experiments to high dose at high temperatures.
Data exist for H451 graphite and ATR-2E and ASR-1RS. The experiments were carried out at
temperatures of 300, 500, 600 and 900°C for various tensile and compressive loads. Most of the
experiments were carried out past “turnaround” in the dimensional change curve.

Data for ATR2-E and H451 were analysed by Kennedy, Cundy and Kliest [19]. They put forward
a model to account for the non-linear secondary and tertiary creep rate as given below:
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where K′ is the secondary creep coefficient (0.23 as discussed above), µ is a constant equal to 0.75 in
the graphite assessed and the term in square brackets accounts for the structural changes to the
graphite as a function of the irradiation-induced volume change normalised by the maximum volume
change (∆V/V)m.

This relationship was successfully used to predict the high dose creep data for ATR-2E at 300°C
and 500°C and H451 at 900°C (see Figure 4).

Brocklehurst and Gilchrist [20] presented further high-temperature data to a relatively low dose.
They assessed creep data for VNMC, SM2-24 and IM1-24 at 850°C and 1 050°C irradiated to a dose
of ~12 × 1020 n/cm2 EDND. The data indicate that there is a significant increase in primary creep with
irradiation temperature and also an increase in secondary creep coefficient.

These experiments also supplied data for Poisson’s ratio in creep. These data were recently
reassessed by Mitchell [21] using an averaging technique, giving a Poisson’s ratio of 0.25 in creep,
which is near to the elastic value of 0.2. The value is certainly less than 0.5 as used in assessments for
creep behaviour in metals.

In support of the HTTR in Japan Oku, et al. [22] carried out irradiation creep experiments on IG-110.
The experiment was carried out at temperatures of 756-984°C to a dose of 12 × 1020 n/cm2 EDND.
The secondary creep rates they calculated from the results were 0.51-0.72 (MPa)–1 (n/cm2 × 1020)–1.
This should be compared with the values above from the UK programme.

Theoretical methods

The UKAEA methodology

Kelly and Brocklehurst [23] outline in detail the so-called UK pinning/unpinning methodology.
The theory predicts that the irradiation-induced polycrystalline creep rate, in a particular direction,
taken as x in this case, can be described by:
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where K is a constant, C44 is the crystal shear modulus, Exx is the polycrystalline shear modulus and Txx

is the applied stress.

The shear modulus for crystal basal shear is modified by irradiation due to dislocation pinning
and the low dose change in polycrystalline modulus is also attributed to pinning. Therefore the equation
above predicts, as observed, that there should be no change to creep strain due to low dose irradiation.

Furthermore, tests on single crystal and highly orientated pyrolytic graphite (HOPG) show that
only loading in shear gives a non-linear stress-strain curve. However, polycrystalline graphite exhibits
non-linear stress-strain behaviour in all loading modes. Irradiation tests on single crystal and HOPG
show that the compliance S44 is greatly reduced whilst the other compliances do not change
significantly (except where large lattice strains occur for irradiation temperatures <300°C).

Kelly and Forman [24], using a computer model, assessed this process and compared their results
with experimental data. The results were compatible with observations, but they did not provide a
definitive proof of the mechanism.

However, it should be noted that changes to the modulus caused by structural modifications at
high dose, or those changes caused by oxidation, would be expected to change the secondary creep
rate as these will affect the bulk modulus, Exx, but not the crystal shear modulus,C44.

Cottrell model

The model proposed by Roberts and Cottrell [11] to explain irradiation creep in uranium assumes
that the crystals yield due to internal stress caused by dimensional change, allowing the graphite to
creep under external load. The formulation is:
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where AXX is a constant and σyc is the yield stress of the crystal. This model was further developed by
Williamson and Jenkins [25] but was never accepted by the UK nuclear industry, though it did find
favour in the US.

Jenkins [26] also put forward a model to explain transient creep. This model was further developed
by Green [27] who also made an attempt to visually observe the microscopic changes to the structure.

There is obviously more work required in this area to resolve these two approaches. At present
the pinning/unpinning model is preferred.

The effect of creep strain on CTE and dimensional change rate

As previously discussed it had been observed in experiments that creep strain modified CTE.
Kelly [28] observed that using the relationships derived by Simmons [29], that if creep strain modified
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CTE it may also be expected to modify dimensional change. He related the modification to a correction
term in the creep strain of:
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where εcr is the true creep strain, crε′ is the apparent creep strain and the term in the integral is the
correction term in which xα′ is the measured CTE in the crept specimen, αx is the measured CTE in the
irradiated control specimen, αa and αc are the crystallite CTEs which are unchanged by irradiation and
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the “c” and “a” directions.

Kelly also observed that there must be some change to the CTE in the direction perpendicular to
the loading direction. He presented some limited data on this lateral change, but there were insufficient
data to give a definitive lateral coefficient. Kelly and Burchell [30] took this analysis and applied it to
the analysis of creep experiments on H451 irradiated at 900°C and ATR-2E irradiated at 500°C at
5 MPa in compression.

The analysis reconciled the previous discrepancy between predictions of creep strain at high dose
and experimental measurements using the UK method as illustrated by Mitchell [22]. However no data
are presented for the tensile creep experiment on ATR-2E at 500°C or the experiments on ATR-2E
at 300°C.

To try to resolve the lateral changes to CTE due to creep strain, an experimental programme [31]
was devised to assess the effect of large elastic strains on the CTE of unirradiated graphite. Specimens
of Gilsocarbon graphite were loaded to large strains in tension and compression. The change in CTE
was measured under load, hoping that the small change in CTE expected could be detected. However,
the change in CTE observed was much larger than expected and was of a similar magnitude to the
change observed in the irradiation creep experiments, which involved much larger strains. The CTE
reverted to almost the original value after load removal, although there was a small residual effect left.
The CTE was measured in both the loading direction and perpendicular direction. The lateral effect
was approximately equal to the negative of the elastic Poisson’s ratio.

The effect of creep strain on Young’s modulus

Finally, some comment is required on the significant change to Young’s modulus with creep strain
for isotropic graphite reported by Oku, et al. [32] (~35% for 0.23% creep strain). This is much greater
than the few per cent change to modulus reported by Price [33] and Brocklehurst and Kelly [20].
Clearly such a significant change requires further investigation.

Conclusions

•  Irradiation creep in graphite has a primary, secondary and tertiary stage.

•  The graphite creep strain, when normalised by multiplying by the modulus and dividing by
the stress, appears to give a common law for all types of nuclear graphite.
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•  There is evidence that primary creep is equal to about one elastic deflection for temperatures
up to about 800°C. It may be greater above this temperature.

•  There is strong evidence that primary creep can completely recover on load removal in
reactor and may partially recover on shutdown.

•  Transient creep is probably of little interest for ongoing irradiation-induced stresses as at most
it only accounts for a few elastic deflections which is small compared with the secondary and
tertiary creep strains. In addition, ignoring it for ongoing stress is probably pessimistic.

•  Russian data and US data predict high creep rates at low temperature, whereas most UK data
predicts no change in creep rate between 150 to 650°C. However at temperatures greater than
~650°C all of the authors agree that there is a significant increase in secondary creep rate.

•  The proposed flux dependence of secondary creep rate proposed by Veringa [34] requires
further investigation, as the data appear to be convincing.

•  A better understanding of the microstructural processes behind primary, secondary and tertiary
creep is required to give confidence in the methodologies being used.

•  The changes to CTE and Young’s modulus due to creep strain require further investigation.

•  Further creep experiments are required to high dose. Sufficient measurements should be made
of CTE, modulus and dimensional change on both the creep specimens and the control
specimens to assess the results in detail.
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Figure 1. UK creep data and rule
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Figure 2. Russian and USA creep/temperature dependence
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Figure 3. UK high dose data and effect of radiolytic oxidation

 

0

2

4

6

8

10

12

14

16

0.E+00 1.E+21 2.E+21 3.E+21 4.E+21 5.E+21

Dose, EDND n/cm2

E
S

U

Radiolytically oxidised sample 1 Radiolytically oxidised sample 2
Radiolytically oxidised sample 3 Unoxidised in compression
Unoxidised pyrolytic Pre-irradiated to a high dose
UK Creep law

Figure 4. German and USA high dose creep data

0

5

10

15

20

25

30

35

40

45

0 2 4 6 8 10 12 14 16 18 20

Dose (x1021 n.cm-2 EDN)

E
SU

ATR-2E @ 300 °C (in tension) 300°C with x3.3 multiplier (in tension)

ATR-2E @ 500 °C (in tension) 500°C with x3 multiplier (in tension)

ATR-2E @ 900 °C (in tension) 900°C with x7 multiplier (in tension)

ATR-2E @ 550 °C (in compression)





269

AN ANALYSIS OF IRRADIATION CREEP IN NUCLEAR GRAPHITES

Gareth B. Neighbour
Department of Engineering, University of Hull

Hull, HU6 7RX, United Kingdom

Paul J. Hacker
British Energy Generation Ltd

Barnett Way, Barnwood, Gloucester, GL4 7RS, United Kingdom

Abstract

Nuclear graphite under load shows remarkably high creep ductility with neutron irradiation, well in
excess of any strain experienced in un-irradiated graphite (and additional to any dimensional changes
that would occur without stress). As this behaviour compensates, to some extent, some other irradiation
effects such as thermal shutdown stresses, it is an important property. This paper briefly reviews the
approach to irradiation creep in the UK, described by the UK Creep Law. It then offers an alternative
analysis of irradiation creep applicable to most situations, including HTR systems, using AGR
moderator graphite as an example, to high values of neutron fluence, applied stress and radiolytic
weight loss.
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Introduction

Nuclear graphite under load shows remarkably high creep ductility with neutron irradiation, well
in excess of any strain experienced in un-irradiated graphite (and additional to any dimensional changes
that would occur without stress). As this behaviour compensates, to some extent, some other irradiation
effects such as thermal shutdown stresses, it is an important property. This paper briefly reviews the
approach to irradiation creep in the UK, described by the UK Creep Law. It then offers an alternative
analysis of irradiation creep applicable to most situations, including HTR systems, using AGR
moderator graphite as an example, to high values of neutron fluence, applied stress and radiolytic
weight loss.1

Early irradiation creep experiments

There are various ways of measuring in-pile irradiation creep of graphite that vary in degree of
sophistication, accuracy and the nature of the data generated. In early experiments, stress relaxation
was studied in loaded graphite springs and thin slabs where it became evident that a large proportion
of the stress relaxation took place during irradiation [1]. These experiments were limited to strains
well below the failure strain, such that the stress relaxation effect could almost be attributed to the
irradiation-induced increase in Young’s modulus. Blackstone [2] attributes the first series of “real”
irradiation creep experiments to C.R. Kennedy [3] in which large cantilever beams were placed under
constant load in flexure and the strain measured at various temperatures between 150-1 000°C in the
Oak Ridge Research Reactor. He found that there were two distinct stages in the irradiation creep
process, a transient creep and a steady-state creep. The transient creep strain was reported to saturate
very quickly with a saturation value close to the elastic strain under the same force. Kennedy [3] also
established that steady-state creep strain was linearly proportional to stress and fluence (and as became
evident later also the un-irradiated elastic compliance).

Three experimental techniques are used to study irradiation creep. The first is a “real” irradiation
creep experiment in which a specimen is subjected to a constant tensile or compressive stress while
under irradiation with continuous strain measurement. This gives an accurate measure of the irradiation
and stressing conditions, but the complexity and cost of this method make an investigation of a large
number of specimens impractical. The second technique can be found in either the “restrained growth”
or the “restrained shrinkage” experiments, first used by Losty, et al. [4] and most commonly used
in the irradiation temperature range 400-1 400°C. In this temperature range, all graphites undergo
irradiation-induced shrinkage, but the shrinkage rates can differ markedly for different graphites.
Using this knowledge, the shrinkage of a graphite tensile specimen can be restrained by pads or split
sleeves made of a graphite that exhibits a smaller shrinkage rate or even expands under irradiation.
By measuring the unconstrained dimensional change as well, the induced creep strain of samples within
the restrained shrinkage assembly can be calculated knowing the various differences in shrinkage rates
of the various components. The main disadvantage with this technique is that there is no possibility to
make measurements during the irradiation. After irradiation, the stress at temperature deduced from
established creep laws. Although this method is less accurate and precise than constant stress
experiments, the advantage is that it is possible to obtain many results for a range of conditions and
materials [5]. The final technique method can be regarded as a combination of a stress relaxation and

                                                          
1 Graphite oxidation in high-temperature reactors (HTRs) can occur due to either steam or air ingress into the

cooling circuit (principally due to an accident). Although in future generating systems under development,
concurrent oxidation is excluded, oxidation may still occur to small degrees in the conventional HTR as a
consequence of in-leakage from the water circuit and in all HTR designs through incomplete removal of
atmospheric air and moisture from the gas circuit. However, overall oxidation in all these systems will be low.
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a restrained shrinkage experiment. A large block of graphite is irradiated under a temperature and
neutron flux density gradient. Strips are then cut from the block and their curvatures are measured.
These results are only meaningful if a stress calculation can be performed [6]. This method was primarily
used in the Dragon Reactor Experiment. As Blackstone [2] remarks, the above three techniques may
be regarded as complementary since real irradiation creep experiments are used to derive creep laws,
the restrained shrinkage experiments provide information on different materials, temperature and flux
gradients and the larger block experiment provides a test of the data and stress models under more
realistic conditions. However, this brief history of early irradiation creep experiments has demonstrated
the complexity involved and the difficulty in obtaining large data sets.

The stages of irradiation creep

There are two main stages in the irradiation creep process. The first stage, called transient creep, is
characterised by a rapid (reversible) deformation that soon decreases in rate and can be represented by:

ε σ ααγ α
γ

I
tP

E
e e dt= − ∫

0

 or at constant stress ( )ε σ αγ
I P

E
e= − −1

(1)

where εI is the transient creep strain, α is the exponential transient creep strain rate, E is the Young’s
modulus of the material, P is a constant to relate the total transient creep strain to the elastic strain at
stress σ, γ is the fluence and t is an integration parameter. The second stage, called steady-state creep,
is characterised by a linear dependence of the creep strain, εII, on stress, σ, and fluence, γ, such that:

ε σ
γ

II k dt= ∫
0

 or at constant stress ε σγII k=
(2)

where the constant k is called the irradiation creep coefficient. As transient creep saturates rapidly, the
more technological important mechanism is the irreversible steady-state creep with most experiments
being designed to measure the value of k. There is strong evidence to suggest that the irradiation creep
coefficient, k, of various nuclear graphites is inversely proportional to the Young’s modulus and also
dependent upon the neutron flux [2]. Analogous to thermal creep, there is little information on the
existence of a tertiary stage in irradiation creep, probably because creep experiments generally failed
to reach sufficiently high fluence. Therefore, the total creep strain, εc, in irradiated graphite can be
expressed by the sum of both transient and steady-state creep components such that:

ε ε εc I II= +  or ( )ε σ σγαγ
c P

E
e k= − +−1

(3)

As can be seen from Eq. (3) above, creep strain is a linear function of stress. Various studies have
shown Eq. (3) to be a good representation of creep data at low fluence. At high fluence, typically
greater than 60 × 1020 n cm–2 EDN, the steady-state creep rate decreases with increasing fluence. Kelly
(1992) comments that this observation was expected theoretically and to some extent demonstrated
experimentally that changes in E0 due to structure changes in the graphite would modify the creep
rates, and has since been observed in high fluence HTR experiments. Kelly [7] remarks that the normal
creep model is only strictly valid for small creep strains <0.5% and that changes in Young’s modulus
may not be significant in that range of strains.
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The UK Creep Law

The UK Creep Law for AGR moderator graphites as elaborated by Method Statement C6/1
(GCDMC/P28) [8], differs slightly from Eq. (3). Brocklehurst [9] reports that the observed decreasing
steady-state creep rate at high fluence can be attributed to structural changes that modify the internal
stress distribution. He presents a theoretical approach that suggests the steady-state creep rate is directly
proportional to the effective crystal shear modulus divided by the polygranular Young’s modulus [9].
Since dislocation pinning increases both moduli in proportion, only the structural effects on Young’s
modulus will affect the steady-state creep strain. Thus, under constant stress, the steady-state creep is
modified by substituting E0 for the effective modulus, Eeff, such that:

E
E

E
E SEeff

Structure

=






 × =

0
0 0

(4)

where S represents the proportional change in Young’s modulus due to structural changes due to
irradiation damage at high fluence.2 Hence, at constant stress, the steady-state creep strain becomes:

ε σ γ
γ

II k
S

d= ′∫ 1

0

(5)

Brocklehurst [9] also comments that the effect of radiolytic oxidation is to reduce the structure
factor, S, or more precisely the effective elastic modulus in irradiation creep, Ec, by W(= (E/E0)OX), the
proportional change in Young’s modulus due to radiolytic oxidation only, such that:

E E SWc S= 0, (6)

where E0,S is the unirradiated static Young’s modulus. At present, for AGR moderator graphite, W is
given by exp(-bx) where b = 3.4 and x is the fractional weight loss. From various studies, the constants
in Eq. (3) for AGR moderator graphite can be shown to be α = 4.0, k = 0.23/Ec and P assumed to be
unity. The coefficients of 0.23 and 4.0 are reported to be applicable for all polygranular graphites
irradiated below ~650°C [10]. The coefficient of 0.23 is actually derived from the slope of creep strain
per unit initial elastic strain versus fluence and can be shown to equal kE0 [11]. Therefore, in summary,
the current UK Creep Law for AGR moderator graphite (originally proposed by Brocklehurst and
Kelly [12]) under uniaxial stress, for transient and steady-state creep respectively is as follows.

