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FOREWORD

The Specialists Meeting on Graphite Moderator Lifecycle Technologies was held in Bath,
United Kingdom, from 25 to 27 September 1995. The meeting was convened by the
International Atomic Energy Agency on the recommendation of the International Working
Group on Gas Cooled Reactors. It was hosted by AEA Technology and the University of Bath
(School of Materials Science) and included 41 participants from France, Germany, Japan,
Lithuania, the Russian Federation, the United Kingdom and the United States of America.
The meeting provided the forum for graphite specialists representing operating and research
organizations worldwide to exchange information in the following areas: the status of graphite
development; operation and safety procedures for existing and future graphite moderated
reactors; graphite testing techniques; review of the experiences gained and data acquired on
the influence of neutron irradiation and oxidizing conditions on key graphite properties; and
to exchange information useful for decommissioning activities.
The participants provided twenty-seven papers on behalf of their countries and respective
technical organizations. An open discussion followed each of the presentations.
A consistently reoccurring theme throughout the specialists meeting was the noticeable
reduction in the number of graphite experts remaining in the nuclear power industry. Graphite
moderated power reactors have provided a significant contribution to the generation of
electricity throughout the past forty years and will continue to be a prominent energy source
for the future. Yet, many of the renowned experts in the field of nuclear graphites are nearing
the end of their careers without apparent replacement. This, coupled with changes in the focus
on nuclear power by some industralized countries, has prompted the IAEA to initiate an
evaluation on the feasibility and interest by Member States of establishing a central archive
facility for the storage of data on irradiated graphites.
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SUMMARY
Graphite has played an important role as a moderator and major structural
component of nuclear reactors since the start of atomic-energy programmes
throughout the world. Currently there are many graphite-moderated reactors in
operation which will continue to produce power until well into the next century: also
there are several graphite-moderated reactors under construction, others at the design
stage, and numerous older reactors are decommissioning or in preparation for
decommissioning.
This is the fourth in a series of meetings on graphite technology convened by
the IAEA within the frame of the International Working Group on Gas-Cooled
Reactors. Previous specialists meetings (SPMs) included the subjects of the mechanical
behaviour of graphite for high temperature reactors, graphite component structural
design, and the status of graphite development for gas-cooled reactors. The associated
meeting titles and IAEA document numbers are listed in Appendix A. A prominent
theme throughout this SPM was the overall concern that the number of experts in
nuclear graphite technology has substantially diminished since the last meeting four
years ago. Also, significant changes have taken place world-wide which are bringing
about improved relationships between countries, and this meeting was an opportune
forum for the current graphite experts to meet and to discuss nearly forty years of
operating experience of graphite-moderated plants.
Graphite specialists representing twenty of the foremost organisations
operating or researching graphite moderator technology took part in the meeting. The
success of the SPM and the subsequent tours of the Heysham 2 AGRs and the
Windscale facilities was due to the significant efforts of many individuals and
associated organisations. The technical programme and detailed arrangements were
made by AEA Technology at Risley, UK, with the assistance of the International
Committee:
Dr. BJ. Marsden and Mrs. K. Platts (AEA Technology, UK)
Prof. B. McEnaney (The University of Bath, UK)
Dr. A.J. Wickham (Nuclear Electric pic, UK)
Dr. T.D. Burchell (Oak Ridge National Laboratory, USA)
Dr. M. Eto (Japan Atomic Energy Research Establishment, Tokai)
Dr. G. Haag (KFA Jiilich, Germany)
Dr. J.I. Shtrombakh (Khurchatov Institute, Moscow, Russia)
Dr. J. Cleveland and Mr. L. Brey (Division of Nuclear Power, IAEA)
The following organisations are acknowledged: The UK Department of Trade
and Industry, AEA Technology, Nuclear Electric pic, the UK Ministry of Defence and
W.S. Atkins Ltd, and the University of Bath. Appreciation is also extended to Dr.
Derek Dominey, formerly Director of Technical Services Department, Nuclear
Electric, for sharing his reflections on the early days of research in the UK into
radiolytic graphite oxidation.
The participants dedicated this meeting to the memory of BRIAN T. KELLY,
who dedicated his life to the understanding of the irradiation behaviour of graphite.
His professional career was spent with the United Kingdom Atomic Energy Authority

at Windscale and Springfields; after his retirement he was appointed Visiting Professor
at The University of Bath School of Materials Science, where he had begun to develop
closer links between the School and the nuclear power industry before his untimely
death in 1994.
The SPM consisted of presentations on a full range of topics including core
designs, operational assessments, theoretical models, structural analysis and seismic
effects, graphite data, core life extension and the effects of oxidation. This summary
concludes with technical commentaries from selected graphite specialists of the papers
presented on these topics.

GRAPHITE DATA AND STRUCTURAL ANALYSIS

J.I Shtrombakh, G. HaagandA.J. Wickham
In the safety-conscious 1990s, the concept of building early reactor cores from
a material whose irradiation behaviour was not known with any certainty at the time
may seen bizarre. Three speakers referred directly to this "experimental" phase of
graphite-reactor history. A presentation on the history of the Hanford reactors was
remarkably candid on the effects of irradiation growth and changes in physical
properties, a problem compounded by the imposition of ever-changing operating
conditions and the use of a new grade of graphite for each of the four generations of
production reactors. The Russian Federation highlighted similar problems in their
production reactors, whilst Marsden referred to the different problems experienced in
the UK's Windscale Piles, arising in part, from the accumulation of Wigner energy and
culminating in a fuel and graphite fire.
Indeed, even when the UK commercial Magnox reactors were being constructed
in the 1960s, last-minute insertion of zirconium pins into the core structure was
considered necessary in six reactors when it was realised that the bulk of the core would
shrink rather than expand. One whole core at the Bradwell site was discarded in favour
of a new one manufactured to different tolerances.
Today's understanding of graphite irradiation behaviour is, of course, far
superior. The meeting was opened with a special paper presenting a summary of the UK
studies in this area. The paper was partially based upon the works of Brian Kelly, and
included a review of the current position in the following topics:
Fundamental aspects of radiation damage in graphite structures under neutron
irradiation;
Theoretical models describing radiation-induced dimensional change;
Problems associated with stored (Wigner) energy in graphite;
Changes in thermal conductivity; and
Radiation creep.
The need for improved radiation stability in graphites compared with the early
material of the late 1940s and 1950s was considered. The consequences of employing
different graphite-production technologies was discussed. It was demonstrated that
graphites produced from uncalcined coke possess higher irradiation stability at high

temperature. Transmission electron microscopy studies have revealed the principal
structural mechanisms of cracking: in graphites produced from calcined coke, there is
a characteristic growth of cracks near filler-binder boundaries, arising from the large
difference in the average size of crystallites in the two regions.
Studies of the physical and mechanical properties of graphite, including the
development of various methods of evaluating the structural state of the graphite,
continue to be the key areas for technology development. Oku demonstrates the
significant influence on material properties of preliminary loading by compression.
Moreover, material anisotropy is increased. Acoustic emission techniques featured in
two papers. Neighbour discussed the method as a means to determine residual stresses
in graphite components; although it is not completely successful for that purpose it can
be applied for the solution of other problems such as the investigation of stress
relaxation. Levinskas and Pranevicius utilised acoustic emission in the evaluation of the
mechanical properties of graphite which had been irradiated with H+,He+ ,Ne+, and
Ar+ ions of energy 25-200keV. The method was combined with surface examination
using laser interferometry. A coorelation between the acoustic emission spectrum and
the degree of radiation damage in the graphite was demonstrated.

ASSESSMENTS, SEISMIC EFFECTS ON CORES, MONITORING OBSERVATIONS
AND LIFE EXTENSION
J.I. Shtrombakh and A J. Wickham
The early uncertainties about graphite behaviour referred to in the preceding
section meant that the monitoring of graphite-property changes has featured strongly in
the operating philosophies of commercial graphite-core reactors. Even the most recent
commercial reactors, the UK AGRs, are not immune from surprises, illustrated by a
problem arising from a poor statistical selection of material for early test-reactor studies
which consequently failed to reveal a significant difference in the mean rates of
radiolytic graphite oxidation in carbon dioxide in apparently identical gilsocarbon
moderator material produced by different manufacturers.
The UK utilities have paid close attention to graphite monitoring not only using
pre-characterised samples but also by developing intrusive sampling and measuring
techniques of considerable sophistication. The combined data on chemical, physical and
mechanical-property changes in the irradiated cores, together with data on brick and
channel dimensional change, tilt and bow (etc) are a vital component of the
development of core "lifetime" criteria and hence in the optimisation of reactor
operating conditions. The UK position is outlined in the following section, whilst two
jointly-authored papers highlighted the well-developed collaboration between the
Russian Federation and the UK on improving the understanding and hence potential
safety of the RBMK structures.
A review of the problems of the RBMK core design, the data-assessment
methodology developed to assess core performance, and some results of this analysis
for the Leningrad Unit 1 reactor was provided. Based upon these data, a user
subroutine modelling the behaviour of the RBMK graphite has been developed for use
in the AEA Technology ABAQUS finite-element programme. The evaluations carried
out have shown that the different assumptions made in extrapolating data on dimensional

change lead to the prediction of brick failure towards the end of reactor life. The second
joint Russian/UK paper described the monitoring of the Leningrad Unit 2 graphite stack
during work to restore the correct diametral gas gap between fuel channels and graphite
bricks, which was carried out in 1992/3. Channel diameter, bow and stack height were
measured and reassurances obtained that the core state would remain satisfactory for the
planned future operating life.
Lifetime evaluation of the RBMK stacks has been thoroughly investigated.
Analysing the experience of the AV-3 reactor, it was demonstrated that the criteria that
take into account material behaviour leading to stack cracking may be too conservative:
the beginning of graphite failure may be 7-10 years ahead of the point at which stack
deformations become unacceptable for continued safe operation.
An identified weaker area of understanding relates to the seismic behaviour of
graphite core structures, essentially because, at the design stage of most existing plants,
seismic criteria were not applied. Steer's contribution in this area not only pointed the
way towards the modelling of earthquake effects but noted the healthy interest in the
area being shown by regulatory authorities, especially in the UK, now requiring positive
assessments and analysis on the part of operators within the regular life-extension
review process. The next five years should result in considerably more achievements
towards the definition of the extent of core degradation which is acceptable before
reactor operation should cease which, at least in the UK, will be fed into the overall
economic planning for the operating strategy of the remaining graphite-moderated units.

JAPANESE HTTR AND CHINESE HTR-10
M. Eto andL. Brey
A review was provided of the graphite and reactor-internals testing programme
including the overall construction status of the. High Temperature Engineering Test
Reactor (HTTR) currently being built by Japan. This 30MW thermal reactor features
a graphite moderator and reflector and provides a core-outlet temperature of 950 °C with
helium as its coolant. It is being constructed by the Japan Atomic Energy Research
Institute (JAERI) at their Oarai Research Establishment. Initial reactor criticality is
scheduled for December, 1997.
The construction status includes completion of the reactor containment vessel in
1992 with the reactor pressure vessel (RPV) and intermediate heat exchanger
transported to the construction site in 1994. A summary was provided of the assembly
tests of the HTTR internals which were performed prior to actual installation of the
reactor components in the RPV. These tests consisted of examination of component
fabrication precision, alignment of piled-up structures, measuring coolant velocity
profiles, bypass flow rates, and the binding force of core restraint mechanisms.
Permanent installation of these components commenced in April, 1995. The graphite
components in the HTTR were tested to an acceptance standard developed by JAERI
which consisted of material inspection, non-destructive examination, dimensional and
visual inspections and assembly tests. A preliminary study has also been carried out by
JAERI to clarify the applicability of the use of eddy current testing for the in-service
inspection of graphite components.
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Several areas concerning the possible use of graphite and carbon composite
materials are to be pursued within the HTTR project. These include utilisation of the
HTTR as an irradiation test bed for the development of advanced materials, research
and development on monitoring techniques for graphite components throughout the
reactor and development of components such as control rods made of carbon-carbon
composites to obtain higher operating performance characteristics.
It is the long term intent of JAERI to utilize the HTTR in the development of
concepts for high temperature heat processes where HTGRs would play a key role as
a future energy source as well as in the research and development of HTGR basic
technologies.
The Institute of Nuclear Energy Technology (INET) site outside Beijing in the
People's Republic of China is the construction site of the Chinese High Temperature
Reactor (HTR-10). The construction permit for the plant was issued by the Chinese
national safety authority late in 1994 with first reactor criticaliry scheduled for 1999.
There will be two phases of high-temperature heat utilisation in the HTR-10. The first
phase will require a reactor outlet temperature of 700 °C with a conventional steam
cycle turbine in the secondary loop. The second phase will include an increase of core
outlet temperature to 950°C, primarily to investigate a steam-cycle/gas-turbine
combined-cycle system where the gas turbine and the steam cycle are independently
parallel in the secondary side of the plant.
Most of the main components, including the spherical fuel elements for this
pebble-bed reactor, are to be manufactured in China. Development work on the graphite
matrix for the spherical fuel elements began in 1987. Semi-isostatic cold moulding with
a silicone-rubber die is used in the manufacture of the fuel elements. The properties of
the alternative matrix materials have been determined and are close to those of the "A33" graphite used in the fuel coating, and so meet the design requirements for the HTR10.
The oxidation kinetics of the graphite matrix materials have been evaluated in
a flowing mixture of oxygen and nitrogen, or in argon containing 1% by volume of
water. Of the three matrix material components, the petroleum-coke graphite had the
lowest oxidation rate with the resin carbon having the highest. Vacuum heat-treatment
at 1950°C increases the activation energy for oxidation of the graphite and decreases
the impurities. Differences in the oxidation rate and the activation energy of the resin
carbon when heat treated at 1950°C and at 1600°C are attributable to changes in the
micro-pore texture and to the reduction of impurity concentrations.

CORE DESIGNS IN THE UNITED KINGDOM
A.J. Wickham
A comprehensive history of the core designs from the earliest Magnox plants at
Calder Hall and Chapelcross to the latest AGRs at Heysham and Torness, highlighted
the important differences in design appropriate to the highly anisotropic PGA graphite
(Magnox) and the higher-strength isotropic gilsocarbon graphites employed for AGR.
However, all such cores degrade both by oxidation in carbon dioxide and by changes in
11

physical and mechanical properties, and the concept of a "foiled" or "life-expired" core
has yet to be rationally defined.
Taking the keyed AGR core as an example, there is much initial redundancy in
the structure and limited component failure will not compromise either operation or
safe shutdown. Yet, oxidation and cracking of graphite components must ultimately
place some limit on core viability. For many years an arbitrary, unsubstantiated weightloss criterion of a maximum 20% "effective" weight loss (approximately the "average"
weight loss) in the peak-rated brick has been applied. More recently, it has become
clear that this is probably overly restrictive and liable to limit reactor lifetime
unjustifiably. An AEAT paper reviewed the value of a probabilistic approach to the
problem of brick failure whilst Nuclear Electric discuss the rationalisation of the whole
methodology in terms of demonstrating continued core "functionality", an issue in
which the in-core monitoring techniques are a major source of data on brick and
column behaviour.
This issue is of uunost importance to British Energy, the new shortly-to-beprivatised holding Company responsible for Nuclear Electric Ltd and Scottish Nuclear
Ltd who operate the AGRs. Without doubt, if the new approaches are successful and
are accepted by the UK regulatory authority, the principles will be applied where
appropriate to both UK Magnox and probably other graphite-core designs. The
consequence of failure to present a convincing case to the regulator would be the
premature closure of reactors and therefore a dismal portent for other existing and
future graphite-core reactor designs.

EFFECTS OF OXIDATION
B. McEnaney and A.J. Wickham
Previous work has shown that the degradation of a wide range of properties (5)
of nuclear graphites and other carbon materials after thermal or radiolytic oxidation to
fractional weight loss x can be fitted to simple exponential relationships of the form:
S = S0 exp(-bx)
where SQ and b are experimental parameters. Properties that have been studied in the
past include strength, elastic modulus and thermal conductivity. These relationships are
essentially empirical but they are useful for design purposes. Relationships of similar
form were presented at this meeting by Hartley for the degradation of an AGR core
graphite under blunt-indentation loading after thermal oxidation in carbon dioxide, and
by Kurumada for degradation of thermal-shock resistance and thermal-shock fracture
toughness of various carbon materials after air oxidation.
Important oxidation data relating to the Chinese HTR-10 graphite have already
been discussed.
Radiolytic oxidation of graphite in carbon dioxide is of such fundamental
importance to the operation of gas-graphite reactor designs (except HTR) that it is
somewhat embarrassing to record that, after nearly 40 years of research, so little of the
detailed mechanism of the reaction is comprehensively understood. Current
investigations call into question the conventional wisdom about the role of methane in
12

inhibiting the rate of oxidation in carbon dioxide reactor coolants. The presence of this
added methane is crucial in the AGR but the explanation of its behaviour in terms of
"protecting" reaction sites on the graphite surface with "sacraficial" deposit is almost
certainly wrong. Minshall and his colleagues seek to re-focus the thinking on to the
mobility of chemical species on the graphite surface and this is now an active research
area.
However, both this paper and that of Brie on graphite oxidation in the last
French gas-graphite reactor at Bugey show that the empirical models for predicting the
oxidation rates into the future has been well refined and may be depended upon for use
in economic assessments and in the development of future coolant-composition
strategies. To this extent, therefore, the topic area is a success story.
The effects of radioh/tic oxidation on core degradation have been discussed
under the UK Core Design topic (above).
Finally, in this topic area, we should note the important French work on
incineration of nuclear graphite for future disposal, where the pilot-plant-scale success
of the fluidized-bed technique being developed by Framatome was illustrated. Laserincineration methods are also being studied; it is possible that the ultimate disposal of
graphite-reactor cores will be a major topic at the next specialist meeting.

THEORETICAL MODELS
B.J. Marsden
The designer and safety assessor of graphite-moderated reactor cores owes the
methodologies he uses to theoretical models mainly developed in the 1950s and 1960s.
In recent years, interest has returned to these models in order to find an understanding
of the behaviour of graphite irradiated to high doses or high temperatures. Several
papers at the meeting reflected the status of the theoretical knowledge of nuclear
graphites and pointed the way forward to improve our present understanding.
The work of the late Brian Kelly outlined the background behind the present
understanding of irradiation damage to graphite. The irradiation-damage models are
based upon an understanding of the process of irradiation damage to the graphite
crystallite and the influence that the damage has on the dimensions and physical
properties of the polycrystalline graphite. The damage process at relatively low
energies is well understood, but with some notable exceptions particularly with relation
to changes in the coefficient of thermal expansion in some graphites and the interaction
between radiorytic oxidation and fast-neutron irradiation. At higher energies, where
energy losses to electronic processes and transmutation are significant, the
understanding of the damage processes and their influence on the graphite dimensions
and material properties is not so well developed.
There is now a vast amount of irradiation data on many graphites irradiated in
materials test reactors throughout the world. These data require re-examination in thenentirety and should be related to the present "state of the art" knowledge of graphite.
For example, recent work by Kelly points to the possibility of predicting the irradiation
13

behaviour of a polycrystalline graphite from a single irradiation programme carried out
at 450°C.
Developments at JAERI, which further extended the work by Kelly to look at
several other graphite types, highlighted differences found in applying the approach
given by Kelly related to data obtained using a "graphite-damage model" and point to a
need for further clarifying work.
In order to demonstrate that graphite moderators can be operated safely it is
necessary to demonstrate the integrity of the graphite components within the reactor.
Whereas samples can be taken to measure the changes in individual graphite
properties, it is difficult to predict the stress levels within the graphite bricks. The
available methods for detecting the level of internal stress using acoustic emission were
outlined. Tests carried out on unirradiated graphite showed that acoustic emission bean
below the previous stress level, and not at the same level, as predicted previously (the
"Kaiser effect"); this was put down to time-dependent effects. Furthermore, tests on
irradiated graphite loaded monotonically did not show any Kaiser effect at all, thus
ruling out this method as a means of measuring internal stresses in irradiated graphite.
Eddy-current testing of HTTR components to determine the critical defect size
were also described. The technique was then used to locate cracks of this size in
unirradiated graphite components. Crack sizes far below the critical size could be
detected, but more work is needed before the technique could be reliably used to
detect cracks in irradiated components.
Although there is an extensive literature on the mechanical properties of
nuclear graphites subject to conventional stress states such as those used in standard
mechanical tests, there is an increasing need to understand the mechanical response of
core graphites under stress states that are relevant to reactor operation. At this
meeting, Bath university presented what is possibly the first detailed examination of the
response of core graphite to blunt-indentation loading - a test that simulates pointloading effects in reactors. It was showed that deformation and fracture of the graphite
changed with the extent of thermal oxidation.
Failure in graphite components is a statistical event and as such lends itself to
the application of a probabilistic technique. Judge presented a method of using this
approach for predicting failure in graphite core bricks. The method is based on the
"Latin Hypercube" technique of sampling statistics to reduce the number of samples
which would be required using a Monte Carlo approach. He also showed that a
simplified method could be used to reduce the number of calculations required.
In gas-cooled graphite-moderated reactors, the measurement of the graphite
porosity is of importance as it is in the porosity that radiolytic oxidation of the graphite
will take place. There was a discussion of a new method of characterising the pore
structure, which showed broad agreement with established methods, but some
differences. More work is required to understand the difference between "diffusion"
and "permeation" pore structures and to explore the use of this method for the
oxidation-lifetime studies of graphite-moderated structures.
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FUTURE ACTIVITIES
A.J. Wickham andG. Haag

The development of new HTR reactors in Japan and China, and the strong
interest particularly in South Africa and Indonesia for the application of HTR
technology both for electricity production and as part of more complex industrial
processes such as natural-gas recovery and exploitation, is extremely encouraging.
Equally, the UK programme of Magnox and AGR operations has many years to run.
RBMK reactors will also be required to remain in operation for a lengthy period, and
comprehensive safety-improvement work is in hand with international collaboratioa In
Russia also, thoughts are now turning to the possibility of HTR development for the
future. Even the new German law, which recognises that, for future nuclear plants to
be acceptable, they must effectively be demonstrably "catastrophe-free", can in the
view of German specialists be met by the developed pebble-bed design of HTR which,
when thoroughly proven, should be capable of providing this high level of safety.
With future activity in HTR seemingly assured, at least in the short term,
activity on the other graphite-reactor designs will increasingly focus upon
decommissioning. France has been developing both fluidized-bed incineration and
laser-incineration techniques although only the former was discussed, by-passing a
potentially important debate on whether incineration as such is necessary or proper. A
key technical issue is the release of gaseous forms of 3 H and 1 4 C resulting from the
oxidation of large volumes of irradiated graphite: the very long half-life of ^ C is
quoted as a powerful argument against incineration. However, it was pointed out that
the effective half-life of 1 4 C in the atmospheric environment is very much less,
resulting from dissolution in the oceans as carbon dioxide and from take-up by plant
life. It appears that the specialists have much public-relations work to do in
demonstrating that the release of even quite large amounts of radioactivity, once
dispersed, is often quite trivial against the natural background. More in-depth studies
of these issues are needed.
Finally, h is appropriate to record the initiatives which have been taken
following discussion during the meeting about the potential losses of experience and
data which result from withdrawal of governments and organisations from the
technology, from retirement of personnel and, sadly, deaths of senior figures in the
field. To this end, active consideration is being given through the IAEA International
Working Group on Gas-Cooled-Reactor Technology to ways in which the world-wide
database and experience could be collected, analysed and maintained on behalf of all
nations with a continuing interest in graphite-moderated reactors and other
applications for irradiated graphites and carbon materials. A variety of possible
schemes is being analysed and will be discussed with the nuclear-graphite institutions
and individual experts over the coming months.
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IRRADIATION DAMAGE IN GRAPHITE
{The works of Professor B.T.Kelly)

XA9642900

BJ. MARSDEN
Graphite Section, AEA Technology,
Risley, Warrington, Cheshire,
United Kingdom
Abstract

The irradiation damage produced in graphite by energetic neutrons (>100eV) has
been extensively studied because of the use of graphite as a moderator in thermal
nuclear reactors. In recent times, graphite has been adopted as the protective tiling
of the inner wall of experimental fusion systems and property changes due to fusion
neutrons have become important.
The late Professor B.T.Kelly reviewed the work carried out on the irradiation
behaviour of graphite since the 1940s. This work is particularly timely as the scale
of research into the effects of fission neutrons has been greatly reduced and many of
the active researchers have retired.
In recent years, new programmes of work are being formulated for the use of
graphite in both the field of high temperature reactor systems and fusion systems. It
is therefore important that the knowledge gained by Professor Kelly and other
workers is not lost but passed on to future generations of nuclear scientists and
engineers.
This paper reviews Professor Kelly's last work, it also draws on the experience
gained during many long discussions with Brian during the years he worked closely
with the present graphite team at AEA Technology. It is hoped to publish his work
in full in the near future.

1.