( ) ( )ε γ σ γ γ
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. exp exp or at constant stress ( )( )ε σ γI
cE

= − −1 4exp
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γ
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cE
d= ′∫0 23

0

.  or at constant stress ε σ γII
cE

= 0 23.
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Alternatively, the UK Creep Law for constant stress can be expressed as:

( )( )ε σ γ σ γc
c cE E

= − − +1 4 0 23exp .
(9)

                                                          
2 Kelly and Burchell [17] suggest the structure factor, S, is similar in free and crept samples.
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Generally, the UK Creep Law represents data well for fluence up to ~60 × 1020 n/cm2 EDN.
At higher fluence, the UK Creep Law progressively underestimates the measured creep strain, ′ε c .
Originally, the structure term was added to account for any discrepancy between the measured and
predicted creep strain, however this term has limited success, no real physical meaning and cannot be
measured directly.

Irradiation creep data

The bulk of all available irradiation creep data were obtained principally by the UKAEA,
KFA Jülich, Reactor Centrum Nederland and CEN Saclay in co-operation with the DRAGON project.
The results are concerned with the changes in creep strain or coefficient as a function of fluence or
temperature. Notable exceptions include studies by Kelly and Brocklehurst [13] who discuss radiolytically
oxidised specimens and Kennedy, et al. [14] and Brocklehurst and Kelly [15] who discuss changes in
Young’s modulus, CTE and Poisson’s ratio as a function of creep strain. All these studies support the
view that any nuclear graphite irradiated under constant stress, the tensile and compressive creep
strains, plotted as creep strain/initial elastic strain, εCE0/σ, are directly proportional to the fluence and
independent of temperature in the range 140-650°C (for UK graphites see [16]). However, at high
temperatures, i.e. >650°C, the creep strain/initial elastic strain is the same for all graphites over a wide
range of stresses, but the gradient of the line is proportional to irradiation temperature. Only at very
high stresses (~40 MN/m2) is there a deviation from linearity.

Recent developments

Kelly [7] reviews the theory of irradiation creep and reiterates that the UK model is based upon
plastic and elastic deformations that are dominated by basal plane shear. He states that this assumption
explains the correlation between the initial secondary creep and the corresponding un-irradiated
Young’s modulus for all graphites irradiated at the same temperature and flux. He also explains that
the UK model assumes that the creep rate of the component crystallites does not change with creep
strain or fluence and more importantly the properties measured on a control sample exposed unstressed
apply to the stressed sample. As Kelly states [7], the latter assumption is incorrect since CTE is known
to change with irradiation creep and so other properties may also be affected.3 For example, Kennedy,
et al. [14] studied the dependence of CTE as a function of creep strain using a range of graphites all
stressed in the extrusion direction. The CTE was found to increase linearly with creep strain. In addition,
creep strain has been shown to affect the CTE of Gilsocarbon-based graphites. Creep under a tensile
stress decreases CTE and creep under a compressive stress increases CTE (Figure 1), where the
unstressed CTE values are taken from control samples irradiated to the same fluence as the stressed
sample [17]. From this work, Kelly and Burchell [17] realised that the original definition of creep
strain, i.e. the difference in length between a stressed specimen and a control, is only correct if the
dimensional change component in the stressed specimen is the same as that of the control. However,
as dimensional change is directly proportional to the CTE and since the CTE is modified by the creep
strain, it was realised that the dimensional change component in the stressed specimen cannot be the

                                                          
3 It should be noted that work on un-irradiated graphite supports the observations found for the correlation of

CTE with irradiation creep strain. For example, Matsuo and Sasaki [22] studied the CTE variation of H-327
grade nuclear graphite with temperature in the unstressed condition and at compressive stresses ranging from
~45% to 95% σf. Their results showed that the thermal expansion increased linearly with applied compressive
stress. Further, this work was supported by Matsuo and Sasaki [20] who found a linear relation between CTE
of pre-stressed polygranular graphites and the residual strain. The change in CTE was found not to depend on
the nature of the sample, the pre-stressing direction and the bulk porosity changes induced by pre-stressing.
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same as that in the control specimen. That is, the true creep strain, εc, will be higher in tension and
lower in compression than previously assumed. In the evaluation of creep strain, the following
correction to the creep strain is required:

ε ε α α
α α γ

γ
γ

c c
x x

c a

TdX

d
d= ′ − ′ −

−





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




 ′∫

0

(10)

 where αx, ′α x , αa and αc are the CTEs of the bulk unstressed and crept graphite in direction x, a and c
axes of the graphite crystallites, respectively, and XT is a crystal shape change parameter.

Analysis and discussion

The UK Creep Law, Eq. (9), has only been demonstrated to successfully apply at a fluence of less
than ~60 × 1020 n cm–2 EDN and at stresses of up to 30 MN/m2. Most of the existing creep data were
obtained to relate creep strain to fluence, irradiation temperature or applied stress. However, the
established experimental relationship between creep strain and Young’s modulus allows for an intuitive
argument for the likely behaviour of creep strain at high weight losses. Certainly, the UK Creep Law
can be used to suggest that the effect of structural changes caused by radiolytic oxidation on creep can
be treated independently of other factors such as irradiation temperature and fluence by incorporating
such structural changes into the Ec term. At least, this seems to be supported by the experimental
evidence in the fluence range studied by Kelly and Brocklehurst [16], i.e. up to ~40 × 1020 n cm–2 EDN.
Young’s modulus is known to decrease exponentially with thermal or radiolytic oxidation to high
levels of weight loss. Therefore, it seems intuitive that irradiation creep can continue to be predicted
by correcting Ec by EOX in Eq. (9). At present, there is no evidence to suggest that these relationships
will not continue to hold at high weight losses.

Emerging from the theory of irradiation creep (pinning/unpinning model) developed by Kelly and
Foreman [18], the UK Creep Law is also expected to apply at applied stresses less than 30 MPa. From
the limited amount of experimental data available on highly stressed samples (e.g. [16]), it appears that
an increase in irradiation creep at a given fluence does not become apparent until samples experience
stresses above ~30 MN/m2. The theory of irradiation creep also predicts an increase in crystallite creep
strain at high stresses although in this area the theory is less developed and only makes predictions that
cannot be directly related to the externally applied stress.

The creep data at high fluence (>50 × 1020 n cm–2 EDN) shows deviation from linearity. This is
often attributed to changes in the elastic/plastic response of the bulk material, i.e. modification to the
structure term, as it is difficult to explain a change in the underlying linear creep rate generated within
individual crystals. Therefore, opinion in the UK has favoured the substitution of the appropriate
structure term component of Young’s modulus into Eq. (9) to improve the prediction of creep strains
that would otherwise deviate from linearity at higher fluence. However, in the case of irradiation
creep, it is the intra-crystalline movements of interstitial atoms that dictate the magnitude of the creep
strain under irradiation. In this sense, the macroscopic structure does not change the fundamental
mechanisms involved and therefore one should not expect a change in the nature of the relationship
between creep strain and fluence at high fluence or as a function of oxidation.

As reported, the UK Creep Law has been demonstrated to represent well irradiation creep (up to
60 × 1020 n cm–2 EDN) for various nuclear graphites, a range of applied stresses (both tensile and
compressive) in the temperature range 300-650°C. It follows, therefore, that nuclear graphites which
have been oxidised prior to irradiation should also follow the UK Creep Law (in a similar manner to
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various grades of nuclear graphites with a range of densities). Examining the UK Creep Law it can be
seen that as the Young’s modulus decreases due to increasing oxidation, creep strain increases to
compensate (assuming constant stress). However, the effects of simultaneous oxidation and irradiation
appear not to have been addressed either experimentally or theoretically.

Irradiation creep – A new analysis

While the prediction of creep strain by the UK Creep Law appears to be valid for low fluence and
low weight losses, it is not clear whether structural changes either through neutron damage (particularly
post-turnaround) or radiolytic oxidation will render the UK Creep Law invalid. Separate from the UK
Creep Law, the work of Kelly and Burchell [17] suggests that steady-state creep remains substantially
linear to high fluence well beyond turnaround and that earlier discrepancies between measured
(or apparent) creep and a linear extrapolation from low fluence are due to the incorrect determination
of irradiation creep. Brocklehurst and Kelly [15] also show that German irradiation creep data on
ATR-2E at 500°C under compression show behaviour in broad agreement with a linear creep law
post-turnaround. On the balance of probabilities, a similar argument is likely to apply to high radiolytic
weight losses. Therefore, using the correction given by Eq. (10), and without reference to a structure
term, a new analysis may be undertaken to generate a relationship between the apparent creep strain,

′ε c , and fluence, γ, for high levels of fluence, applied stress and simultaneous radiolytic weight loss.

From Eq. (10), the correction term, Cε, to the apparent irradiation creep strain is:
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Strictly ( )′ −α αx x  is a function of applied stress, temperature and fluence, but because ( )′ −α αx x  can

be described singularly by a function of apparent creep strain, ′ε c  (c.f. Figure 1), the term ( )′ −α αx x

can be assumed to be a constant with respect to dγ′ in Eq. (11) such that:
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From an analysis of HAPG data extracted from Kelly and Brocklehurst [19], the term XT fits the
following empirical relationship:

XT(%) = 0.034 + 0.1864γ + 2.7803 × 10–4 γ2 (13)

where γ is in units of × 1020 n cm–2 EDN. Therefore, Eq. (12) simplifies to:
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c a
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α α
α α
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−


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
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× + ×− −01864 10 2 7803 102 6 2. .
(14)

Analysis by Mobasheran for H-451 graphite as given in Brocklehurst and Kelly [15] give a linear
relationship for ( )′ −α αx x  (compressive creep strains only) irradiated at 800°C such that:

′ − = − × −α α εx x c0504 10 4. (15)
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Brocklehurst and Kelly [15] also discuss a review of Price in which creep experiments at Hanford
and ORNL are described. They report Price found that for most data for near-isotropic graphites, the
ratio of CTE of a creep specimen, αc, to that of an unstressed sample irradiated under identical
conditions, αc/α0, may be related to creep strain, εc, by the expression:

α
α

εc
c

0

1 18= −
(16)

Therefore, based upon the above work of Mobasheran and Price and also un-irradiated studies of
CTE versus applied stress, e.g. Matsuo and Sasaki [20], there is some evidence to suggest that CTE
variance with irradiation creep strain is linear. A statistical analysis of UK AGR graphite data
(Figure 2) seems to suggest that the most appropriate empirical fit (lowest R2 value) be:

( )′ − = − ′ − ′α α ε εx x c c0 922 089192. . (17)

where ( )′ −α αx x  is in units of × 10–6 K–1 and ′ε c  is per cent apparent creep strain. However, since the

magnitude of creep is suggested to be independent of the mode of applied stress, then the relationship
between ( )′ −α αx x  and ′ε c  is more appropriate to be a linear fit over the tensile and compressive

irradiation creep strains, as previously suggested by both Mobasheran and Price. The best-fit linear fit
for AGR data4 is:

( )′ − = − ′α α εx x c0 6106. (18)

which is between the prediction generated by Mobasheran and Price (α0 = 4.81), see Figure 3. Between
20-120°C, the CTEs for the c axis and a axis of the graphite single crystal can be estimated as
27.035 × 10–6 K–1 and -1.088 × 10–6 K–1. Therefore, the term (αc – αa) equals 28.123 × 10–6 K–1.
By combining Eqs. (14) and (18) and inserting the above values, the following relationship may be
obtained for apparent creep strain, ′ε c , with increasing fluence, γ (in units of × 1020 n cm–2 EDN):

( ) ( )( )
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− − +

× + × −
ε

γ γ

γ γc esu
1 4 0 23

6 0316 10 6 2

exp

1+ 0.4043 10-2

.

.

(19)

Figure 3 shows a plot of Eq. (19) and also the UK Creep Law. As can be seen, at low fluence the
correction required is small, but at much higher fluences, say 200 × 1020 n cm–2 EDN, the apparent
creep measured is approximately half the true creep strain. These results are in line with those of Kelly
and Burchell [17] who found that significant corrections needed to be applied to the apparent irradiation
creep of H451 graphite irradiated at 900°C at a fluence of 25 × 1020 n cm–2 EDN. Thus the reduction in
apparent (measured) creep strain and the prediction given by the UK Creep Law can be attributed to
the CTE corrections given in Eq. (10). Further, predictions can now be made that incorporate radiolytic
oxidation into the model without reference to a structure factor.

Neighbour [21] in analysing dimensional changes for AGR graphites proposed a rough correlation
between radiolytic fractional weight loss, x, and fluence γ (in units of × 1020 n cm–2 EDN) such that

                                                          
4 It is interesting to note that Marsden, et al. [23] found a single linear relationship between CTE and applied

strain for AGR graphite in both tension and compression. Changes in CTE of ~3.5 were noted for compressive
strains of ~-1%, much higher than that expected from irradiation creep strains.
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x = a γ where a = 1.889 × 10–3. By integrating Eq. (8) to determine the effects of simultaneous
oxidation only then it can be shown that:
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exp (20)

Implementing the above equation, a prediction of both true and apparent creep strains versus
fluence with simultaneous radiolytic oxidation can be made as shown in Figure 4 where radiolytic
oxidation progressively increases the creep rate compared with neutron irradiation only. Figure 4 also
shows for comparison a prediction for a sample with 15% weight loss from radiolytic oxidation prior
to neutron irradiation and simultaneous enhanced oxidation (by a factor of 1.5 over that which would
be expected in an AGR at a given dose) with neutron irradiation.

Conclusions

The UK Creep Law is a semi-empirical method of describing changes in irradiation creep strain
and indicates that Young’s modulus is the controlling parameter for relating creep strain with increasing
fluence. Consequently, since the prediction of Young’s modulus with radiolytic oxidation can be made
with confidence, the effects of radiolytic oxidation to high weight losses on creep strain should also be
predictable. However, its should be noted that the case of simultaneous oxidation and irradiation does
not appear to have been addressed either experimentally or theoretically for the UK Creep Law.

At low fluence, the steady-state creep is observed to increase linearly with fluence, but it
progressively deviates from linearity and an apparent reduction in creep strain is observed. The UK
Creep Law accounts for this by changes in the “structure term”, however this term has no satisfactory
physical meaning. A more physically satisfying explanation of the apparent decrease in creep strain is
the modification of CTE, and consequently dimensional change, by creep strain.

An analysis was presented which showed that the steady-state creep rate should remain constant
without reference to a structure factor. The approach also allowed the prediction of irradiation creep of
graphite subject to simultaneous irradiation and oxidation, using AGR moderator graphite as an
example. The analysis provided a more physically satisfying explanation for the decrease in the
apparent creep strain observed at high fluence than the UK Creep Law did. It is envisaged analysis
presented can also be applied to HTRs systems. This review of irradiation creep experiments also
identified the need to undertake new creep experiments under better and fully monitored conditions.
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Figure 1. Effect of “apparent” creep strain on the CTE measured
parallel to the stress axis of Gilsocarbon graphite (data taken from [17])
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Figure 2. Effect of “apparent” creep strain on the CTE of Gilsocarbon graphite with linear
and polynomial best-fits and predictions based on the work of Price and Mobasheran
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Figure 3. A plot of irradiation creep strain (esu) from both the UK Creep Law
[Eq. (9)] and the prediction for equivalent apparent creep strain from Eq. (18)
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Figure 4. Predictions of (a) true creep and (b) apparent creep for expected
and enhanced simultaneous oxidation with neutron irradiation, irradiation
only and radiolytic oxidation (15% weight loss) prior to neutron irradiation
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Abstract

The disposal of radioactive wastes is an issue which preoccupies the authorities in numerous countries.
Most plan to dispose of wastes in underground repositories, but the execution of such plans have been
fraught with difficulty and delay, and no adequate analysis of comparative risks seems to have been
applied to the issue.

In the specific cases of graphite, the argument for consideration of other disposal options is strong,
especially when all relevant factors are assessed on a technical basis. One may conclude that it is
entirely the political agenda, based upon inadequately analysed environmental perceptions, which has
led to the intent to dispose of carbonaceous wastes by land burial.

In this paper, the numerous alternatives are discussed in the context of existing and potential HTR
carbonaceous materials as intended for use in reflectors and fuel compacts, highlighting the issues
which the designer needs to take into account in preparation for the eventual decommissioning of his
plant and disposal of the irradiated material. Particular reference is made to the valuable experience
gained from the successful dismantling of the Fort St. Vrain plant, and the value of applying this
experience at the design stage is highlighted.
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Introduction

The disposal of radioactive waste materials from the world’s nuclear plants is probably the biggest
issue facing the nuclear industry today, at least in the public and political perception. Yet, in our
previous Information Exchange Meeting on the Basic Studies on High-temperature Engineering held
in September 1999, there was not a single paper on this “back-end” issue for any newly-built reactors.

Nuclear regulators now require potential licensees to have strategies in place for all activities on
their plant for the complete life cycle, including decommissioning. Specifically, this requires the
identification of waste streams and the integration of the disposal of those wastes with the national
programme for the creation of waste disposal processing sites.

It is therefore now increasingly important for reactor designers to look far ahead to the eventual
destiny of plant components and waste products when selecting materials and designing the reactors.
This paper concentrates more specifically upon the graphite and carbon components, evaluating the
lessons which have been learned from the present experience of decommissioning activity on earlier
graphite-moderated reactors.

A brief overview of decommissioning experience on graphite-moderated reactors

Magnox and production reactors

Three countries which have operated significant numbers of graphite-moderated plants are now
engaged in practical decommissioning activity and/or have plans in place to evaluate some of the likely
practical problems which such activity will face – these are the United Kingdom, France and the
Russian Federation. Japan, although operator of only one graphite reactor at Tokai (discounting the
current HTTR project), is also devoting considerable energies to this problem on the basis that the
reactor site is required for further development. The USA has not contemplated serious decommissioning
of its former production reactors at Hanford and Savannah River, but has successfully completed the
dismantling of the Fort St. Vrain HTR, and this particular experience is of considerable value in the
present context.

In the UK, active dismantling of the reactor vessel and core has begun for the Windscale Prototype
Advanced Gas-cooled Reactor, and it is also intended to dismantle the former production reactor
Windscale Pile No. 1 in which a serious fire occurred in 1957. Other graphite-moderated plants are to
be maintained intact (from the pressure-vessel inwards) through periods of “care and maintenance”
and “safe store” lasting up to 135 years in some cases. The objectives of such a delay are to await
decay of the shorter-lived isotopes in order to diminish operator doses and to utilise improvements in
dismantling technology which are expected to be developed in the intervening period. France also
plans safe storage of its commercial Magnox reactors, although for a lesser period.

This strategy was recently compared with that planned for reactors of the former Soviet Union [1].
Under the Soviet system, little attention was paid to the eventual need to dispose prudently of the
components from nuclear plants. These problems are now being addressed in Russia for the production
reactors and for two prototype AMB reactors at Beloyarskaya NPP and also, along with colleagues
from Lithuania and Ukraine, for the future disposal of the RBMK plant. In the case of the earlier
reactors, certain fuel ponds and cores have been stabilised with epoxy material to prevent the spread of
contamination and have been further sealed with welded steel plates pending future disposal actions.
This is in contrast with the UK philosophy that no actions should be taken ahead of dismantling which
make the operation more difficult to accomplish although, with the very high levels of fission-product
contamination present in certain cases, such action may have been unavoidable.
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Setting aside Fort St. Vrain for closer examination in a later section, the principal carbon and
graphite issues which have been identified so far arising from these activities are as follows:

•  During “care and maintenance” and “safe storage”: (a) core stability, (b) activity transport by
air movement or leaching, with particular attention being paid to releases of tritium, (c) increase
in reactivity to air through catalytic contamination during vessel storage and (d) colonisation
by organic material, possibly leading to the release of 14C and other isotopes.

•  Wigner energy release, especially during cementation of components and subsequent storage
(hardly an issue for HTR).

•  A potential for a carbon dust explosion where impure dusts exist.

•  Fragmentation of graphite components through excessive neutron irradiation effects during
reactor operation.

•  Activation of the impurity content of the material, leading to radiation hazards during handling
and storage and potentially introducing additional leaching problems.

•  Contamination of the material both with fission products from failed fuel and also with
activated corrosion products from other parts of the circuit.

•  Specific activation of long-lived isotopes, augmented by coolant sources (for example, 14C
from nitrogenous coolants adding to the smaller amounts arising from 13C).

•  Premature short-term actions resulting in the complication of dismantling and treatment
(for example, the impregnation with “stabilising” resins).

•  Difficulty in removing components, including: (a) sticking caused by carbonaceous deposits
in carbon-dioxide-cooled systems, (b) lack of features included at design stage to facilitate
removal and (c) failure of such features as threaded holes due to distortions.

•  Mixing of graphite and non-graphite materials in storage vaults, usually from components
containing steel or Magnox wires or struts.

•  No strategy or final destiny for graphite wastes in place, resulting in the need for temporary
surface storage boxes and buildings and hence greatly inflated costs.

•  Unwillingness to consider other options for disposal, despite credible technical solutions being
available.

This final point is extremely important. Serious anomalies exist in the regulation of the nuclear
industry compared with other industries. Whilst nuclear operators are being forced through political
agreements to drive towards zero emissions of radioactive materials, there is no regulation on the
fossil-fuel industry which discharges large quantities of 14C and other isotopes; this has led to the
farcical situation in the UK whereby a new fossil-fuel power plant intended to supply power to the
Sellafield nuclear site has been built outside the perimeter fence to avoid compromising the site’s
permitted discharge limits. There is growing debate, viewed with a reluctant sympathy by some
nuclear regulators, that the playing field should be levelled.
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Fort St. Vrain

An excellent review of this HTR decommissioning project was given at an IAEA Technical
Committee Meeting in 1998 [2]. Graphite components were removed using a grab working from a
rotating platform above the core, which was flooded with water. The blocks had been hand-placed
during construction and no means to retrieve many of them was included in the design; consequently it
was necessary to employ specially designed equipment or to drill holes to facilitate the removal.
A proportion of the blocks had been originally machined with threaded holes to facilitate lifting during
decommissioning [3], but it was frequently not possible to engage with these threads, although the
reason is thought to be mechanical problems rather than neutron damage of the graphite (M. Fisher,
personal communication).

A major issue was the dose rate on some of the blocks, which exceeded 3 Sv (the distance of this
reading from the surface is not specified) on one large permanent side block, and it is thought that the
bulk of this activity arose from original impurities within the graphite since the extent of activity
transport around the circuit was low. The blocks were transferred to a steel flask whilst underwater,
and the flask was then used for transhipment to a hot cell where the components were transferred to a
shipping cask and removed from the site as low-level waste.

This disposal route did not, of course, include the 1 482 hexagonal graphite fuel blocks for which
a special storage facility was built, providing storage and cooling for steel cylinders each containing
six elements. Whilst this aspect of the programme has deferred, rather than solved, the disposal
problem for these components, it has allowed the remainder of the reactor to be completely removed
and the site returned to free use.

A particular issue identified at Fort St. Vrain was the difficulty of quantifying the levels of tritium
and 55Fe isotopes which are particularly hard to detect.

Graphite materials and plant design

It is evident that the future requirements of the decommissioning programmes need to be taken
into account in the selection or specification of graphite materials, in addition to the structural and
operational needs for these components. In this paper we focus on the graphite or boronated carbon
reflector material for the new HTRs.

It is pleasing to note that the designers of the two prototype HTRs currently being commissioned
have given careful thought to future decommissioning needs. As examples, a brief survey of these
issues for the Chinese HTR-10 is given in [4], whilst the question of the reliable recovery of fuel
particles from the compacts from the Japanese HTTR, and the disposal of the graphitic debris through
high-temperature oxidation in CO2, is given in [5].

A great deal of work has also taken place to identify the most suitable graphite for the reflectors
of the newly planned modular HTRs, concentrating on the ability of the chosen material to withstand
thermal shock (good thermal conductivity equates with a high degree of graphitisation), to have a high
degree of dimensional stability (frequently correlated with a relatively high coefficient of thermal
expansion), and to have a good resistance to thermal oxidation from coolant impurities (particularly
moisture). However, the published papers (e.g. [6]) make scant reference to potential problems from
activation of impurities (other than the close attention to boron with respect to the neutron absorption
cross-section). A particular problem is the formation of 60Co, and it is especially ironic that the
imposition of a specific target cobalt concentration part-way through the production of the Gilsocarbon
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graphite for the UK AGR programme actually allowed the manufacturers to relax the controls
compared with the former manufacturer-controlled specification. This resulted in an increase in cobalt
content, creating a severe handling problem in the later reactors even with just the very small quantities
of graphite associated with the irradiation-monitoring programme. Thus, it is extremely important that
the specifications for impurities in the new materials take the activation issue into account.

Equally, there should be an analysis of the rest of the design of the plant, firstly in order to attempt
limitation of material transfer to the graphite from other parts of the circuit, such as oxidation products,
which could become activated within the graphite pores, and secondly the individual blocks should be
tailored with the need for the eventual removal taken into account. In the case of Fort St. Vrain, whilst
the latter point received consideration, and was in the main a success, activation was a severe problem.

Finally, the reactor vessel itself needs to be of such a design that the eventual removal of the
graphite and other internal components is made as simple as is practical (although there is one option
for graphite disposal which would see the graphite disposed of in situ, see below).

Routes for graphite disposal

There is currently of the order of 200 000 tonnes of irradiated nuclear graphite in the world’s
reactors and associated nuclear facilities. Most of this consists of moderator blocks, but there is a
sizeable quantity of fuel-sleeve debris, small-scale debris and items such as moulds from nuclear
devices. Currently, most of this material appears to be destined for eventual disposal in land-burial
sites, despite the innate potential of graphite to be converted to gaseous forms with consequent delivery
of the isotopic content, principally 14C, into the biosphere.

Such a methodology highlights three important factors:

•  Volume of waste, and consequent capacity of repository facilities.

•  Isotopic content (half-lives, leaching etc.).

•  Future security, over extremely long times.

These factors combine into an overall and unavoidable matter – very high cost.

There are powerful political and environmental factors influencing this decision, including the
Oslo-Paris Commission (OSPAR) Agreement which effectively commits European governments to
work quickly towards a “near-zero” radioactive release philosophy by 2020,1 and it does not appear
that serious consideration is any longer being given to possible alternatives. With a new generation of
graphite-moderated HTRs now becoming a realistic possibility, with the potential to add further large
quantities of waste-irradiated graphite to the stockpile, it is the authors’ belief that an objective and
wholly independent comparative risk assessment of the full range of options is timely, if not overdue.
Should such an analysis indicate that some of the alternatives do actually represent potentially more
appropriate routes, then it is the scientists’ responsibility to ensure that both the public, and political
leaders, are given the full facts on which to review their judgements.

Before reviewing a range of alternative treatments, we should mention the possibility of recycling
of existing graphite by using ground graphitic material as filler in the manufacture of new graphites.
Whilst this suggestion has been made a number of times, the cost of setting up a dedicated manufacturing

                                                
1 Not including releases from “non-nuclear” industry.
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plant to handle active raw materials would be prohibitive, especially with different nations producing
the initial waste and manufacturing the new graphite. A great deal of effort would also be necessary to
ensure that a new graphite was produced which displayed appropriate properties, and there is an
additional problem in that the irradiation properties of such new materials could not be obtained
through MTR experiment in sufficient time to justify the necessary safety case or commercial lifetime
assessments for the new reactors. One would also have to face the consequences of constructing a new
reactor with already radioactive materials.

The merit of such a procedure would be a net volume reduction in the total quantities of waste,
and it is the overall objective of volume reduction which provides the greatest incentive for a serious
re-evaluation of alternatives to permanent deep burial of graphite wastes. An alternative form of
recycling existing graphite waste would be as backfill in containers for other types of active waste.

Repository burial

A serious argument for pursuing alternatives to the deep repository approach is that in a number
of countries, public opposition, shared in many cases by local government authorities, has meant that
no repository with adequate capacity exists. The earliest that such a repository could now become
available in the UK, for example, is 2020. The public appears now to prefer supervised shallow or
surface storage, with consequent additional and ongoing personnel costs. Another public perception is
that by following this route, the authorities are handing on the problem to future generations rather
than dealing with it, although when suggested alternative ways of dealing with it are proposed, these
obtain equal public opposition.

On technical grounds, the potential problems are groundwater in-leakage and leaching (more
complex still in proximity to the coast), seismic stability and the high cost of construction. The long-term
environmental risk clearly remains because material is not fully “removed” from the environment.

Sea disposal

Although there is now a moratorium on sea dumping, it is interesting to note that a review
conducted by the European Commission in 1985 concluded that it was very favourable in comparison
with land-disposal options for disposal of UK nuclear graphite [7]. Prior to the moratorium, a great
deal of nuclear waste had been dumped in the oceans, following an assumption that if the immediate
containers eventually failed, the collective population dose was protected by the “dilute and disperse”
strategy. Public opinion now expects radioactivity to be “locked in” and controlled. Essentially there
are two locations which might commend themselves for sea disposal – a deep ocean trench remote
from land, giving maximum effect to the dilution factor, and a subduction zone in which the waste
containers, within geological time scales, are conveyed into the mantle of the Earth.

Volume reduction

An obvious alternative to the “dilute and disperse” philosophy for radioactive materials is one of
“concentrate and contain”. We now turn attention to work in progress on a variety of techniques with
the potential to significantly reduce the residual volume of active material, albeit introducing some
additional complications in the process.
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Disposal of irradiated graphite by burning raises a number of technical difficulties:

•  It is impractical to burn graphite in a conventional furnace, at least without the presence of a
significant catalyst.

•  Burning releases not only CO2 (environmentally sensitive, although compared with the fossil
fuel burn the quantities are very small) but also radioactive gases and particulates which are
dominated by 14C (as CO2 and also as CO if the combustion process is not wholly complete),
36Cl and residual tritium (as water).

•  Residual ashes, enriched in other isotopes such as 60Co, remain to be disposed of by other
methods although there is clearly a very large volume reduction.

One problem that is automatically solved through incineration, for reactors which have operated
at low temperatures, is the risk of Wigner-energy release in the long term.

Numerous papers have appeared in the literature in recent years, offering a variety of solutions to
increase the reactivity of the graphite to air prior to incineration. It seems clear that any industrial
process would certainly be facilitated by the introduction of a catalyst. Simply soaking the graphite in
a solution of lead acetate ahead of introduction to the furnace would increase its reactivity by orders of
magnitude (A.J. Wickham, personal communication). Research in France has resulted in the successful
operation of an industrial pilot plant (without catalytic assistance) using fluidised-bed incineration [8].

However, the incineration issue is dominated in Europe by concern about the release of 14C, in
contrast to the view apparent in the USA [9] where the arguments are based upon comparisons with
the quantities released in A-bomb tests and the quantities produced by cosmic-ray bombardment of
atmospheric nitrogen. It would be feasible, and indeed reasonable, to add the combustion of billions of
tons of fossil fuels, releasing not only 14C but also other isotopes into the environment.

Nair [10] developed a model in 1983 for the consequences of combustion of the graphite from all
UK Magnox reactors2 at the rate of one pile per annum commencing in 2000, taking into consideration
the fate of the release of 14C in terms of the removal through dissolution in the oceans and balance
within the troposphere and phytomass growth and decay, and also taking into account projections on
the extent of fossil-fuel burn, atomic-weapons testing and cosmic-ray production. His calculations
indicated that this would result in a peak incremental dose to the individual of 10–2 µSv.y–1 followed
by an exponential decay over about 50 years to 10–3 µSv.y–1. This should be compared with an
individual dose from cosmic-ray bombardment alone of 10-14 µSv.y–1. The estimates also support the
view that the effective half-life of 14C in the accessible environment (to man) is about 35 years – very
much less than the 5 760 years representing its true radiological half-life.

Of course, matters are not quite that simple, since the population dose close to the incineration
plant would be very much higher, and there is a case for siting such plants in remote areas, which
would mean transporting the graphite away from the original reactor.

Suggestions have been made in the past, in connection with graphite incineration, to avoid the
release of carbon dioxide into the environment and to convert the CO2 to carbonate. This results in a
very large increase in the total volume of material compared with graphite – 8 times if converted to
calcium carbonate and 16 times if as barium carbonate. Consequently, conversion to carbonate is only
of interest if concentration of the 14C component can be effected.

                                                
2 Except for Calder Hall and Chapelcross which were separately owned at that time.
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Fortunately there is a potential solution to both of these problems, which is to use a trapping
technology to concentrate and retain the 14C. There are several options: gas centrifuge, static Helikon
process or a cryogenic separation technique first considered by Ontario Hydro in Canada to recover
14C arising from irradiation of nitrogen annulus gas in the CANDU plant trapped on resin beds [11].
In applying this to graphite combustion, the CO2 first formed would be converted into CO, the 14CO
fraction separated and reconverted to CO2, and then to carbonates which would be re-used in the
cementation of other radioactive wastes. There is also a Japanese patent for a similar process in which
the trapping of both 14C and tritium is claimed [12]. However, all of these options present a
much-increased short-term cost.

Finally, we consider alternative technologies to direct combustion. Studsvik Inc. has developed
a thermal organic reduction (THOR SM) process which utilises a pyrolysis and steam-reformation
technology,3 and also has a commercial low-level-waste processing facility operating in Erwin,
Tennessee [13] which has been shown to have the capability to handle a wide range of solid and liquid
LLW streams including graphite, charcoal and ion-exchange resins. Carbon-containing wastes are first
reduced by pyrolysis in the absence of oxygen, or with limited oxygen, to volatile gases and a fixed
carbon char. The char is then further processed with steam to gasify the carbon content. Essentially,
wet-ground graphite may be introduced as a slurry directly to the second stage of the process since it
contains only extremely small amounts of bound hydrogen. The product “water gas” (CO + H2) can
then be oxidised to give CO2 and water. Again, there is the option to capture the CO2 product and
isolate the 14C, as previously discussed.

It is proposed [13] that the steam-reformation process could, perhaps facilitated through suitable
foresight at the design stage of the reactor vessel, be conducted in situ, obviating the need for complex
handling procedures and thus contributing significantly to the minimisation of personnel dose. Of course,
this does first demand a move away from a commitment to dispose of the graphite as stabilised solid
waste.

This is not the only potential in situ treatment, since a Russian proposal [1] for a sintering procedure
allied to the “Thermit” process could conceivably be conducted in situ although it would be necessary
to have some method for mixing the chemical agents. The process involves the addition of aluminium
and titanium dioxide to create a burning wave front which creates a carbonate matrix which might,
again, be employed in some form as a suitable medium for the stabilisation of other types of radioactive
waste.

Comparative risk

The consequence of the present drive towards minimising or eliminating and radioactivity release
to the environment from the nuclear sector has been to retain the waste materials in interim surface
storage, from which it can be retrieved for treatment by newer technologies as yet not identified. This
results in larger radiation doses and increased risk to the operator and, indirectly, to the public at large.
The lack of public trust in the procedures of the nuclear industry is currently having the opposite effect
to that intended. However, it is not sufficient to rely wholly upon technical analysis: “… the assessment
of risk has carried its own risk – namely, an undue reliance on logical quantitative techniques that fail
to address the root causes of public concern and apprehension…” [14].

                                                
3 Being developed in association with Bradtec Decon Technologies Ltd, Bristol, UK.
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We believe that the time is now overdue for a major re-appraisal of the whole waste issue.
The stages of this procedure would be similar for most materials, but we continue to concentrate here
upon graphite and carbon wastes:

1) A thorough “state-of-the-art” technical appraisal of the alternative options for treatment/
disposal.

2) An objective comparative risk assessment, ignoring social and socio-economic pressures; it is
acknowledged that some parts of this will be extremely difficult to quantify, particularly the
risks of penetration of deep repositories on geological time scales and the consequent threat to
the population at that time.