FUNDAMENTALS OF IRRADIATION DAMAGE IN
GRAPHITE DUE TO ENERGETIC NEUTRONS

To understand the behaviour of components in fission and fusion systems it is
necessary to understand the changes in dimensions and material properties due to
displacement of atoms and transmutation products.
In fission systems energies due to source neutrons span over a wide range of
energies from less than 1 eV to ~10MeV with a mean energy of ~2MeV. The
proposed tritium and deuterium fusion systems produce energies of 14.1MeV.
Transmutation does not play any significant role in property and dimensional
changes in fission neutron systems, but this is not certain for higher energy fusion
systems.
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The process of the creation of crystal lattice defects which produce changes in
dimensions is due to elastic and inelastic scattering of carbon atoms. The binding
energy of carbon is ~7eV. If the collision is considered to be purely elastic then the
maximum energy transferred is 0.284£n, where En is the initial neutron energy.
Neutron nucleus collisions can be considered elastic up to 5.5 MeV and the (n,ct)
reaction only becomes appreciable for energies above ~9MeV. At these high
energies it may also be necessary to account for anisotropic scattering.
Investigation of the energy Ed to produce displaced atoms and the consequent vacant
sites has been studied by several authors. The value currently used in the United
Kingdom is 40eV. However several authors have proposed values less than 40 eV.
Fortunately atomic displacement rates are independent of Ed which is the situation
of practical interest.
Simmons(1) proposed a theoretical model for the atomic displacements as:

where 0 (EJ is the neutron flux spectrum, a (EJ is the elastic scattering cross-section of
the carbon nucleus and v (EJ is the average number of displacements produced by a
collision with a neutron of energy En.
This assumption is satisfactory for fission neutrons where the mean energy of the source
neutrons is ~2 MeV and only a very small proportion have energies greater than 10
MeV. The source neutrons in Deuterium-Tritium systems have an energy of 14.1 MeV
and thus it is necessary to account for anisotropic and inelastic scattering.
Kinchin and Pease® were the first to develop a model to estimate the atomic
displacement rate in fission systems. The model assumed that the primary neutroncarbon collisions are isotropic with each collision transferring the average energy
transfer. The primary knock-on-energy atom loses energy through two mechanisms,
the first in collisions with other carbon atoms the second to the electrons. They
assumed that all of the energy loss for moving atoms with energies greater than a
value designated Lc was electronic in nature and at the lower energies the loss was
due to atom-atom collisions. The resulting function v (EJ is plotted in Fig. 1.
A complete theory of radiation damage in graphite requires a knowledge of the
spatial distribution of displaced atoms as well as their numbers. Simmons dealt with
the collision between a moving carbon atom and a lattice atom performing thermal
vibrations taking into account the interaction between the electrons and nuclei of the
moving and lattice atoms. He used an approximation based on collisions between
free atoms with a potential similar to the model due to Bohr.
Simmons showed that at high energies the probability is greater that the energy
transferred is a small fraction of the initial energy of the moving atom, while at
lower energies the tendency is towards an equal distribution space. The model also
showed that the energy of a moving atom at which the rate of energy loss due to
collisions is equal to that of the electronic system was 12 eV, which is an estimate
for Lc in the Kinchin-Pease model.
18
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For the available data on moving atoms of various energy ranges Simmons was able
to show that the average energy of the primary knock on over the range 103 to 106
eV was 500 eV and that the mean distance between displacement collisions was
large compared to the inter-atomic displacements. As a consequence the damage
produced by primary knock-on consists of separate groups of displaced atoms, ( see
Fig. 2). Each group contains less than 10 atoms and the collisions with the
displacement groups can be regarded as separate events until the energy falls to less
than 100 eV at which the collision becomes comparable with the inter-atomic
displacements.
This approach by Simmons provides a method of calculating the number of atomic
displacements in carbon and their spatial distribution for fission systems.
Calculations of atomic displacement in fusion reactor spectra are more difficult
because of the high energy sources.
Prior to consideration of improved methods of calculating atomic displacement rates
for fission and fusion reactors it is worth comparing the results with experiments to
determine how useful they are. The fundamental reason for such calculations is to
predict the dimensional and material property changes of graphite in different
neutron spectra.
19
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FIGURE 2: DISPLACEMENT CASCADE IN GRAPHITE UNDER
NEUTRON IRRADIATION- SCHEMATIC
The changes in a graphite property i may be written:

where ^(EJ is a weighting function for the effect of a flux of neutrons 0(EJ of energy
En on the property Pt. In principle ^ may include transmutation as well as classical
atomic displacement effects. It can readily be imagined that % could depend upon the
property considered, obvious possibilities being the number of displaced atoms, the
number of displacement groups or perhaps the number of closely spaced groups.
Fortunately, in fission neutron systems the number of displaced atoms is an adequate
approximation to relate the damaging power of different neutron spectra.
However the distribution of displaced atoms is not truly random. Simmons definition of
"damaging power" implies that if identical specimens of graphite are irradiated for the
same time at the same temperature in two different neutron spectra, and then show
identical property changes, then the damaging power of the two spectra are the same,
even if the spectra are different.
It is possible to define a damage flux normalised to some standard such as:
R
d
<Pd =—

i

3

where <jd was defined by Simmons(1) with respect to the source neutron flux due to
fission e.g.
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The most generally used normalisation is the neutron spectrum in a Mk m hollow fuel
element in the DIDO Materials Test Reactor at the former Atomic Energy Research
Establishment, Harwell England. The value of V (EJ is due to Thomson and Wright
as discussed later.
Calculated damage ratios in different neutron spectra have been compared with
experiment by many authors beginning with the work of Bell^. It is often assumed
that damaging power depends on irradiation dose and temperature. However, it is
known that if two identical samples are irradiated to the same dose, but with one
sample taking less time than the other, the sample which is irradiated slower will
exhibit more damage. This is because the slower irradiation allows more time for
thermal processes to occur.
The rate effect can be accounted for using the concept of equivalent temperature as
given below:

6

Tt KEJ KAJ

VEJ V ^

where 6 K is the "Equivalent Temperature" which would be required in a flux
producing a standard displacement rate As sec"1 to produce the same observed property
changes as a function of damage dose as those observed at a temperature T{ K,
displacement rate A sec"1. Boltzmann's constant is denoted by k.
The activation energy E is determined experimentally and various values have been
proposed. In the UK 1.2eV is now used for low temperature, low dose effects and 3
eV for high dose effects, however some uncertainty still exists as to the appropriate
value.
Simmons(1) compared the experimental and calculated ratio of damage as derived
from changes in electrical resistivity to the flux measured by the N; 58(n,p) Co58
reaction with a cross-section of 0.107 x 10"24 cm2 and obtained a series of ratios for
various facilities. The calculations were based on the Kinchin-Pease model using a value
ofL c of 25 eV.
The first proposal for an improved model was made by Thomson and Wright(4). The
energy ED out of an initial energy Ep was calculated from:

dE
dx

' '

0

Jd£\
fdEy ^
\\dx)c+\~dx,

dE

where (dE/dx)c is the rate of energy loss/unit path length due to collisions.
(dE/dx)e is the rate of energy loss/unit path length due to electronic processes.
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This was used to calculate the average number of displacements for a primary knock-on
of energy Ep. The function v (Ep) is shown in Fig. 1.
The new model did not make a significant difference to the calculated ratios of
displacement rate to activation normalised to the standard position which was now
changed to a spectrum associated with the DIDO hollow fuel element. As a
consequence of this work the IAEA(5) in 1972 recommended that graphite damage
doses in fission reactors should be calculated using the Thomson and Wright model
with the spectrum in the DIDO hollow fuel element as a standard.
The damage doses are generally expressed in these units for experiments carried out
in UK, Japan and Germany, but in the USA and Russia it was noted that relative
damage rates could be accurately estimated by taking the neutron flux with energies
above some value En. Conversion factors between various dose and flux units are
given in Table 1.
Table 1 Conversion of Various Graphite Damage Dose Units to Equivalent DIDO
Nickel Dose
Dose or Flux Units and Original Source
Equivalent DIDO Nickel Dose (EDND or DNE) UKAEA
Equivalent Fission Dose (33) UKAEA
Calder Equivalent Dose (MWd/Ate) UKAEA
'BEPO Equivalent Dose UKAEA
Neutron dose n.cm'2 (E > 0.05 MeV) USA
Neutron dose n.cm"2 (E > 0.18 MeV) USA
Neutron dose n.cm'2 (E > 1.0 MeV) USA

Multiply by
1.0
0.547
1.0887 x 10 "
0.123
(Morgan gives 0.962±0.01)
0.5
0.67
0.9

Various improvements have been made to the Thomson and Wright model, by various
authors(6) taking account of inelastic scattering, anisotropic scattering and electronic
energy loss in the secondary and later knock-ons. One of these models, the
Norgett/Robinson/Torrens or NRT model is given in Fig. 1.
Strictly speaking this model is unsatisfactory for collisions with neutron energy
greater than 11 MeV due to inelastic effects.
Table 2 gives a comparison of displacement cross-section for 14.1 MeV neutrons in
graphite.
Three of the results are similar but both Morgan's and Huang and Ghoniem's are
significantly higher even when corrected for the difference in Ed and the displacement
efficiency. The reasons for these differences are not clear but must lie in the treatment
of the cross-sections.

1

Note BEPO equivalent dose was based on thermal neutron dose which is not really suitable for the
purpose.
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Table 2
Comparison of the Displacement Cross-section for 14.1 MeV Neutrons in Graphite
Source
Robinson (1969)
Morgan (1974)
Gabriel et al (1976)
Adams (1987)
Huang and Ghoniem (1993)

Reactions included

dpa/n.cm2 ( x 10' 22 )

(n,2n)
(n,a)
(n,a)
(n,a),(n,n')
(n,a),(n,p),(n,X)

2.34
5.18
3.76
2.71
4.9

The relative damage power in high energy systems must eventually be determined
experimentally. Work in this area suggests that high energy neutrons produce greater
energy than would be expected from displacement models and also the damage differs in
quality.
The current situation appears to be that it is possible in fission systems to estimate the
relative damage rates in different reactor spectra with some degree of accuracy.
However in fusion spectra the situation is more complex - quite large differences exist in
displacement cross sections for high energy neutrons estimated by various authors.
Thus, estimates in spectra dominated by source neutrons are not likely to be accurate.
However the situation is much better in the substantially degraded spectra which are
likely to be found in most of the graphite components in a fusion reactor.
High energy neutrons in fusion reactors produce transmutation effects to a much greater
degree than in fission systems. In particular the transmutation to helium or other
elements may have an important effects on property changes. Various authors have
studied the effect of transmutation in graphite, however more study is desirable.
It would be sensible for all future data for high energy systems to be expressed in a
displacement scale using an agreed set of input data. (Conditional on transmutation
effects being unimportant).
It is highly desirable that a better absolute displacement rate scale should be achieved
which requires further studies of the displacement energies, particularly the angular and
temperature dependencies. The best representation of the electronic energy loss data and
neutron cross-sections requires agreement and proper allowance made for inelastic and
anisotropic scattering. Calculations for a particular irradiation should also give best
estimates of the transmutation rates, particularly the production of helium.

2.

DIMENSIONAL CHANGES IN GRAPHITE AND THE
THERMAL EXPANSION COEFFICIENT

Irradiation of graphite with energetic neutrons leads to dimensional changes of
considerable magnitude which must be accommodated for in reactor design.
Graphite may be considered to be an aggregate of crystallites of identical properties.
The irradiation behaviour of the crystallite is that they grow perpendicular to the
basal planes and shrink parallel to the planes.
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In free crystals there are two distinct measurements of crystal dimensional change.
The mean inter-atomic displacement parallel and perpendicular to the hexagonal axis
(macroscopic scale) and the changes to the embedded gauge length in each
crystallite (microscopic scale). The second measurement is described here.
Simmons(1) obtained theoretical relationships between the thermal expansion
coefficient and the dimensional change rates as follows:
The rate of dimensional change with dose, dG/dy, in direction 'x' may be
expressed in terms of the crystallite dimension changes perpendicular to the basal
plane, direction 'c' and parallel to the basal plane direction 'a', as:
dGx
dy

A
x

1 dX^
Xc dX

/,
v

. \ 1 dXa
x)
Xa dX

Also the thermal expansion coefficient a in direction 'x' can be expressed in terms
of the crystallite thermal expansion coefficients as:
ax = Axac+(l-Ax)aa

8

The coefficient Ax is a function of irradiation dose.
For a polycrystalline graphite given the thermal expansion coefficient of the
graphite crystal ac = 26 x W6 K'\ aa = -1.1 x 10"6 K"1 and data for two directions
x which give significantly different dimensional changes and expansion coefficients
these equations can be solved for the two rates of crystal dimensional change (
assuming that a c and aa are not changed by irradiation).
Direct measurements of AX/XC and AX/Xa can be made using pyrolytic graphite or
crystal flakes, as given in Fig. 3. The growth perpendicular to the basal plane and
shrinkage parallel to the basal plane continues over all measured doses.
The lower temperature data shows large volume changes at low dose where as the
higher temperature data shows dimensional changes at constant volume.
It is useful to define a parameter:

dy
dXc
dy

which varies with dose and temperature. A value of S =-0.5 corresponds to changes
at constant volume.
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For irradiations below 300°C, where Ovaries with dose changing from a low value
and increasing to constant volume conditions, the crystallite changes in the thermal
expansion coefficient aa and a c also undergo significant changes, see Fig. 4.
The irradiation changes in the coefficient of thermal expansion in polycrystalline
graphite is quite complex and not well understood, particularly at low irradiation
temperatures. The data for Pile Grade A graphite is given in Fig. 5.
The dimensional change rate can be related(equation 7,8) to the coefficient of
expansion using the relationships due to Simmons as:

dy

1 dX,
(c dy

1
Xa dy

dXc

a.
a - i

Xc dy

1 dxA

a

Xa dy \ac-aaa

Xa dy

or at low irradiation doses, at which the rates can be considered to be constant.
dy
10
There is therefore a value of ax for which the graphite is dimensionally stable and
this observation was used to specify graphites with improved dimensional behaviour
for us in the UK Advanced Gas Cooled Reactors.
The definition of 8 requires that all the graphite crystallites behave the same way
under irradiation. The pyrolytic graphite showed that this is true for irradiations
below 600°C but not at higher temperatures where £ changes with irradiation dose.
The relationship between dimensional change and thermal expansion coefficient was
studied by Kelly, Martin and Nettley^. They showed that the values for Ax were the
same for both relationships up to a critical dose / after which the value becomes
larger for dimensional change than thermal expansion coefficient. This was
attributed to the generation of porosity.
A large volume of data has been accumulated on a few nuclear graphites over a
wide range of irradiation temperatures. Data for Pile Grade A and Gilsocarbon
graphite is given in Figs. 6 and 7.
2.1.

Theory of dimensional changes in irradiated graphite

Kelly developed the relationship between dimensional change and CTE to include an
additional porosity term fx, furthermore Kelly et al. proposed that the structural
dependent factors Ax andfx depend on XT, defined as:

11
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Thus including the porosity term and integrating equation 10 we obtain an
expression for dimensional change:
^
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where
Fx = \fxdY
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This relationship can be used to develop a set of simultaneous equations for an
anisotropic graphite such as Pile Grade A.
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The symbol '-^'and 'II' refers to directions perpendicular and parallel to extrusion.
Brocklehurst and Kelly used these equations and showed that the form of/; and/ 2
was essentially the same for irradiations at 200°C and 6Q0°C although the
macroscopic dimensional change behaviour is significantly different. These
dependencies on XT extended well into the pore generation regime.
For isotropic graphite/; = 0 and equation 14, for/ 2 , may be written as:

where AV/V is the bulk volume change of graphite and F^is the pore volume
generation.
This relationship may be simplified to:

•f+Xr
or

thus relating the bulk volume change to the crystal volume change via a function of
XT.

For temperatures in the AGR range 400-450°C AVC/VC is approximately zero and
AV/V is a unique function of XT. Therefore <f>(XT) can be determined from
irradiations in this range.
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It is therefore possible to analyse data for irradiation temperatures greater than
600°C where the crystallite dimensional changes depend upon the crystal perfection.
(This is possible if the crystallites in the material behave the same.)
The crystal volume change, if S is constant in dose, can be written:
AV.c

AX,

2S
\-5

18

Equation 18 can be used along with equation 17 to plot AV/Vagainst XT, using
values of <f>(XT) from irradiations at 450°C, for various values of 5.
These relationships can then be used to obtain:

V dy

T

for different levels of porosity generation.
This type of analysis can be used to predict the behaviour of graphite irradiated at
different temperatures from one set of irradiation data carried out at ~450°C.
However more work is still required in this area.

3.

STORED ENERGY AND THE THERMOPHYSICAL
PROPERTIES OF GRAPHITE
3.1.

Stored energy

Crystal lattice defects introduced by fast neutron irradiation increase the energy of
the graphite crystals. Increasing the temperature above that at which the defects
were produced allows the defects to rearrange themselves, the excess energy being
produced as heat. This stored energy is often referred to as Wigner energy after the
scientist who first proposed its existence.
In graphite irradiated at room temperature, very large levels of stored energy can
accumulate, values of up to 2,700 J/g (645 cals/g) have been recorded(1). If all this
energy were released as heat it would lead to temperature rises of in the region of
1500°C. However, in air, before this temperature is reached the graphite would start
to thermally oxidise.
The stored energy content of graphite can be measured in a number of ways(1). The
most usual are to measure total stored energy content by combustion of the graphite
in a high pressure oxygen in a bomb calorimeter, or to measure the rate of release
of stored energy using the linear rise method.
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The total stored energy in a sample can be related to the fractional change in
thermal conductivity by the empirical equation^:
S=A

K

J/g

20

The constant A in this equation is dependent on the graphite and the irradiation
conditions. For experiments carried out at temperatures above 150°C in various
Material Test Reactors (MTRs) a value of 6.25 cal/g (26.2 Joules/g) was obtained.
However, this constant may not apply to other graphites, or other reactor
conditions.
There is also a relationship between total stored energy and the value of dS/dT at
400°C.
dS_
dT J400

J/g
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The constant B was found to be 1670. However, again this empirical relationship
was derived from tests in many MTRs and may not apply to other graphites
irradiated in differing conditions.
In safety assessments it is not the total amount of stored energy that is of prime
concern but the rate of release of this energy with temperature rise and the
temperature at which this release rate becomes significant.
Fig. 8 gives some rate of release measurements for graphite irradiated at low
temperature. The specific heat of graphite is also included on this curve. The
prominent dS/dT peak around 200°C rises above the specific heat. The significance
of this is that whilst the rate of release curve is below the specific heat curve, heat
must be applied to raise the temperature of the graphite, but when the curve rises
above the specific heat curve the graphite is self heating
However this is not the complete picture, if the linear rise experiment is carried out
to very high temperatures another peak is formed at approximately 1500°C, see Fig.
9.
The 200°C peak changes with irradiation dose, at first to a sharp peak reaching
about 1.0 cal/g/°C, then falling sharply to an almost flat rate at doses greater than
2.5 x 1020 n/cm2 EDND (8) . However, the plateau in the dS/dT curve between the
200°C peak and the 1500°C peak, rises with further irradiation towards the specific
heat curve, see Fig. 10. There was a concern that for graphites irradiated to high
doses at these low temperatures the intermediate plateau may have risen above the
specific heat thus allowing a spontaneous increase in temperature to 1500°C.
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The rate of release of stored energy from a sample can be described by:

J/g

22

where E(S) (eV) is the activation energy as a function of stored energy remaining in
the sample, T (°K) is the temperature, k is Boltzmann's constant and f(S) is a
function which characterises the state of the sample.
Ignoring any exothermic heat generated due to graphite oxidation, the heat produced
during the release of stored energy is a balance between the heat generated by the
release of the stored energy and the heat lost (or gained) from the environment. This
can be expressed by a heat balance equation as:

CP(T)ST=-—dt+^-a
at
at

J/g
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where CP(T) is the specific heat and dh/dt is the rate of heat gained or lost to the
environment.
The heat loss to the environment can usually be calculated based on the heat transfer
and geometry of the sample or component of interest and is likely to be a function
of temperature and time.
The problem is therefore to determine dS/dT. There are various models which deal
with the kinetics of the release of stored energy: Two of these models are discussed
below.
3.1.1. Variable activation energy model
The functions f(S) and E(S) can be derived from linear rise experiments using
assumptions about activation energy as a function of temperature and linear rise
rate.
It is important to account for the increase in thermal conductivity as the annealing
proceeds as can be seen from equation 20.
It is possible to obtain f(S) and E(S) from a pair of linear rise experiments taken at
different rates, for example 2.5 °C/min and 25 °C/min. From these experiments
rate of release curves can be derived:

«*-.
dts
36
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These equations can then be combined to give:
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Thus E(S) may be obtained and then/fSj calculated. However, it is not necessary to
calculate/(SJ as the rate of release in the component can be given as:

dt

KdtJ^

3.1.2. Constant activation model
Unfortunately, rate of release measurements taken at different rates are not always
readily available. A pessimistic approximation can be made by assuming a constant
activation energy. In most of the early work*9* a value of 1.7 eV was widely used.
However, recent unpublished work by Simmons suggests a constant value of 1.2
eV may be more appropriate. Thus, the rate of release equation becomes:
dS

-JL

— = f(S)e'kT
dt

J/g/°C
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3.1.3. Constant frequency factor model
This model was proposed by Vand(10) and developed later by Primak (II) . In its
simplest form it assumes that the energy release process for each group of defects
obeys first order kinetics. Thus for a group with activation energy E at constant
temperature T:

UMLH^vSfE^-Tr

28

dt
where v is a constant (or variable) frequency factor which is in practice altered to
suit the experimental data.

3.2.

Thermal Conductivity

The thermal conductivity of a graphite crystal has two principal tensors, measured
perpendicular and parallel to the basal plane. In the range of interest the
conductivities are both dominated by lattice vibrations (phonons). The conductivity
is much higher parallel to the basal plane than perpendicular to the plane and in
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polycrystalline graphite the basal conductivity dominates. It is therefore possible to
define the thermal conductivity K in some arbitrary direction x as:

Z,=J-

29

where fix is a constant and Ka is the basal conductivity. The thermal resistance in the
basal plane can be regarded as the sum of the thermal resistance due to three effects,
scattering at the crystal boundary, 1/KB , phonon scattering, 1/KU and due to lattice
defects, 1/KD.
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The effect of irradiation is to increase the latter effect.
The temperature dependence on the thermal resistivity of unirradiated graphite is to
reduce the resistivity, however this temperature dependence is modified by
irradiation. It has been shown that this modification in temperature dependence can
be normalised to unity at 300K for irradiations below 450°C.
For irradiations below 450°C the thermal conductivity K(y,T,J, at some temperature
Tm, is usually expressed as:

*,(o.r.)l"
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* x (0,300)J_
where/is the fractional change in thermal resistivity due to irradiation, S(TJ is the
irradiation induced change in the temperature dependence of thermal resistivity and
KJOyT^/KJSOO^n) is the normalised unirradiated temperature dependence of
thermal conductivity.
Fractional changes in thermal conductivity for Pile Grade A are given in Fig. 11. In
the UK these changes are assumed to be the same perpendicular and parallel to the
direction of extrusion.

4.

MECHANICAL PROPERTIES AND IRRADIATION CREEP
OF GRAPHITE

Unirradiated graphites are near brittle materials with a low elastic modulus "lOGPa.
The stress-strain curves are highly non-linear and exhibit a high degree of
hysteresis. Strain to failure is a magnitude higher in compression than in tension.
Extruded or moulded polycrystalline graphite possess an axis of symmetry parallel
to the extrusion or pressing direction. The same symmetry applies to highly
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FIGURE 11: FRACTIONAL CHANGES IN THERMAL RESISTANCE
OF PILE GRADE 'A' GRAPHITE

orientated pyrolytic graphite. In both these cases five elastic components of moduli
are required to describe the elastic behaviour of the material.
In terms of compliance this gives:
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e v =2(5 M -5 1 2 )7;
In the case of isotropic graphites such as Gilsocarbon only three terms are required.
The elastic compliance for a perfect crystal are given in Table 3 along with the
elastic compliance for Pile Grade A and Gilsocarbon.
Table 3 Elastic compliances and constants for a perfect graphite Crystal
Elastic Compliance

s,,
s,,
Sr,

Pile Grade A
(Aniso tropic)
m2/N x 10 u
1840
-290
-120
1020

S<4-

Gilsocarbon
(Isotropic)
x 10 u m2/N
1370
-148
3030

Perfect crystal
x 10 u m2/N
0.98

-0.16
-0.33
27.5
240.0

In terms of elastic constants (the inverse) the relationship is given by:
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T =C e

Irradiating pyrolytic graphite and Ticonderoga flakes showed that only the C33 and
C44 compliances changed; C33 tended to reduce and C44 to increase to a much larger
degree to values associated with a perfect crystal.
The elastic moduli C33 and C44 are associated with the inter layer forces which may
be expected to reduce as inter layer spacing increases. The reduction in C33 can
readily be explained this way. However it has been shown that the large and
material increase in C44 is associated with pinning of the glissile dislocations in the
basal planes which would normally be responsible for a decrease in the shear
constants.
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Fractional changes in Young's modulus for Pile Grade A graphite are given in Fig.
12. They show two distinct regions: Below 300°C the Young's modulus increases
by a factor of about three, peaks and then decreases, followed by an increase and
later a catastrophic decrease and disintegration. Above 300°C there is an initial
increase which decreases with increasing temperature, a constant region and final
fall.
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The explanation for this behaviour is that, for low doses at temperatures below
300°C, pinning of the dislocations leads to an increase of modulus. The decrease in
modulus that follows is due to large separation in the basal plane. Above 300° C
there is the same temperature dependent increase due to pinning. Further
irradiations above and below 300°C lead to an increase in modulus due to structural
changes. The final decrease in modulus is due to large increases in porosity.
4.1.

Irradiation creep

Simmons(1) showed that samples irradiated under stress showed different
dimensional changes to those irradiated unstressed. Since then detailed studies of
dimensional change under stresses have been carried out by many authors. Early
tests in the Calder Hall Magnox reactor in the region 140°C to 324°C showed the
effect was the same independent of temperature. It was also soon apparent that
irradiation creep was a complex phenomenon as it was seen that the thermal
expansion coefficients were increased by compressive creep strain. Measurement in
lateral strain ratios varied from 0.3 to 0.5.
Kelly and Brocklehurst (1977) summarised creep studies carried out in the UK since
1946. They found that creep strain ec could be summarised for the temperature
range between 140°C - 650°C by:

ec = 0.23^r

+7 L (l-«5p[-4y])
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where a (MPa)is the stress, y is the dose (n/cm2 EDND) and Eo is the static
Young's modulus prior to irradiation, see Fig. 13.
The first term is the secondary creep strain and the second the transient creep strain.
It should be noted than that both terms are inversely proportional to modulus. The
creep rate increases slowly at higher temperatures and this was allowed for by the
introduction of a temperature factor fi(T), which is unity below 650°C.
Poisson's ratio in creep was found to be 0.3 from a series of experiments and data
was obtained on the changes in thermal expansion coefficient with creep strain. It
was also clear that the transient creep strain was recoverable in the presence of
thermal annealing.
It was shown that tensile creep strain decreased the thermal expansion coefficient
measured parallel to the stress direction, while compressive creep strain increased
the thermal expansion coefficient, see Fig. 14.
It was also interesting that boron doping of polycrystalline graphite, carried out to
increase the fast neutron damage rate, did not increase the creep strain rate, pointing
to the effect being dependent on atomic displacement rate only.
It is clear that creep of graphite is more complex than initially thought. This is
particularly evident when considering the changes to thermal expansion coefficient
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with creep strain. We have already seen that changes in thermal expansion
coefficient are related to dimensional change rates.
Two explanations can be put forward for the changes in thermal expansion
coefficient; firstly due to the change in porosity due to creep strain, secondly due to
the crystallite re-orientation due to creep strain. There is some evidence for the
second process but it is possible that both processes occur.
Creep strains have conventionally been defined as the difference in strain between
stressed and unstressed samples. This is not correct once significant changes in
thermal expansion have occurred. It is readily shown that the true creep strain is:

dxa
{ac-aa)\Xcdy

Xa dy

35

where sc is the conventional creep strain, a'x is the thermal expansion coefficient of
the crept sample and ax is that of the control.
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This effect is particularly important in the multi-axis case where the separation into
creep and dimensional changes cannot be made and stress calculations become less
accurate. In particular there must be a 'Poisson's' ratio effect for the change in
thermal expansion coefficient with creep strain.
Recent experiments have been initiated to study this effect, by inducing large elastic
strains into unirradiated graphite both in compression and tension, then measuring
the change in thermal expansion. This work is still underway, however
unexpectedly these experiments have shown that small elastic strains can produce
similar changes in magnitude in the thermal expansion coefficient as was produced
by the large creep strain.
It is clear that further work is required in this area particularly on irradiated
graphites.