3) A full and public evaluation of the technology and comparative risks, taking into account the
expressed specific concerns of the public; it has to be recognised that whilst public perceptions
of relative risk associated with the nuclear industry seem to the industry to be highly illogical
compared with very high risks they are willing to tolerate,4 these are deeply-held beliefs and a
joint and tolerant approach to resolving the issue is essential.

On this last point, it is not sufficient for the industry to claim “transparency” [16,17]; without
trust and confidence from the public, the exercise becomes pointless.

Résumé

It is evident that some basic precautions, such as limiting the presence of impurities in the graphite
manufacturing process, were not as successful for the existing nuclear graphites as might have been
hoped, and will as a consequence increase personnel doses during decommissioning as well as perhaps
requiring the application of more complex procedures that would otherwise have been necessary. It is
therefore most important that such mistakes are not repeated in the specification and quality control of
new graphites and other carbon materials for the reflectors of the new generations of HTR.

Secondly, planning for eventual decommissioning is of paramount importance. The designers,
potential operators and licensing authorities have a responsibility to engage in the public debate about
the disposal of radioactive wastes now, and are encouraged to support the proposals for a detailed
comparative risk analysis and open evaluation of these issues, which might most usefully be handled
on an international basis. Finalised designs for the new reactors should allow for the accommodation
of alternative strategies and should also have the eventual decommissioning needs in mind.

                                                
4 Smoking, car travel, etc. It is considered that the risk of death from smoking 10 cigarettes per day is 1 in 200,

an accident on the road is 1 in 8 000 and the risk from the UK nuclear industry, including waste disposal, is
1 in 40 000 000 [15].
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Abstract

The International Database on Irradiated Nuclear Graphite Properties contains data on the physical,
chemical, mechanical and other relevant properties of graphites. Its purpose is to provide a platform
that makes these properties accessible to approved users in the fields of nuclear power, nuclear safety
and other nuclear science and technology applications. The database is constructed using Microsoft
Access 97 software and has a controlled distribution by CD ROM to approved users. This paper
describes the organisation and management of the database through administrative arrangements
approved by the IAEA. It also outlines the operation of the database. The paper concludes with some
remarks upon and illustrations of the usefulness of the database for the design and operation of HTR.

                                                
1 Present address: British Energy Generation Ltd., Barnett Way, Barnwood, Glos. GL4 3RS, UK.
2 Current Chair, Steering Committee, IAEA International Database on Irradiated Graphite Properties.
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Introduction

In September 1995, the International Atomic Energy Agency (IAEA) Specialists Meeting on
Graphite Moderator Lifecycle Technologies was held at the University of Bath [1]. Delegates at the
meeting drew attention to a number of factors:

•  The decline in the number of graphite experts remaining in the nuclear power industry and
research organisations.

•  The possible withdrawal of certain countries from graphite-moderated reactor technology.

•  A renewed interest in developments in high-temperature reactor technology (which has
intensified considerably since 1995).

•  The development of more sophisticated safety cases for continued operation and life extension
of existing graphite-moderated plants.

•  A new interest in certain types of graphite data as a result of decommissioning activity.

Taken together, these factors prompted a recommendation to establish a central archive for the
storage of data on properties of irradiated graphite.

Following the meeting at Bath, a proposal to create a centralised archive of irradiated graphite
properties was brought to the attention of the 13th meeting of the IAEA International Working Group
on Gas-cooled Reactors (IWGGCR) in 1996. The Committee expressed support for the concept,
but funding the development of the database was seen as an obstacle. After due consideration, the
United Kingdom Health and Safety Executive (HSE), with the University of Bath acting as the main
contractor, undertook the original development of the database. In 1999, after several meetings with
representatives of interested Member States, a Working Arrangement was approved by IAEA. Within
the IAEA, the Atomic and Molecular Data Unit in the Department of Nuclear Sciences and Applications
maintain the Graphite Database.

Purposes and objectives of the Graphite Database

The Graphite Database consists of data on the physical, chemical, mechanical and other relevant
properties of irradiated nuclear graphites contributed by Member States and organisations from the
Graphite Database Members. The purpose of the Graphite Database is to preserve and further expand
the existing scientific information on the physical, chemical, mechanical and other properties of
irradiat graphites (including zero dose) relevant for nuclear power, nuclear safety and other nuclear
science and technology applications, and to create a comprehensive international source for such
information, including reference data.

The Graphite Database is intended to:

•  Facilitate the development of national and international programmes on graphite-moderated
reactors and fusion technologies.

•  Assist the safety authorities in the assessment of safety aspects of graphite-moderated reactors,
including the safety aspects of reactor decommissioning.

•  Serve as a comprehensive source of scientific information for a broad range of material science
applications, including the non-nuclear technology areas.
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Membership of the Graphite Database

Full Membership of the Graphite Database is restricted to Member States of the IAEA that are
willing and able to provide relevant data owned by them or non-governmental organisations within
their territories for inclusion in the Graphite Database. To participate in the Graphite Database an
official request to this effect must be made by the Member State to the Director General of the IAEA.
A prospective member of the Graphite Database must provide the following information:

•  The amount of data offered for immediate inclusion in the Graphite Database.

•  A brief description of data offered for inclusion in the Graphite Database (including any access
restriction).

•  An estimate of the future data contributions to the Graphite Database.

•  A statement of acceptance of the obligations stipulated in the International Agreement provided
by the IAEA.

Member States that are not in possession of data relevant to the Graphite Database, but have a
strong interest in the use of such data and in the development of the Graphite Database, may be
accepted as Associate Members of the Graphite Database. A prospective Associate Member of the
Graphite Database must make an official request to the Director General of the IAEA. Such a request
shall include the following information:

•  A description of the current and future needs of the Member State which motivate the
application for Associate Graphite Database membership.

•  A description of the expected non-data contribution of the applicant to the Graphite Database
development and maintenance.

•  A statement of acceptance of the obligations stipulated in the Database Arrangements provided
by the IAEA.

Full database Member States

At present, the Full Member States of the Graphite Database are Germany (represented by
Forschungzentrum, Jülich, FZJ) Japan, the United Kingdom and the United States of America.
Lithuania is an Associate Member and it is expected that The Netherlands will be seeking membership
very shortly. A number of other IAEA Member States are also considering participating in the project.

Database Sponsors

Non-governmental organisations making voluntary contributions to the operation and maintenance
of the Graphite Database are Database Sponsors. A Database Sponsor may access restricted data with
the approval of the Member who provided the data. Database Sponsors are informed about the Agenda
of each forthcoming Steering Committee Meeting and may request to be invited to attend the meetings.
Database Sponsors may on request be invited to all technical meetings that are organised by the
IAEA in relation with the Graphite Database. At present, the Graphite Database is sponsored by Toyo
Tanso Co. Ltd. (Japan) and Eskom Enterprises, Pebble Bed Modular Reactor (PBMR) Programme
(South Africa).
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The Steering Committee

The Steering Committee of the Graphite Database is made up of:

a) One representative from each Member State of the Graphite Database appointed by the
appropriate national authority.

b) One representative of each Associate Database Member.

c) A Steering Committee Chairman.

The IWGGCR and the IAEA are each invited to send an observer to Steering Committee
meetings. The Steering Committee meets once a year. Since its formation the Steering Committee has
met in Vienna, Austria (1999), Oak Ridge National Laboratory (ORNL), USA (2000) and in Rain,
Germany (2001).

The programme of the Steering Committee includes:

•  All technical matters relating to data and Graphite Database operations.

•  Consideration of annual progress report prepared by the IAEA in co-operation with the
Liaison Officers of Graphite Database members.

•  Evaluation of the Graphite Database status and operations, and the progress made in its
development.

•  Recommendations on the procedures regulating the operation of the Graphite Database.

•  Consideration of financial aspects of the Graphite Database and recommending relevant
measures and actions.

•  Discussion of proposals from the Members and Associate Members of the Graphite Database
relating to the operation and development of the Graphite Database.

The Chairman of the Steering Committee may invite representatives of Graphite Database Sponsors
to attend the Steering Committee meetings as observers for obtaining information or advice on specific
items of the agenda or following a specific request for attendance from the Sponsors. The invitation is
extended through the IAEA.

Present members of the Steering Committee, who also act as Liaison Officers for their Member
States, are as follows.

Germany Dr Gerd Haag (FZJ)
Japan Dr Kazuhiro Sawa (JAERI)
United Kingdom Dr Anthony J. Wickham*
United States of America Dr Timothy D. Burchell (ORNL)
Lithuania Dr. Rimantas Levinskas, Lithuania Energy Institute
Together with IAEA representatives

* Chair of Committee until February 2002.

Full details of the organisation and operation of the Graphite Database can be found at its web
site [2].
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Technical objectives of the database

The Graphite Database contains key physical properties data for various nuclear grade graphites
under various reactor conditions; some of the data relate to high irradiation temperatures and high
neutron fluences. As of September 2000, 32 400 records are in the database.

The development of the database had the following objectives:

•  User friendly interaction with the database, based upon “point and click” activity and menus.

•  No specialist IT knowledge.

•  Clear presentation of data.

•  Flexible methods of data retrieval.

•  Flexible database structure to allow for different data types.

•  Secure methods of data distribution.

At present the database concentrates on numerical data with limited textual and graphical material,
although the Steering Committee may elect to extend the capabilities within the system for the
inclusion of anecdotal references in due course.

Database platform

Microsoft Access 97 has been used as the main tool for storing data and for development of the
database. The Microsoft Access relational database permits the rapid development of customised
interfaces to data and it also facilitates rapid changes to data formats. Access 97 and the software
developed using it can operate on any personal computer (PC) running Microsoft Windows 95 or
higher. A CD ROM drive is also required for installation of the database.

Classification of data

At an early stage in the technical discussions it was realised that a number of Member States
regarded irradiated nuclear graphite data as sensitive information or of commercial interest that
should not be made available freely. This led to definitions of data in the database as follows.

•  Unrestricted data are data published in the open literature and those offered by Database
Members on behalf of the data supplier for free dissemination.

•  Restricted data are all other data that are nonetheless made available to other Database
Members for non-commercial purposes. Restricted data will be disseminated to Members
only by CD ROM. Restricted data will also be made available to current Database Sponsors at
the discretion of the Steering Committee and the representatives of the Member States that
provided such data.

•  L2 restricted data is another category of restricted data from operating plants that are provided
by the commercial utilities in the United Kingdom and potentially for other commercially
sensitive data from other States. The listings of the L2 restricted data are made available to all
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restricted data users. Potential users of these data are required to sign a confidentiality
agreement directly with the utilities providing the data before achieving access to the detail.
These data are also distributed by CD ROM.

Types of data in the database

The current content of the database consists principally of data recording changes in physical and
mechanical properties of nuclear graphites upon fast neutron irradiation. The list of properties is set
out in Table 1. The selection and prioritisation of data for input into the database is a responsibility of
the Steering Committee, which has taken into account several factors. These include the development
of safety cases for current plant and for new HTR designs.

Table 1. Classification of materials property data in the Graphite Database

Group 1. Sample Characterisation

* Irradiation Temperature
* Fluence
* Graphite Grade
* Burn-up
* Direction of Measurement (with
* respect to extrusion direction)
* Experiment

Group 2. Crystalline Parameters (a
and c are lattice parameters and La
and Lc are the crystallite
dimensions) in Angstroms

* a Initial
* a Final
* c Initial
* c Final
* La Initial
* La Final
* Lc Initial
* Lc Final

Group 3. Elastic Moduli

* Initial E
* Final E
* Initial G
* Final G

Group 4. Electrical Resistivity

* Initial r
* Final r

Group 5. Coefficient of Thermal
Expansion, CTE

* Initial CTE
* Final CTE
* CTE Temp Range

Group 6. Sample Properties

* Initial Density
* Final Density
* Initial Open Pore Volume 1

* Final Pore Volume
* Weight Loss, %

Group 7. Thermal Conductivity

* Initial TH-COND
* Final TH-COND
* Experiment Temperature

Group 8. Strength

* Initial S (Tensile)
* Final S (Tensile)
* Initial S (3 pt Bending)
* Final S (3 pt Bending
* Initial S (Compressive)
* Final S (Compressive)

Group 9. Poisson’s Ratio

* Initial u
* Final u

Group 10. Dimensional Changes

* Length Change, %
* Diameter Change, %
* Volume Change, %

Group 11. Irradiation Creep
Properties

* Appld Stress
* Creep Strain
* Creep Coefficient

Group 12. Acoustic Properties

* Initial Sonic Velocity
* Final Sonic Velocity
* Initial Attenuation
* Final Attenuation

Group 13. Stored Energy

* Total S
* dS/dt
* Release Temperature
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An important factor that has been considered by the Steering Committee is the problem of different
standards and definitions employed by the data suppliers concerning, for example, absorbed neutron
dose. In order to preserve traceability of the data, the Steering Committee has decided to enter data in
the units employed by the original data supplier without conversion or rationalisation. However, careful
attention is paid to ensure that users are not confused by different units, and the Steering Committee
regularly reviews appropriate conversion factors as well as any technical issues affecting these factors.
For example, there has recently been a thorough discussion about the conversion of neutron dose units
into terms of “displacements per atom”, which has led to an energetic debate about the appropriate
value of the displacement energy to be used for the conversion, on which the literature is inconsistent.

Operation of the database

Data input and formatting

Nuclear graphite data are contributed to the Graphite Database through its Members, either upon
initial joining or through continuing data contributions. Database Members are responsible for the
collection, validation, categorisation, specification and appropriate formatting of nuclear graphite
properties data relevant to the Graphite Database. At present most data is being supplied to the IAEA
in the original format as specified by the data contributors. Data is mostly submitted as technical reports
that are formatted and arranged according to each particular authors’ or institutions’ requirements.
Some data have also been submitted in electronic form. The flexible database structure ensures that the
differing arrangements of data contributions can be entered easily into the database. However, expert
appraisal is required to ensure that data entered are meaningful. It is preferable if each data set is
submitted using a predefined template, as this minimises additional formatting; details of the template
are given in Graphite Database web site [2] and the User Manual [3].

To ensure traceability of the data, each submitted data set is identified as a “Volume” in the
database, which corresponds to a uniquely identifiable submission, referenced by a title, authors,
source, report number and country of origin. The submitted data are stored and a copy is formatted for
inclusion in the database as a “Table”. Data received in paper form must be converted to electronic
form before formatting into a “Table” in the database. Currently, this is done manually, as it was found
that using optical character recognition methods introduced errors. Several verification methods have
been employed to reduce errors during data logging and formatting. Data input rules have been used to
restrict the range and/or type of data that can be entered under a particular property. After data entry
and formatting random selections of records are produced and these are compared with the original data.

Using the database

Full details of the operation of the database are presented in the User Manual [3], so only a brief
summary is given here. The relationships between the principal elements of the database are shown in
Figure 1. Tables are similar to conventional spreadsheets with each property being identified by
column heading. Tables are stored in a single Access 97 file together with other database components.
Relationships between different properties are created from program code at run time, thus ensuring a
flexible method of data retrieval.

Query screens ask the user for particular information relating to the final data set they wish to
retrieve. A succession of query screens enables the user to specify the data set that is retrieved and
displayed as a report. The user can also identify and, if needed, change the units in which the data are
listed. Various filtering and sorting functions are available in the database to enable the data set to be
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Figure 1. Relationships between the principal elements of the database

Program
codes, etc.

Tables Reports

Query
screens

refined to suit the requirements of the database user. In addition to the numerical data, the database
also contains small amounts of both graphical and textual information, for example experimental details
that may be relevant to the data. Finally, the customised report can be exported to other applications
for further analysis.

Relevance of the Graphite Database to new designs of HTR

The effects of irradiation upon the properties of nuclear graphites in HTR will depend upon the
irradiation temperature neutron fluence domain during its lifetime. These domains will vary both from
one design to another and, for a given design, with location within the reactor. As an example, Table 2
summarises these domains for various locations of graphites within the HTR-500 plant that was
developed in the 1980s [4], but was never built.

Table 2. Operating temperatures and lifetime neutron fluences
for graphite components in the HTR-500 (adapted from [4])

Component Depth/m Operating
temperature/°C

Lifetime fluence/
1022 n cm–2 (EDN)

Top reflector – 250 1.5
Core 2.0 450 3.4
Core 3.0 475 1.9
Core 4.0 650 1.2
Core 5.0 675 0.8
Bottom reflector – 700 0.4

In more modern designs, particularly those coupled with gas turbines, the irradiation temperatures
are higher but the neutron fluences can be lower if the reactors are designed so that the inner reflector
blocks are exchangeable. For fuel element graphites the temperatures are much higher (up to about
1 100°C) but the lifetime neutron dose is rather small [~0.5 × 1022 n cm–2 (EDN)].

Figures 2-4 show examples of the effect of neutron irradiation on several properties of a nuclear
graphite that has been used in the development of an HTR. The property data are recorded in the
Graphite Database. Figure 2 shows an increase in Young’s modulus as a result of neutron irradiation at
720-770°C. For the neutron fluence irradiation temperature domain in this study Young’s modulus
also increases slightly over the range of fluences used. Figure 3 shows the dimensional changes for the
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Figure 2. The effect of neutron irradiation in the range
720-770°C upon the Young’s modulus of a nuclear graphite
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Figure 3. The effect of neutron irradiation on the
relative dimensional changes of a nuclear graphite
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Figure 4. Effect of neutron irradiation at 1 115-1 165°C upon the CTE of a nuclear graphite
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graphite for higher irradiation temperatures and a wider range of neutron fluences that are found in
Figure 2. As is observed for many graphites under a range of irradiation conditions, the nuclear
graphite used in this study shows initial shrinkage before turn around at about 50 × 1020 n cm–2 (EDN).
Figure 4 shows the effect of neutron irradiation at 1 115-1 165°C upon the coefficient of thermal
expansion (CTE) of the graphite. As is observed for most nuclear graphites under various irradiation
conditions, there is an initial increase in CTE upon irradiation that reaches a broad maximum at about
10-15 × 1020 n cm–2 (EDN). Thereafter, CTE decreases to reach the un-irradiated value at about
28 × 1020 n cm–2 (EDN). At higher fluences the CTE continues to decrease until it reaches a value that
is about 65% of the un-irradiated value at 50 × 1020 n cm–2 (EDN).