5.

DISCUSSION

This paper has outlined only part of the vast amount of work that has been
undertaken since the early 1940s. It is hoped to publish the work of Professor
B.T.Kelly in more detail in the near future.
Whilst there is a well established understanding of the process of fast neutron
damage in fission systems, more work, both experimental and theoretical, is
required for higher energy systems such as first wall protection tiles in fusion
systems where inelastic effects and transmutation may be significant.
Detailed structural analysis has been carried out on both UK and US graphites using
the theory related to dimensional changes, thermal changes and mechanical changes.
It would be useful to apply the same theories to other graphites where data is
available. It is desirable to operate graphite moderated reactors beyond their original
design life, therefore it is important to understand the behaviour of graphites to high
irradiation doses. The application and extension of this theory can make a
significant contribution to this task.
Detailed study of stored energy accumulation at low temperatures was discontinued
in the late 1950s as the problem was designed out of the then new generations of
graphite moderated reactors. However now attention has turned to the
decommissioning of such systems and the theory is being revisited in order to make
safety cases for dismantling and disposal of early graphite cores.
Further investigation is required into the interaction of strain, the coefficient of
thermal expansion, dimensional change and elastic strain.
Finally graphite moderated reactors for both fission and fusion systems will be
operating for many years into the future. It is therefore important that the vast
amount of knowledge gained since the 1940s is not lost.
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Abstract

The cores in the first power producing Magnox reactors in the UK were designed with only a limited
amount of information available regarding the anisotropic dimensional change behaviour of Pile
Grade graphite. As more information was gained it was necessary to make modifications to the
design, some minor, some major. As the cores being built became larger, and with the switch to the
Advanced Gas-cooled Reactor (AGR) with its much higher power density, additional problems had to
be overcome such as increased dimensional change and radiolytic oxidation by the carbon dioxide
coolant. For the AGRs a more isotropic graphite was required, with a lower initial open pore volume
and higher strength. Gilsocarbon graphite was developed and was selected for all the AGRs built in
the UK. Methane bearing coolants are used to limit radiolytic oxidation.

1. INTRODUCTION
Up until the construction of the Sizewell B Pressurised Water Reactor, all the power
producing reactors in the UK were graphite moderated and gas cooled. As well as functioning
as a fast neutron moderator, each graphite core must perform its duty as a structure that will
allow unresticted passage of fuel elements and control rods and maintain appropriate cooling
flows at all times during the operating life of the station. Over the life of the core, the graphite
is subjected to the effects of fast neutron radiation, and radiolytic oxidation by the carbon
dioxide coolant. The former gives rise to dimensional change, causing individual components
and complete brick channels to distort, thus potentially affecting the safe operation of the
reactor. The latter has an affect on dimensional change behaviour, but more importantly causes
a reduction in graphite strength which would have a detrimental affect on brick integrity. This
paper outlines the ways in which the different graphite core designs in the Magnox reactors and
Advanced Gas-cooled Reactors (AGRs) in the UK have evolved to accommodate these
degenerative effects to enable them to perform their structural duties.
2. MAGNOX CORE DESIGN
The first commercial stations in the UK were of the Magnox type and were built at Calder
Hall and Chapelcross in the late 1950s. Four reactors were built at each site, and used natural
Uranium as the fuel, clad in Magnox. Each reactor has around 1700 fuel channels and a
design heat output of 180 MW. A further 9 Magnox stations were built, the last being a twin
reactor station at Wylfa. The cores in the Wylfa reactors were the largest to be built, each
having over 6100 channels and a design heat output of around 1700 MW.
The graphite used for the construction of each core was Pile Grade A (PGA) graphite. The
coke used for the production of the graphite was referred to as 'needle' coke because of the
needle like appearance of the grains after crushing. The method of forming the basic shape of
the graphite blocks involved extrusion. This method had the effect of preferentially aligning the
grains and hence crystallite basal planes in a direction parallel to the direction of extrusion. As
a result, the properties of the graphite are anisotropic. Production graphite had a density of
about 1.6 gem' 3 , was quite porous and had a moderate strength.
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1.1 Graphite dimensional change
The dimensional change behaviour of PGA graphite is, as would be expected, very
anisotropic. In the direction parallel to the direction of extrusion, the graphite shrinks
progressively with increased dose, and at all irradiation temperatures of interest. In the
perpendicular direction however, the graphite shrinks at irradiation temperatures greater than
around 300°C, but below this it exhibits growth, the lower the temperature the greater the rate
of growth.
When the graphite moderator structure for the Calder Hall and Chapelcross reactors was
being designed, it was erroneously believed that PGA graphite exhibited growth in the both the
perpendicular and parallel directions, and that the ratio of these growth rates was about 6:1.
To allow for this apparent behaviour, the core and interfacing structures were designed and
constructed as shown in Fig 1.

FIG 1
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ISOMETRIC VIEW OF CALDER HALL GRAPHITE STRUCTURE

The core is made up of layers of square bricks of side slightly smaller than the lattice pitch
of 8 inches (20.3 cm), having their extrusion axes placed vertically. The bricks are interleaved
with two layers of rectangular tiles having their extrusion axes placed horizontally and parallel
with the long sides. The length of the long sides is equal to that of the lattice pitch. All the tiles
in the bottom layer were arranged with their long sides running North-South forming parallel
chords across the core face and those in the top layer were arranged with their long sides
running East-West.
The reflector region around the core was built with no inter-brick gaps since irradiation
effects in this region were considered to be negligible. Garter restraints (in the form of
compensating beams) were placed around the periphery at the same height as the tile layers
which meant that the tiles were fully constrained and the lattice as a whole would expand as
graphite in the long tile direction (in effect radially). The compensating beams were designed to
have a coefficient of thermal expansion close to that of the graphite and so always provided the
necessary restraining forces at the core boundary. The core does, however, expand at a
different rate relative to its support structure and therefore the columns were mounted on ball
bearings to cater for the differential movement.
The bricks and tiles in each column are located relative to one another by means of
cruciform keys as shown in Fig 2. In this way, the moderator bricks are located in their correct
lattice position by the tiles, and because they have sides which are slightly shorter than the
lattice pitch, have a gap around their vertical sides to accommodate the predicted lifetime
growth of the graphite.
One problem with machining and arranging the tile axes with one direction parallel to the
extrusion direction and the other perpendicular, is that the tile bores would become oval during
irradiation and so could interfere with fuel handling operations. To obviate this potential
problem, each tile bore was made slightly larger than its brick bore, so that at no time during
the design life of the reactor should the inner surface of a tile encroach into the fuel channel
passage.
It was discovered later that PGA graphite actually shrunk in the direction parallel to
the extrusion axis. Shrinkage of the tiles in the parallel direction obviously affects lattice
control because the tiles are arranged with this axis in the long (butting) direction. It was
realised that gaps will consequently open up between the tiles and so permit lateral movement
of individual columns which could affect fuel cooling and control rod insertion. The problem
at the time was that the graphite bricks for the Berkeley, Bradwell and Hinkley Point cores
were at an advanced stage of machining. A decision was therefore made to incorporate
Zirconium pins in deep horizontal holes drilled into the bricks and/or tiles to maintain lateral
alignment. Zirconium has a low neutron absorption cross-section and therefore the small
penalty of slightly reduced reactivity was considered acceptable. The Trawsfynydd design was
less advanced and a single tile at each brick junction utilising radial keys on the 90° and 45°
axes was adopted.
After Trawsfynydd, the brick and tile method of maintaining channel lattice alignment was
abandoned, in favour of a full brick radial keying arrangement as illustrated in Fig 3. Keyways
are machined in the individual blocks and rectangular shaped keys are inserted into the
keyways which therefore limit brick to brick movement. A radial keying system has the
advantage of allowing the core to freely expand volumetrically and so by surrounding and
attaching it to a steel restraint tank, the core can expand (as steel) with the support structure.
The important requirement here was to ensure that the initial key/keyway clearances were small
enough to limit individual brick to brick and cumulative brick movements, yet large enough to
ensure that they did not reduce to zero at any time in life thereby restricting free lattice
expansion.
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BRICK AND TILE ARRANGEMENT IN EARLY MAGNOX
CORE DESIGNS

The lattice can
expand without distortion

The bricks can expand
without changing the
lattice

FIG 3

KEYING ARRANGEMENT IN LATER MAGNOX CORE DESIGNS

One further problem identified was caused by the variation in fast neutron flux across a
brick section, due for example to the proximity of a control rod channel, which gave rise to
differential axial shrinkage. This would result in the individual bricks assuming a curved
shape, referred to as brick bowing. Because of the restrictions on lateral movement imposed by
the tiles or the keying system, curvature of the overall brick column was limited, and when this
limit was reached a hinge would be forced at the contact points. Wedge shaped gaps would
then open up as bowing progressed leading to out of channel leakage of the coolant gas. In the
later core designs, circular sealing rings were introduced between the bricks in a column to
significantly reduce any leakage flow.
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2.2 Radiolytic oxidation
Radiloytic oxidation of the graphite reduces its strength and could therefore be a concern.
The rate of radiolytic oxidation of graphite by the CO2 coolant increases with increasing
gamma heating rate in the graphite and with coolant gas pressure. In the earlier Magnox cores,
which operated at relatively low power density and pressure, radiolytic oxidation of the
graphite over the life of the station was not significant. However, as the power output of
subsequent Magnox reactors was increased, there was a corresponding increase in the gamma
heating rate and coolant pressure and so radiolytic oxidation became more and more
significant. There are no features specifically designed into the Magnox cores to limit the rate
of oxidation, however, operational procedures are in place to control the rate of oxidation and
so limit any reduction in graphite strength.
2.3 Limitations
Magnox cores are 'once through' designs in that the coolant gas enters the bottom of the
core via the support system, flows mainly up through the fuel channels and exits the core at the
top. The problem with this arrangement was that only moderate power densities were
achievable due to limits on channel gas outlet temperatures (to limit the oxidation of mild steel
components above the core), and therefore progressively larger cores were required to provide
more heat output. In fact most of the Magnox reactors were downrated because of the potential
life limiting effects of mild steel oxidation.
Not long after Calder Hall and Chapelcross had started operation, work began on the
concept of the Advanced Gas-cooled Reactor, and in the early 1960s a prototype was built at
Windscale. By using enriched Uranium dioxide fuel, clad in stainless steel, much higher gas
temperatures would be allowable. As a result, significantly higher power densities would be
possible in the core but the problem then became one of trying to keep graphite temperatures
down in order to limit thermal oxidation. The problem of high graphite (and high steel)
temperatures was solved by the major innovation of the AGR core : re-entrant flow. By using
a gas baffle and sleeved fuel elements, the cooler gas exiting the circulators could be directed to
flow over the reactor steelwork and down through passages in the core before entering the fuel
channels.
2. AGR CORE DESIGN
The first Commercial AGR designed in the UK is at Dungeness. Later stations of
different designs were built at Hinkley Point and Hunterston, and at Heysham and Hartlepool.
The last stations to be built were at Heysham and Torness. A section through the reactor, in
this case for Heysham 2/ Torness is shown in Fig 4. In all the AGRs, the graphite core, which
is supported on a diagrid and surrounded by a restraint tank, is contained within a gas baffle
surmounted by a dome which act as a pressure boundary and are the means by which the cool
gas exiting the circulators is kept separate from the hot gas exiting the fuel stringers. Each core
is penetrated by a system of steel guide tubes which provide continuity of passage for the fuel
stringers and control rods.
The core in an AGR comprises an inner cylinder of moderator graphite (in 9 or 10 layers)
containing the fuel and control rod channels, surrounded (top, bottom and side) by reflector
graphite. The top reflector is covered by graphite blocks and 1 layer of steel blocks
collectively known as the Upper Neutron Shield. In the earlier reactors, the bottom reflector
sits on and locates to a mat of steel plates which in turn sit on the diagrid which is the support
for the whole structure. In Heysham 2 and Torness, a Lower Neutron Shield was included to
provide shielding for man-access to the sub-diagrid region. Surrounding the graphite structure
is a restraint tank, the function of which is to locate and maintain the core boundary at all
times.
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2.1 Graphite dimensional change
Although suitable for use in the Windscale AGR, it was soon realised that the dimensional
change rates exhibited by PGA graphite were unacceptable for the much higher irradiation
doses which would be attained in Commercial AGRs. A dimensionally more stable graphite
was thus required. Development and testing of graphites with greater dimensional stability and
also with reduced radiolytic reaction rates and higher strength was undertaken. Several
materials were produced to specification but the graphite eventually chosen for the first AGR
at Dungeness, and all subsequent AGRs, was made using Gilsonite pitch coke. The coke
grains are rounder in shape after crushing and by using a moulding process to make the
graphite blocks, a near isotropic graphite was produced. The graphite is referred to as
Gilsocarbon graphite.
Gilsocarbon graphite shrinks at all temperatures of interest but, after a certain dose, and in
the absence of radiolytic oxidation, a peak of shrinkage is reached after which the graphite
begins to grow. This is referred to as 'turnaround'. If the graphite experiences high weight
loss, however, it continues to shrink up to the peak doses expected. For the predicted levels of
weight loss in AGRs, the actual behaviour of the graphite will be somewhere in between.
The brick and key arrangement in Heysham 2 and Torness is shown in Fig 6, which is
indicative of the arrangement in the other AGR cores. It is similar in principle to that utilised in
the later Magnox cores which was described earlier. Volumetric expansion of the core as steel
occurs but there is an added requirement for an AGR in that the fuel stringer passes through
the guide tubes in the dome before entering the fuel channels. By arranging that the coolant gas
sweeps the underside of the dome, as well as the support and restraint tank, differential
movement between the structures during reactor start-up and shut-down is minimised.
Within each core there are two major types of brick. The (larger) bricks which form the
fuel channels, and the reflector bricks, are octagonal in shape, whereas the smaller (interstitial)
bricks are basically square. Two types of key are used, namely loose and interstitial keys. The
loose keys are rectangular in shape and locate in keyways along the 0° and 90° axes, whereas
the interstitial keys are integral with particular interstitial bricks and locate in keyways along
the 45° axes. The keying system provides the means of maintaining the verticality of a
particular column and its position relative to its neighbouring columns. At the free ends of the
brick are connecting features which locate the bricks relative to each other in a column. The
various designs involve keys and keyways, a spigot and recess, circular I-section rings and
hollow cylinders.
The initial key/keyway clearances are set to limiting the possible cumulative brick
movements and the possibility of clearances reducing to zero during life. Initial clearances are
also required to ensure that differential shrinkage between brick columns does not lead to
vertical interactions which could cause bricks to tilt or lift. Guide tube insertion depths into the
core must be such that overall column shrinkages, in combination with thermal expansion
effects, do not lead to their disengagement.
2.2 Radiolytic oxidation
It was known that at the much higher graphite heating rates and gas pressures in an AGR,
radiolytic oxidation of the graphite would be a serious problem. Fortunately it was discovered
that methane in relatively small concentrations was a very good inhibitor. The Windscale AGR
was used to test the level of inhibition afforded by methane, but it was found that at
concentrations of a few hundred parts per million, carbon deposition on the fuel pins and other
steelwork in the circuit was occurring. Only a thin coating of carbon would significantly affect
the heat transfer between the fuel and the coolant and also the performance of boilers.

54

The choice of coolant composition for the Dungeness AGR was therefore limited. The
trouble was that at the low concentrations thought necessary to prevent carbon deposition, the
oxidation rate of the graphite would be unacceptably high, especially as the methane
concentration is depleted as it diffuses through a brick. The solution adopted to alleviate the
problem was to introduce a number of full length holes of small diameter into the brick to
improve the supply of methane to the inner regions of the brick.
These so called 'methane diffusion' holes were also introduced into the bricks in Heysham
1, Hartlepool, Hinkley Point and Hunterston. A more effective method of ensuring a better
supply of methane to the inner regions of a brick would be to introduce a pressure drop across
the brick from the outside to the inside. The resulting impressed flow would carry methane into
the regions remote from a surface, supplemented by diffusion holes. The necessary design
changes to bring this about were made for the Heysham 2 and Tomess cores. Because of the
problem of brick bowing causing hingeing and thereby generating flow leakage paths which
would reduce the pressure drop, circular seals were introduced between each brick in a column
to limit the effect of the gaps. (These can be seen in Fig 5.)
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CHANNELS
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FUEL CHANNEL

FILLER BRICK
FILLER

KEY

CONTROL CHANNEL
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FIG 5

ARRANGEMENT OF GRAPHITE COMPONENTS
IN HEYSHAM 2 AND TORNESS AGRs
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3. SUMMARY
The cores in the UKs Magnox reactors were all built using PGA graphite which, due to the
shape of the coke grains used and method of manufacture, exhibited very anisotropic behaviour
when subjected to fast neutron irradiation. To cater for this behaviour, the cores were initially
built with a brick and tile arrangement, and constrained in such a way that the core expanded
as graphite. Minor alterations were made to the design as more information on dimensional
change behaviour was gained, but it was eventually abandoned in favour of a radial keying
arrangement which allowed volumetric expansion of the core as steel and was which therefore
essentially independent of dimensional change.
The introduction of the AGR concept with its much higher cumulative doses and gamma
heating rates necessitated the development of an isotropic graphite, with reduced porosity and
higher strength. Gilsocarbon graphite was chosen for all the AGRs built in the UK. A radial
keying system similar in principle to that used in the later Magnox cores was retained. The
potentially much higher radiolytic oxidation rates in AGR cores have been reduced to
acceptable levels by the use of methane bearing coolants, and by the introduction of methane
diffusion holes, and more recently, impressed flows.
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THE HIGH TEMPERATURE REACTOR (HTR) AND THE NEW GERMAN
SAFETY CONCEPT FOR FUTURE NUCLEAR POWER PLANTS
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T-I
L
r^
Juhch,
Germany
Abstract

In Germany, a new law demands new safety properties for future nuclear power reactors.
Nuclear reactors must be constructed in a way that even in the most unlikely accidents people in
the vicinity do not have to leave their homes, i e the consequences must remain limited to the
plant itself. This demand may be met by different technical solutions. One of these is the High
Temperature Gas-cooled Reactor with spherical fuel elements as it has been developed and used
for more than 20 years in Germany. The consequences of the new legal situation as well as some
implications for the transfer of this nuclear power technology to developing countries are discussed.

1. Future significance of nuclear energy
Global energy requirements will greatly increase within the next few decades, in particular
due to the additional demand in developing and threshold countries. According to present estimates, an energy amount of about 20 billion tce/a (tons coal equivalent per year) will have to be
made available in 2020. If the climatologists' demands are not met, roughly 80 % of this energy
will then still be covered by fossil resources, as shown by the prediction in Fig. 1 [1].
According to this prediction, the capacity of nuclear energy utilization would have to be
doubled worldwide by the year 2020 in comparison to the present situation. If, on the other hand,
the climatologists' warnings are taken seriously, a reduction of global anthropogenic CO2 emissions to roughly 10 billion t COj/year must be achieved by the year 2020 [2,3]; this means that
only about 4 billion tee/year may then be covered by fossil resources so that 80 % of the world
energy supply would have to come from non-fossil energy sources. Intensive efforts at saving
energy in the developed countries are required and will be feasible to a certain extent, but they do
not fundamentally change the picture outlined here.
If it is necessary in the next century to restrict the fossil energy supply to 10 billion tee/year, a
greatly increased use of nuclear energy will be indispensable worldwide in addition to expanding
the supply of renewable energies. From the supply aspect, it is conceivable that the present
nuclear capacity will then be expanded to several 1000 GW^ worldwide.

2. Safety requirements for future nuclear power plants
A worldwide expansion of nuclear energy, which is not left to the discretion of one or the
other national government, requires a continuous and remarkable enhancement of safety standards. This has been the case in the past already, when considerable progress has indeed been
made in reactor safety. However, there is a number of older plants worldwide which do not correspond to present conceptions concerning engineered nuclear safety. Decisions on upgrading these
plants or even shutting them down are urgently required whereas new plants must fulfil higher
safety requirements.
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Fig. 1: Predicted development of global energy requirements and coverage by various energy
carriers (Source: World Energy Council, 1992)
The German Government has come to this obvious conclusion. Recently, it has amended the
German Atomic Energy Act [4] according to which no undue amounts of radioactive substances
may be released into the environment from future nuclear plants after extreme accidents, including
core meltdown. In a simplified but distinct formulation, this implies the demand for "catastrophefree nuclear technology" [5],
Catastrophe-free nuclear technology is achieved if the radioactive substances remain practically completely contained inside the reactor building in all possible cases of accidents. Consequently, no appreciable radiological consequences will result for the environment, i.e. no
immediate fatalities, no late fatalities, no evacuation and relocation, and no changes of eating and
drinking habits. This very far-reaching demand must be fulfilled for all cases of accident* resulting
from inner causes and for all events caused by predictable outer impacts. Extreme cases of accidents due to unpredictable outer causes, which even go beyond the above two scenarios (e.g.
sabotage, war, extreme earthquakes) will require specific additional measures.
The principle of catastrophe-free nuclear technology, as defined above, is already applied today e.g. for the dry interim storage of spent fuel elements and the dry interim storage of vitrified
final disposal packages in cast iron containers [6]. The relocation problem, which again and again
burdens the discussion on nuclear energy especially from the acceptance perspective, it illustrated
referring to the fraction of released 137Cs, Fig 2 [7].
Whereas the current probabilistic principle still involves the possibility of a large-area contamination, although with low probability, catastrophe-free nuclear energy only permits very small
amounts of radioactivity to be released from the plant (for example a fraction of 10*5 of the 137Cs
inventory). This requirement must be fulfilled with no need to specify any probability as usual.
3. Innovative solutions in nuclear technology
Various efforts are under way aiming to develop reactors with a new quality of safety standards
[8, 9, 10]. The following objectives can be differentiated, Fig. 3:
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a) Improvements on the basis of the light-water reactors currently established worldwide, in
which core melting is still possible. The probability of a core melt is to be further reduced by
introducing additional active or passive cooling devices. In the sense of catastrophe-free nuclear technology, this improvement is not yet sufficient.
b) Further developments of the light-water reactor concept comprise systems with which a core
meh is to be controlled, once it has occurred. Core catchers are to accommodate the melt and
enable long-time core cooling. The reactor containment must be designed to cope
with all conceivable consequences of a
core melt accident. Fission product
retention in the reactor containment must
be adequately ensured for long periods of
time.
o - 89%fcadila
* - 90%*acfle
•~ median-value
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10"
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Fig. 2: Genesis of the term "catastrophe-free nuclear energy" [7]
Resettlement area dependent on the release of
radionuclides from a pressurized-water-reactor
(Cesium contamination as the determining parameter) and aims to be achieved by the "catastrophe-free nuclear energy"

c) A retention of the core melt with the aid
of a core catcher is also conceivable inside the reactor pressure vessel. Radioactive substances are then partially retained
in the reactor pressure vessel and ultimately in the reactor containment.
d) An appropriate design and dimensioning
of the fuel dements, the reactor core and
the entire primary system physically excludes reactor core melting after loss of
coolant and failure of all active cooling
systems. Radioactive substances are then
retained in the fuel elements. It must be
ensured that fuel element integrity is not
impaired by neutron physical, thermal,
chemical or mechanical impacts.

The capability of future reactors to retain radioactive fission products and fuel inside the
reactor containment even after extreme accidents can be most convincingly demonstrated by
means of integral large-scale experiments.
4. Principles of inherently safe reactors
A reactor system must exhibit nuclear, thermal, chemical and mechanical stability, in order
not to produce inadmissibly high releases of radioactivity from the fuel elements even in the case
of extreme accidents [11]. Fig. 4 shows the specified requirements and the resulting consequ
uences
for the fulfilment of this demand.
If the stability principles are fulfilled, four effects will result. (1) Nuclear power and fuel element temperature will be limited in a self-acting way so that no inadmissible loads can occur with
respect to these components. (2) With thermally stable systems, afterheat removal will take place
in a self-acting manner avoiding inadmissible fuel element heating, and hence inadmissible releases
of radioactive substances. (3) A destruction of the fuel elements due to chemical attack has to be
avoided by chemical stability of the fuel element materials. (4) Mechanical stability comprises fuel
element and core integrity with respect to all mechanical impacts.
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b)

Fig. 3: Objectives pursued in development of innovative reactors
a) Improvements to current light-water reactors
b) Further development of light-water reactors
c) Further development of water-cooled reactors
d) Reactors without core melting and without fuel element destruction
In the following the individual stability conditions are given in more detail.
Nuclear stability:
• There must always be a negative feedback coefficient of reactivity (e.g. temperature coefficient, void coefficient).
• Reactivity perturbations must be so small that they can be compensated through the negative
feedback coefficients maintaining admissible values.
• There must not be any inadmissible power transients caused by changes in the core structures
due to an infringement of the principle of mechanical stability.
• There must not be any inadmissible power transients caused by changes in the core structures
due to an infringement of the principle of chemical stability.
• Sufficiently high and rapid heat storage in the fuel and in the fuel element must be ensured.
• High temperature stability must be ensured for the fuel and structural material in the core.
Thermal stability:
• Effective heat transport in the core and reactor system by heat conduction, thermal radiation
and natural convection.
• Large permanent external heat sink outside the reactor pressure vessel.
• Temperature-resistant core due to the use of ceramic materials.
• Retention of radioactive substances in the fuel elements up to high temperatures.
• Maintaining admissible fuel temperatures for all conceivable accidents and accident combinations.
• Protection of the fuel elements against inadmissible power transients.
• Protection of the fuel elements against inadmissible corrosion.
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Fig. 4: Correlations between requirements and consequences for indestructible
core-melt-proof fuel dements and core structures
Chemical stability:
• Use of fud dements protected against corrosion, which are e.g. corrosion-resistant to water
vapour and air even in the case of extreme corrosive media ingress.
• Fud dements remain at a high temperature level for a short time only, a few fud dements only
reach high temperature ranges at all.
• Fud partides are additionally protected by silicon carbide coatings applied to each individual
particle.
• Fud partides do not become hotter than 1600°C.
• Use of a burstproof primary circuit containment (excluding rupture) prevents a rapid ingress of
very large amounts of foreign media into the core.
Mechanical stability:
• Use of a burstproof reactor pressure vessd (excluding rupture) prestressed by a large number
of axial and radial cables. There are only compressive stresses in the vessd wall so that cracks
cannot grow. At overpressure, the vessel blows the primary circuit medium off through joints;
bursting never occurs, even after a failure of pressure limiting devices.
• No fud den^ntdestmc^nm the case of a depressurization accident.
• No ejection of shutdown dements from the core is possible.
• No core deformations and thus no reactivity increases are possible.
5. Safety features of High Temperature Reactors (HTR)
The high-temperature reactor already represents a nuclear engineering solution which excludes melting of the reactor core and thus inadmissible fission product releases from the fuel dements [12,13]. Fig. 5 shows the concept of this type of plant with the following specific features:
coated fud partides embedded in spherical graphite fud dements will retain practically complete61

ry the fission products during accidents up to a fiiel temperature of 1600°C These characteristics
have been confirmed by detailed experiments with this type of fuel element [14]. The fuel elements are corrosion-resistant to air and water vapour due to silicon carbide coatings (100 to 200
urn thickness) which are under development. The core is built into a burstproof prestressed reactor pressure vessel.
b)

Carbon-Layer
Craphil body
SiC Layer
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>

Coaled Panicle

Fig. 5: Concept of the pebble-bed high-temperature reactor
a) primary system: 1 pebble-bed core, 2 graphite reflector, 3 prestressed reactor pressure
vessel, 4 steam generator, 5 helium circulator, 6 coaxial hot gas duct, 7 surface cooler
b) reactor containment: 1 reactor vessel, 2 steam generator cell, 3 primary cell,
4 surface cooler
c) spherical fuel dement d) triplex coated fuel particle
In recent yean, a modular high-temperature reactor of 200 MWth capacity was devdoped by
Siemens [15], largely in agreement with the above stability principles. This concept aims at exchiding catastrophic vend failure by the use of a basically safe reactor pressure vessd. For future
worldwide application, however, burstproof prestressed reactor pressure vessels should be more
suitable also from the aspect of manufacturing and transport. Fig. Sa shows such a reactor pressure vessd.
Afterheat removal from the reactor system takes place in a self-acting way solely by heat
conduction, thermal radiation and natural convection. The afterheat is finally removed to the environment in a self-acting manner through the reactor, containment internals and containment wall.
Fig. 6 shows the maximum fiid dement temperatures for an accident in such a system [16].
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The integral release fractions of
radioactive fission products are below
1O5 of the core inventory if the fuel
temperature is kept below 1600°C. The
maximum temperature is reached by a
few percent of the fuel elements only,
and for a short period of time only
[16,17]. Analyses have so far not revealed any reactivity transients which
could lead to inadmissible temperature
increases in the fuel elements. This behaviour is basically attributable to constantly negative feedback coefficients
(e.g. temperature coefficients) and to
the lack of appreciable excess reactivities in the core.

Fig. 6: Temperature variations in the core of a
high-temperature pebble-bed reactor after loss of coolant and failure of all active
cooling systems

Fig. 7 shows calculations in which
a sudden withdrawal of the first shutdown system from the module reactor
core was assumed to occur whithin a
short time (reactivity change Ak/k =1.2
% in 10 s, 1 s, 0.1 s). No inadmissibry high fuel temperatures result even under these extreme
conditions [18].

Fig. 8 shows a compilation of major accidents examined in every HTR safety analysis. Accidents due to inner causes are normally analysed with respect to a total loss of coolant, fiulure of
all active afterheat removal systems, extreme air ingress, extreme water ingress, catastrophic vessel failure and extreme reactivity events. As shown on the right in Fig. 11, these effects are insignificant if the principle of self-acting afterheat removal is applied and corrosion-resistant fuel elements and burstproof reactor pressure vessels are used. Accidents due to predictable outer impacts (aircraft crash, gas cloud explosion, earthquake, fire and simple cases of sabotage) are also
controlled by an adequately designed reactor core and the aforementioned principles and by an
appropriately designed reactor containment. The reactor pressure vessel and core are insensitive
since the self-acting safety principles are applied. Finally, considering accidents from extreme unpredictable causes, such as earthquakes far beyond design, severe cases of sabotage or impacts of
war, coverage with large volumes of earth or underground construction would help in most cases.
This is facilitated by the fact that the core safety functions are generally independent of any active
systems.
On the whole, there are reasonable prospects that catastrophe-free nuclear technology can be
demonstrated for the HTR. Since core mettuig and thus a release of appreciable amounts of fission products can never occur, it may be expected that all safety features can be verified in integral large-scale experiments at reasonable expenditure and within predictable periods of time.
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It would be a worthwhile research
task to investigate whether the safety
principles recognized as important for
the HTR can also be realized and demonstrated for nuclear engineering solutions with other coolants (e.g. Kfi,
D2O). The requirements for systems
with other coolants are similar to those
formulated in Chapter 4. It could be expected that catastrophe-free solutions
are also feasible for other concepts.

i

6.
U0O-,

Nonproliferation aspects of nuclear power reactors

If the safety features of the Ugh Temperature Gas-cooled Reactor conception
described in this paper lead to a broad
application of this technology in countries getting industrialized in the near
future, proliferation of fissionable material is another aspect to be taken into
account.

UBS-

E

Using UO3 fuel in the form of coated
particles as shown in Fig. Sd is very
efficient to make reprocessing rather
difficult. Even if the composition of the
Fig. 7: Withdrawal of the first shutdown system in
spent fuel with respect to the different
the 200 MWth modular reactor (Ak/k =
plutonium isotopes would make h feas1.2% in 10 s, I s , 0.1s)
able to use it for nuclear weapons, reprocessing of billions of coated particles would be necessary to yield enough plutonium.
lime /s

High Temperature Gas-cooled Reactors using the thorium fuel cycle can even avoid the formation
of substatial amounts of plutonium. The best way would be to use 93% entriches uranium in combination with thorium as fuel. However, highly enriched unranium (HEU) itself is a proliferation
problem, then. Using medium enriched uranium (MEU; about 20%) in a so-called "once-through
cycle" seems to be the optimum strategy, as it yields about 0.06 kg/GWejday of 239Pu + M1Pu
(compared to about 0.5 kg/GWgi day in a light-water reactor, LWR). The denaturazation of the
Pu would be Pufilf/Puto<« 0.37 (0.69 for LWR) [19].
The present experience indicates that the use of spherical fuel elements allows extremely
burnup in the range of much more than 100 MWd/kg. This would lead on the one hand to high in
situ utilization of fissionable Pu (about 95%) and M 3 U (more than 60%). On the other hand a corresponding high concentration of fission products in the coated particle fuel would make reprocessing even more difficult.
These arguments do not claim the High Temperature Reactors to be 100% proliferation-safe, but
H has to be emphasized that as long as easier ways are available no nation would use this kind of
nuclear power reactor to get nuclear weapons to its disposal.
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Fig. 8: Compilation of accidents due to inner and predictable outer causes, and evaluation for an
HTR designed according to the criteria of nuclear, thermal, chemical and mechanical
stability
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There is another important aspect in these
days, when hundreds of kilograms of plutonhim
from disarmed nuclear weapons in Russia as well
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very efficiently would be an excellent equipment
for this important t«$k
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The final disposal of spent fiid dements or
highly radioactive residues must «>FO comply with
the hiah demands of catastrophe-free nuclear
technology. The problem of direct final disposal
presents itself as follows for the HTR. The spent
fiid dements are stored in a cast sted container.
This container is emplaccd in a sak dome or pos65

sibly also in granite formations [20,21] covered by cap rock. Consequently, five barriers are available for fission product retention: the
coated fuel particles with their three
protective layers (C/SiC/C), the fuel
element provided with an outer SiC
coating, the thickwalled steel container,
the salt dome or granite formation, and
the cap rock.
Of
advantage
is
longterm
intermediate storage above ground (e.g.
for 100 years) during which time the
radioactivity and decay heat of the fuel
elements already decrease to rather low
levels, Fig. 9. Then, the spent HTR fuel
elements can be classified as intermediate-level waste. An extreme accident in
a salt dome repository is usually conFig. 10: Annihilation of transuranic waste [25]
sidered to involve the permanent unimpeded ingress of water into the emplacement zone of repository packages. It has been found that particles and SiC-coated fuel elements are leachresistant in brine. This is a known property of ceramics. Even the surrounding
steel container would be resistant to brine for a period of about 1000 years and thus withstand the
mechanical outer loads. If fuel element leaching in brine after massive water ingress then has to be
considered in the following actinide phase, the advantageous properties of ceramics would come
into play. Actinides practically are not leached from the fuel elements [22]. Calculations have
shown that the additional radiological load due to actinides could exceed the natural radioactivity
by a few percent at the most unfavourable point of impact after about 104 years. These values are
within the normal variation width of natural radiation exposure. This type of release from a repository certainly does not have to be regarded as a catastrophe.
Finally, k should be noted that in the future long-lived radioactive mifrftamrftg could be destroyed by transmutation processes (spaUation) [23,24]. This could make the problem of radioactive waste storage a comparatively shorttenn task. As an example, Fig. 10 shows an overall balance of a subcriticsi accelerator-driven transmutation facility for the conversion of transuranic
wastes and long-lived fission products [25]. Since the annihilation of transuranic wastes always
proceeds through nuclear fission, a considerable amount of electrical energy can be produced in
addition.
8. Conclusions
In view of the energy resources, for environmental reasons, and due to climatological problems, nuclear energy in future must and can make a much higher contribution to the long-term
world energy supply than at present. Research and development efforts in the field of nuclear
technology will have to provide convincing evidence of the safety features of innovative reactors
in the next few yean and to develop the required new components. Once this evidence has been
provided, nuclear engineering solutions will be available featuring the new quality of safety standards required fix catastrophe-free operation and meeting practically all requirements of the electricity and heat market. Even the constraints of nonproliferation of weapons-grade fuel are most
favorably observed by the HTR technology. The acceptance problem can and must be redefined.
In the long run, nuclear energy is not only necessary for the world energy supply, but also justifi-
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able from a safety-engineering point of view. The final disposal of spent fuel elements or highly
radioactive residues must also comply with the high demands of catastrophe-free nuclear technology. The spent fuel elements are stored in a cast steel container.
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Abstract
The first reactors designed for the whole-scale production of special nuclear materials were the
graphite-moderated B, D, and F Reactors at the Hanford Engineering Works, northwest of Richland, WA
(USA). These three Hanford Production Reactors (and the three generations of horizontally-tubed,
water-cooled, graphite-moderated reactors that followed them) served as test beds for the development of
improved nuclear-grade graphites. They also presented challenges to reactor operations staff and the
scientific-support staff, as the effects of neutron radiation manifested itself through the changes in
dimensions and physical properties of the graphite moderator bars.
In-depth studies at other research establishments have greatly expanded current knowledge regarding
radiation-induced changes in the chemical and physical properties of graphites, the effects of
manufacturing variables (especially precursor materials) on the magnitude of the changes, and the
importance of reactor design and operational variables that can minimize the impact of these changes on
reactor operations. However, at the Hanford Production Reactors, knowledge regarding the effects of
neutron radiation on graphite was gained by observation of the effects of those changes on the
operational characteristics of the reactors, the physical distortions of the graphite moderator blocks, and
the physical properties and chemical reactivities of small samples of graphite that had been exposed to
neutron radiation within the reactors themselves. Each generation of production reactors was constructed
(primarily) from a new grade of graphite, and was designed to operate under different conditions than was
the previous generation; each generation disclosed new radiation-effects phenomena that complicated
continued safe operation of the reactors, and presented new challenges to the operations and
scientific-support staff at Hanford.
This paper chronicles the history of the Hanford Production Reactors, from the initial design
considerations for B, D, and F Reactors through the selection of the agreed method for safe disposal of
the decommissioned reactors. The operational problems that challenged the operations and support staff
of each new generation of production reactors, the engineering actions and operational changes that
alleviated or resolved the immediate problems, the changes in reactor design and design-bases for the
next generation of production reactors, and the changes in manufacturing variables that resulted in new
"improved" grades of nuclear graphites for use in the moderators of the Hanford Production Reactors are
reviewed in the context of the existing knowledge-base and the mission-driven priorities of the time.

Introduction
Much has been written on the events preceding the first demonstration of a controlled, self-sustaining
nuclear chain reaction in the first Chicago Pile (CP-1) on 2 December 1942, and of the subsequent
scientific and engineering feats accomplished under the Manhattan Project.b It is sufficient, for purpose of
this review, to note that the first discharge of irradiated uranium fuel from the Hanford B Reactor occurred
less than two years after that historic demonstration in Chicago. Design and construction of the first three
production reactors, and the massive chemical complex required to support them, was perceived as an
urgent race against time where every effort must be made to ensure that everything worked the first time.

a

' Prepared for the US Department of Energy under
Contract DE-AC06-76RLO-1830.
" 'See, for example: Fermi 1952, Wigner 1946, Gerber 1993.
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To ensure that everything would work the first time, several decisions were made in the early days of the
Manhattan Project; among these were the decisions to utilize proven technology to the maximum extent
possible, to provide back-up solutions for hypothetical problems, and to over-design the reactors. Thus,
the production reactors were graphite-moderated and water-cooled, manufacturing processes for the first
nuclear-grade graphites closely followed established commercial practices, an excess number of fuel
channels were provided, and additional control rods were added to the three deemed necessary.
On 1 January 1947, oversight of the B, D, and F Production Reactors was transferred from the U. S. Army
Corps of Engineers to the newly formed U. S. Atomic Energy Commission (AEC); in subsequent years, six
additional graphite-moderated production reactors were constructed at Hanford, during three periods of
time. Table 1 summarizes the startup dates and information on the specific power generation rates of the
Hanford production reactors. It is especially noteworthy that the increases in "design power" for H and C
Reactors was achieved without major modifications from the design used for the B, D, and F Reactors,
and that the B, D, and F Reactors eventually operated with specific power levels that were more than
eight-times their original design power.

TABLE 1. The Four Generations of Production Reactors at Hanford
Desiqn Power
MW

Hanford
Reactors

Startup Dates

B, D, F

9/44 to 2/45

250

DR, H, C

10/49 to 11/52

KW, KE
N

Volume of Core
m3

SDecific Power. MW/m3
Design

Maximum

654

0.38

3.38

250, 400, 650

654

0.38,0.61, 0.99

3.82

1/55 and 4/55

1850

843

2.19

5.22

6/64

4000

495

8.09

8.09

Table 2 shows the primary grades of graphites which were used in the central region of the cores of the
various Hanford Reactors, and summarizes some of the important differences between the various
grades. All of the graphites are extruded, with petroleum-coke filler and coal-tar pitch binder. Each grade
was produced during a very limited period of time, using a specific source for the coke and the pitch. In
general, material with the highest nuclear purity was selected for use in the central-most region (green
zone) of the reactor core, slightly lower purity material was used in the surrounding region (white zone),
with the less pure material being used in the fringe or reflector regions (or reserved for non-nuclear
applications).

TABLE 2. Nuclear Graphites in the Cores of the Hanford Reactors
Hanford
Reactors

Primary Grade
of Graphite

MorDholoav of
Petroleum Coke

Graphitization
Temperature. ^ C

Thermal Expansion
Ratio (25-425 °C)

B, D, F

KC

Semi-needle

2800

DR

KCF

Semi-needle

2800

H

CSF

Conventional

2800

2.1

C

CSGBF

Conventional

2450

1.8

KE, KW

TSGBF

Semi-isotropic

2450

1.5

N

TSX

Needle

3000

4.0
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The First Generation of Hanford Reactors
Because nuclear purity of the graphite was of prime concern, Kendall coke and Chicago pitch were
selected (primarily on the basis of their low boron content) as the preferred precursor materials to be used
in the production of graphite for the first three production reactors. However, both materials were in
limited supply, and Cleves coke and Standard pitch were chosen as alternative starting materials. The
finished graphites were then segregated on the basis of chemical or nuclear tests.
B Reactor began operation on 26 September 1944, with only 901 of the 2004 tubes charged with uranium.
Shortly after the reactor power was raised to 9 MW, it became apparent that reactivity of the reactor was
decreasing; after 18 hours of operation, the power level of 9 MW could not be sustained, and the reactor
was shutdown. Subsequent experiments showed that the problem was due to the buildup of xenon-135,
and that continuous operation was limited to not more than about 3 MWwith 901 tubes loaded. With 1500
tubes loaded (this was the design number of loaded tubes for operation at 250 MW), continuous operation
was limited to 94 MW. Only 216 MW was possible with all 2004 tubes loaded with the design number of
fuel elements. It also became apparent that more than three control rods were required to prevent power
oscillations caused by time-dependent changes in xenon concentrations. Operations resumed with 2004
tubes loaded; but, B Reactor was not able to operate at design power until February 1945, when sufficient
impurities (mostly boron) in the graphite had been transmuted to isotopes with lower absorption cross
sections.
Because the graphite bars in the central regions of D and F Reactors had higher average concentrations
of boronc than did those in B Reactor, the number of fuel elements per tube was increased; however,
neither reactor could attain design power until they had been operated for some time.
By latter part of 1945, it was apparent that the
center of the top shields at B and D Reactors
were being pushed upwards; it was suspected
that the bulging was caused by irradiationinduced growth of the central graphite.
Figure 1 shows a cross-sectional view of the
components of the B, D, and F Reactor cores;
the corners of all blocks were beveled to leave a
passage for water from tube leaks, etc. Graphite
near the tubes was at low temperatures, and was
subjected to intense bombardment by highenergy neutrons. Figure 2 shows the effect of
neutron radiation on KC, CSF, and TSGBF
graphites at a nominal irradiation temperature of
30°C.
The graphite in the green zone of B and D
Reactors was exclusively grade KC (Kendall
coke, Chicago pitch); most of the white zone at B
was grade KS (Kendall coke, Standard pitch),
while that at D was grade CS (Cleves coke,
Standard pitch); the expansion rate of CS
graphite should be about the same as that of
CSF, because it is made from the same coke and
graphitized at the same temperatures. The rapid
expansion of the graphite near the tubes caused
the tube blocks to expand in the transverse

c)

K. •' *> r,"

*

Figure 1. Cross Section of B, D, and F
Reactor Cores.

Lewis, E. V. Pile Testing of Graphite. HW-3-1344
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direction, and lift the filler layers away from the
filler blocks in the tube layers. Thus, it is of no
surprise that bulging of shields occurred most
rapidly at B Reactor, and least rapidly at F
Reactor, where all of the tube blocks in the green
zone were of CS graphite.
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By mid-March 1946, the top shield at B Reactor
had been pushed 1.7 inches upward, and the side
shields had been displaced by a total of 2 inches.
At that time, B Reactor was placed on standby
status (shutdown), and F Reactor was operating at
reduced power levels to prolong its life. In October
1947, the AEC was given approval to build three
replacement reactors" and two new production
reactors, and permission was given to begin
increasing the power levels of D and F Reactors.
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Figure 2. Length Changes of Various
In January 1948, carbon dioxide (C02) was added
Graphites During Irradiation at 30°C
to the (helium) blanket gas at D Reactor; the intent
was to oxidize displaced carbon atoms and, thereby, reduce the rate of expansion. The rate of expansion
was reduced; but, the reason for the reduction was
that the change in gas composition increased the
.
.
.
.
,
irrotfiation
graphite temperatures. Increasing amounts of
Tempera tUfe/C
C0 2 were added to the blanket gas at both
0.6 —
o30 _
reactors, and to the blanket gas at B Reactor when
it was restarted in July 1948.
-

Figure 3 shows the effect of increasing irradiation
temperature on the radiation-induced expansion
(transverse to the direction of extrusion) of CSF
graphite (Nightingale et al. 1958). By using high
concentrations of C0 2 and increasing the power
levels, the expansion of B, D, and F Reactors was
halted, and eventually reversed.
Stored energy had been of concern, and remained
a subject of concern for more than a decade.6 To
monitor changes in stored energy and changes in
physical properties (such as thermal conductivity),
samples were routinely cut from moderator bars by
use of hollow, core drills/ Rising moderator
temperatures finally reduced the stored energy
content to the point where it was no longer of
concern.
In order to continue increasing power levels, it
became necessary to replace the fuel elements in
the outer tube rows with lithium-aluminum alloy
elements (later replaced by thoria elements); these
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Figure 3. Length Changes of CSF
(Transverse) at Several Irradiation
Temperatures.

d)

Only DR (D Replacement) Reactor was built.

e)

Morgan, W. C. 1961. Analysis of the Stored Energy Distribution in D Reactor. HW-68753 Rev.

f)

Cole, J. H. 1950. Production Test 105-389-P. Graphite Boring From Process Channels.
HW-19177.
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elements served as a poison blanket to reduce heat-generation in the biological shields. Introduction of
the poison-blankets also allowed the charging of enriched fuel elements inside the blankets, thereby
flattening the side-to-side power generation rates, and reducing distortion near the moderator edges.
Over-boring (reaming to increase channel diameter) of tube blocks, to flatten temperature distributions,
and broaching tube blocks near the inlet and outlet, were also used to alleviate some of the problems
caused by dimensional changes of the graphite.

The Second Generation of Hanford Reactors
When production of graphite for DR Reactor began, graphite purity was still considered the primary
criterion for selecting precursor materials; moreover, the effects of coke morphology on dimensionalchange rates (as seen in Figure 2) were not yet known. Consequently, Kendall coke and Chicago pitch
were again chosen as the preferred precursor materials, with Cleves coke and Standard pitch considered
as acceptable substitutes for the increasingly scarce primary precursors. During the latter part of 1947,
tests of a gas-purification process had proven successful, and agreement was reached to convert some of
the graphitization furnaces to gas-purification furnaces.9 The first gas-purification furnace went into
operation in January 1948; and "F" was added to the end of the grade designation (e.g., KCF) to indicate a
"finished" graphite. Most of the remaining production of graphite for DR Reactor (Redding 1949a), and
almost all of the graphite used in the core region of H Reactor was subject to gas purification after
graphitization.
As construction of DR Reactor neared completion, it became clear that D Reactor could continue to
operate, and that DR Reactor would not be able to use the cooling-water supply from D. Therefore,
operation of DR was postponed to October 1950, when construction of a plant to supply cooling-water to it
was completed.
The production of Kendall coke ceased about the same time as the production of graphite for H Reactor
started; therefore, most of the graphite in the fueled regions of H Reactor is grade CSF (Redding 1949b);
however, late in the production of graphite for H Reactor some of gas-baked carbon bars of CS material
were subjected to gas purification without the intermediate graphitization step. The resultant material
proved to be as pure as CSF. This change in the
manufacturing process was immediately
accepted, because it decreased costs and
increased production rate; the resultant graphite
was given the grade designation of GBF. Grade
GBF graphite (later redesignated grade CSGBF)
was the only grade of graphite used for the core
region of C Reactor.h
Minor changes were made in design of the tube
blocks, for each of the second-generation
reactors, to provide room for free expansion of the
tube blocks, so that they would not contribute to
the expansion of the graphite moderator. Figure 4
shows a cross-sectional view of the components
of the cores of the K Reactors, which were the
third generation of production reactors at Hanford;
but, C Reactor has essentially the same spacing
between the tube blocks and the filler blocks as
that of the K Reactors. Zirconium tubes were not,
however, available when C Reactor was
constructed.

Process Tube "
(Aluminum)

Figure 4. Cross Sectional View of the Cores
of the KW and KE Reactors.
g)

W e s t J . M. 1949. Purification of Graphite. HW-12780.

h)

Boyrie, E. A., and H. A. Fowler. 1953. Report on Graphite Testing for C Pile. HW-27429.
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H, DR, and C Reactors all started operation with a
blanket gas of 100-percent CO2; this gas
composition, combined with the changes in design
of the tube blocks, and the decision (in late 1950)
to operate all reactors at the highest power
attainable within approved operating limitations,
raised graphite temperatures to the point that
radiation-induced graphite expansion ceased to
be a problem in the central regions of the
Hanford Reactors (DeNeal 1970). However, it
brought with it a new problem; by June 1952,
the top center of H Reactor had subsided to
below its pre-operational height. Much later,
controlled-temperature irradiations, in test
reactors having high neutron-flux densities
(Nightingale et al. 1958, Helm and Davidson
1964), showed that as irradiation temperatures
are increased above about 300°C the graphite
contracts in the transverse direction. Figure 5
shows data on the length changes of CSF
graphite during high-temperature irradiations
(Cox and Helm 1969).

t.l

11.0

II.•

11.0 ll.f

11.0

Neutron Ftaence (E>0.18 Mev), 10" per Square Centimeter

Figure 5. Transverse Length Change of
CSF Graphite at High Temperatures.