After a long period of low interest in the HTR technologies developed in the 1970s and 1980s, in
recent years there has been a substantial increase in interest from several countries in developing new
designs of HTR containing graphite components. It is likely that some new designs of HTR may
require the development of new grades of nuclear graphite and so new irradiation test programmes
will be desirable. In such cases, the Graphite Database may be used for scoping studies using data for
graphites that are similar in structure to those being developed and that have been exposed to neutron
fluence temperature domains that are close to those in the new designs. The value of the Graphite
Database will increase if, in due course, the irradiation properties data for the newly developed graphites
can be incorporated. Also, there are undoubtedly other relevant, extant data in files, reports and
publications that could be incorporated into the database if they are made available.

Conclusions

The International Database on Irradiated Nuclear Graphite Properties contains data on the
physical, chemical, mechanical and other relevant properties of graphites subject to fast neutron
irradiation. Its purpose is to provide a platform that makes these properties accessible to approved users
in the fields of nuclear power, nuclear safety and other nuclear science and technology applications.
A flexible and user-friendly platform for the database has been constructed using Microsoft Access 97
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software. This paper has described the organisation and management of the database through
administrative arrangements approved by the IAEA. It also outlines the operation of the database in
order to extract required data. The database contains much information that is useful for the design and
operation of HTR. Its usefulness in this area will be increased if additional, extant data can be
incorporated into the database. In the future, it will also be useful if results from any new materials
testing experiments made to support the design of new HTR can be added to the database.
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Abstract

Crystalline oxide ceramics are promising matrices for plutonium and minor actinide transmutation in
specifically devoted nuclear reactors. An important issue concerning these materials is the investigation
of their ability to confine radiotoxic elements resulting from the fission of actinides. Here, we study
the diffusion and release upon annealing or irradiation at high temperature of a toxic fission product
(Cs) in a typical oxide ceramic (zirconia). The foreign species are introduced by ion implantation and
the diffusion is studied by Rutherford backscattering experiments. The results show the influence of
the fission-product concentration on the diffusion properties. The Cs mobility is strongly increased
when the impurity concentration exceeds a threshold of the order of a few atomic per cent. Irradiation
with medium-energy heavy ions is shown to enhance Cs diffusion with respect to annealing at the
same temperature. The effects described in this paper have to be taken into account when developing
innovative nuclear fuels in order to decrease the risk of accidental release of radiotoxic elements into
the geosphere.
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Introduction

The reduction of the excess amount of plutonium and other actinides arising from the nuclear fuel
cycle or nuclear weapon dismantling is an important challenge for the industrialised world in the next
decades. A solution to this issue is the incorporation of these radiotoxic species in non-fertile matrices
and their burning in nuclear reactors specifically devoted to the task [1-3]. Crystalline oxide ceramics,
more particularly zirconia (ZrO2), were identified as very promising matrices for actinide transmutation
due to their high melting point, their reasonable thermal conductivity and their strong resistance
against irradiation [4-6]. One of the most serious problems to be solved for the final qualification of
new nuclear fuels with respect to safety criteria is the evaluation of their ability to confine radiotoxic
elements resulting from the fission of actinides. Such an investigation relies on the study of the
mechanisms of fission-product (FP) diffusion and release, which depend on parameters such as the FP
concentration and lattice location, the substrate temperature and the nature, amount and mobility of
radiation damage produced in the host material.

Ion beams provide very efficient tools for diffusion studies since they can be used for irradiation,
doping and characterisation of solids [7]. First of all, foreign species may be introduced into the host
matrix by ion implantation in a wide range of concentrations (from a few ppm up to several atomic
per cent). Then, the radiation damage produced in the nuclear fuel can be easily simulated by inert gas
irradiation at various energies (from a few hundreds of keV up to several hundreds of MeV). Finally,
the depth distribution of fission products following various treatments (annealing or high-temperature
irradiation) may be performed using the Rutherford backscattering (RBS) technique [8] implemented
with a MeV ion accelerator. The present paper reports the case study of caesium in zirconia, which can
be generalised to other fission species and nuclear matrices.

Experimental procedure

The samples used in the experiments are cubic {100}-oriented zirconia single crystals, fully
stabilised with with 9.5 mol.% yttria. They contain 1.5 wt.% hafnium as a contaminant. The surface
was covered with a thin carbon layer (~15 nm) in order to avoid charging of the samples during ion
beam analyses.

Caesium ions were introduced into zirconia single crystals by 300 keV room-temperature ion
implantation at the IRMA implanter of the CSNSM Orsay facility (see Figure 1) [9]. Ion fluences ranged
from 5 × 1015 to 5 × 1016 cm–2 in order to vary the Cs concentration from ~1 to ~10 at.%. The current
density was always kept lower than 1 µA cm–2 to prevent excessive target heating during the process
of implantation. The energy used ensures a good separation of the high-energy peaks of Cs from the Zr
front edge in RBS spectra (see next section).

Implanted samples were then either annealed in vacuum during one hour or irradiated at the IRMA
machine (also during one hour) with 360 keV Ar ions (total fluence: ~1015 cm–2) at temperatures
ranging from 300°C to 1 000°C. Irradiations with Ar ions were performed in order to simulate the
damage created in a fuel matrix by the various nuclear reactions. Only half of the crystal surface was
exposed to the Ar ion beam and both irradiated and un-irradiated regions were subsequently analysed.

The modifications of the Cs ion depth distribution due to thermal annealing or high-temperature
Ar ion irradiation were investigated by RBS experiments at the ARAMIS accelerator of the CSNSM
Orsay facility (see Figure 1) [9]. The RBS analysis was made using 3.06 MeV 4He ions. The energy
resolution of the RBS set-up was ~12 keV, which corresponds to a depth resolution of the order of
10 nm.
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Results and discussion

Figure 2 presents RBS spectra recorded in a random direction on a ZrO2 single crystal implanted
with 300 keV Cs ions at a fluence of 3 × 1016 cm–2, before and after thermal treatments. The data can
be separated in two parts: (i) the low-energy plateaus (below channel 410) due to the backscattering of
analysing particles from the Zr atoms of the target and (ii) the high-energy peaks (between channel
420 and channel 435) arising from the backscattering of analysing particles from implanted Cs atoms.
It should be noted that the signals generated by the backscattering from O atoms of the target, appearing
at an energy much lower than the Zr edge, are not displayed in the figure for the sake of clarity.
The normalised yield versus channel scales can be easily transformed in atomic concentration versus
depth scales (see Figure 2) in order to provide the depth distribution of implanted Cs ions.

The Cs depth profile before any heat treatment (filled squares in Figure 2) is well reproduced with
a Gaussian distribution. The values found for the projected range, Rp ~ 45 nm, and the range straggling,
∆Rp ~ 30 nm, are in reasonable agreement with the results of Monte Carlo simulations for implanted
ions performed with the TRIM code [10].

The FP diffusion and release are monitored by the modifications occurring in the depth distribution
of implanted elements upon annealing or high-temperature irradiation. The data of Figure 2 clearly
show that annealing at 500°C (filled triangles) induces only a little modification of the Cs profile,
whereas irradiation at this temperature (open triangles) or annealing at 600°C (filled circles) lead to a
drastic modification of the Cs peak with a strong decrease of the Cs concentration (from ~4.5 down to
~2 at.%). The latter effect is the manifestation of the diffusion and subsequent desorption of implanted
species.

The summary of the results obtained on Cs-implanted ZrO2 samples submitted to thermal
treatments is presented in Figure 3. It shows the variation of the Cs concentration at the maximum of
the distribution as a function of the annealing or irradiation temperature for various implantation
fluences. For crystals implanted at low atomic concentrations (i.e. below 2 at.%), no diffusion of Cs
atoms occurs up to the highest temperature investigated in this study. In this concentration range,
high-temperature Ar irradiation has no influence on the mobility of implanted species. For crystals
implanted at high atomic concentrations (i.e. above 4 at.%), diffusion and release of Cs atoms occur
upon annealing at ~550°C. The result is a decrease of the Cs concentration down to a critical value (cc)
of the order of 1.5 at.%. In this concentration range, Ar ion irradiation increases the mobility of Cs
atoms, since they start to diffuse at ~450°C to reach the same final concentration as upon annealing.
Furthermore, once the Cs concentration has dropped down to the critical concentration, the Cs depth
profile remains almost unaffected up to the highest annealing temperature, revealing a high stability of
the phases formed below cc.

The determination of the local atomic configurations of foreign species in the host matrix may
help to understand the diffusion results summarised in Figure 3. Previous RBS and channelling data
recorded on ZrO2 single crystals implanted with FP showed that a large fraction of Cs ions occupy
substitutional lattice sites at low atomic concentrations (i.e. below ~2 at.%) [11-12]. In ZrO2, Zr atoms
are located in the centre of a cube formed by O atoms (ZrO8 dodecahedron); the distance between Zr
and O atoms is ~2.4 Å and the Zr atoms are in the Zr4+ oxidation state with a radius of 0.87 Å [13].
Since the radius of Cs atoms ranges from 0.174 to 0.202 nm [14-15], the substitution of a Zr atom by a
Cs one creates a large stress, which can only be relaxed by the formation of anionic vacancies in the
vicinity of the substituted atom. In this atomic configuration, Cs ions occupy positions only slightly
displaced from the original locations of Zr atoms, leading to the value of the substitutional fraction
measured by channelling.
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When the Cs concentration exceeds cc, the fraction of Cs ions in substitutional lattice sites falls
down to zero, and a severe damage is induced into the zirconia lattice by ion implantation [11-12].
The solubility limit of Cs in ZrO2 (at 2 000 K) was estimated to be ~1.5 at.% [16-17]. The decrease of
the substitutional fraction at high Cs concentration is thus very likely due to either the precipitation of
Cs atoms in metallic inclusions or the formation of ternary compounds (such as Cs2ZrO3 [16-18]).

Annealing above 550°C of crystals implanted at high ion fluences leads to a drop of the Cs
concentration down to 1.5 at.% and to a release of excess Cs atoms from the ZrO2 matrix. This result
indicates that the atomic configurations built up at high Cs concentrations are not thermodynamically
stable. The substitutional fraction measured in RBS and channelling experiments after annealing
implanted ceramics up to 800°C remains essentially unchanged for all the samples investigated in this
study. This result reveals that Cs atoms are randomly located in the case of heavily-doped crystals
even when these crystals are annealed at temperatures above 550°C. Thus, despite the fact that the
final concentration is the same after annealing for samples implanted at low or at high fluences, the
local environment of implanted species is obviously different. The atomic configurations most probably
formed are thus: isolated atoms surrounded by vacancies in the case of weakly-doped samples and
precipitates in the case of highly-doped samples (in both cases before and after annealing). Therefore,
the annealing of ZrO2 crystals doped with high Cs concentrations likely induces a rearrangement of the
clusters formed during implantation, leading to the diffusion and release of a part of implanted species.

Irradiation with rare gas ions of heavily-doped single crystals leads to an enhanced diffusion of
Cs atoms as compared with sole annealing. Since 360 keV Ar ions essentially slow down via elastic
collisions with the nuclei of the target atoms, it can be assumed that nuclear collisions assist the
fission-product diffusion by shaking up the Cs clusters formed during implantation. The result is a
modification of the number and size of these clusters accompanied by the release of excess FP from
the host matrix at a temperature ~100°C lower than upon annealing.

It should be pointed out that very similar results were obtained in MgAl2O4 crystals implanted
with Cs ions at similar fluences, with the difference that the Cs migration occurs in heavily-doped spinel
samples at higher temperatures than in ZrO2 (~800°C for annealing and ~700°C for high-temperature
Ar ion irradiation). The same conclusion can be drawn from these results since previous RBS and
channelling experiments performed in spinel also showed that a large fraction of Cs atoms occupies
substitutional lattice sites at low concentration and random positions at high concentration [19].

Conclusion

The experiments presented in this paper demonstrate that ion beams provide very useful tools for
the evaluation of oxide ceramics as potential matrices for nuclear waste incineration. The main issue
addressed in this study is the diffusion and release of fission products upon annealing or irradiation at
high temperatures (up to 1 000°C). Ion implantation was selected to dope the material with the species
to be confined. Ion irradiation was used for the simulation of the damage created in the matrix by a
radiative environment. The modifications of the depth distribution of fission products upon heat
treatments were monitored by nuclear microanalysis techniques (RBS).

The results show that the diffusion and release of fission products in oxide ceramics is strongly
dependent on the concentration of foreign species. The fission-product mobility increases when the
concentration exceeds a threshold of the order of a few atomic per cent. Further enhancement of the
fission-product mobility is observed when the temperature rise is accompanied by radiation damage
production. It is of great importance to consider the dramatic fission-product release described in this
paper when developing innovative nuclear fuels, in order to decrease the risk of accidental contamination
of the geosphere with radiotoxic elements.
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Figure 2. RBS spectra recorded in a random direction on a ZrO2 single
crystal implanted with Cs ions at a fluence of 3 × 1016 cm–2, before and

after annealing or irradiation with Ar ions at the indicated temperatures
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Figure 3. Maximum Cs concentration vs. annealing (filled symbols) or irradiation
(open symbols) temperatures for ZrO2 single crystals implanted with Cs ions at fluences

of 5 × 1016 at.cm–2 (triangles), 3 × 1016 at.cm–2 (squares) and 1016 at.cm–2 (circles)
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METHOD OF REACTOR TESTS OF HTGR
FUEL ELEMENTS AT AN IMPULSE LOADING

A. Chernikov, V. Eremeev, V. Ivanov
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24, Zheleznodorozhnaya Str., Podolsk, Moscow Region, 142100, Russia

Abstract

The method employed for testing HTGR fuel elements under impulse loading (during several tens
seconds) in the impulse graphite reactor (IGR) is described. Experiments with spherical fuel elements
have shown reliability of the control system, providing maintenance and measurement of the specified
level of temperature and energy release.

A program for computation of temperature fields in fuel elements and coated fuel particles and
temperature stresses distribution along a section of fuel elements was developed.

As an illustration of the progress made, the results of fuel element tests are presented at an energy
release of 22 kW.
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Introduction

Uranium-graphite fuel elements based on coated fuel particles and a graphite matrix are efficient
under the normal conditions of HTGR operation (temperature 1 000-1 600 K). In some accidents [1],
for example, after spontaneous removal of control rods of the accident protective system, temperatures
in the reactor core have risen up to 2 000 K and higher. At this time power energy release will increase
tenfold and greater. The estimated time of reactor operation under conditions of increased power in
such a situation can be from several fractions of a second up to several tens of seconds and more.

The necessity of investigating fuel element behaviour under short-term, high-energy loading is
dictated by the fact that significant temperature gradients arise in this case in coated fuel particles
dispersed in matrix graphite.

The paper considers the method of uranium-graphite fuel element reactor tests under impulse
loading conditions and analyses temperature fields and stresses which occur during testing.

Experimental details

Tests were conducted in the impulse graphite reactor (IGR). The main physical characteristics of
this reactor are presented in Table 1 [2].

Table 1. The main characteristics of the impulse graphite reactor [2]

Reactor core Graphite impregnated with uranium (90% 235U),
dimension 1 400 × 1 400 × 1 400 mm,
moving part 800 × 800 × 1 400 mm,
block dimension 100 × 100 × 200 mm

Reflector Graphite, thickness everywhere is not less than 500 mm,
size of a brickwork 2 400 × 2 400 × 4 200 mm

Nuclear ratio, U/C 1:10 000
235U load, kg 7.46
Excess reactivity, % 22 ± 2
Effective fraction of latent neutrons 0.00685
Lifetime of instantaneous neutrons, s (1.07-1.03) × 10–3

Fluence of neutrons in the impulse after
rods removal, n cm–2

1.1 × 1017

Maximum possible density of neutron flux
in the flash mode, n cm–2 s–1

1 × 1018

Five spherical graphite elements 60 mm in diameter were exposed to tests. One of them was made
of graphite and had no fuel, four others were models of spherical fuel elements consisting of the
fuelled centre (core) and the fuel–free graphite shell. TRISO-type coated fuel particles ~1-1.1 mm in
diameter (average radius of UO2 fuel kernels was 0.25 mm) were uniformly dispersed in a matrix
graphite of the core [3]. 235U content in fuel elements No. 1 and No. 3 was 1 g, and in No. 2 and No. 4
were 1.5 g.

Reactor experiments were carried out in a stainless steel ampoule with wall thickness of 2 mm
(Figure 1).
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Figure 1. Test ampoule scheme

1-4 – Spherical fuel elements, 5 – Graphite ball, 6 – Ampoule walls,
7,8 – Graphite sleeves, 9,10 – Graphite fixtures and cover, T1-4 – Thermocouple

The ampoule was placed in a steel casing filled with helium at a pressure of 0.1 MPa; casing was
in the central channel of the reactor. Tested samples were arranged along a vertical axis of a graphite
sleeve with an internal diameter of 65 mm. The clearance fit of graphite spacers excluded the possibility
of a stress occurrence in the fuel elements, resulting in their contact interaction after thermal
expansion. Fission product release was measured by the radiometric analysis of a gas sample from the
casing after each start-up.

The ampoule with the fuel elements underwent three reactor tests under impulse mode. Reactor
power in each start-up was changed according to a trapezoid profile. At the first stage of loading heat
release in the spherical fuel elements was increased linearly during 10-17 s up to some stationary value
Nst, which was kept constant during 10-30 s. The power was then decreased linearly during 10-12 s.
The first start-up at low power was used for developing the mode of reactor loading and to verify
control and measuring devices. A stationary mode at power Nst was maintained during 30 s. The Nst

value was 3.4 kW for fuel elements No. 1 and No. 3 and 5.1 kW for fuel elements No. 2 and No. 4
(hereinafter heat release is identified per fuel element). Methods of the determination of temperature
along the fuel element section with use of experimental and calculated data were developed in the
second start-up. The maximum power in this case was 13.6 kW in samples No. 1 and No. 3 and
20.4 kW in samples No. 2 and No. 4; duration of a stationary mode loading was 20 s. The computation
model of a temperature field was checked in the third start-up. The Nst value in this case reached
22.1 kW for fuel elements No. 1 and No. 3 and 33.5 kW for No. 2 and No. 4 (Figures 2, 3).