One fact that has not yet been adequately
explained is that the dimensions of large bars of several grades of nuclear graphite, irradiated in the
Hanford Reactors, contracted at a more rapid rate than did small samples cut from bars of the same
graphite grades, and irradiated under the same conditions (Nightingale and Woodruff 1964). Moreover,
the filler bars in the reactor moderators contracted at the same rates as those measured on the large
bars.1
Low temperatures, and low neutron-flux densities near the inlet and outlet faces of the reactors still
resulted in expansion of graphite near the ends of the fueled region, while the central regions contracted.
Thus, the tubes began to assume an "S" shaped configuration in the vertical plane, and it became
increasingly difficult to charge and discharge the fuel elements. This situation was somewhat alleviated at
C Reactor, where the bore of the process-tube blocks was increased near the front and rear faces, and
where the introduction of short blocks with reduced bore diameter between tube blocks, limited direct
contact of the cooling tubes with the tube blocks.
Soon after startup, aluminum-uranium-235 alloy slugs (later replaced by enriched fuel) were introduced in
tubes near the edge of the fueled regions of H and C Reactors to flatten the side-to-side power generation
rates. This flattening helped to minimize the amount of distortion in the fringe graphite; however, distortion
remained a problem, and it later became necessary to replace the control rods with rods that were
designed to operate in distorted channels.

The Third Generation of Hanford Reactors
The precursors for the graphite to be used in KWand KE Reactors were selected in 1951; the primary
criterion was that the resultant graphite should have a low rate of expansion when irradiated at low
temperatures. The only high-temperature data available was for a very low-fluence irradiation at 400°C,

Giberson, R. C, and W. C. Morgan. 1962. Contraction of Graphite: A Comparison of Laboratory
and Production Reactor Data - Part I - B. P. F. H. DR. and C Reactors. HW-74155; and: Giberson,
R. C , and W. C. Morgan. 1963. Contraction of Graphite: A Comparison of Laboratory and
Production Reactor Data - Part II - KW and KE Reactors, HW-76060.
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and the measurements indicated that a small amount of expansion had occurred.' As shown in Figure 1,
TSGBF fulfills the above criterion; however, it contracts much more rapidly does CSF graphite when
irradiated at temperatures above about 300°C. It was later shown (Helm 1966) that, following the period
of rapid contraction, TSGBF begins to expand in the transverse direction and loses strength as large
cracks develop between the particles.
By 1964, distortion of the graphite core was beginning to interfere with reliable operation of the vertical
safety rods (VSRs), and boron-steel balls used in the backup emergency-shutdown system were
sometimes lost in the stack after a ball drop (Alexander and Russell 1964). By enlarging holes in the top
shield, and boring the VSR channel liners, the VSR channels were lined with high-strength graphite
sleeves; a similar renovation program of VSR channels was later instituted at C Reactor.
Control-rod channels were renovated, and tube blocks were overbored, to alleviate problems due to
distortion caused by the rapid shrinkage of TSGBF graphite. Shortly before the K Reactors were
deactivated, graphite in the central region of both reactors reached maximum density and began to
expand in the transverse direction; however, no operational problems occurred as a result of this change
in behavior.

The Fourth Generation of Hanford Reactors
N Reactor, the only fourth-generation reactor built at Hanford, was designed to generate electricity, as well
as producing special materials. It is a graphite-moderated pressure-tube reactor, of quite different design
than the previous three generations of production reactors. The results of tests (Love et al. 1961), to
determine the effects of a tube-rupture under full power conditions, convinced the designers to add keys to
the moderator blocks. The resultant structure is
Cooled Filler Block
shown in Figure 6.
N Reactor was the first of the Hanford Reactors to
benefit from the knowledge that graphite contracts
in the transverse direction when irradiated at
temperatures above about 300°C. The petroleum
coke (Texas-Lockport) selected for grade TSX (N
Reactor moderator) graphite, and the increase in
graphitization temperature (to 3000°C), were
chosen to minimize this shrinkage;15 however, the
chosen coke yielded a very anisotropic graphite,
which contracts much more rapidly than grade CSF
in the parallel direction under irradiation. This
shrinkage in the parallel direction caused fracturing
of the keys after they came in contact with the
Figure 6. Isometric View of the N Reactor
adjacent moderator bars; the tall keys tended to
Graphite Blocks.
break out of the filler bars, while the short keys (on
the tube blocks) tended to shear off at a 45-degree
angle.1 After the short keys had sheared off, the resultant surface acted as a ramp to lift and separate
adjacent moderator bars; thus, the "ramp effect" partially compensated for the transverse shrinkage of the
moderator bars.

j)

Riley, W. C. 1952. Evaluation of Texas Coke Graphite as a Pile Material. HW-26541

k)

Davidson, J. M., E. M. Woodruff, and H. H. Yoshikawa. 1960. Technical Basis for NPR Graphite
Recommendation. HW-64287.

I)

Morgan, W. C. 1966. N-Reactor Stack Integrity. BNWL-CC-455.
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Before N Reactor was deactivated, however, the graphite in the central region had ceased to contract in
the transverse direction, and had begun to expand at an accelerating rate. This expansion, combined with
the continued parallel contraction and increased rate of ramping would soon have closed the gap between
the stack and the top shield. Studies had been undertaken, and several promising approaches had been
devised, to prevent contact of the stack with the shield; however, before any of these measure could be
implemented, the decision was made to deactivate N Reactor.
A decision has not yet been reached on the ultimate disposal of N Reactor; however, the moderators of
the other eight production reactors will each be transported (as a unit, still encased in the reactor
shielding) from their existing sites, near the Columbia River, to higher ground. They will then be buried in
a massive pit, prepared especially for their disposal near the center of the Hanford site.

Table 3. Summary of Important Events in the History of the Hanford Reactors

Date

Event

Sept 1944

B Reactor started up; xenon-135 problem discovered.

Feb. 1945

B Reactor attained design power; F Reactor started up.

Late 1945

Discovery that center of top shields at B and D Reactors were bulging.

Mar. 1946

B Reactor placed on standby status (until July 1948).

Oct. 1947

Began increasing power levels at D and F Reactors.

Jan. 1948

Carbon dioxide added to the (He) blanket gas at D Reactor.

Fall 1949

Central zone expansion halted or reversed at B, D, and F Reactors; H Reactor
started up at 100% CO2 and graphite temperatures above 300°C in the central zone.

June 1952

First measurements of transverse contraction in graphite; this provided confirmation
of the reason for the subsidence of the central moderator at H Reactor to below lay
up level.

Nov. 1952

Startup of C Reactor; bore diameter of tube blocks varied to attain more uniform
temperature distribution, and trunion blocks used to support tubes.

Jan. 1955

Startup of KW Reactor; graphite was selected (in 1951) for minimum lowtemperature expansion rate.

Oct. 1958

Suggested design changes for N Reactor to reduce maximum graphite
temperatures.

Jun. 1964

Startup of N Reactor; graphite was selected (in 1960) for minimum high-temperature
contraction rate.

Feb. 1970

KW Reactor shutdown following measurements confirming reversal of contraction for
the graphite in the central zone.

Mid-1970s

Reversal of contraction in central zone of N Reactor; exact date is obscured by effect
of filler-block keys overriding tube blocks.

Jan. 1987

N Reactor placed on standby status.
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Summary
The nuclear grade graphites used in the four generations of Hanford Production Reactors were all
selected with only little information regarding the changes in dimensions and physical properties that
would be produced by neutron radiation under reactor operating conditions. Each generation of
production reactors was constructed (primarily) from a new grade of graphite, and was designed to
operate under different conditions than was the previous generation. The lack of data regarding the
effects of neutron radiation under the, ever changing, operating conditions presented challenges to reactor
operations staff and the scientific-support staff, as the effects of neutron radiation manifested itself through
the changes in dimensions and physical properties of the graphite moderator bars. Table 3 contains a
brief summary of important events in the history of the Hanford Production Reactors.
Later, in-depth studies by scientists at Hanford and at other research establishments greatly expanded our
knowledge regarding radiation-induced changes in the chemical and physical properties of graphites, the
effects of manufacturing variables (especially precursor materials) on the magnitude of the changes, and
the importance of reactor design and operational variables that can minimize the impact of these changes
on reactor operations. However, at the Hanford Production Reactors, knowledge regarding the effects of
neutron radiation on graphite was gained by observation of the effects of those changes on the
operational characteristics of the reactors, the physical distortions of the graphite moderator blocks, and
the physical properties and chemical reactivities of small samples of graphite that had been exposed to
neutron radiation within the reactors themselves.
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Abstract

At the present time there are 11 NPP units with RBMK reactors in operation in
Russia, with the oldest now in operation 22 years. Design life-time of the RBMK-1000
reactor is 30 years. This paper addresses the evaluation of RBMK graphite stack life-time.
It is the practice in Russia to evaluate the reliability of the channel reactor graphite stack
using at least three criteria: degradation of physical-mechanical properties of graphite,
preservation of the graphite brick integrity, and degradation of the graphite stack as a
structure. Stack life-time evaluation by different criteria indicates that the most realistic
approach may be realized on the basis of the criteria of brick cracking and degradation of
the graphite stack as a structure. The RBMK reactor graphite stack life-time depends on
its temperature and for different units it may be different.
At present time 11 NPP units with RBMK reactors are in
operation in Russia. LPP Unit 1, the oldest of them, has been in
operation for 2 2 years, therefore the time is high to consider
difficulties, which may arise at the final stage of the reactor
graphite stack service. Design life-time of the RBMK-1000
reactors is 3 0 years. At the same time, in view of the fact that
after 15-18 years of operation fuel channels, the life-time of
which obviously exceeds 15 years will be replaced in all
reactors, the possibility of the RBMK-1000 reactor life-time
extension beyond the design limits should be considered. The more
so, these reactors have been substantially improved in physical
and engineering aspects and the level of their safety has been
considerably increased for 10 years after Chernobil accident.
Up to now the operation of the RBMK reactor graphite stack
has not run into difficulties and no critical points have been
revealed, which could limit the graphite stack life-time, except
for disappearance of a gap between the channel and graphite, with
a high probability leading to the graphite stack fracture [1].
However, since this problem is eliminated by replacing the
channels and by recovering the size of the hole in the graphite
brick, the graphite stack life-time should be considered on the
basis of general grounds and the experience of the plutonium
production graphite reactors operation.
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It is the practice in Russia to evaluate the reliability of
the channel reactor graphite stack using at least three criteria:
- degradation of physical-mechanical properties of graphite;
- preservation of the graphite brick integrity;
- degradation of the graphite stack as a structure.
Degradation of Graphite Properties.
When evaluating the RBMK graphite stack life-time, the first
criterion has been chosen. As it is well known, the most
intensive degradation of graphite properties takes place in the
course of "secondary swelling", as it is called (Fig. 1 ) , when
after preliminary shrinkage intensive swelling starts accompanied
by sharp decline of thermal conductivity and deterioration of
strength properties.
As a criterion of degradation, fluence has been taken, at
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Fig. 1. Determination of critical value of neutron fluence for graphite and
changing of its physical properties under irradiation.
V - volume changing; E - elastic modulus; k - thermal resistance;
p - electrical resistance.
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which graphite volume comes to its original
state
after
shrinkage. This fluence value is called "critical fluence" [2].
According to this criterion the RBMK reactor graphite stack lifetime must exceed 30 years, if the maximum temperature of
operation does not exceed 650°C.
As it is known, the transition in the state of swelling
substantially depends on temperature, and correspondingly the
critical fluence value decreases fairly sharply with temperature.
Fig. 2 presents temperature dependence of critical fluence
and also demonstrates the range of operation conditions of the
RBMK-1000 and the RBMK-1500 reactors (in nominal mode). It is
well seen that the first reactor satisfy the criterion, while the
second one does not.
Undoubtedly, the critical fluence in such notion is a fairly
conservative parameter, because when it is reached, operational
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Fig.2. Temperature dependence of neutron fluence critical value
of graphite GR-280 and operation conditions of RBM-1000
and 1500 reactors.
81

reliability of graphite as constructional material appears to be
not exhausted. The strength loss parameter could be less
conservative, for example, the attainment of residual strength
approximately equal to 20% of the initial. The evaluations show
that in accordance with this criterion the life-time for RBMK1000 must exceed 40 years.
However, as the experience of operation of water-graphite
plutonium production reactors shows, the operational reliability
and life-time of the graphite stack should be evaluated with more
complicated complex criteria, including two latter ones.
Graphite Brick Fracture.
Taken alone, the fracture of graphite bricks (unless this
fracture is into small fragments, leading to crumbling) does not
bring the threat to the operational reliability of the stack as a
whole, as it is not a supporting structure. The advantage of the
RBMK stack structure is its simplicity. The stack consists of
free-standing columns, consisting of the bricks of square
section. The columns are combined into a single structure only by
fuel channels within the boundaries of the core and by special
rods in the reflector area. The fracture of even the greatest
part of bricks in such a structure must not cause a disruption in
the graphite stack functions as a moderator.
However the experience indicates that even initiation of only
through cracks cause a number of negative results. The experience
of operation of one of the plutonium production reactors
(AV-3) currently decommissioned is rather demonstrative. In Fig.
3 variation of the maximum temperature of the reactor graphite is
plotted versus the time of operation. It is clear from the plot
that starting approximately from 2 8 t n year after the beginning of
operation the temperature of graphite began to increase sharply.1
Several years prior to this longitudinal through cracks had been
detected in the bricks (Fig. 4 ) . Comparison of Fig. 3 and Fig.4
indicates that the beginning of the sharp increase of temperature
coincides with the instant, when practically all bricks have at
least one
longitudinal crack. It was suggested that the
initiation of cracks was connected with transition of the inner
layers of the bricks in the state of swelling, which had to cause
tensile stresses on the outer surface of the bricks and
subsequent cracking.
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The samples were cut out of the inner layers of the graphite
bricks, on which the properties of graphite were determined, and
these samples were irradiated in the research reactor.
It was verified that the inner layers of the brick were in
the stage of swelling and the swelling rates were determined
(Fig. 5) . At the same time it was demonstrated that the samples
cut out of the stack had high values of the coefficient of
thermal expansion and modules of elasticity (Fig. 6, 7 ) .
Data obtained allowed evaluating stress and strain state of
the graphite bricks. Moreover, with the help of the model
developed specially it was demonstrated that in stationary mode
of the reactor operation stresses, connected with temperature and
flux gradients and sufficient for the crack initiation and
propagation, did not arise due to the high rate of radiation
creep of graphite.
Data on the reactor graphite stack behavior were obtained by
N.S.Burdakov and Ju.K.Shurupov.
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It was demonstrated that the fracture takes place only with
the reactor shutdown and the graphite brick cooling, when thermal
stresses, having relaxed during the reactor operation, arise with
an opposite sign. With the reactor shutdown these stresses
increase considerably, because under irradiation the modules of
elasticity and the coefficient of thermal expansion increase,
while
thermal
conductivity
falls down, resulting
in
the
temperature gradient increase. These stresses, joining the
radiation stresses, give rise to the longitudinal crack, which
develops fairly fast and soon becomes through. Radiation and
temperature
stress kinetics is presented in Fig.8. To these
stresses "residual" stresses will be added. The sum of all
stresses on the outer surface of the brick will exceed the
ultimate strength for the RBMK -1000 reactor at the time of
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operation from 22 to 28 years depending
on the maximum
temperature of graphite. After that deformation of the graphite
brick starts at the cost of the crack opening. This leads to the
increase of the gap between the channel and graphite and,
consequently, to the temperature increase, which, in its turn,
results in graphite swelling acceleration. Thus the deformation
process with positive feedback arises.
The process develops from the core center, step by step
occupying increasingly more bulk of the graphite stack. First,
the side gaps between the bricks will disappear at the cost of
crack opening, and then swelling of the stack as a whole will
begin, leading to bending of peripheral columns and exerting
pressure on the structures, supporting the stack.
It is just this process, which may be called as degradation
of the graphite stack as a structure. Such process of the
Plutonium production reactor graphite stack degradation is
presented in Fig. 9. Comparison of this figure with Fig. 4
indicates that the process of degradation begins simultaneously
with the temperature increase.
To evaluate the real life-time of the RBMK reactor graphite
stack, it is necessary to answer the following questions:
1. When cracking of the graphite bricks will start ?
2. How fast will the process of degradation develop ?
3. What are the criteria, on the base of which the reactor
operation must be shut down ?
For now we have got more or less definite answer only on the
first question. The calculation model developed was verified for
the case of cracking of the plutonium production reactor bricks
and it allows calculating the time of the first through cracks
initiation to the first approximation.
Naturally, the time depends on concrete conditions of the
stack operation, in particular, on the temperature. For example,
for one of the plutonium production reactors, the maximum
temperature of graphite in which was about 600°C, that is « ioo°C
less than in reactor AV-3, cracking began 7 T 10 years later.
As temperature conditions of the stacks of different reactors
are slightly different, the time of operation before cracking
also varies. For example, for LNPP reactors, the maximum
temperature of graphite in which did not exceed 600°C, this time
is « 28 years in accordance with the calculations, while for
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Kurskaya NPP Unit 1, the graphite in which was in operation at
7 00°C for a long time, this time is about 22 years. For Ignalina
NPP Units 1 and 2 the time before cracking is almost the same.
The calculations indicate that propagation of a through crack
by itself proceeds fast enough (Fig. 10) . However, the process of
degradation
proceeds
step by step. At present
time the
calculation program, which could adequately describe the process
of degradation with the help of some system of interrelated
models, has not been developed yet. Therefore, to get approximate
evaluation, the analogy with the plutonium production reactor
stack behavior may be used.
As it follows from Fig. 3, 4, 9 fast increase of the
temperature begins after the formation of through cracks in all
bricks of the stack comes to the end. Simultaneously accelerated
increase of the peripheral column deflection begins.
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Thus, 5 ^ - 7 years pass from the beginning of cracking to the
beginning of the change in configuration of the whole stack.
Subsequently, everything will be determined by an allowable value
of the stack deformation, which obviously depends on numerous
factors of engineering character, and has not been determined yet
for RBMK.
The plutonium production reactor under consideration was in
operation 8 years after the beginning of intensive swelling, that
is, altogether, 15 years passed from the beginning of cracking to
the reactor shutdown in consequence of the stack degradation.
Thus, on the basis of the calculation and the analogy with
plutonium production reactors the conservative evaluation of the
RBMK reactor graphite stack life-time may be obtained.
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Life-time =

calculation
time before cracking start
time before stack deformation beginning
operation experience
for LNPP reactors

Life-time = 28 years + « (7 -^ 10 years) = 35 T 38 years
for Kurskaya NPP Unit 1
Life-time = 22 years +(7 -MO) = 29 -s- 32 years
This evaluation is likely to be rather conservative , because
firstly, at temperatures lower than 700°C, the period before
the beginning of the stack deformation will be slightly greater
than 7-4-10 years;
secondly, there will be several years of operation before the
deflection will have reached its critical value.
Conclusion.
Evaluation of the graphite stack life-time of the RBMK
reactors by different criteria indicates that the most realistic
approach may be realized on the basis of the criteria of brick
cracking and degradation of the graphite stack as a structure.
The RBMK reactor graphite stack life-time depends
temperature and for different units it may be different.
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Abstract
Monitoring of graphite behaviour in Nuclear Electric Magnox and AGR reactors is necessary
to support operating safety cases and to ensure that reactor operation is optimised to sustain
the necessary core integrity for the economic life of the reactors.
The monitoring programme combines studies of pre-characterised "installed" samples with
studies on samples trepanned from within the cores and also with studies of core and channel
geometry using specially designed equipment. Nuclear Electric has two trepanning machines
originally designed for Magnox-reactor work which have been used for a substantial
programme over many years. They have recently been upgraded to improve sampling speed,
safety and versatility - the last being demonstrated by their adaptation for a recently-won
contract associated with decommissioning the Windscale piles.
Radiological hazards perceived when the AGR trepanning system was designed resulted in
very cumbersome equipment. This has worked well but has been inconvenient in operation.
The development of a smaller and improved system for deploying the equipment is now
reported.
Channel dimension monitoring equipment is discussed in detail with examples of data
recovered from both Magnox and AGR cores. A resolution of ± 2 ' of arc (tilt) and ± 0.01
mm change in diameter in attainable. It is also theoretically possible to establish brick
stresses by measuring geometry changes which result from trepanning. Current development
work on a revolving scanning laser rangefinder which will enable the measurement of
diameters to a resolution of 0.001 mm will also be discussed.
This paper also discusses non-destructive techniques for crack detection employing ultrasound
or resistance networks, the use of special manipulators to deliver inspection and repair
equipment and recent developments to install displacement monitors in peripheral regions of
the cores, to aid the understanding of the interaction of the restraint system with the core the region subject to the greatest stresses in normal operation.
1.

INTRODUCTION

To underwrite the continued safe operation of graphite reactor moderators, it is desirable to
have in place programmes of sampling and inspection. For regulatory purposes it is strictly
necessary only to be able to demonstrate that each reactor is safe to operate at least until its
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next planned maintenance shutdown; for commercial purposes it is clearly desirable to have
a much longer-term view and to be in a position where the economic operating life of the
core is optimised on the basis of a complete understanding of its future behaviour under
irradiation.
The UK graphite reactors are either of the Magnox or AGR type. Magnox reactors are
currently operated by Nuclear Electric pic and British Nuclear Fuels pic, the former
organisation succeeding the Central Electricity Generating Board which was a nationalised
utility covering England and Wales. Two additional Magnox reactors, now decommissioning
along with four Nuclear Electric reactors, were formerly operated by the South of Scotland
Electricity Board. AGRs are operated by Nuclear Electric pic and Scottish Nuclear Ltd.
In the early days of the graphite reactors there was considerable uncertainty about the longterm behaviour of the material, and this was reflected in the provision in the earliest reactors
of a very large number of installed pre-characterised samples - approximately 16,000 in the
Bradwell reactors, for example. As confidence and experience grew, these numbers reduced
considerably in the later plant but all reactors, both Magnox and AGR, retain this facility.
The designs of the Heysham 1 and Hartlepool AGR cores did not in fact provide for suitable
interstitial channels for graphite samples but a small number have nonetheless been
introduced, albeit in peripheral locations. In these reactors the intention was to rely
primarily on the trepanning of samples from core bricks, a practice first introduced in the
BNF Magnox reactors but progressively extended to all plant.
Trepanning, which has the advantage of providing a precise indication of the state of fuelchannel graphite (and in some cases material from interstitial channels too), is now the
principal graphite sampling technique employed by Nuclear Electric. The one disadvantage
is that there is some small uncertainty in the virgin properties of trepanned samples, since
few graphite bricks were pre-characterised and, even within these, there is variability in some
properties. However, errors introduced by this become progressively less significant as total
irradiation increases. The general state of core graphite chemical, physical and mechanical
properties is usually assessed from measurements on a combination of trepanned and precharacterised material.
There are three principal issues for which monitoring data are relevant:
(i)

Theoretical accident analysis: the principal concern here is the potential for ingress
of air to a hot core in a steel-pressure-vessel Magnox reactor, as analysed by two
codes: 'RHASD', which looks at the subsequent behaviour of graphite and fuel
temperatures, and CFIRE, which is used to demonstrate that, in the highly
improbable event of a channel fire, it cannot spread to adjacent channels. In this case
it is the chemical properties of the graphite and associated reactive carbonaceous
deposit which are of greatest importance, together with physical properties relating
to gas transport (including radiolytic weight loss) and the accumulation of stored
(Wigner) energy;

(ii)

Moderating capability: this is related primarily to weight loss. However, loss of
moderation is a commercial issue rather than a safety issue; and

(iii)

Core structural integrity: again, the implications of increasing weight loss are
important, as are the changing physical and mechanical properties of the individual
components together with the overall core geometry.
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Structural-integrity assessment requires an understanding of how stresses develop within the
graphite components which make up the core, and how the separate effects of neutron
'damage', ionising radiation (leading to weight loss) and temperature interact to bring about
the overall changes. Small sample data covering properties such as tensile and compressive
strength, Young's modulus, density, dimensional change and the coefficient of thermal
expansion are extremely important in integrity analysis, which must also consider the impact
of external loadings and, additionally, needs a viable criterion for loss of core functionality
(which is discussed in AGR Core Safety Assessment Methodologies by McLachlan et al at
this conference).
In moving to a new core assessment methodology fuel channel and control rod channel
geometries are assuming a much greater significance. Tools have been developed for
introduction into both Magnox and AGR cores during reactor shutdown to provide
information on brick ovality, tilt and bow, and overall column tilt and bow, together with
indications of the development of 'steps' between bricks (or, in the earlier Magnox reactors,
between tiles and bricks). Work is continuing to extract more relevant and significant
information from these data.
The purpose of this paper is to describe the range of 'intrusive' tools for the study of the
core, covering both trepanning equipment and bore monitoring devices. The discussion also
covers the deployment of more specialised manipulators and robot devices which have been
employed for more specific tasks in and around the cores. Due to the different physical size
of the fuel channels in the Magnox and AGR cores, the monitoring equipment deployed is
different for each reactor type although the functions they carry out are similar.
2.

MAGNOX CORE MONITORING EQUIPMENT

The monitoring requirements are firstly for detailed measurements of the shape of the fuel
and control rod channels and secondly for providing graphite samples from them. Two
entirely separate devices are used. 'Norebore' is used to measure the channel geometry
while the Magnox Graphite Trepanning equipment is used for obtaining samples.
2.1

Magnox Channel Profile Equipment

The need to make measurements of fuel element geometry was appreciated right from the
start of operation of the Magnox reactors and each Power Station was equipped with a device
known as a "Creeping Weasel". This was an entirely mechanical device in which a set of
four orthogonal feelers protruding from the sides of a cylindrical body produced a trace on
a cylindrical drum. The drum was rotated by a wheel rolling on the surface of the fuel
channel. The problems with this device were the difficulties in analysing the data which first
had to be extracted from the drum using a travelling microscope. The device also lacked the
capability to measure channel tilt. De-convolution of the traces was further complicated by
the effects of the passage of the "road wheels" at the ends of the device across the brick
joints. The device was fine so long as nothing changed.
By the mid 1980's the expected irradiation induced dimensional changes in bore diameter
were being noted in the Magnox cores and more extensive and accurate measurements were
required. A system which was safe and quick to operate and which produced data in an
accessible form was needed.
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Bore
Measurement
Fingers

Figure 1.

Magnox Channel Measurement Unit 'Norebore'

The Norebore equipment was developed in 1985 by a team of CEGB engineers based in
Manchester and was first deployed in Trawsfynydd Power Station. Figure 1 shows the
NOREBORE unit. The cylindrical body is supported on the axis of the fuel channel by
upper and lower finger mechanisms. The mechanisms are deployed and retracted by
pneumatic cylinders and are linked in a way that enables them to operate within oval bores.
The lower pairs of fingers are connected to linear potentiometers and linked to provide bore
measurements on orthogonal axes. Midway between the upper and lower finger mechanisms
are mounted two inclinometers with their sensitive axes aligned with the finger pairs. The
unit hangs on a flexible but torsionally stiff braided hose through which the electrical,
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pneumatic and cooling services run. The umbilical is hung from the crane hoist, the unit
lowered into the required channel and then raised steadily. Vertical movement is not
measured directly but is inferred from the indications of the brick gaps.
A typical measuring campaign will involve measuring a total of four to ten channels at two
or three standpipe locations. The measurements are read directly into a computer on pile cap
and, after processing, printed out as linear plots of diameters and inclinations. From these
data the diameter information leads directly to bore shrinkage. Interestingly, in the reactors
that have tiles within the core construction, their bores are distinctly oval. The shrinkage in
the parallel and perpendicular extrusion directions of graphite are different and the tiles are
manufactured with the two extrusion directions in the same plane. An example of the
diameter plot is shown in Figure 2. The inclination data is used to determine the bow of the
individual bricks (due to differential irradiation induced shrinkage) and the tilt of each brick
in the channel. The tilt reading of each brick includes the actual tilt of the brick plus a
calibration constant off-set. Thus for most channel measurements the only information that
can be extracted is the relative tilt of one brick to the next which can be used to define an
overall channel bow. More recently measurement have been made in two orientations 180°
apart which allows the true tilt of each brick to be determined. Example of brick bow and
channel bow are shown in Figure 2. All these channels surround an interstitial channel
which is used for control rods. This asymmetry produces differential axial shrinkage across
the bricks resulting in the bowing patterns observed. The overall channel bow is consistent
across the channels and is not determined by the brick bow alone.
2.2

Magnox Trepanning Equipment

The machine most frequently in use in Nuclear Electric dates back to the late 1970's and was
first used at Oldbury in 1982. The history of trepanning goes back much earlier than this
to the 1960's when samples were trepanned from the Windscale Piles, ten years after the fire
on Pile 1.
The early trepanning machines were much simpler than those we now use and did not have
the safety features of the current machines. Although the early machines had a good track
record for reliability eventually a serious failure occurred and, unfortunately, there is now
a trepanning machine permanently installed in a reactor at Chapelcross. Figure 3 shows one
of the current machines.
The body of the machines is a cylinder about 1.3m long and 85 mm diameter. It carries a
cutting head driven by an air motor and 2 pairs of pneumatically operated jacks to press it
firmly against the fuel channel wall. The cutter is hemispherical in shape and coated with
abrasive compound. In the centre of the cutting face is a hole 12mm in diameter in which
the sample is cut. The sample is broken off by tilting the cutter and remains inside the cutter
while the tool is withdrawn from the reactor. The cutter is rotated by an air motor at 300
rpm and a sample cut in 1 to 2 minutes. Dust created during cutting is collected via an air
driven ejector exhausting into a filter housed in the nose of the machine. The early machines
used a cylindrical cutter and it was one of these which became jammed while cutting at
Chapelcross.
In order not to repeat this experience our Magnox machines carry a number of safety features
which enable them to be recovered should any of the mechanisms fail. The worst failure
condition would be with the jacks and the tool fully deployed. By using a spherical cutter
an upwards pull (axial to the fuel channel) will cause the cutter to push back into the tool.
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A special link and shear pin within the actuating mechanism enables this to happen.
Similarly each of the jacks has a cam feature on the end which will rotate and release if the
tool is pulled upwards.
One tool is currently being modified to trepan samples from the Windscale Piles as part of
the current decommissioning preparations. As a consequence we have been carrying out a
number of safety trials. Possibly the most interesting finding has been the result of tests to
measure the temperature of the graphite during cutting. The cutter does not have the
appearance of a particularly efficient device, however, measuring the temperature
immediately adjacent to the cutting face has shown a temperature rise of only 2 or 3 degrees
centigrade. This finding has significantly reduced concerns about releasing Wigner energy
during cutting at Windscale.
For completeness it should be noted that the technology for reaming/straightening channels
is also developed although, in Nuclear Electric plant, it has been deployed only once. To
assist with the recovery of a dropped fuel grab component in a reactor at Wylfa, a device to
widen the channel slightly in an upper reflector brick was prepared and sucessfully deployed.
The procedure involved removing about lmm of graphite from around the grab weight which
had become jammed into the top of a fuel channel. The recovery operation took three days
to complete and subsequent inspection revealed minimal damage to the reactor. However,
the documentation and approvals to carry out the work took about three weeks to obtain.
3.

AGR CORE MONITORING EQUIPMENT

Unlike the Magnox equipment which is shared between several stations, each of Nuclear
Electric's AGRs has its own set of equipment for channel bore monitoring and obtaining
graphite samples. Although the reactors themselves have significantly different core designs,
the bore diameters are the same (except for Dungeness B) and thus these units are
remarkably similar, the main differences being minor enhancements in the later equipments
as compared with the earlier ones. The deployment equipment, of which the main component
is a long tube assembly, was intended to provide significant radiation shielding. As a
consequence of its length the tube is difficult to handle and has created a number of technical
problems. To minimise the time required for the measuring and sampling operations the two
tools can be joined and deployed together if both trepanning and bore measurements are
required. Alternatively the tools can be used separately.
3.1

AGR Channel Bore Measuring Unit (CBMU)

The CBMU, figure 4, is very similar in concept to the Norebore tool but is based around a
200 mm diameter tube approximately 2 metres long and is entirely electrically operated.
Four pairs of sprung guide wheels locate the unit on the axis of the fuel channel. Four
spring-back fingers are deployed from the central cylinder to monitor the bore. On the early
machines the fingers have pointed tips with 0.5mm lands capable of clearly identifying the
profiles of brick joints and other features. In the later models these have been replaced with
radiused fingers which are less likely to cause retrieval problems but do tend to average out
local surface deformities.
Once again the data is retrieved by computer, the basic information being diameter and tilt.
In this case however since the feelers are separate from the wheels at either end of the unit,
the four feelers enable information of diameter, ovality and brick bow to be determined while
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Figure 4.

AGR Channel Bore Measuring Unit (CBMU)

the inclinometers give tilt data. As with Norebore, the tilt data can be used to measure
channel bow from relative brick tilt and two measurements 180° apart are required to
determine true tilt. Examples of the data are given in Figure 5.
3.2

AGR Trepanning Unit (TTU)

The CBMU and trepanning units were designed to be deployed simultaneously in a fuel
channel to minimise the inspection and sampling times. The two units are hung on a stiff
tube supported either from the pile cap crane, which then raises and lowers the units, or from
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Typical AGR Channel Data

a motorised head gear. All the services pass to the units via the tubes which also provide
a torsionally stiff member to control alignment. The assembly is over 30m long.
The trepanning tool was designed to be able to cut the samples required from a channel,
possibly up to 16 samples, without being brought to the pile cap. This was achieved by
using a vacuum recovery unit to transport the samples from the tool to the pile cap. A
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collection and bottling plant then deposited each sample into a transport container. This
recovery process works reasonable well but there are other disadvantages with the design,
some of which still remain to be resolved.
The cutter design is very similar to that employed in the early Magnox machines and predates the hemispherical cutter in the current Magnox unit. As a result of the Chapelcross
experience and to minimise the risk of not being able to withdraw the cutter, the tool has
three independent withdrawal systems. Two are air motor driven but the final system is
entirely manual depending on a drive shaft which passes through the support tubes. Although
the cutter contains compressed air and vacuum passages for clearing the debris from the
cutting face the graphite dust has proved extremely mobile. Dust still penetrates into the
cutter support and drive system in spite of sealing arrangements to prevent ingress. After
three to four cuts the cutter drive and advance system tightens up, increasing the probability
of cutter seizure.
Raising the tool to the surface and cleaning the cutter and drive has
proved to be the only course of action. This of course defeats the original design objective
of single insertion and increases the sampling time considerably.
The second problem relates to orientation. The AGR bricks are a complex shape and contain
a number of vertical methane holes as well as the vertical key slots on the outside. These
features limit the positions at which samples may be cut. Alignment arrangements on pile
cap restrict the accuracy to which the cutting position can be controlled. As a consequence
samples may sometimes contain methane holes which can unfortunately cause problems for
data analysis. Alignment can be improved by viewing the first hole cut and making
adjustments to the tool position for subsequent cuts. Unfortunately this again involves
removing the tool to enable a camera to be lowered in to the view the sample site. A
solution could be to mount a camera on the tool. Unfortunately, while we have TV cameras
which will remain functional for a few hours inside an AGR core, the problems of lens
browning and electronic disruption currently preclude deploying systems for longer times.
To date only a small number of trepanned samples have been taken from AGR cores. We
have just completed a sampling campaign at Hunterston B Power Station for Scottish Nuclear
Ltd using a combination of the trepanning head from Hinkley B (Hunterston's sister station)
and a commissioning hoist from Heysham 1. With this arrangement we recovered the
samples singly and took only 2 days in-core to obtain the samples.
3.3

Additional AGR Core Monitoring

As discussed in other papers at this conference it is believed that the AGR core brick taken
to high neutron doses will eventually fail due to internally generated stresses as a result of
irradiation induced changes in the graphite properties. There have been other projects
undertaken within Nuclear Electric to address the measurement of internal stresses and the
detection of cracked bricks.
To date, three methods of measuring brick internal stress have been considered:
(i)

Acoustic Emission occurs when graphite is stressed. The Kaiser Effect occurs when,
during stressing, no acoustic emission is detected until a previous stress level is
exceeded. The plan was to use a trepanned slice of graphite in 3-point bend with the
Kaiser Effect allowing the internal stresses to be assessed. However, this effect was
demonstrated to occur only in unirradiated graphites. More details of Acoustic
Emission and this work will be given by Neighbour a al in this conference.
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(ii)

When a brick is trepanned the stresses produce a relaxation in the brick which results
in a slight change in the ovality of the brick bore. A pair of trepanned holes opposite
each other at the same height result in about l/xw ovality difference for the levels of
stress expected prior to brick failure. Trepanning a series of holes increases this
ovality difference. An additional measuring head is being developed by Remote
Operations, which employs a spinning laser array. Bench tests have demonstrated
that the head is capable of resolving changes of 0. lpm in the bore of a graphite brick
which should enable a stress assessment to be made.
It is anticipated that a
prototype head will be deployed in mid 1996 at Hinkley Point B.

(iii)

Using again the fact that trepanning relaxes the stresses, the third idea under
consideration is to attach a strain gauge to the fuel channel wall in the channel where
the trepanning will take place. The graphite would then be trepanned and the strain
relaxation on the sample measured. This can be used to determine the internal
stresses within the brick. This technique is still under development within the
laboratory; however early indications are favourable.

4.

CORE RESTRAINT MONITORING

In all our reactors overall core geometry is maintained by a dynamic restraint structure
surrounding the core. This structure enables the core to expand and contract while
maintaining the alignment of the graphite bricks. Proof of the integrity and operation of the
core restraint is essential for continued operation. On our AGR cores routine TV inspection
is the current requirement but on the older Magnox stations, where steel oxidation could
cause some of these structures to seize, more exhaustive inspections are required.
Photographic and TV inspections at different temperatures can often demonstrate that
temperature compensation is operating adequately. However, on two power stations,
Bradwell and Hinkley Point A, measurement transducers have been installed to confirm the
restraint operation. At Bradwell, electrical transducers were installed using fixings to
existing holes in the restraint structure. Data analysis has subsequently proved quite difficult
as a result of the effects of temperature and radiation on the calibration of the transducers.
More recently we have installed four entirely mechanical measurement devices into Hinkley
Point A to avoid the problems of cabling, instrument reliability and calibration of electrical
devices. The devices for Hinkley Point incorporate four fingers which overlap an anvil by
varying amounts between 1.5 and 10 mm. The fingers are attached to the restraint pin and
the anvil to the core. The amount of relative movement during a cycle of operation will be
revealed by the number of fingers which have fallen from the anvil.
Installing these devices involved remote drilling and handling which are now routine inreactor operations. However, installation also necessitated drilling and making attachments
directly to the core graphite, the first time we had attempted such work. Figure 6 shows the
sequence of operations from remote drilling of the core restraint pins by a manipulator borne drilling package, through jig-drilling of the adjacent graphite to installation and arming
of the devices. The 28 operations were completed in less than 12 hours. We will obtain our
first results in February 1996.
Although the devices are very simple in principle the equipment used to perform the
installations employs the very latest in control and graphics technology. Our manipulators,
which are inserted into the reactor through standpipes only 225mm in diameter, are capable
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of carrying work packages weighing 100kg to ranges of over 4m and positioning with
millimetre accuracy.
5.

FURTHER DEVELOPMENTS

Core Surveillance is a continuously developing technology. The knowledge that overall
behaviour of irradiated graphite reactor cores is not yet fully understood, together with the
acknowledged drawbacks in some of the existing technology, provides the impetus for a
programme of further improvements.
As an example, all in-core measurements and sampling activities rely on preliminary TV
inspections of fuel channels for signs of any abnormalities or distress. However, in-core TV
inspections are themselves far from straightforward. The life expectancy of TV tubes and
lenses within an AGR core can be counted in hours or days for even the most radiation
tolerant types. The most radiation tolerant tubes require very bright lights and, to obtain
noise-free pictures video enhancement systems are necessary. To identify features such as
cracks and distinguish them from scratches or machining marks therefore requires skill and
experience.
Since the mid 1980's the CEGB and subsequently Nuclear Electric have had a number of
research and development programmes investigating other methods of core surveillance to
back up these visual inspections. These investigations included the application of ultrasonic
imaging and electrical methods to identify cracks. The electrical methods investigated
included the use of the graphite component as an element in a resistance network. This
proved to be the most promising method for in-core bricks. The generation of eddy currents,
a well established technique for graphite fuel sleeve testing proved more difficult to apply
to core bricks.
Ultrasonic imaging in graphite is extremely difficult because of both brick geometry and the
grain structure of the material and is further complicated by the back echoes from the
methane holes present in most AGR bricks. Investigations have shown that selection of beam
angles and frequencies must be very precise to achieve reliable inspection results.
Both ultrasonic and electrical inspection methods have the potential for further development.
These techniques, along with the new inspection devices described earlier should enable
Nuclear Electric to respond to future monitoring requirements in support of the core integrity
safety cases for its graphite moderated reactors.
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Abstract

The assembly test of the HTTR actual reactor internals had been carried out at the
works , prior to their installation in the actual reactor pressure vessel(RPV) at the
construction site.

The assembly test consists of several items such as examining

fabricating precision of each component and alignment of piled-up structures, measuring
circumferential coolant velocity profile in the passage between the simulated RPV and the
reactor internals as well as under the support plates, measuring by-pass flow rate through
gaps between the reactor internals, and measuring the binding force of the core restraint
mechanism. Results of the test showed good performance of the HTTR reactor internals.
Installation of the reactor internals in the actual RPV was started at the construction site of
HTTR in April,1995. In the installation process, main items of the assembly test at the
works were repeated to investigate the reproducibility of installation.
1. INTRODUCTION
The High Temperature Engineering Test Reactor(HTTR) being constructed by Japan
Atomic Energy Research Institute(JAERI) is a helium gas-cooled and graphite moderated
thermal reactor with 95CC in reactor outlet coolant temperature and 30 MW in thermal
output[1].
To achieve the high reactor outlet coolant temperature of 950"C, it is important to
keep the maximum fuel temperature as low as possible.

Therefore, from the core

thermal/hydraulic(T/H) point of view, the coolant flow ineffective to direct core cooling,
such as core by-pass flow, should be minimized. The reactor internals of HTTR are so
designed as to restrict by-pass flow by sealing at surrounding graphite blocks of outer part
of the core with tightly binding mechanism composed by metallic structures, and also as to
cool for maintaining temperature of such metallic structures within their limit. The R&D
works have been carried out to quantitatively asses the performance of these functions
using partially simulated model and/or scale down mock-up[2].
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The assembly test of actual reactor internals at the works was conducted to
demonstrate that these design required functions were actualy achieved.
2.OUTLINE OF REACTOR INTERNAL
The core of HTTR is an array of hexagonal graphite blocks which provides the
physical structure for the arrangement and confinement of fissile materials, neutron
moderation, heat transfer and positioning of control/shielding absorber materials. The core
is supported by the reactor internals such as permanent reflector blocks(PRBs), hot
plenum blocks(HPBs), support posts, support plates, core restraint mechanisms
(CRMs).etc. as shown in Fig.1 and Fig.2.

Permanent reflector block(PRB)

Replaceable reflector block

Core restraint mechanism(CRM)

_— Fuel element
Side shielding block
Hot plenum block
- Reactor pressure vessel(RPV)

—

Support post
Lower plenum block

"*"

Carbon block
' Bottom block
Support plate

Fig. 1 Cross section of HTTR
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•; Shield

Fig. 2

Bird's-eye view of the Reactor Internal Structure

The reactor intemals consist of the graphite core support structures, the metallic core
support structures and the shielding blocks. The graphite core support structures mainly
consist of PRBs, HPBs, support posts, and the core bottom insulation structures. PRBs
consist of 8 axial layers of total hight about 8m. In each layer, PRBs surround the core
element blocks and consist of 12 circumferential segments with the keys on the adjacent
surface as shown in Fig.3. PRBs in each layer are binded each other by CRMs, and bypass flow between adjacent blocks is restricted by face contact and seal elements.
HPBs, support posts and the core bottom insulation structures are illustrated in Fig.4.
HPBs are composed of the sealed blocks and keyed blocks. These blocks are located
underneath the core elements to support them directly and to form passages of coolant
flow from the core to the hot plenum. The gaps between the sealed blocks are sealed by
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Schematic diagram of the Core Bottom Graphite Structure

triangular seal elements to reduce gap flow between core element blocks which is not
effective for core cooling. The support posts are located below the keyed hot plenum
blocks and form the hot plenum. The core bottom insulation structures are located
beneath the hot plenum and are composed of the lower plenum blocks.the carbon blocks,
and the bottom blocks. These structures have the function to prevent temperature rise of
the lower metallic core support structures.
The metallic core support structures support above-mentioned graphite structures
and transmit the vertical and horizontal loads to the RPV. The metallic core support
structures consist of the support plates and CRMs. The support plates forms a plain
foundation surface for the core components and the reactor internals. The support plates
are set on steel support posts and are cooled by helium gas which flows radially outward
between two parallel plates; upper plate is the support plates and lower plate cover plate
of the core support grid. CRMs are located between RPV and the side shielding blocks
as shown in Fig.5. CRMs surround and bind PRBs like hoops for a barrel with 10 axially

Permanent reflector block(PRB)

Radial key

Band support

Restriant band

Restraint ring

Side shielding block

i

Fig. 5

Reactor pressure vessel(RPV)

Schematic diagram of the Core Restraint Mechanism
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distributed units to restrict excessive by-pass flow through gaps between blocks by
preventing radially outward movement of PRBs. CRMs are cooled by helium gas not to
reduce binding force caused by relaxation of the tensile element material under high
temperature creep condition.
The shielding blocks consist of the upper shielding blocks and the side shielding
blocks. The upper shielding blocks are placed on the top of columns of the core and form
the entrance to control flow rate distribution into the core. The side shielding blocks form
the coolant flow path to cool the metallic structures in the core side.
The coolant enters in RPV through the annular passage of concentric hot gas duct,
then, flows upward to the upper plenum via two side flow passages: one is an inner
passage between the PRBs and side shielding blocks and the other an outer passage
between side shielding blocks and the RPV. Finally, the coolant entering into the upper
plenum flows downward to the hot plenum through the core via coolant channels in the
fuel blocks and control rod guide blocks. Besides the bulk of the coolant flows through
the core, small amount of the coolant flows through the gaps between adjacent graphite
blocks. As the low temperature leakage flow is mixed with the bulk of the coolant in the
hot plenum, the leakage flow brings the lower reactor outlet coolant temperature.
3. PROCEDURE OF ASSEMBLY TEST
In the assembly test at the works, the support plates, which form a foundation of
stack, are placed in the simulated RPV, then, the graphite core support structures of
PRBs, HPBs, support posts and others are piled-up onto the plates. PRBs are binded
in tight contact by the CRMs. The cross sectional view of the test apparatus is shown in
Fig.6.
Following items of the assembly test were conducted at the works.
(1) fabrication precision of alignment of piled-up structures
(2) seal performance against by-pass flow
(3) cooling performance for metallic structures
(4) binding performance of CRMs
The test procedure of each test item is described below.
(1) fabrication precision of alignment of piled-up structures
Each component is fabricated precisely, but the assembling precision of each
component, alignment of piled-up structures and the level difference and gap width
between blocks are of importance to confirm their effects on the T/H performance of
the core.
Level differences and gaps between blocks, which affect by-pass flow or core
cooling performance, were measured each time one layer was assembled, and also
checked for unexpected leakage flow passage.
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(2) seal performance against by-pass flow
As shown in Fig.7, a sealing cap is set on top surface of PRBs to shut the open
window, and pull air from cavity through the simulated concentric hot gas duct.

In this

configulation, leakage flow rate into the cavity through gaps of PRBs, the support
plates and others were measured.
(3) cooling performance for metallic structures
The support plates and CRMs are cooled by helium gas of 4 0 0 ^ , so velocity
profiles in the passage under the support plates and in the core side flow passage
were measured by means of hot wire anemometers for evaluation of cooling
performance.
(4) binding performance of CRMs
Binding force of the CRM was loaded by means of specialy developed hydraulic
jack. The restraining force on each PRB was measured by load cells.
After completion of the assembly test at the works, installation of the reactor internals
in actual RPV was started at the construction site of HTTR in April,1995.

In the

installation process, test items of (1),(2),and(4) were conducted to investigate the
reproducibility of assembling.
Ill

simulated RPV

by-pass flow

Fig.7 Schematic Diagram of Seal Performance Test

4. RESULTS AND DISCUSSION
(1) fabrication precision of alignment of piled-up structures
All measured data are in the range of design limit. For example, measured level
difference between top surfaces of sealed block of HPBs are 0.7mm at maximum and
this difference is sufficiently small compared with allowable limit of 4mm for triangular
seal elements[3].
(2) seal performance against by-pass flow
The result of this test is shown in Fig.8. The solid line shows the upper limit of the
leakage flow rate[4]. Because this test was carried out under the atmospheric air, not
pressurized helium condition, the upper limit was converted from helium to air.

While

the upper limit of leakage flow rate is assumed to be 1% of total coolant flow rate in
HTTR core T/H design, measured leakage flow rate is equivalent to 0.5% or less.
Thus, the actual fuel temperature is estimated to be lower than the fuel temperature
assumed in design by approximately
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Result of Seal Performance Test

While conducting seal test.we also found unexpected by-pass flow path of
key/keyway clearance of PRBs in the 7th layer, so the shape of these keys have been
improved to eliminate the path.
(3) cooling performance for metallic structures
Measured air velocity profile at outer edge of the support plates is shown in Fig.9.
Although there are some local fluctuations of velocity, it can be said that the flow under
the support plates is almost uniform from the view point of their temperature
distribution, in other words, structural integrity. FigurelO shows the measured flow
distribution in the core side passage. Certain flow ratio in the inner passage is
required to cool CRMs, because they are heated by radiation and conduction from the
side shielding block.

In the T/H design, we have conducted the 3-dimensional

numerical analysis of whole core to evaluate reactor internal temperature. As a result,
it was clarified that the flow ratio of 35% in the inner passage is necessary to maintain
CRM temperature under 450"C,which was determined from the view of relaxation rate
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Result of Cooling Performance Test
- Velocity Profile under Support Plates

of the restraint band. Therefore.the restraint rings were designed so as to restrict
flow ratio in the outer passage by narrowing the gaps between the restraint ring and
RPV. The flow distribution in the core side were finaly evaluated by the flow network
analysis code FLOWNET[5]. Every open circle in the figure shows the flow ratio in
the inner passage, which was measured after the reactor internals below the
measuring position were assembled. The measured flow ratio satisfies the design
limit at any level and agrees well with etimated value.
(4) binding performance of CRMs
Figurei 1 shows measured distribution of restraining force on PRBs by CRMs at
bottom layer.
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5. CONCLUSION
The assembly test of the reactor internals had been conducted at the works. As
the result of the test, expected performances of sealing.cooling and binding function
nessesary to achieve high temperature reactor outlet coolant of 950 °C were
demonstrated.

After completion of the assembly test at the works, the reactor

internals have been installed in actual RPV from April to September^ 995. Among
these test items of the assembly test at the works, tests of fabrication precision, seal
performance, and binding performance were repeated in installation process. Test
results, both at the works and at the construction site, were equivalent and
reproducibility at the construction site was confirmed.
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Abstract

At the IAEA Specialist Meeting on The Status of Graphite Development for
Gas Cooled Reactors, held in Japan 1991, the author presented a conceptual
probabilistic approach to assessing graphite core brick integrity. This took
account of variabilities in material properties and operational environment. The
original concept has since been developed to the stage where it can be applied.
This paper describes the implementation of the method to derive probabilities
of failure for AGR graphite core bricks.