Computation models

It was accepted that the thermal scheme of experiment realisation (Figure 1) is well described by
the two-dimensional equation of thermal conductivity. The solution of a similar task requires
simplification of boundary conditions. If the temperature of spherical fuel element surface is changed
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Figure 2. Change of heat release and thermocouples
indications for fuel element No. 2 in the second start-up

1,2 – Temperature of fuel element surface and core respectively, 3 – Density of an energy release

Figure 3. Change of heat release and thermocouples
indications for fuel element No. 3 in the third start-up

1 – Energy release density in the fuel element core,
2,3 – Temperature of fuel element surface and in the centre of the core respectively

slightly in dependence on azimuthal co-ordinates at the specified moment of time, the real temperature
distribution can conveniently be replaced by one-dimensional and to reduce a task to the solution of
the thermal conductivity equation of a ball:

( )( ) ( )[ ] ρ+∂∂∂∂=∂∂ cqrTrrratT 22 (1)

where r is the current radius, R  is the fuel element radius, t is time, T is temperature; q  is the energy

release density in the core with radius Rc < Ro and a = λ/ ρ is temperature conductivity (λ is thermal
conductivity, c is heat capacity and ρ is density).

The density of an energy release was simulated by continuous function of r and t taking into
account the effect of neutron field “depression”. Correction on the “depression” in experiments was
insignificant.

Eq. (1) was solved by a method of running with the use of a three-dot pattern and an implicit
scheme under boundary conditions of the first kind:

T(Ro,t) = f(t) (2)

where the function f(t) describes the temperature of a spherical fuel element surface which was
measured during reactor start-ups.
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Boundary condition (2) and the temperature dependencies of thermophysical properties a, λ, 
and ρ were specified by seventh power degree polynomial.

Stresses in the spherical fuel elements during reactor tests in an ampoule depend on non-uniform
graphite shrinkage during irradiation, temperature stresses due to interaction between them and walls
of internal graphite sleeve and stresses due to non-uniform temperature fields in the tested samples.
Stresses due to radiation were neglected because of the small value of the integrated neutron flux.
The presence of backlashes between the fuel elements and the graphite sleeve, as well as the possibility
of free temperature expansion of samples along the ampoule axis excluded the occurrence of contact
loadings. Therefore the only source of stress and deformation was the non-uniform temperature field.
According to the theory of thermoelasticity, radial σr and circumferential σΘ components of stresses
are calculated with use of the formulas [4]:
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where ( ) ( )∫=
r

o

drrrTrrA 331 , α is the linear thermal expansion coefficient, E is the Young’s modulus

and ν is the Poisson’s ratio.

Temperature and stresses in the fuel elements were calculated with use of the program SHAR
written on Fortran-4. The program was verified by comparison of calculated and known exact data for
continuous sphere with a constant heat release. Calculated with use of the program SHAR,
temperature differed by 0.2-0.3%, and stresses not greater than 0.5%. The temperature field in coated
fuel particles was determined with the use of the same program as follows. At the first stage distribution
of temperature T(r,t) in the fuel elements was calculated. Then one or several characteristic coated fuel
particles were chosen, their centre co-ordinates being ri < Rc. If T(r,t) is known, it is easy to find
temperature in points T(ri – δi,t) and T(ri + δi,t), where δi is the radius of i-th coated fuel particle, and
the average temperature on a coated fuel particle surface is equal to:

( ) ( )[ ] 2t,rTt,rTT iiiiavr δ++δ−=

At the second stage the equation of thermal conductivity (1) was solved for multi-layer sphere
with the specified thermophysical properties of each layer, density of heat release in a fuel particle and
the first kind boundary conditions on the external surface of coated fuel particle Tsrf(t) = Tavr(ri,t).

Discussion of experimental results

The maximum temperature of matrix graphite in the fuel elements during the first methodical
start-up did not exceed 800-1 000 K. Calculated temperature stresses were not greater than 3 MPa, that
is less than the graphite bend strength of σb = 22-45 MPa. The temperature of fuel particles was less
than 1 050 K, therefore fuel element characteristics were not changed, and coatings of coated fuel
particles maintained their barrier properties with regard to fission products. Heat release in fuel elements
No. 2 and No. 4 was 1.5 times higher, however it could not result in an increase of temperature and
stresses up to a level which is dangerous as regards the of depressurisation of coated fuel particles.

The second start-up, when reactor power was 10 times higher then in nominal conditions, has
confirmed serviceability of all measuring systems. Heat release in the fuel elements and temperature
mode of tests were maintained in the specified intervals. As was expected, the temperature of the fuel
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element surface differed from point to point, this being the main source of a deviation of calculated
values from experimental data. All calculations were conducted with use of a boundary condition (2),
surface temperature was accepted equal to indications of the thermocouple, the location of which is
shown by label 2 in Figure 1.

The stress σr has a compressing character. Its maximum value was achieved in the ball centre, it
was equal to zero on a surface. The circumferential stress σΘ at the ball centre was also compressing.
With radius increased it became subject to tensile stress, achieving maximum value at the fuel element
surface. max

Θσ  estimated in one-dimensional model was 23-25 MPa; for fuel elements No. 1 and No. 3
it was 15-17 MPa.

The goal of the third start-up was to test fuel elements No. 1 and No. 3 at stresses close to matrix
graphite ultimate strength (Figure 3). According to calculations similar stresses appeared when energy
release density is q  = 20-25 kW. In these conditions heat release in fuel elements No. 2 and No. 4 will
be in the range of 33-35 kW, which should result in the destruction of their shells. Thermocouples
fixed at the centre 4 and on a surface T3 of fuel element No. 3 gave information about temperature
conditions of the test. At the stationary mode power was 22 kW. Calculated temperature at the centre
of the fuel element was below the experimental temperature by 50-150 K. After correction of the
boundary condition, an agreement between experimental and calculated data was improved (Figure 4).

Figure 4. Dependencies of calculated temperature clc at the centre (1) and of circumferential
stresses (2) on the surface of fuel element No. 3 vs. the test time in the third start-up
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At the moment the reactor achieved a stationary power at t = 10 s, the maximum temperature of
the matrix graphite in the centre of ball was equal to 800 K. Temperature continued to increase during
the stationary stage of the test, and then during 5 s after power reduction begun at t = 30 s. Maximum
temperature of graphite at the centre equal to 1 940 K was achieved after 35 s. Maximum temperature
difference 740 K was fixed earlier at t = 30 s. Maximum stress max

Θσ  on a fuel element surface outrun 
change and was 24 MPa at 25 s (Figure 4).

The temperature of fuel particles was higher during the entire start-up period. The temperature
difference in coated fuel particles increased smoothly from 0 up to 100 K at 10 s. Over the interval of
10 to 30 s it changed weakly, remaining on a level of 100-120 K, then began to fall as power was
reduced. The maximum calculated temperature of fuel in fuel elements No. 1 and No. 3 was 2 050 K.
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Fuel elements No. 2 and No. 4 in the third start-up were under heavier conditions. Circumferential
stresses obviously exceeded ultimate strength. Shell destruction and partial destruction of these fuel
element cores were found after opening of the ampoule.

It was the reason of radiation power growth of a gas sample taken out of an ampoule after of the
termination of the start-up. Fuel elements No. 1 and No. 3 were intact. Their appearance was not
changed, cracks or other defects were not been found after visual inspection of a surface once the
series of experiments was at its end.

Conclusion

Tests have shown the capability of the IGR to investigate spherical fuel element behaviour under
accident conditions. The control and measuring complex provides high accuracy of measurement and
maintenance of the main parameters of a loading under an impulse mode at an energy release of
~20-30 kW and more at temperatures above 2 000 K. Experiments using fuel element models and
appropriate calculated data allow to obtain information on distribution of temperatures in fuel elements
and coated fuel particles, as well as about stresses in a graphite matrix.

REFERENCES

[1] A.S. ��������	
 V.S. Eremeev, et al., “Behaviour of HTGR Spherical Fuel Elements at
Short-term Exposure in Impulse Graphite Reactor”, Proc. of the 2nd JAERI Symposium on
HTGR Technologies, 21-23 October 1992, Oarai, Japan.

[2] G.A. Bat, A.S. Kochenov, L.P. Kabanov, “Test Nuclear Reactors”, M.: Energoatomizdat, 1985,
280 p. (in Russian).

[3] A.S. Chernikov, “Fuel and Fuel Elements of HTGR”, Atomic Energy, Vol. 65, No. 1. pp. 32-38
(1988) (in Russian).

[4] Bruno A. Boley, Jerome H. Weiner, “Theory of Thermal Stresses”, Trans. from English.
M.: Mir, 1964, 518 p.





323

GAS REACTOR TRISO-COATED PARTICLE FUEL MODELLING ACTIVITIES
AT THE IDAHO NATIONAL ENGINEERING AND ENVIRONMENTAL LABORATORY

David Petti, Gregory Miller, John Maki, Dominic Varacalle and Jacopo Buongiorno
Idaho National Engineering and Environmental Laboratory

Idaho Falls, Idaho, United States

Abstract

The development of an integrated mechanistic fuel performance model for TRISO-coated gas-reactor
particle fuel termed particle fuel model (PARFUME) has begun at the Idaho National Engineering and
Environmental Laboratory. The objective of PARFUME is to physically describe the behaviour of the
fuel particle under irradiation. Both the mechanical and physico-chemical behaviour of the particle
under irradiation are being considered. PARFUME is based on multi-dimensional finite element
modelling of TRISO-coated gas-reactor fuel. The goal is to develop a performance model for particle
fuel that has the proper dimensionality and still captures the statistical nature of the fuel. The statistical
variation of key properties of the particle associated with the production process requires Monte Carlo
analysis of a very large number of particles to understand the aggregate behaviour. Thus, state-of-the-art
statistical techniques are being used to incorporate the results of the detailed multi-dimension stress
calculations and the fission-product chemical interactions into PARFUME. The model is currently
focusing on carbide, oxide and oxycarbide uranium fuel kernels. The coating layers are classical
TRISO type (IPyC/SiC/OPyC). Extensions to other fissile and fertile materials and other coating
materials (e.g. ZrC) are currently under consideration. This paper reviews the current status of the
model, discusses calculations of TRISO-coated fuel performance for cracking observed in recent US
gas reactor irradiations, and presents predictions of the behaviour of TRISO-coated fuel at high burn-up
that is currently under consideration in Europe.
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Objectives and goals

The INEEL has begun the development of an integrated mechanistic fuel performance model for
TRISO-coated gas-reactor particle fuel termed PARFUME (PARticle FUel ModEl). Compared to
light water reactor and liquid metal reactor fuel forms, the behaviour of coated-particle fuel is
inherently more multi-dimensional. Moreover, modelling of fuel behaviour is made more difficult
because of the statistical variations in fuel physical dimensions and/or component properties, from
particle to particle due to the nature of the fabrication process. Previous attempts to model this fuel
form have attacked different pieces of the problem. Simplified one-dimensional models exist to describe
the structural response of the fuel particle. Models or correlations exist to describe the fission-product
behaviour in the fuel, though the database is not complete owing to the changes in fuel design that
have occurred over the last 25 years. Significant effort has gone into modelling the statistical nature of
fuel particles. However, under pressure to perform over one million simulations with the computing
power available in the 1970s and 1980s, the structural response of the particle was simplified to improve
the speed of the calculations. No publicly available integrated mechanistic model for coated-particle
fuel exists in the United States as an accurate tool for nuclear design. The advent of powerful personal
computers and the tremendous advancements in fundamental modelling of materials science processes
now make more accurate simulations of particle fuel behaviour possible.

Thus, our objective in developing PARFUME is to physically describe both the mechanical and
physico-chemical behaviour of the fuel particle under irradiation. Our goal is to develop a performance
model for particle fuel that has the proper dimensionality and still captures the statistical nature of the
fuel. The statistical variation of key properties of the particle associated with the production process
requires Monte Carlo analysis of a very large number of particles to understand the aggregate
behaviour. Thus, state-of-the-art statistical techniques are being used to incorporate the results of the
detailed multi-dimension stress calculations and the fission-product chemical interactions into
PARFUME. Furthermore, we want to verify PARFUME using data from historical TRISO-coated
particle irradiations so that the code can be used to design advanced coated-particle fuel for the gas
reactor with greater confidence and other particle fuel applications (Pu and minor actinide burning,
fast reactors).

Key phenomena

Our mechanistic model for coated-particle fuel will consider both the structural and
physico-chemical behaviour of particle-coated fuel system during irradiation. The following important
phenomena will be included:

•  Fission gas release from the kernel as a function of burn-up, temperature and kernel type
(oxide, carbide, oxycarbide).

•  Anisotropic response of the pyrolytic carbon layers to irradiation (shrinkage, swelling, and
creep that are functions of temperature, fluence and orientation/direction in the carbon).

•  Failure of the pyrolytic carbon and SiC layers based on the classic Weibull formulation for a
brittle material either by traditional pressure vessel failure criteria or by mechanisms such as
asphericity, layer debonding or cracking.

•  Fission product inventory generation as a function of burn-up and enrichment of the particle.
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•  Chemical changes of the fuel kernel during irradiation (changes in carbon/oxygen, carbon/metal
and/or oxygen/metal ratio depending on the kernel fuel type, production of CO/CO2 gas) and
its influence on fission-product and/or kernel attack on the particle coatings.

•  Kernel migration.

•  Fission-product diffusion, migration and segregation.

•  Statistical variations of key properties of the particle associated with the production process,
requiring Monte Carlo analysis of a very large number of particles to understand the aggregate
behaviour.

The status of PARFUME with respect to modelling these phenomena is discussed in in the
following sections. Later, the model is applied to predict the behaviour of recent US TRISO-coated
particle irradiations and to define trends in the performance of EU particles at high burn-up. A summary
and our future plans are presented in conclusion.

Key material properties

A typical TRISO-coated particle is shown in Figure 1. Fission gas pressure builds up in the kernel
and buffer regions, while the IPyC, SiC, and OPyC act as structural layers to retain this pressure.
The basic behaviour modelled in PARFUME is shown schematically in Figure 2. The IPyC and OPyC
layers both shrink and creep during irradiation of the particle while the SiC exhibits only elastic
response. A portion of the gas pressure is transmitted through the IPyC layer to the SiC. This pressure
continually increases as irradiation of the particle progresses, thereby contributing to a tensile hoop
stress in the SiC layer. Countering the effect of the pressure load is the shrinkage of the IPyC during
irradiation, which pulls inward on the SiC. Likewise, shrinkage of the OPyC causes it to push inward
on the SiC. Failure of the particle is normally expected to occur if the stress in the SiC layer reaches
the fracture strength of the SiC. Failure of the SiC results in an instantaneous release of elastic energy
that should be sufficient to cause simultaneous failure of the pyrocarbon layers.

Numerous material properties are needed to represent fuel particle behaviour in the performance
model. These include irradiation-induced strain rates used to account for shrinkage (or swelling) of
the pyrocarbon layers, creep coefficients to represent irradiation-induced creep in the pyrocarbon
layers and elastic properties to represent elastic behaviour for the pyrocarbons and silicon carbide.
The properties used in the model were obtained from data that was compiled in a report by the CEGA
Corporation in July 1993. This data was based on a review and evaluation of material properties
published in the literature to that date [1-7].

Figure 1. Typical TRISO-coated fuel particle geometry
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Figure 2. Behaviour of coating layers in fuel particle
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Creep

Irradiation-induced creep in the pyrocarbon layers is treated as secondary creep, i.e. the creep
strain rate was proportional to the level of stress in the pyrocarbon. The creep coefficient is applied as
a function of pyrocarbon density and irradiation temperature. Because variations in pyrocarbon density
are small, the creep is primarily a function of temperature, increasing significantly with increases in
temperature. The creep coefficients used in the analysis ranged from 0.7 to 2 ×10–29(MPa-n/m2)–1 over
a temperature range of 600 to 1 200°C. There is considerable variation among values reported for the
creep coefficient throughout the literature, making this a major source of uncertainty in the analysis.
The remaining creep property is Poisson’s ratio for creep of the pyrocarbon layers. In accordance with
CEGA’s recommendations, a value of 0.5 is used for secondary creep of the pyrocarbons.

Shrinkage

Due to anisotropy in the swelling behaviour of the pyrocarbon layers, the strains are different for
the radial and tangential directions. The swelling strains are reported in the CEGA data to be functions
of four variables, i.e. fluence level, pyrocarbon density, degree of anisotropy (as measured by the
Bacon Anisotropy Factor, BAF) and irradiation temperature. Figure 3 shows swelling strains as a
function of fluence and BAF for the radial and tangential directions. The plots presented correspond to
a pyrocarbon density of 1.96 × 106 g/m3 and an irradiation temperature of 1 032°C, and cover a range
of BAF from 1.02 to 1.28. In the radial direction, the pyrocarbon shrinks at low fluences but swells at
higher fluences for all but the lowest BAF values. In the tangential direction, the pyrocarbon continually
shrinks at all levels of fluence and the magnitude of the shrinkage increases as the BAF increases.
Figure 4 shows swelling strains as a function of fluence and temperature for the radial and tangential
directions. The plots presented correspond to a pyrocarbon density of 1.96 × 106 g/m3 and a BAF
value of 1.08, and cover a range of temperatures from 600 to 1 350°C. Similar trends are seen in these
curves, wherein the magnitude of shrinkage increases as the temperature increases.