1

BACKGROUND

As part of the safety requirement governing the operation of AGR reactors, it is
necessary to demonstrate that the reactor can be shut down for a number of years
ahead. Current safety cases for the graphite core are based on demonstrating that the
following two limits will not be reached during operation:
• 20% brick mean effective weight loss
• failure of any core component
The AGR core is constructed from some 6000 core bricks. The assumption that the
failure of a single component governs core life does not take account of the
redundancy of the core structure, and is likely to introduce excessive conservatism into
the safety assessments. Nuclear Electric have therefore begun to develop a safety case
methodology based on demonstrating unrestricted movement of fuel/control rods and
adequate flow of coolant gas [1] (ie a continued ability to shut down the reactors even
in the presence of failed components).
An element of Nuclear Electric's new strategy is based on probabilistic techniques.
This requires uncertainties in loads and material properties to be taken into account
when predicting through life response. An additional benefit is that the method may
also be used to guide the economic deployment of core monitoring programmes by
highlighting those regions of the core which are more susceptible to brick failure.
A core assessment software package is being developed [1]. This will be used to
predict loading, and resulting displacements, of individual bricks within the core. As
brick failure will significantly affect core behaviour, this has to be taken into account in
the model.
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The probability of brick failure is a function of variability in:
(a)

Brick loading (both external loads introduced by the core keying mechanism and
internal loads introduced by thermal and irradiation effects)

(b)

Graphite material properties (arising from inhomogeneity of properties, paucity
of data for irradiated graphite behaviour and uncertainties inherent in the
calculation route)

A method for assessing the effects of graphite property variability on core structural
integrity criteria was previously described by the author at the 1991 IAEA Specialist
Meeting on Graphite Technology, Japan [2]. This paper describes its implementation
to derive failure distributions for AGR core bricks.

2

STRUCTURAL INTEGRITY

2.1 Loading
AGR cores are built from columns of hollow graphite bricks, stacked to form vertical
fuel and control rod channels. The bricks are linked horizontally via a keying
mechanism (Figure 1) to ensure uniform core movement, whilst allowing a degree of
local freedom.

Fig 1: Horizontal cross-section through core, illustrating keying mechanism

Uneven core restraint under normal operation, or fault conditions, may result in tilting
of a brick column, giving rise to external loads on surrounding bricks. These loads will
be transmitted by the keying mechanism. If sufficient load is applied through the
keying mechanism, a crack will initiate at the keyway root and the brick will fail.
Stresses arising from keys pinched in keyway roots as a consequence of dimensional
change can also contribute to the external load on the brick.
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In addition to the stresses due to external loads, internal stresses are developed within
a core brick as a consequence of graphite's response to irradiation and thermal loads:
• Shrinkage Stress
Fast neutron irradiation causes graphite to change dimension
with the result that shrinkage stresses develop over a graphite brick section. These
stresses are considerably relieved by irradiation induced creep. At early times in life
shrinkage stress is compressive at the keyway root. Later in life the stress system
reverses, to give tensile stress at the keyway root.
• Thermal Stress
At start-up, thermal strains develop over a graphite brick due
to the radial variation in temperature. Of greater significance are changes to
thermal strain due to the differentials in the coefficient of thermal expansion across
the brick, which arise from differential fast neutron radiation. The two mechanisms
combine to result in ongoing thermal strains. Through life the associated stress is
relieved by creep.
When the reactor is shut down the thermal strain reversal results in stressing of the
brick. At early times in life the thermal shutdown stress is compressive at the
keyway root. Later in life the stress reverses and becomes tensile.
Internal stresses can lead to failure of the core brick, even in the absence of external
loads.

2.2 Failure Criterion
Extensive experimental and analytical work carried out by AEA Technology led to the
definition of a failure criterion called "fractional remanent strength". This is defined:
AS =

1-

Shrinkage stress
Critical internal stress
Thermal shutdown stress
Critical internal stress
External stress
Critical external stress

Brick failure is represented by AS ^ 0. All stress values are evaluated at a keyway
root, the likely failure site. Critical stresses are determined experimentally.

2.3 Deterministic Calculation
AEA Technology have established a calculation route in which stresses at keyway
roots are predicted using a through-life, time integrated, finite element calculation
(using the ABAQUS code). Graphite response to irradiation and thermal loads is
coded within a user-material sub-routine.
The stresses calculated at the keyway root are provided directly by this calculation, and
fed into the failure criterion described above (AS) to assess core brick integrity.
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3.

PROBABILISTIC METHOD

An overview of the probabilistic assessment method, used to derive failure
distributions of core bricks is given in Figure 2. It may be seen that this draws heavily
from the established deterministic calculation route. Additional steps unique to the
probabilistic studies are:
• collation of a database of material properties, used to define mean values and
distributions for each property.
• identification of the graphite material properties and the core loading parameters
which dominate through life core brick behaviour.
• development of an optimised sampling strategy for use in the probabilistic
calculations
Failure distributions are derived by repeatedly solving the deterministic finite element
calculation, using randomly sampled values for all key input parameters.

3.1 Data Requirements
The input data required for the probabilistic assessments are those used in the
established deterministic calculation route (ie structure geometry, loading histories
material properties, and field variable distributions). However, there is an additional
need to ascribe distributions to each of the input parameters and to identify any
correlations between them.
In applying the method, the definition of material property distributions was largely
based on data collected during manufacture as part of the quality control procedures
(the 'heat certificates')- For a given station, the total number of samples tested for a
single property was typically in the hundreds. It was generally assumed that the data
could be represented as a continuous distribution with any particular features noted,
for instance cut off points in the data. Means and standard deviations of individual
material properties were derived for each property.
Not all the scatter in material properties was available from test results. Some of the
data used in the calculations, for instance temperature, were derived using other
computer codes and had scatter associated with their own calculation routes. There
were also cases where paucity of material property data prevented the determination
of meaningful statistics. In these cases scatter was estimated on the basis of
engineering judgement.

3.2 Sensitivity Studies
The calculation route which needs to be followed to obtain AS is complex, with a
number of interdependencies. The first step in this work involved breaking down the
calculations to identify the base parameters (both material properties and loads).
A sensitivity study was carried out to determine the effect of each base parameter on
AS. This involved carrying out calculations using upper and lower bounds for a
chosen parameter, while holding all other parameters at their mean (datum) value.
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Obtain details of structure:
ie construction, design and
operational history

Develop suitable model for
deterministic assessment.
Established models for core
brick performance through
life are based on FE methods.

Collate load and material
property data for through life
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Derive distributions for input
parameters, using engineering
judgement as required.

Sample key input parameters
(load history, material
properties) using Latin
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REPEAT N' TIMES
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Apply data from failure
distributions in safety
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Fig 2: Probabilistic
assessment method
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The outcome of this sensitivity study was the identification of the ten independent
parameters which had greatest influence on AS:
(i)
(ii)
(iii)
(iv)
(v)
(vi)
(vii)
(viii)
(ix)
(x)

irradiation dose
weight loss and graphite attack rate
initial open pore volume
emissivity
secondary creep coefficient
ratio of static Young's Modulus to dynamic Young's Modulus
exponential decay constant in the weight loss terms
primary creep coefficient
unirradiated Young's Modulus
Poisson's ratio

Each of these parameters was sampled in the probabilistic calculations.

3.3 Sampling
Latin Hypercube sampling techniques were adopted for this work. In this method the
cumulative probability distribution for a particular parameter is split into a number of
equal stratifications (Figure 3). Samples, without replacement, are taken from each
stratification. Independence between variables is maintained by randomly selecting the
stratification from which each variable is drawn. Where appropriate, correlations
between sampled parameters can be incorporated into the process.
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Fig 3: Five iterations of Latin Hypercube sampling
Statistics software (@ RISK, linked to Lotus 123), was used to sample the distribution
associated with the key parameters (listed above).

3.4 Probabilistic Calculations
The sampled parameters are repeatedly fed through the deterministic calculational
route to produce an overall probability distribution for failure of core bricks.
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An initial requirement was to estimate the number of samples required to obtain a
smooth distribution of AS. This was achieved by using data from the sensitivity
calculations to define a linear relationship between the change in the sampled
parameter from its mean and the change in AS from its datum value. This relationship
was termed the "partial derivative". For a given set of sampled values an approximate
value of AS was derived by summing the individual effects of each parameter.
Preliminary cases in which AS was determined using partial derivatives, were run using
250, 500, 750 and 1000 samples. The results of this exercise for a loose keyway at 25
full power years operation is given in the table below:
No. of
Cases
250
500
750
1000

Mean
0.4299
0.4162
0.4180
0.4164

Standard
Deviation
0.2452
0.2424
0.2401
0.2431

It was evident that 500 cases would give a sufficiently accurate distribution. Given this
number of calculations, the probabilistic assessment was automated. A UNIX script
was written which:
• Prepared the ABAQUS input deck using preprocessing software. This was based on
a standard deck with the appropriate sample values entered. Changes in field
variable distributions, loads etc. were all accounted for within the software.
• Ran the finite element calculations (ABAQUS) and output selected data to file.
• Read the results file using a post processing program and compared the data against
the appropriate failure criteria.
The method above was applied using data appropriate to the Hinkley Point B reactors.
Both a peak rated brick and a peripheral brick were considered. Typical results are
shown in Figure 4. The associated means and standard deviations may be readily
incorporated into the safety case package being developed by Nuclear Electric [1].
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Fig 4: Typical results from the full probabilistic assessment (total of 500 cases)
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It should be noted that despite adopting an efficient sampling technique, large numbers
of ABAQUS analyses were required . The study used 500 calculations, each taking
between 45 minutes (peak rated 45° model) and three hours (peripheral brick 180°
model) on the computers available at that time (1993). There was clearly a strong
incentive to reduce the significant computational effort, and hence cost, required to
determine core brick failure distributions in advance of applying the method to reactors
other than Hinkley Point B. This was achieved using the approximate method
described in the next section.

3.5 Approximate Method
The potential for using an approximate method based on partial derivatives was
recognised during the main study. Such an approach was used to specify the number
of finite element analyses required to produce a smooth distribution for AS. The
method obviates the need for multiple ABAQUS analyses by deriving an approximate
(linear) relationship between each sampled parameter and AS. The total effect on AS
from all ten parameters is assumed to be additive.
The applicability of the method has been recently assessed and demonstrated as a
method for deriving approximate failure distributions. The partial derivatives are
obtained from just 14 finite element analyses. This significant reduction
in
computational effort is obtained at the expense of only slight loss in accuracy (within
the 3% for the Hinkley Point B cases studied).

4

CONCLUSIONS

1.

Probabilistic methods are being developed by Nuclear Electric as the basis of
future safety cases. It is intended that core integrity will be assessed on its ability
to achieve certain essential safety and operational functions. Failure distributions
for core bricks are required as input.

2.

AEA Technology have developed, and successfully applied, techniques to derive
failure distributions for graphite core bricks in AGR reactors.
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Abstract

To demonstrate the safety of its gas-cooled graphite-moderated AGR reactors, nuclear safety assessments of the
cores are based upon a methodology which demonstrates no component failures, geometrical stability of the structure and
material properties bounded by a database. All AGRs continue to meet these three criteria. However, predictions of future
core behaviour indicate that the safety case methodology will eventually need to be modified to deal with new phenomena.
A new approach to the safety assessment of the cores is currently under development, which can take account of these
factors while at the same time providing the same level of protection for the cores. This approach will be based on the
functionality of the core: unhindered movement of control rods, continued adequate cooling of the fuel and the core,
continued ability to charge and discharge fuel.

1.

INTRODUCTION

To demonstrate the safety of its gas-cooled graphite-moderated AGR reactors, the designers
of the graphite cores adopted a criterion that they would accommodate through-life distortions and
displacements without adversely affecting control rod movements, refuelling operations and coolant
flow. Furthermore, the cores should remain intact over their design life. That is, neither brick
components nor keys should fail. However, properties will vary between components and it was
acknowledged in safety cases for the earlier AGR cores that there existed some low probability of
component failure. A restriction on the extent of graphite radiolytic weight loss was also introduced
to ensure that component properties remained within the graphite properties database used in the core
design and did not suffer an unacceptable reduction in strength.
All AGRs continue to meet these three criteria. Assessments by Nuclear Electric, in
conjunction with UK Atomic Energy Authority and National Nuclear Corporation, have shown that
for externally applied loads safety margins associated with these criteria are very high. However,
more sophisticated analyses have shown that the fuel bricks may eventually fail due to internally
generated stresses. Furthermore, graphite in some of the cores is oxidising at a faster rate than
anticipated, and the limits on weight loss will be exceeded sooner than originally predicted.
A new approach to the safety assessment of the cores is currently under development, which
can take account of these factors while at the same time providing the same level of protection for
the cores. This approach will be based on the functionality of the core: unhindered movement of
control rods, continued adequate cooling of the fuel and the core, the continued ability to charge and
discharge fuel.
This paper is composed of three parts:
the existing methodology for core safety cases is briefly outlined,
the applicability of the existing methodology is discussed in the light of predictions of the
future condition of the cores,
the approach to a new methodology is discussed in general terms.
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2.

BACKGROUND

2.1

AGR Core Design

Although there are other presentations at this conference giving details of the AGR core
design, some of the significant features will be described here. The AGR cores are built from
columns of hollow graphite bricks, stacked to form vertical fuel/control-rod channels, and linked
together into a lattice using a horizontal keying arrangement, as illustrated in Fig 1. This
arrangement encourages uniform core movement while allowing a degree of local freedom. It is
important to maintain the mechanical integrity of the lattice, since this ensures the correct geometry
for adequate coolant flow, refuelling operations and control-rod insertion.
The core structure rests on, and is restrained by, steelwork which, during power transients,
can undergo different thermally induced movements, with the consequence that the differential
displacements are transmitted to the outer graphite components through the restraints and brick keying
arrangement, and the brick keyways are subjected to external loading. The geometry of the bricks
is such that the highest load induced stresses arise in the vicinity of the keyway roots.
2.2

Effects of Irradiation Exposure

Core graphite components undergo fundamental changes to their shape and physical properties
due to neutron irradiation. The amount of change is dependent upon the accumulated irradiation dose.
The dose is dependent upon the location of the component within the core and on the local distribution
of fuel. Therefore the changes expected within the core are neither uniform nor constant and
assessments have to be carried out at various stages in core life.
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Control Channel
Channel
Filler Brick
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ISOMETRIC VIEW OF PART OF THE AN AGR CORE ILLUSTRATING THE KEYING
ARRANGEMENT

Shrinkage in fuel bricks experiencing an uneven dose distribution can result in brick barrelling
and keyway closure. Bricks at the core periphery, which are subjected to a nett dose gradient, can
experience so-called brick bowing. In this case, the individual components curve towards the core
centre. All of these deformations may result in a reduced degree of local freedom, with the
consequence that transient displacements are transmitted further into the core, and external loading
of components is increased.
Dimensional changes can also generate internal shrinkage stresses. Each brick in the active
core region has a non-uniform distribution of irradiation dose, irradiation temperature and weight loss.
Consequently, each brick will have a complex distribution of shrinkage strains over its cross-section.
For a fuel brick, the dose at the bore is around twice the value at the periphery. Initially the bore
of the brick will shrink faster than the periphery, with the bore becoming stressed in tension and the
periphery in compression. The stress field will continue to grow until around the time at which
shrinkage turnaround occurs, when the graphite tries to grow. The stress field then reverses with the
bore now in compression and the periphery in tension (Fig 2).
Differential shrinkage strains over the brick section will also produce distortion of the
keyways, causing a reduction in initial key/keyway clearances. The design intent was for clearances
to be present over the reactor life. However the use of more sophisticated finite element analysis and
improved data has shown that the clearances will reduce to zero, potentially locking-up the core
structure. Furthermore, this process introduces tensile pinching stresses at the keyway root.
A further source of internal stress, not fully appreciated at the design stage of the early AGRs,
arises from irradiation-induced changes in the coefficient of thermal expansion (CTE). At power,
these thermal stresses undergo irradiation creep relaxation. However, since CTE changes are nonuniform due to the local variation in dose, additional thermal stresses will arise during thermal
transients unaccompanied by irradiation, in particular during shutdown of the reactor. These thermal
shutdown stresses grow increasingly tensile at the keyway root with time (Fig 2).
Finally, gamma radiation activation of the CO2 coolant results in radiolytic weight loss from
the graphite, the carbon reacting chemically with the CO2 to form CO. This oxidation process tends
to reduce the material strength and Young's modulus exponentially. Fortunately, irradiation-induced
changes to the structure of individual graphite crystals, and consequential changes to their
arrangement in the nuclear graphite, have the effect of offsetting these strength and modulus
reductions, particularly in early life. The dependency of Young's modulus on weight loss and
irradiation dose is illustrated in Figs 3 and 4 respectively.

3.

EXISTING CORE SAFETY CASE METHODOLOGY BASED UPON DESIGN

A simplified schematic flowchart showing the individual elements of the methodology and
their inter-relationships is given in Fig 5. The primary aim of the process is to demonstrate that no
core component will fail over the design life of the reactor. This is accomplished by establishing the
time in life at which the first component will fail, and demonstrating that sufficient margins are
available to avoid this eventuality over the period of assessment. In addition to this, the methodology
provides methods for assessing weight loss and core geometry. The way in which the predicted
condition of a graphite core is assessed against these criteria is described below. Several other papers
at this conference expand on some of the topics ("Application of a Method for Assessing the
Probability of Graphite Core Brick Failure" b y R C B Judge, and "Radiolytic Graphite Oxidation
Revisited" by P C Minshall).
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FLOW CHART DESCRIBING AGR GRAPHITE CORE INTEGRITY METHODOLOGY

3.1

Reserve Strength Factor and Fractional Remanent Strength

The criterion originally used in the design safety cases for assessing core integrity was the
comparison of the reserve strength of a graphite component against the stress generated by external
loads. The reserve strength took account of the strength modifying effects of shrinkage and thermal
stresses. The strength ratio was termed the Reserve Strength Factor (RSF):
RSF =

irradiated strength - internal stress
load applied stress

/j\

This factor was required to exceed certain lower bounds (greater than unity) under various
reactor operating conditions, with the value reflecting the likelihood and severity of the event. Some
account had also to be taken of the variability in graphite material properties. An RSF greater than
five was required for normal operation, reducing to two for infrequent faults.
The development of improved methods for quantifying load applied stresses and internal
stresses showed the RSF concept had a number of limitations. The RSF expression compares stresses
which may be very different in form and which may have different critical values. Furthermore, load
applied stress is treated in a separate and special manner which excludes the possibility of component
failure from internal stress alone. These problems were resolved by the introduction of an improved
component failure criterion termed fractional remanent strength or AS. This criterion ranks with
equal merit the various mechanisms of component failure, ie. shrinkage, pinching, thermal shutdown,
load-applied stresses, and associates potentially different critical values of stress with each:
.o
,
shrinkage stress
AS = 1 - critical shrinkage stress

thermal shutdown stress
critical thermal shutdown stress

pinching stress
_
load applied stress
critical pinching stress
critical load applied stress

(2)

The ratio of applied stress to failure stress is summed over all failure mechanisms and
compared with unity, so that the average component will fail when AS has the value zero. Failure
may be caused by any mechanism. Like RSF, suitable lower bounds may be imposed on AS which
must be exceeded under the various operating conditions, and these may be established by performing
a detailed analysis of their statistical variability throughout life. The formulation of AS has been
subject to considerable experimental validation, and been proven to behave consistently.
3.2

Weight Loss Criterion

As with RSF, there has been some evolution of the definition of the weight loss criterion.
Originally a limit of 20% was set on the mean weight loss of any component. By choosing such a
value, it was argued that the peak weight loss in the component would remain within the materials
property database weight loss limit of 40%. The criterion was later refined to take account of the
different cross-sectional weight loss distributions within components. As the critical stress position
within a radially keyed component is at the keyway root, "effective weight loss" was introduced,
defined as the average of the mean component weight loss and the weight loss at the keyway root.
The same limiting value was adopted to determine coolant composition strategy, the coolant chemistry
for an AGR being optimised to maintain a balance between carbon deposition on the fuel and boilers
and graphite oxidation. The DEFFUSE6 computer code has been developed to model radiolytic
graphite oxidation in AGRs. This code, which has been validated against measurements from the
AGR graphite monitoring programme, provides detailed information on the radial and axial
distribution of weight loss within components at any position within the core at any time in reactor
life.
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Core Geometry

In addition to the two criteria discussed above (AS and % weight loss), there is also the
additional requirement to maintain fuel stringer and control rod clearances within acceptable limits.
This involves the analysis of transient boundary displacements of the core and irradiation-induced
distortion of core components. Boundary displacements include thermal transients associated with
normal operational and fault conditions, and their analysis is based upon the basic assumption that:
core boundary displacements are determined by the movement of the core restraint
the central channels in the core are vertical
the envelope of intermediate channels is determined by the key/keyway clearances
This set of rules allows the kinking of columns to be determined together with the associated
externally applied loads at the brick keyways. The assumption that the central channels are vertical
and hence core displacement is axi-symmetric, termed the "ring theory", is fundamental to the
analysis of both core geometry and load applied stress.
Imposed upon this are the component and channel distortions arising from irradiation-induced
dimensional changes. A channel bore monitoring unit (CBMU) provides information on brick bows
and tilts, from which off-load channel configurations can be derived. These are compared against
predictions from dimensional change data.
4.

LIMITATIONS OF EXISTING SAFETY CASE METHODOLOGY
Three fundamental limitations have been identified in the existing methodology:
brick failure is predicted to occur
weight loss attack rates in two AGRs are greater in magnitude than those determined from
the Materials Testing Reactor data, giving rise to higher predicted weight losses
core monitoring data have shown that channels in central regions of the core are bowed to
a greater extent than those at the boundary, an indication of the difficulties in predicting the
detail of future core behaviour.

4.1

Brick Failure

As discussed above, bricks may be subjected to a combination of shrinkage, pinching, thermal
shutdown and load applied stresses over the life of the reactor. The characteristic variation of
shrinkage and thermal shutdown stress with time is illustrated in Fig 2. These stresses have been used
to evaluate AS also shown in Fig 2. For this example, AS based upon the combination of shrinkage
stress and thermal shutdown stress falls to zero before AS based upon shrinkage stress alone. This
indicates that bricks are more susceptible to failure at shutdown due to internal stress. The primary
nature of failure will be a crack running from the keyway through to the brick bore.
Following primary cracking, the brick will still be in one piece, albeit "C" rather than "O"
shaped, and will be constrained by the surrounding radial keying system. It will continue to serve
its structural function. Neither production of debris nor any significant change to the bore geometry
which could restrict coolant flow is expected. Cracking will release internal stresses, resulting in the
fractional remanent strength for the component being higher after failure. However, the change in
geometry will give the component a reduced stiffness under applied loading, particularly in tension
perpendicular to the cracked keyway. Analysis has also shown that the propagation of the primary
crack enhances stresses at diametrically opposite keyway roots. Secondary cracking of fuel bricks
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may therefore occur, either spontaneously or under applied load. Secondary cracking will cause the
brick to separate into two "C" shaped pieces. Some restriction on this separation is offered by the
presence of the axial cruciform keying system, which will almost certainly prevent horizontal shear
of the cleft brick surfaces, and significant changes to the fuel bore geometry. However, the
likelihood of snagging of the fuel stringer during refuelling will be increased.
The presence of cracked components in the future must be considered in any new safety case
methodology. Any additional freedom attributable to the broken components needs to be addressed
in the assessment of the interaction of the core with fuel stringers and control rods. In addition, the
effect on coolant flow distribution in the core and its impact on graphite component and fuel
temperatures needs to be quantified.
4.2

Weight Loss

The limit on effective weight loss has been set conservatively at 20% in order to ensure that
local values within a component do not exceeed 40%. Recent observations of graphite radiolytic
oxidation rate at two sister AGR stations indicate that the moderator is oxidising at a higher rate than
that at the other AGR stations.
The rate of radiolytic weight loss is crucial in determining the irradiation-induced shrinkage
behaviour in graphite, with higher weight losses giving rise to greater overall shrinkages. For
example, the fuel channel bore at the stations with the higher oxidation rate will shrink up to 15%
more compared to the other stations, with a 20% increase in brick-to-brick spacing and axial
shrinkage. The effects of these differences in the overall core behaviour are under investigation.
The relevance of a limiting weight loss to component integrity requires further consideration.
Both strength and Young's modulus are reduced by radiolytic weight loss, described by similar
exponential relationships. Consequently for strain-controlled loading, stresses are influenced in the
same manner as the strength and, to first order, the likelihood of component failure is independent
of weight loss. Furthermore, as weight loss affects shrinkage rates, higher oxidation rates will cause
the postponement of turnaround and the change from compressive to tensile shrinkage stresses at the
keyway root. Higher oxidation rates may actually reduce the likelihood of brick failure. However,
for external loading, such as axial and radial brick-to-brick loading and interactions at the channel
bore from fuel stringers and control rods, changes in strength will significantly alter the graphite
behaviour. Although some relaxation on weight loss limits may be available in the context of internal
stresses, further work is necessary to define limits for external loads. A programme of work is under
way to address this issue and another paper at this conference ("Blunt Indentation Fracture of Core
Graphite" by M S Hartley) will give further details.
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Core Monitoring Data

Routine monitoring of the AGR core is carried out, and in particular fuel channel distortion
is measured in selected channels during outages using the Channel Bore Measurement Unit (CBMU).
The profile of a channel is determined by several factors: changes in channel diameter due to Wigner
(irradiation-induced) shrinkage, bow of bricks due to differential Wigner shrinkage, end-barrelling
of bricks due to internally-generated stresses, tilting of bricks caused by brick bowing and kinking
of brick columns due to interactions with neighbouring columns. All must be accommodated within
such freedom of movement of the component allowed by in-built clearances and machining tolerances
on all dimensions.
The channel diameter profiles from the CBMU measurements have been assessed in detail and
are progressing within expectation. The CBMU also measures brick tilt from which cumulative
channel displacement can be calculated. A straight line can be drawn from the top of the highest to
the bottom of the lowest measured brick. The deviation from this line is a measure of the channel
tilt profile termed channel bow (although the "bow" is not necessarily a smooth arc of a circle). All
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the analysed CBMU data fall into two categories: base-line data taken before the start of reactor
operation and data taken at various stages of operation. The points determined from these data are:
Before the start of operation, channel bows are typically less than lmm magnitude, in no
particular direction.
After a few years operation, channel bows are typically 2mm in magnitude, some in radial
and others in circumferential directions.
After extended operation, data from two stations of similar design have shown channel bows
of up to 6mm in the central region of the core, while in the peripheral region bows are 2mm
in magnitude. Data from a third station show central region bows which are essentially
unchanged from those at the start of operation.
Although there are no safety implications from the observed data at the present time, the
observations indicate that future behaviour of the cores may be difficult to predict with the current
models.
5.