In the ABAQUS model, the swelling data is input in the form of strain rates that are functions of
four field variables, i.e. fluence level, pyrocarbon density, BAF and irradiation temperature.
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Figure 3. Radial and tangential swelling (shrinkage) of pyrocarbon for variations in BAF

-8

-6

-4

-2

0

2

4

0 1 2 3 4

 Fluence (1025 n/m2)

S
tr

ai
n

BAF=1.28, radial

BAF=1.02, radial

BAF=1.02, tang

BAF=1.28, tang

Figure 4. Radial and tangential swelling (shrinkage) of pyrocarbon for variations in temperature
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Weibull parameters

Because of the brittle nature of pyrolytic carbon and silicon carbide, the PyC layers and the SiC
layer are expected to fail in a probabilistic manner according to the Weibull statistical theory [8].
As such, the failure probability for a PyC or SiC layer in a batch of particles is given by:

( )∫ σσ−
−= V

m dV/

f eP
0

1

where Pf is the probability of failure for the IPyC or SiC layer, m is the Weibull modulus for IPyC or
SiC layer, V is the volume of the IPyC or SiC layer in µm3, σ is the stress in the IPyC or SiC layer in
MPa, and σ0 is the Weibull characteristic strength for the IPyC or SiC layer in MPa-µm3/m.
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The Weibull parameters used in the PARFUME code are based on CEGA’s recommendations.
For the pyrocarbons, the Weibull modulus m is assumed to have a value of 9.5. CEGA’s data indicates
that the characteristic strength σ0 increases with increasing values of BAF. For isotropic PyC (BAF = 1),
the recommended value for σ0 is 13.36 MPa-m3/9.5. For a BAF of 1.06, which may typically be expected,
the strength increases to 23.99 MPa-m3/9.5. In accordance with CEGA’s data, the Weibull modulus m
for the silicon carbide layer is assumed to have a value of 6 and the corresponding characteristic
strength σ0 is assumed to be 9.64 MPa-m3/6.

Elastic

The Young’s modulus for the pyrocarbon layers was applied as a function of four variables (the
same variables as used for swelling), while the Young’s modulus for the silicon carbide layer was
applied only as a function of temperature. A typical Young’s modulus for the pyrocarbons is about
30 GPa, while that of the silicon carbide is about 370 GPa. Values of 0.33 and 0.13 were used for
Poisson’s ratio in the pyrocarbon and SiC layers, respectively. The stresses in the coating layers are
not highly sensitive to variations in the elastic properties.

Models

Structural

The ABAQUS program [9] is used in the performance model to perform finite element stress
analysis on coated fuel particles. This program is capable of simulating the complex behaviour of the
coating layers, and can be used to evaluate multi-dimensional effects, such as shrinkage cracks in
the IPyC, partial debonding between layers and asphericity. ABAQUS analyses are also used as a
benchmark for validating simplified solutions that may be employed in PARFUME. We have shown
(see Ref. [10]) that shrinkage cracks in the IPyC could make a significant contribution to fuel particle
failures. Therefore, the condition of a cracked IPyC is included as a potential failure mechanism in
PARFUME, and has been evaluated using ABAQUS analyses.

ABAQUS models for both normal and cracked three-layer geometries have been developed as
shown in Figure 5. These are axisymmetric models that allow for non-symmetry in the plane, thus
enabling an evaluation of multi-dimensional effects on stress behaviour of the coating layers. The model
of the normal spherical particle has no cracks or defects in the layers of the particle. The IPyC and
OPyC layers are assumed to remain fully bonded to the SiC layer throughout irradiation. This model is
used to demonstrate behaviour of a normal particle in expected reactor conditions, as well as to
determine stresses in the various layers throughout irradiation. The model consists of quadrilateral
axisymmetric elements, giving the effect of a full sphere. Only the three structural layers (i.e. the IPyC,
SiC and OPyC) of the particle are included in the model. The layer thicknesses for the IPyC, SiC and
OPyC are nominally set at 40, 35 and 43 µm, respectively. Any of these dimensions can be varied as
desired. The internal pressure applied in this analysis was ramped linearly from zero at the beginning
of irradiation to a final value of 23.7 MPa, to simulate the build-up of fission gas pressure. A constant
external pressure was also applied to represent either reactor or test conditions. Particles are analysed
in a viscoelastic time-integration analysis that progresses until the fluence reaches 3 × 1025 n/m2,
occurring at a time of 1.2 × 107 s in the analysis. These are representative conditions that can be varied
as desired.

The model for a cracked particle is identical in all respects to that of the normal particle except
that it has a radial crack through the thickness of the IPyC layer. As discussed later, the crack is typical
of those observed in post-irradiation examinations of the New Production Modular High-temperature
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Figure 5. Finite element models for normal and cracked configurations

Gas Reactor (NP-MHTGR) fuel particles. During irradiation, shrinkage of the initially intact IPyC
layer induces a significant tensile stress in that layer. If the tensile strength of the IPyC layer is
exceeded, then a radial crack develops in the IPyC layer. This crack is included in the model from the
beginning of the solution since it is not feasible to initiate the crack later in the ABAQUS analysis.
Because the shrinkage in the pyrocarbons dominates the particle behaviour early during irradiation,
large tensile stresses in the IPyC occur early. Therefore, the assumption of the presence of a crack at
the beginning of the solution should be a reasonable approximation. The analysis does not include
dynamic effects associated with a sudden failure of the IPyC, which could increase the magnitude of
the stresses calculated.

Figure 6 plots the calculated tangential stress history for the SiC layer of a normal (uncracked)
particle. As shown, the SiC remains in compression largely because of the shrinkage in the pyrocarbon
layers (the IPyC pulls while the OPyC pushes on the SiC). Figure 6 also plots the maximum principal
stress in the SiC layer near the crack tip of a particle with a cracked IPyC. In the particle analysed, the
crack leads to a calculated tensile stress in the SiC layer of about 440 MPa. It can be seen that a cracked
IPyC greatly changes the stress condition in the SiC, which significantly increases the probability of
SiC failure.

Figure 6. Time histories for stress in SiC layer for normal and cracked particles
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Statistical

We have also investigated the impact of the statistical variations in fuel particle design parameters
on the structural response of the fuel particle. In the case of a normal particle, statistical variations in
design parameters are treated with simplified solutions built into the PARFUME code, rendering finite
element analysis unnecessary. In the case of a cracked particle, however, finite element analyses are
performed to capture the multi-dimensional behaviour and thereby characterise the effects of variations
in these parameters. Based on the results of analyses on cracked particles, the following six variables
are judged to be important in describing the behaviour of the cracked particle and thus merited a
detailed statistical evaluation: IPyC thickness, SiC thickness, OPyC thickness, IPyC density, BAF of
the IPyC and irradiation temperature. For a particle with a cracked IPyC, statistical variations from the
nominal value for other parameters such as kernel diameter and buffer thickness are less important,
and thus have not yet been addressed in these studies because of the size of the statistical base. These
parameters were held constant throughout the analyses at values typical of TRISO particles.

Three values for each of five factors were chosen for analysis in a statistical study of the cracked
particle, as shown in Table 1. The sixth factor, irradiation temperature, was analysed at the four values
shown. A full-factorial statistical analysis, involving 243 stress calculations for each irradiation
temperature (972 runs total), allowed an evaluation of all six factors (i.e. A = IPyC thickness, B = SiC
thickness, C = OPyC thickness, D = IPyC density, E = BAF (of IPyC), F = irradiation temperature)
and their interactions (e.g. AB, ABF, BCDF, AB2CD, BC2D2EF, ABCDEF).

Table 1. Range of parameters selected for ABAQUS analyses

Factor Low Nominal High

A (µm) 30 40 50

B (µm) 25 35 45

C (µm) 33 43 53

D (106g/m3) 1.8 1.9 2.0
E 1.0 1.16 1.32

F (°K) 873 1 073, 1 273 1 473

The Design Expert program [11] was used to perform both an effects analysis and a regression
analysis on the data obtained from the ABAQUS calculations on the cracked particle. The effects
analysis showed the relative significance of varying each parameter, while the regression analysis
produced an algorithm that can be used to predict the stress level in the SiC layer of a cracked particle.
The program used response surface analysis to develop a sixth order polynomial that statistically fit
the stress data to within 0.5% accuracy. This algorithm has been incorporated in the PARFUME code
to calculate failure probabilities utilising a Monte Carlo sampling approach (within the range of
parametric variations considered in Table 1). PARFUME then uses the Weibull statistical approach to
estimate the potential for fracture of the SiC layer in a particle that has a cracked IPyC. A fracture
mechanics approach was deemed to be impractical because the material discontinuity at the interface
of the IPyC and SiC layers greatly complicates calculation of the stress intensity at the crack tip. In the
failure probability calculations, the stress (in the SiC layer of a sampled particle) calculated by the
algorithm is compared to a strength value to determine whether the particle fails. The mean strength
for these comparisons is derived from the Weibull characteristic strength (σ0) and accounts for the
intensification of stresses that occurs in the region surrounding the crack tip.
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When the PARFUME code samples a particle it first uses a closed form solution (Ref. [12]) to
calculate stresses in the IPyC layer and thereby determines (with Weibull statistics) whether the
particle has a cracked or un-cracked IPyC layer. If the IPyC layer is cracked, then the code uses the
approach described above to determine whether the particle fails. If the IPyC is un-cracked, then the
code uses the closed form solution to determine the SiC stress, and uses this stress in a Weibull statistical
evaluation to determine whether the particle fails. In its Monte Carlo sampling, the code performs
statistical variations on any number of input parameters (such as IPyC, SiC, OPyC thicknesses, IPyC
BAF, etc.) by applying Gaussian distributions to these parameters.

Fission gas release model

The fission gas release model calculates the amount of CO and noble fission product gases
released to the void volume of the fuel particle. This quantity is used to determine the internal gas
pressure of the fuel particle according to the Ideal Gas Law. For each gas species, i, the amount
released is determined by:

(moles gas)i = (release fraction)i (fission yield)i (burn-up) (moles fuel)

Fission yields for the significant noble fission product gases, xenon and krypton, are taken from
the ORIGEN-2 computer code database [13]. For uranium-based fuels, the production of krypton
decreases with time, while the production of xenon increases with time due to the increasing yield
contribution from conversion plutonium fission. Within reasonable accuracy, the sum of the xenon and
krypton yields may be assumed to be a constant throughout the life of the fuel where a value of
0.259 is currently used.

The release fraction for noble fission-product gases considers recoil from the outer shell of the
fuel kernel into the buffer and diffusive transport to free surfaces. Double counting is avoided whereby
atoms released by recoil are not available for diffusive release. Recoil release is based upon standard
geometrical considerations and average fission fragment ranges [14]. These ranges are calculated for a
given fuel composition from elemental data [15]. Diffusive release is calculated according to the Booth
equivalent sphere diffusion model [16]. A value of 10 µm is used for the radius of the equivalent
sphere which is representative of uranium-based fuels. An effective diffusion coefficient is used which
is the sum of the contributions from intrinsic diffusion, irradiation enhanced vacancy diffusion and
irradiation induced athermal diffusion [17].

For UCO and UC2 fuels, it is assumed that there is no free oxygen available to form CO or CO2.
It is also assumed that when free oxygen is available, as in UO2 and ThO2 fuels, only CO and not CO2

forms at typical particle fuel temperatures [18]. For UO2 fuel, the CO yield is determined from the
correlation developed by General Atomics [19]. The CO fractional release is assumed to be 1.

Representative results from the fission gas release model are displayed in Figure 7 for typical
German TRISO fuel (8% enriched UO2 fuel, 500 µm diameter kernel, 900°C irradiation temperature,
8.5% FIMA). The end of life internal particle pressure of about 5 MPa for the German fuel compares
well with an end of life internal pressure of 8.5 MPa for proposed GT-MHTGR TRISO fuel (19.7%
enriched UCO fuel, 350 µm diameter kernel, 1 200°C irradiation temperature, 21% FIMA and other
parameters based upon the fuel irradiated in the HRB-21 experiment [20]). Based upon future chemistry
work, the fission gas release model will be enhanced with greater functionality in calculating fission
product yields and CO gas formation.
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Figure 7. Internal gas pressure for typical German TRISO fuel
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Fission-product chemistry, CO generation and fission-product transport

The goal of the fission-product chemistry module of PARFUME is to calculate the chemical state
of the important fission products in the particle as a function of temperature and burn-up. Fission
product inventories in the particle are calculated using the ORIGEN-2 computer code and statistically
fit as a function of initial enrichment (between 4 and 19%) and burn-up of the particle. In the future,
we plan to use a chemical thermodynamics code to calculate the chemical state of the fission products
(i.e. oxide form, carbide form, metal form) for a range of fuel forms including uranium oxide, carbide
and oxycarbide. Any excess oxygen generated from uranium fission that is not tied up with the fission
products will be assumed to react with carbon from the buffer to form CO. This estimate of CO
production can be used to compare with correlations that have been used in the past. The chemical
state and concentrations of the fission products will be used as initial conditions for a fission-product
diffusion module to track the transport of fission products through the layers of the TRISO coating.
We expect to complete this work in the next two years.

Cracked model and results for NPR experiments

The capabilities of the PARFUME code to predict failure probabilities for fuel particles having a
cracked IPyC were used in predicting failure probabilities for three irradiation experiments conducted
as part of the NP-MHTGR program in the early 1990s. Fuel compacts were irradiated at the High Flux
Isotope Reactor (HFIR) and the Advanced Test Reactor (ATR) in the United States. TRISO-coated
particles containing high enriched uranium were irradiated at temperatures between 750 and 1 250°C,
burn-ups between 65 and 80% FIMA and fluences between 2 and 3.8 × 1025 n/m2. On-line fission gas
release measurements indicated significant failures during irradiation. Post-irradiation examination (PIE)
of individual fuel compacts revealed the presence of radial cracks in all layers of the TRISO coating.
The levels of cracking measured during PIE are shown in Table 2. The particle dimensions, burn-up,
end-of-life fluence, irradiation temperature and 235U enrichment were set to appropriate values for
each experiment. Results of these evaluations are presented in Table 2. Included in these results are
the percentage of particles predicted to have a cracked IPyC and the percentage of particles predicted
to fail due to a cracked SiC. It is seen that the program predicts that the IPyC layer cracks in 100% of
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Table 2. Comparison of ceramographic observations to
PARFUME calculations for TRISO-coated fissile fuel particles

Irradiation conditions
Fuel

compact ID
Fast fluence
(1025 n/m2)

Irradiation
temp. (°C)

Burn-up
(% FIMA)

NPR-2 A4 3.8 746 79
NPR-1 A5 3.8 987 79
NPR-1 A8 2.4 845 72
NPR-1A A9 1.9 1052 64

IPyC layera

Sample size % failed
95% conf.

interval (%)
Calc.

NPR-2 A4 83 65 54 < p < 76 100
NPR-1 A5 39 31 17 < p < 47 100
NPR-1 A8 53 6 2 < p < 16 100
NPR-1A A9 17 18 5 < p < 42 100

SiC layera

Sample size % failed
95% conf.

interval (%)
Calc.

NPR-2 A4 287 3 2 < p < 6 8.2
NPR-1 A5 178 0.6 0 < p < 3 1.6
NPR-1 A8 260 0 0 < p < 2 4.9
NPR-1A A9 83 1 0 < p < 5 0.9

a Layer failure is considered as a through wall crack as measured by PIE.

the particles for every compact tested. In reality, the PIE revealed that the actual failure fractions were
less than this, as shown in Table 2. It is believed that the creep coefficients currently used in the
PARFUME code are too low, which allows the calculated shrinkage stresses to reach too high a value
before creep relaxation takes effect.

The failure probabilities predicted by PARFUME for the SiC layer are somewhat high relative to
the irradiation test results. However, were the number of cracked IPyCs reduced through the use of a
higher creep coefficient, a closer correlation would be observed. The particle samples for examination
are typically small (<300 particles), rendering precise correlations with the test results difficult.
The predictions are in agreement with the test results in indicating that per cent level particle failures
are expected. This type of correlation is generally not achieved if shrinkage cracks in the IPyC are
ignored.

The question arises as to how much the creep coefficient would have to be increased before the
predicted number of IPyC failures would match the test results. This was determined for all three tests,
and the results for the compact NPR-2 A4 are presented in Figure 8. The horizontal dashed line in the
graph corresponds to the actual percentage of IPyC failures occurring in the fuel compact. These
results together with those of the other tests indicate that the creep coefficient would have to be increased
by a factor in the range of 2 to 3 to gain a good correlation with the test results.

The effect of a higher creep coefficient on the SiC failure percentages cannot yet be ascertained
because the statistical algorithm used to calculate SiC stresses in a cracked particle was developed on
the basis of the lower creep coefficients.
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Figure 8. Predicted IPyC failures as a function of the creep coefficient
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Standard particle model and results for EU high burn-up case

The closed form solution for the standard (un-cracked) particle of the PARFUME code was used
to calculate stress levels in EU (German) fuel particles. A major difference between the EU particle
and the NPR particle is that the former has a much larger kernel diameter (500 vs. 200 µm), which
makes for a significantly larger particle. A calculated time history for the maximum tangential stress
in the SiC layer of a nominal EU particle is presented in Figure 9. This calculation was made for a
particle having a 235U enrichment of 8%, an end-of-life burn-up of 8.5% FIMA, and an end-of-life
fluence of 2.3 × 1025 n/m2.

Figure 9. Time history for tangential stress in the SiC layer of EU particle

Calculations have also been performed at various levels of burn-up, up to a maximum of
21% FIMA. A range of 235U enrichment from 8 to 20% was considered in these calculations, but the
enrichment had no effect on the magnitude of the calculated stress. The maximum tangential stress
occurring in the SiC layer at the end of life is plotted in Figure 10 as a function of burn-up, showing
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Figure 10. Calculated SiC stress as a function of burn-up for the EU particle at 900°C
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that an increasing burn-up results in an increasing stress. As it is believed that the creep coefficients in
PARFUME are too low, the same calculations were performed where the creep coefficient in each
case was amplified by a factor of 2.5. These results are also shown in Figure 10, which demonstrate
that the higher creep coefficient results in a significantly higher stress in the SiC layer.

The results of Figures 9 and 10 correspond to an irradiation temperature of 900°C. As temperature
variations affect the material properties of the coating layers, analyses were also performed at
temperatures of 700 and 1 100°C (using the amplification factor of 2.5 on creep). Results for these
temperature variations are presented in Figure 11. Because creep is greater at a higher temperature,
the compressive stress in the SiC layer is reversed earlier during irradiation. This results in a higher
(less compressive) stress at the end of life.

Figure 11. Effect of temperature on the SiC stress in the EU particle
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Summary and future work

The INEEL has begun the development of an integrated mechanistic fuel performance model for
TRISO-coated gas-reactor particle fuel termed PARFUME (PARticle FUel ModEl). The objective of
PARFUME is to physically describe the behaviour of the fuel particle under irradiation. Both the
mechanical and physico-chemical behaviour of the particle under irradiation are being considered.
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PARFUME is based on multi-dimensional finite element modelling of TRISO-coated gas reactor fuel.
The model with modest refinement in some PyC materials properties does a good job of calculating
the failures that were observed in the NP-MHTGR fuel irradiation experiments performed in the early
1990s. Future efforts for the code include:

•  Completion of the fission-product chemistry module for the code.

•  Development of the fission-product transport module.

•  Comparison of the code to other older gas reactor irradiations data.

•  Exercising the code’s predictive capabilities to examine the performance of TRISO-coated fuel
at very high burn-up.
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SESSION I

Overviews of High-temperature Engineering Research in Each Country and Organisation

Chair: W. von Lensa

The session was comprised of six oral presentations and one paper which was not presented orally:

•  Research Activities on High-temperature Gas-cooled Reactors (HTRs) in the 5th EURATOM
RTD Framework Programme (presented by J. Martín-Bermejo, European Commission).

An R&D programme has been started in Europe addressing the main innovation potentials of
HTR technology with regard to high burn-up fuel, symbiotic fuel cycles for Pu burning, waste
minimisation, fuel disposal, material qualification, licensing issues and component development
with a total budget about euros 20 million during the next four years. The European HTR
Technology Network is open for international collaboration as is already established with
Japan, the United States of America and China.

•  Update on IAEA High-temperature Gas-cooled Reactor Activities (J. Kendall, IAEA).

An abstract and full paper were presented, but no oral presentation was made. In this paper,
IAEA activities on high-temperature gas-cooled reactors are conducted with the review and
support of Member States, primarily through the Technical Working Group on Gas-cooled
Reactors (TWG-GCR).

•  Present Status of the Innovative Basic Research on High-temperature Engineering using the
HTTR (presented by Y. Sudo, JAERI, Japan).

HTR technology is embedded in more general R&D fields making use of high temperatures and
radiation effects, e.g. neutron irradiation processing of superconductors, neutron transmutation
doping of semiconductors, radiation-induced chemical reactions and production of new
materials like SiC fibres, ceramic composites and superplastic ceramics.

•  Present Status in the Netherlands of Research Relevant to High-temperature Gas-cooled
Reactor Design (presented by J.C. Kuijper, NRG Petten, the Netherlands).

HTR-related R&D in the Netherlands is mainly performed by NRG, JRC-Petten and IRI.
Most activities are part of the European HTR Technology Network or contracted for the
PBMR project. Concepts for industrial co-generation have been developed for HTR in the
power range around 50 MWth. HFR is used for HTR fuel and material irradiation tests.

•  Current Status of High-temperature Engineering Research in France (presented by J. Rouault,
CEA, France).

A consistent approach on technology development of gas-cooled reactors has been launched
in France. This ranges from the support of European suppliers for offering direct cycle HTR
till 2010 via medium-term development of specialised HTR for waste transmutation, nuclear
process heat applications and robust export versions to long-term realisation of gas-cooled
fast reactors using the same technology elements. The budget of the current R&D programme
is around 100 million FF per year, allowing for fabrication and qualification of HTR fuel,
material tests, helium technology advancement and component development.
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•  Overview of High-temperature Reactor Engineering and Research (presented by K. Kugeler,
FZJ, Germany).

Nuclear technologies have to comply with the general requirements for sustainability of
energy supply systems. This will lead to “catastrophe-free” reactor designs with limited
radioactive release (<10–5 of inventory) in all conceivable accident conditions. Underground
siting of NPP can also be a response to cope with terrorist attack. Impacts of nuclear accidents
have to be reduced in such a way that they can be handled by normal insurance practice.
The ongoing R&D on HTR in Germany indicates the feasibility of these goals.

•  The Contribution of UK Organisations in the Development of New High-temperature Reactors
(presented by A.J. Wickham, Consultant, United Kingdom).

The UK history of design, construction and operation of GCR also offers a unique technology
platform for HTR. Therefore, many UK organisations are involved in the HTR-related
European R&D programme as well as in commercial projects like PBMR. Special knowledge
is available on the “design” of graphite and the ceramic structures of HTR.

Recommendations with respect to Session I

•  Continuation and extension under the 6th EURATOME RTD Framework Programme with a
focus on a consistent technology evolution for gas-cooled reactors.

•  Optical fibre systems for in-core instrumentation are important for HTR and control of core
heat-up accident sequences of all reactor types. HTTR compliments MTR.

•  Benefits of nuclear co-generation of electricity and heat should be quantified for different
power sizes beyond dedicated electricity production.

•  The French R&D strategy on GCR is compatible with the objectives of the EURATOM
Framework Programme, the US Generation IV initiative, the IAEA INPRO and commercial
HTR activities and should be used as a basis for elaboration of a progressive global load map
on GCR R&D.

•  The concept of sustainability has to be adopted as generally agreed for nuclear energy too.
Requirements for sustainability and for ultimate accident scenarios have to be specified in
more detail, including fuel cycle.

•  As former resources become scarce, new grades of nuclear graphite have to be developed and
qualified as an international effort. Remote techniques and adaptation of the reflector have to
be improved to allow replacement of critical parts.

•  The presentations did not cover all HTR-programmes as performed in non-OECD countries
like Russia and China. They should be invited to future meetings to permit the full scope of
global HTR R&D activities.
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SESSION II

Improvement in Material Properties by High-temperature Irradiation

Chairs: T. Shikama, B. Marsden

In this session, four papers relevant to improvement of material properties were presented:

•  Improvement in Ductility of Refractory Metals by Neutron Irradiation (presented by
H. Kurishita, Tohoku University, Japan).

The possibility of using HTR systems as a bed for improving properties of new advanced
materials (MOW) was presented.

•  Effects of Superplastic Deformation on Thermal and Mechanical Properties of 3Y-TZP
Ceramics (Review) (presented by T. Hoshiya, JAERI, Japan).

The application of new advanced materials to HTR systems (superplastic Y3-TZP, CFC/Si
(8-10%) was presented.

•  Development of Innovative Carbon-based Ceramic Material: Application in High-temperature,
Neutron and Hydrogen Environment (presented by C.H. Wu, Max-Planck Institut, Germany).

The subject of advanced ceramic material was presented. This material has very high thermal
conductivity, dimensional stability under the neutron irradiation, lower chemical erosion
(longer life time), lower tritium retention and lower reactivity with water and oxygen (safety
concern).

•  A Carbon Dioxide Partial Condensation Cycle for High-temperature Reactors (presented by
T. Nitawaki, Tokyo Institute of Technology, Japan).

The re-evaluation of CO2 as a coolant in HTR systems (CO2 partial condensation cycle) was
presented.

Recommendations with respect to Session II

•  Internationally co-operative survey for possibility of application of new advanced materials to
HTR systems.

•  Re-evaluate usage of CO2 as a coolant in HTR systems (materials issues should be accessed).

•  A deeper understanding of the mechanisms behind the observations made concerning the
improvements to the material property changes is requested.
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SESSION III

Development of In-core Material Characterisation Methods and Irradiation Facility

Chairs: C. Vitanza, M. Yamawaki

In this session, six papers were presented:

•  Development of the I-I type Irradiation Equipment for the HTTR (presented by M. Ishihara,
JAERI, Japan).

The main design features of the HTTR were outlined. There are several possible locations for
test irradiations in the HTTR, both in the core region and in the reflector. The space available
in these locations is large, typically from 100 to 367 mm in diameter. Both thermal and fast
flux are moderate, typically less than 2.1013 h/cm2s (fast flux) and 3 to 7.1013 n/cm2s (thermal
flux). Temperature ranges between ~400 and ~900°C. The design characteristics of a first test
irradiation rig to be installed in the HTTR were provided. This is intended to investigate the
in-pile creep behaviour of stainless steel material in the 550-650°C temperature range.

•  Application of Optical Diagnostics in High-temperature Gas-cooled Systems (presented by
T. Shikama, Tohoku University, Japan).

The development of optical fibre technology for dose and diagnostic measurements in
high-temperature gas-cooled reactors was reviewed. Different materials have been tested in
an attempt to enhance the performance in the visible region by means of material doping.
The best optical fibre developed so far can be used for about one year in the HTTR core.

•  Measurement Method of In-core Neutron and Gamma-ray Distributions with Scintillator
Optical Fibre Detector and Self-powered Detector (presented by T. Shikama, Tohoku
University).

Novel methods for in-core neutron and gamma-ray distribution, based on scintillator optical
fibre detector, were presented. There is currently an important use limitation to rather low
temperatures (~100°C). Considerations were also made on the prevailing mechanisms of
self-powered neutron detectors at moderate and at high temperatures, i.e. ~500°C.

•  Development of In-core Test Capabilities for Material Characterisation (presented by
C. Vitanza, OECD/NEA).

The development of irradiation and in-core measuring techniques at the OECD Halden
Reactor Project was described. The potential applications to gas reactor investigations were
also presented.

•  Application of Work Function Measuring Technique to Monitoring/Characterisation of
Material Surfaces under Irradiation (presented by M. Yamawaki, the University of Tokyo,
Japan).

Development of innovative measuring systems such as the Kelvin probe system introduced
above should be further encouraged and promoted in order to expand the capability of testing
in HTGR. A new measuring system containing a Kelvin probe has been introduced which
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may be applicable to monitor/characterise the surface of solid materials under irradiation in
gas atmosphere. The results of measurements using such systems have been presented where
the microscopic change of the surface of nickel was closely monitored during ion irradiation
which could not have been obtained without applying this method.

•  Development of High-temperature Irradiation Techniques Utilising the Japan Materials
Testing Reactor (presented by T. Shikama, Tohoku University, Japan).

A review of the design features of high-temperature irradiation capsules for use in the JMTR
was provided. The good – and when feasible, independent – control of temperature and
neutron flux is a key characteristic of this design.

Recommendations with respect to Session III

•  The development of irradiation devices for tests in the HTTR is encouraged. The I-I device
will be operational in the near future and a test plan for the long-term utilisation of this device
should be developed.

•  There has been progress in the investigations on fibre optics in reactor properties. One should
also concentrate on the application side, possibly beyond the use of fibre optics for dose or
diagnostic monitoring.

•  Some high-temperature investigations can be done in MTRs. The HTTR can develop synergies
with MTRs, but it should also seek areas where the capabilities and characteristics of the
HTTR can be utilised in a unique manner For instance, the large space and the high temperature
could offer unique opportunities and be used profitably.
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SESSION IV

Basic Studies on Behaviour of Irradiated Graphite/Carbon and Ceramic Materials Including
their Composites under both Operation and Storage Conditions

Chairs: B. McEnaney, A.J. Wickham

The session was comprised of eight oral presentations:

•  Investigation of High-temperature Reactor (HTR) Materials (presented by D. Buckthorpe,
NNC, United Kingdom).

A preliminary account of the HTR Materials Test Programme in the HTR-M and HTR-M1
EU programmes was presented in this paper.

•  Radially Keyed Graphite Moderator Cores: An Investigation into the Stability of Finite
Element Models (presented by S.E. Clift, University of Bath, United Kingdom).

Finite-element analysis of graphite moderator structures was presented. The need to develop
finite-element analyses of the mechanical behaviour of graphite cores in new HTRs was
shown.

•  Understanding of Mechanical Properties of Graphite on the Basis of Mesoscopic Microstructure
(presented by M. Ishihara, JAERI, Japan).

Mesoscopic modelling of mechanical properties was presented. The value of mesoscopic
analyses was recognised, and the need for further refinement of the models was demonstrated.

•  Advanced Graphite Oxidation Model (presented by R. Moormann, FZJ, Germany).

Graphite oxidation under accident conditions was presented. Modelling the kinetics of oxidation
of graphite after air ingress is well advanced, but further development is needed to improve
the semi-empirical elements of the present model.

•  Irradiation Creep in Graphite – A Review (presented by B.J. Marsden, the University of
Manchester, United Kingdom).

Irradiation creep of graphite is discussed.

•  An Analysis of Irradiation Creep in Nuclear Graphites (presented by G.B. Neighbour,
University of Hull, United Kingdom).

Irradiation creep of graphite was shown. This paper and the previous paper highlighted the
very complex factors influencing irradiation creep of graphite, and both authors recommended
further MTR experiments related to the operating condition of HTR in order to address
significant uncertainties in the models.
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•  Planning for Disposal of Irradiated Graphite: Issues for the New Generation of HTRs
(presented by A.J. Wickham, Consultant, United Kingdom).

The entire life cycle of graphite components with respect to planning for decommissioning
was presented. The main emphasis of the paper on graphite-reactor decommissioning was the
need to plan at the design stage for the eventual disposal of the graphite (and other components)
at the outset, thereby potentially avoiding some of the mistakes of the past.

•  Status of IAEA International Database on Irradiated Graphite Properties with Respect to
HTR Engineering Issues (presented by B. McEnaney, University of Bath, United Kingdom).

The value of archived data, with particular reference to the IAEA International Database on
Irradiated Graphite Properties and its application in HTR engineering was presented. The value
of preserving knowledge of all forms by whatever means in order to facilitate improvements
in future reactor design and to assist in the specification and identification of the most
appropriate materials (e.g. graphite type) were principal topics.

Recommendations with respect to Session IV

•  Further development is required in the methodology for finite-element analysis of complex
interacting structures, and this should be validated by carefully designed experiments. This will
then allow much greater confidence in using the methods to investigate more complex
assemblies.

•  Newly developed basic prediction models on the strength and Young’s modulus of graphite in
view of microstructure are generally important and are required to understand properties
regardless of material grades. These models should be expanded to the irradiation condition to
understand more general irradiation data and to make use of the irradiation database for new
HTR designs.

•  There is a clear need for further experimental data from carefully designed irradiation
experiments to resolve the multiple issues arising as a result of irradiation creep. This may
perhaps be included in a more general recommendation that efforts should be made to acquire
more general irradiation data on the materials which are the most likely candidate graphites
for new HTR designs.

•  Plans for decommissioning and disposal of the graphite and carbon-based components should
form part of the design stage for all new reactors. This factor is relevant at all stages of design
development, including the specification of the graphite provided to the manufacturers, since
this may well have an important influence on the ease of handling of the components, their
method of disposal and their waste categorisation status, for all of which there are potential
economic savings.
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SESSION V

Basic Studies on HTGR Fuel Fabrication and Performance

Chairs: J. Kuijper, R. Moormann

The session was comprised of two oral presentations and one paper which was not presented
orally:

•  Evidence of Dramatic Fission Product Release from Irradiated Nuclear Ceramics (presented
by L. Thomé, CSNSM, France).

One lecture (collaboration of France and Poland) dealt with fission-product (Cs) transport in
ceramic matrices such as ZrO2. It was shown, through ion implantation and by Rutherford
backscattering, that Cs is very stable in ZrO2 up to concentrations of about 1%. At higher
concentrations, diffusion rates increase substantially at temperatures of 650°C.

•  Method of Reactor Tests of HTGR Fuel Elements at an Impulse Loading (presented by
A.S. Chernikov, Ministry of Russian Federation on Atomic Energy, France).

A second lecture from Russia concerns development and testing of a facility for the
investigation of the effect of impulse loading on HTR fuel elements in the IGR facility in
Kazakstan. Four spherical fuel elements and one graphite ball were exposed to a maximum
power excursion of 33.5 kW. The maximum temperature reached was about 2 000 K.
The elements containing 1 g of fuel were intact, whereas the elements containing 1.5 g of fuel
were damaged within under 35 s.

•  Gas Reactor TRISO-coated Particle Fuel Modelling Activities at the Idaho National
Engineering and Environmental Laboratory (D. Petti, INEEL, United States of America).

An abstract and a full paper were presented, but no presentation was made. This paper
discusses the INEEL’s development of an integrated mechanistic fuel performance model for
TRISO-coated gas reactor particle fuel termed PARFUME (PARticle FUel ModEl).

Recommendations with respect to Session V

•  The research should also be extended to coatings and structural materials relevant to HTR.

•  Extend the measurement to conditions more relevant to actual HTR concepts.
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RECOMMENDATIONS

In the latter half of the summary session, possible international activities in the field of basic
studies on high-temperature engineering were discussed within the framework of the OECD/NEA
Nuclear Science Committee (NSC). It was recommended to include topics relevant to fission-product
behaviour and safety issues of HTGR in next meeting, in addition to the topics discussed in this
meeting. The chairperson of the last session summarised the recommendations to be presented to the
NSC into the following five topics as possible international activities:

•  Basic studies on behaviour of irradiated graphite/carbon and ceramic materials including their
composites under both operation and storage conditions.

•  Development of in-core material characterisation and instrumentation methods.

•  Improvement in material properties through high-temperature irradiation.

•  Basic studies on HTGR fuel fabrication and performance including fission-product release.

•  Basic studies on safety issues of HTGR.

It was also recommended that a further information exchange meeting focused on the organisation
of the interactive collaboration activity with regard to the above topics be planned in 2003, tentatively
in Oarai, Japan.
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