NEW CORE SAFETY CASE METHODOLOGY BASED ON CORE FUNCTIONALITY

A new methodology is required for assessing the safety of the AGR cores, which can
accommodate future predictions of core behaviour and guarantee a comparable or better level of
safety. Any new criterion based on core functionality would still have to accommodate the basic
nuclear safety requirements for freedom of control rod and fuel assembly insertion and adequate core
and fuel cooling.
There are many observable core parameters which might provide the basis for a measure of
core functionality. Two groups can be defined: those which may be proven to be sufficient for (or
imply) core functionality, and those which may be proven to be necessary (or are implied). With
such groupings, core functionality is assured if any one criterion in the sufficient group is guaranteed.
However, if any one of the necessary criteria is not met, core functionality is lost.
The most likely candidates are fuel channel distortion, channel bore weight loss and effect of
component cracking on cooling, although these could be replaced by more readily monitorable
parameters. The safety case itself will be based on theoretical assessments of the three candidates,
supported by experimental substantiation of the theoretical basis together with adequate monitoring
of the reactor core and its individual components. At the same time, the assumed fundamental
material properties will be validated by experimental work and an ongoing graphite monitoring
programme at the stations.
5.1

Channel Distortion

In principle, the acceptable level of distortion of a fuel or control rod channel is definable
from geometric assessments of the fuel assembly, control rod and charge path (including relevant
components above the core). The prime difficulty arises in defining the likely and worst case channel
geometries at any time in the reactor life.
The development of theoretical models for interaction of channel distortions has been the
subject of some investigation, Such development was led by a model based fundamentally on core
reflective symmetry, subsequently shown from observed reactor data to be invalid. More recently,
computational models of vertical and horizontal brick planes have been investigated. These initially
took the form of optimisation programs, enabling the assessment of bounding distortions for a given
unbalanced force. These have since been extended to study the extent of influence and reactions for
given disturbing distortion or forces, bounding channel distortion subject to mechanical and energetic
constraints. Generally theoretical modelling seeks to describe the actual core state as simply as
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possible, using only significant parameters. At the same time, the complexity of the model is
increased by the requirement to encompass observations made on experimental models or the actual
cores. Thus there is a balance between ease-of-use and validation requirements. There is a
requirement to develop these models to provide conservative estimates of channel distortion.
Experimental modelling of channel distortion may provide the basis of a predictive analogue
model, or be a source of validation of theoretical modelling. The nature of the experimental
modelling to be performed is dependent on the core functionality criteria chosen, and the form of the
theoretical modelling employed. Ideally, the experimental model would be a whole core using fullscale components machined from nuclear graphite incorporating irradiation-induced geometry changes
in each component. More realistically, a simplified model would represent a reduced zone of the core
exploiting symmetry or zone-of-influence. Components with only the appropriate level of detail would
be employed, scaled to a more compact size using an alternative material for the components.
To complement the theoretical modelling of core distortions, it would be desirable to have
a facility to monitor the existing and developing state of the cores. The changes which should be
monitored would include the life-time transients of brick bowing and keyway pinching, the short term
thermal transients of steel-work displacements and the permanent key/keyway loss of function through
brick failure. New innovative techniques require development to complement the relatively limited
CBMU measurements on cores in the static cold shutdown state. These could exploit the
measurement potential of fuel channel annuli, arrow head passages, interstitial channels and even
methane holes. In addition to this, detailed tie-bar load traces obtained during refuelling operations
could give an indication of adverse channel straightness, particularly if there are trends in the
frequency of fouling.
5J2

Channel Bore Weight Loss

The tolerable weight loss is influenced by consideration of several factors: the economic
balance between moderation and enrichment; the increased shrinkage behaviour which manifests itself
as reduced channel bore size, increased brick bowing and increased brick-to-brick gaps; the possibility
of debris due to reduced strength; the potential for embedding of the fuel stringer in the channel bore
surface. Appropriate limits are required for each of these phenomena.
Limits for weight loss need to be determined for channel bore strength, in the context of
debris production and the potential for fuel-stringer interactions during refuelling. This information
will ultimately arise from specific test work. Nuclear Electric is currently supervising research at
Bath University into the fundamental mechanical properties of graphite subject to a range of extreme
weight loss mechanisms. More direct studies of the effects of weight loss on debris and refuelling
are planned. These and other relevant experimental programmes will form the basis for an acceptable
criterion for safety and operational purposes.
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Fuel and Core Cooling

The consequences of future component/channel distortions or component cracking on core
temperatures will need to be addressed thoroughly. The only previous considerations have been for
isolated specific component failures where the effects were negligible. It may be that the more
extensive modifications to gas flow paths resulting from channel kinking and brick cracking will have
a measurable impact on fuel and component temperatures.
Analyses of the effect of core geometry changes on fuel cooling have been limited to the
presence of a single cracked brick. Calculations have been performed of the core temperatures taking
component shrinkage into account, but only to reflect increases in inter-brick gaps and decrease in
fuel channel annulus within a particular layer. The consequences of increased leakage due to cracked
components and increased inter-layer gaps due to channel kinking will need to be addressed.
Modifications to existing computational models should provide a feasible method of analysis.
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If channel distortions were to become sufficient to place loads on fuel assemblies, then interelement gaps may be opened, or, worse, fuel sleeves cracked. The need for these assessments is
dependent on the outcome of the channel distortion studies.
6.

CONCLUSIONS

The existing safety case methodlogy is dependent on derived criteria of graphite component
integrity and limited mean component radiolytic weight loss, in the future. A new methodology is
being developed which seeks to replace the existing criteria with one or a combination of proven new
derived criteria for functionality. Initial considerations indicate these to be non-interference between
the core and control-rods and fuel-stringers, resilience of the fuel channel wall and acceptable gas
flow conditions for fuel and core cooling.
Fuel channel distortion, channel bore weight loss and the effects of component cracking on
cooling are the most likely candidates for the core functionality measures, but these may be replaced
by others which may be more readily monitored. The new methodology will be based on theoretical
appraisal of the candidate measures, using bounding assessments of fuel channel distortion initially
while less conservative approaches are developed.
Experimental substantiation of the theoretical basis for channel distortion is necessary,
together with adequate monitoring of the reactor core and its individual components. The assumed
fundamental material properties of the graphite will be validated by experimental work and an ongoing
graphite monitoring programme at the stations.
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Abstract

The RBMK reactors, designed by RDIPE (Moscow), are graphite moderated and cooled by
light water. Graphite dimensions and thermo-mechanical properties change significantly in a
complex manner during reactor life due to fast neutron damage and these changes have
implications on the safe operation of all graphite moderated reactors.
A joint programme of work is being carried out between AEA Technology (UK) and RDIPE
(Russia) to assess the life of the RBMK graphite stack under normal operating conditions.
The programme has included the modelling of graphite dimensional changes due to irradiation
through reactor life and the assessment of the implications of these changes on the stresses and
deformations in the graphite stack.
Calculations have been carried out to assess the deformations of a moderator brick over a
period from start of life up to 30 years of operation. The assessments have also included an
analysis of the stresses in the bricks so that the time to brick failure could be determined.
This paper describes the RBMK core design, the data and assessment methodology used in
the analysis of the RBMK core and presents some results from analyses of the Leningrad
Unit 1 RBMK reactor.
10

INTRODUCTION
The RBMK reactors are graphite moderated and cooled by light water. The graphite core of
the RBMK consists of approximately 2000 tonnes of graphite blocks which not only act as the
moderator but also serve as a major structural component of the core. Graphite dimensions
and thermo-mechanical properties change significantly in a complex manner during reactor life
due to fast neutron damage and these changes have implications on the safe operation of all
graphite moderated reactors.
Most of the graphite moderated reactors operating today are situated in the UK and CIS. In
the UK these reactors are cooled by carbon dioxide whilst in the CIS the coolant is light
water.
During 1992, as part of a collaborative programme of work between Russia and the UK, there
was an exchange of graphite material data and assessment methodologies between AEA
Technology (Risley) and RDIPE (Moscow). In the following year a joint programme between
RDIPE and AEA Technology was proposed to investigate various safety issues relating to the
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RBMK graphite cores. To date these studies have concentrated on the assessment of the
deformations and stresses in a moderator brick under normal operating conditions.
20

THE RBMK CORE

2.1

Description of the core
The core of an RBMK reactor consists of 2488 channels, made up of columns of bricks each
with an axial hole for the channel tube. There are 2044 fuel and control rod channels and 444
channels around the edge of the core which are filled with graphite rods to act as the
reflector^). The entire stack is 7m high, has a diameter of 11.8m and weighs about 1700
tonnes(1). Radial displacement of the graphite stack is prevented by 156 water cooled
supporting tubes situated at the outer periphery. These tubes are welded to the lower support
structure at their base but have the freedom to move in vertical guides at the top. The core is
contained above and below by the biological shields and is radially surrounded by a
nitrogen/helium gas blanket and water tank. The pressure of the environment in the core
cavity is lower than outside(1).
Each column of bricks is independent, i.e. there is no keying system. A cup-cone arrangement
is used to join and align the bricks end to end. There are steel bricks at the top and bottom of
the column. At the base of the column the bricks are located on a spigot and at the top the
column is located in line with a hole in the upper biological shield by means of a telescopic
joint. The vertical joints between bricks are staggered in adjacent channels to avoid any
horizontal planes of weakness.
The moderator bricks have a square cross-section (248.8 mm x 248.8 mm) with a central hole
of diameter 114 mm. The basic bricks are 600 mm high although shorter bricks of 200, 300 or
500 mm height are also used in parts of the stack. Initially there is very little clearance
between the bricks, approximately 1 mm.
The fuel cell assembly is located through the centre of the moderator column. The fuel cell
assembly consists of a zirconium pressure tube into which the fuel element assembly is inserted
and through which the coolant flows. The fuel element assembly is removed before removing
the pressure tube. The pressure tube is located in the central hole of the brick by a system of
graphite split rings. Each ring is alternately tight on the pressure tube or tight in the bore of
the brick^. This arrangement is shown in Fig. 1.
To prevent oxidation of the graphite and to improve the thermal efficiency, the core is
contained in a 90% Helium, 10% Nitrogen gas mixture(1). The slots in the graphite rings are
aligned to allow the gas mixture to pass along the channel.

2.2

Behaviour of the core
During the operation of a graphite moderated reactor the irradiation dose causes dimensional
and material property changes to the graphite. During the first half of the reactor life the
graphite shrinks due to dimensional changes so that, if the process is allowed to continue, the
gap between the graphite moderator brick and the graphite rings would be taken up. Also, the
zirconium pressure tube grows due to irradiation creep further reducing the gap between the
brick and the pressure tube. This will affect the heat transfer between the graphite and the
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Figure 1 Schematic diagram of an RBMK moderator brick, rings and tube

coolant and later cause the pressure tube to be tightly gripped by the bricks. If this situation
continued the upper transitional weld would become loaded due to differential thermal
expansion between the core and pressure tube. Fluctuations in temperature could then fatigue
this joint and lead to tube failure.
A way to avoid this situation is to rebore the whole core and replace all the pressure tubes and
graphite rings. After retubing, because the graphite brick eventually stops shrinking and starts
to swell, the gap between the rings and brick will not close again. This has been carried out in
Leningrad NPP units 1 and 2.
During reactor life the non-uniform dimensional changes and thermal gradients across the
brick section generate internal stresses. These stresses will be relieved to a large extent by
irradiation creep. However, when the reactors are shut down the thermal stress component
will reappear. Towards the end of life there is the possibility that bricks may start to crack
leading to a reduction in heat transfer from the bricks to the pressure tubes and deformation of
the bricks and graphite stack as a whole. Deformation of the stack could then cause
deformation of internal core components.
30

ASSESSMENT METHODOLOGY
The analyses of the RBMK brick, rings and tube were performed in a number of stages. To
calculate the stresses in the core it was necessary to determine the material properties and
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temperature distribution within the graphite stack which in turn required initial calculations to
determine the damage dose and energy deposition within the graphite. The damage dose and
energy distribution were determined from the reactor physics code WIMSEAVGAM, which
was developed by AEA Technology and is used world wide(1).
The stresses and deformations were calculated using the ABAQUS finite element programme.
ABAQUS allows users to include a user material subroutine (UMAT) in the input to the code.
This subroutine may be used to define constitutive relationships between stress and strain.
Therefore, to take account of the graphite material property changes in the RBMK core and to
calculate irradiation induced creep strain, a UMAT routine was developed to describe the
material behaviour. The data included in the UMAT are described briefly in Section 4.2.
Coupled temperature-displacement analyses were used to obtain bore temperatures over a
thirty year period, including retubing and reboring at 18 years. The derived bore temperatures
were then used in planar array calculations which were used to determine the stresses and
deformations in the brick.
The planar array calculations were carried out using generalised plain strain elements. The use
of generalised plain strain elements was in agreement with results from earlier three
dimensional calculations. However, as described in Section 6.2, experience has shown that
such elements underestimate the reduction in bore diameter of the brick. Calculations give a
better approximation to the actual bore change if plain strain elements are used. This has been
observed by both AEA Technology and the Kurchatov Institute in Moscow although the
precise reason why such elements give better agreement with measurements is not fully
understood.
40

DATA FOR THE ASSESSMENTS

4.1

Irradiation damage and energy deposition
The damage doses were obtained using the WIMSE code which calculates the azimuthal and
radial variation of graphite and nickel flux. The damage dose is determined by carrying out a
weighted integral of the neutron energy spectrum to obtain the damage rate in
atoms/atoms/sec(1). The weighting function normally used is the Thompson and Wright
damage spectrum. The flux obtained from WIMSE, together with the fuel rating, axial and
radial form factors and operating time, allows the damage dose to be calculated.
The data output from WIMSE were in Equivalent DIDO Nickel Dose (EDND) units which
were then converted to Russian dose units (defined in terms of the total neutron flux above
0.18 MeV) by multiplying by 1.49.
The radial variation of energy deposition was obtained using the WGAM code. An ABAQUS
user subroutine, DFLUX, was then written to interpolate the data to the finite element model
for use in the heat transfer analyses.

4.2

Graphite material properties
Two types of graphite are used in the RBMK reactors. The moderator bricks are of GR-280
grade and the rings are made from GRP2-125 grade(1). These are anisotropic graphites with
densities of 1.71 and 1.85 g/cm3 respectively. The graphite crystals are anisotropic and the
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extrusion process during component manufacture tends to align the crystals so that the final
component has different properties in directions parallel and perpendicular to the direction of
extrusion. Data describing the dimensional changes, Young's Modulus, coefficient of thermal
expansion and compressive and tensile strength were included in the UMAT. Other material
properties data were included in the standard ABAQUS input.
4.2.1 Dimensional change
Dimensional change is one of the major considerations that must be taken into account in the
design of graphite cores. The dimensional changes of the RBMK graphites vary with
temperature and irradiation. During operation, after an initial short period of growth, the
graphite starts to shrink, until a second period of growth occurs. The shrinkage is greater at
lower temperatures and the shrinkage rates are different in the directions perpendicular and
parallel to extrusion. The second period of growth continues until the graphite reaches its
original volume. This is considered by the RBMK designers to be the maximum irradiation
dose to which the graphite should be subjected. At this stage the graphite will have started to
degrade. The variation of dimensional change with irradiation dose is demonstrated in Fig. 2
which shows the dimensional change data for the GR-280 grade graphite in the direction
perpendicular to extrusion.
4.2.2 Young's Modulus
Young's modulus, in the RBMK graphites, is higher parallel to extrusion than perpendicular
and increases rapidly with irradiation. The increase is higher at lower temperatures. After this
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initial rise the modulus increases at a slower rate until a peak is reached as the structure of the
graphite changes. After this the modulus starts to decrease as the structure degrades(1).
4.2.3 Coefficient of thermal expansion
The coefficient of thermal expansion (CTE) is higher perpendicular to extrusion than parallel.
With irradiation the CTE increases before it starts to decrease.
4.2.4 Thermal conductivity
The thermal conductivity of graphite is higher perpendicular to extrusion than in the parallel
direction and reduces with increasing temperature. The thermal conductivity falls rapidly with
irradiation and the reduction is larger at lower temperatures. The thermal conductivity data
were not included in the UMAT but were specified in the standard ABAQUS input as a
function of both damage dose and temperature.
4.2.5 Strength
Graphite is stronger in uniaxial compression than in uniaxial tension and in both cases the
strength increases with irradiation. The RBMK graphites are stronger parallel to extrusion
than perpendicular to extrusion.
4.2.6 Poisson's Ratio
Poisson's ratio is usually considered to be independent of irradiation conditions. However, it
is difficult to measure accurately and there is some evidence of irradiation and temperature
dependence. For the analyses of the graphite deformations and stresses Poisson's ratio was
assumed to have a constant value of 0.2 for both types of graphite.
4.2.7 Irradiation creep
Graphite subjected to irradiation whilst under stress creeps at lower temperatures than would
be expected in the unirradiated case. The ability of the graphite to creep delays the onset of
large stresses that could damage the moderator. The creep strain consists of a primary and
secondary term. The primary term is transient and recoverable after stress removal whilst the
secondary term is irreversible. The effects of both primary and secondary irradiation creep
were included in the UMAT.
4.3

Zirconium material properties
During operation the diameter of the zirconium tubes increases due to irradiation creep and
swelling. The zirconium material properties were included in the standard ABAQUS input.
The thermal conductivity, Young's Modulus and CTE were each given a temperature
dependence. Poisson's ratio was taken as 0.32.
RDIPE specialists indicated that the tube diameter at the Leningrad NPP increased by
approximately 0.08 mm per year. Therefore, in the coupled temperature-displacement
analyses a radial growth of 0.04 mm per year was assumed for the tube. Retubing after 18
years was simulated by resetting the growth to zero.
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4.4

He/N2 Gas mixture properties
To prevent oxidation of the graphite and to improve the thermal efficiency, the core is
contained in a 90% Helium, 10% Nitrogen gas mixture. The conductivity of this mixture is
important as the brick, the rings and the pressure tube are all separate components that may
have, or can develop, gaps between one another. Appropriate gap conductance values were
therefore required for the interfaces between the separate components. Gap conductances
were derived from Ref. 2 from which a conductance of 2.2x10"4 W/mm°C was determined for
a gap of 1 mm.

4.5

Heat transfer coefficients
The coefficient of heat transfer from the inner surface of the channel tube to the coolant was
taken as 0.03 W/mm2. This value was derived from data in Ref. 2 and corresponded to the
heat transfer conditions in a 3 MW channel. The coolant temperature was taken as 290°C.

4.6

Failure criteria
Graphite, as used in nuclear reactors, is a brittle material and contains inherent flaws formed
during the manufacturing process. These flaws lead to statistical theories of failure in which
the probability of failure of a given specimen is determined by the distribution of flaws and the
stress pattern that it is subjected to. Size and strain gradient effects must also be included in
the failure model and the combination of distributions of flaws and stress leads to considerable
difficulty in determining an "all encompassing" failure criteria.
In the UK, because of complex component geometries, a Remnant Strength failure criteria
based on critical failure stresses for each mode of failure has been determined based upon
maximum principal stress. The RBMK bricks were assessed using the UK maximum and
minimum principal stress criteria in which the hoop stresses were compared with the tensile
and compressive failure stresses. A second, Russian, criterion was also used for some
analyses. This second criterion was based on an effective stress that was compared with the
ultimate tensile strength. The two criteria produced similar results.
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COUPLED TEMPERATURE-DISPLACEMENT ANALYSES
The coupled temperature-displacement analyses were primarily aimed at obtaining a good
temperature history for the bore of the brick that could be used in planar array analyses. The
inner graphite rings were assumed to be tight on the zirconium tube in the unirradiated
condition and, since graphite shrinks and zirconium grows under irradiation, the inner rings
were assumed to remain tight throughout the calculation. The outer rings were assumed slack
and just rested on top of their respective inner rings. The axial extent of the model covered
one outer ring and two half inner rings either side of the outer ring. This is shown in Fig. 3
which also shows the boundary conditions assumed in the calculations.
The radial extent of the brick could be chosen to represent a slice through a face or corner of
the brick. However, to be representative of the whole brick the radial extent was set to
140.37 mm so that the effectively circular cross-sectional brick of the axi-symmetric
calculation had the same volume as a real square brick.
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The model was held in plain strain conditions, i.e. the axial planes were held constant. This
was considered an approximation but as noted above this analysis was primarily intended to
determine the temperature response for use in a planar brick stress analysis.
The calculation was carried out in a number of steps. These covered the initial start-up, with
the temperatures rising from 20°C to the operating temperatures, 18 years of reactor
operation, a shut-down at 18 years, the reboring operation and the replacement of the rings,
the return to the operating temperatures, a further 12 years of operation and, finally, a
shutdown at 30 years.
Calculated time histories for the temperature at two positions at the bore of the brick are
shown in Fig. 4. The two positions, shown in Fig. 3, correspond to the mid height, point A,
and bottom, point B, of the bore in the model. The temperature at the bore initially rose as the
thermal conductivity of the graphite fell with irradiation. Then as the gap between the brick
and the middle ring began to increase the brick temperature rose further as heat could not be
transferred to the ring as effectively as before. Following the rebore at 18 years the
temperature dropped due to the decreased gap between the middle ring and brick. As
irradiation continued, the brick grew, having reached turn around at about 18 years, and the
new rings, starting from zero dose at 18 years, shrank. The increasing gap between rings and
brick led to a corresponding increase in the brick temperature.
The mean of the temperatures at points A and B, see Fig. 3, was considered representative of
the bore temperature. This mean temperature history was then used in the planar array
calculations as described in Section 6.0.
6.0

PLANAR ARRAY ANALYSES
The planar array analysis was performed in two steps. Firstly the operating temperatures that
would be used throughout the analysis were derived. Then, when a suitable temperature
distribution had been obtained the actual stress analysis was carried out.
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Figure 4 Operating temperature time history for points A and B at the bore
of the coupled-temperature displacement calculation.
6.1

Heat transfer calculations
The heat transfer analysis to determine the temperature distribution in the planar array model
of the brick utilised the bore temperature history derived from the coupled temperaturedisplacement calculation.
The planar array model, representing an eighth of the brick, is shown in Fig. 5. The
temperature at the bore of the brick was set to vary with time in the same manner as was
found in the coupled temperature-displacement analysis. The outer edge of the brick was
assumed to be adiabatic. The calculation covered 30 years of operation, including a shutdown
at 18 years and a temperature change due to the rebore that was included in the coupled
temperature-displacement analysis. The calculation resulted in a planar array temperature
distribution that varied over the 30 years modelled.
After 18 years the temperature at the corner of the brick, point d in Fig. 5, was calculated to
be 627°C which was in good agreement with a value of 632°C based on measurements. The
calculated temperature distribution was therefore considered to be acceptable.

6.2

Stress analysis
The stress analysis of the brick used the mesh shown in Fig. 5. Generalised plain strain
elements were used. Symmetry conditions were applied to the top and bottom edges of the
model.
The stresses in the brick were required at both power and shutdown conditions and therefore
the analyses included a shutdown after every year of operation. For each of the 30 years of
the analysis a start-up, one year at power and a shutdown were modelled. The operating
temperatures for each year were taken from the planar array heat transfer analysis and so
varied throughout life.
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Figure 5 Finite element mesh for the planar analyses

Fig. 6 shows the change in bore diameter from the unirradiated value at each shutdown up to
18 years as determined in the planar array stress calculation. The calculation showed the bore
diameter reduced by 0.86 mm after 18 years. However, this was considerably less than a value
of 1.6 mm that had been predicted on the basis of measurements from the reactor. As
described in Section 3.0 it has been observed by both AEA Technology and the Kurchatov
institute that generalised plain strain elements, as used in this analysis, underestimate the
reduction in the diameter of the brick bore. However, three dimensional calculations
supported the use of generalised plain strain elements.
Fig. 7 shows time histories of the hoop stress at the bore and edge of the brick (points a and b
of Fig. 5 respectively). Time histories are shown for at-power and shutdown conditions. The
peak on-power tensile hoop stress at the bore was 6.3 MPa and occurred after 10 years. This
was only exceeded by the shutdown stresses at the edge of the brick which reached 6.4 MPa
after 28 years, rising to 7.2 MPa at the 30 year shutdown. The step changes at 18 years in the
at power curves were due to the change in operating temperature caused by the rebore. After
21 years the edge of the brick went into tension at power and the tensile stress began to rise to
a value of 4.2 MPa at 26 years. The at power tensile stress then fell, remaining at about 3.8
MPa to 30 years. This drop and levelling off could be attributed to the shape of the 705°C
dimensional change data curve. After 25 years, the edge of the brick exceeded 705°C and so
the growth was controlled by this curve. However, the dimensional change rate data only
extended to a dose of 12.5xl021 n/cm2, which was exceeded just before 27 years at point b.
For higher doses the dimensional change rate was assumed constant. This assumption resulted
in the observed stress values.
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Ratio of hoop stress to tensile strength time history

Fig. 8 shows the ratio of hoop stress to tensile strength at the bore and edge of the brick
(points a and b of Fig. 5 respectively). Time histories are shown for at-power and shutdown
conditions. Fig. 8 shows that no failure was predicted up to 30 years. The ratio of hoop
stress to tensile strength reached 0.74 at 10 years but then fell again before starting to rise at
the edge of the core. The at-power ratio rose after 21 years and then levelled off at 26 years,
following the shape of the stress curve seen in Fig. 7. The ratio for the edge of the core at
shutdown rose steadily from 15 years but did not reach unity within 30 years, implying that
brick failure would not occur.
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OTHER INVESTIGATIONS AND DISCUSSION
The analyses described in this paper indicated that brick failure would not occur. However,
further analyses conducted to investigate the history of graphite bricks in the core of an
RBMK reactor have shown that the resulting stresses and failure predictions are strongly
dependant on the materials property data. Although considerable data were available at lower
temperatures and doses there remained a need to extrapolate to the doses experienced by the
brick at the higher temperatures. Different assumptions on how the data should be
extrapolated led to different times at which failure occurred.
The calculated change in bore diameter was considerably lower than predicted on the basis of
measurements. However, a three dimensional analysis had confirmed that the planar array
model, using generalised plain strain elements, provided a suitable representation of the brick
when used to calculate the bore diameter. Nevertheless, further investigations have shown
that the use of plain strain conditions, i.e. when the axial bounding planes of the two
dimensional elements are restrained from moving in the axial direction, leads to calculated
bore diameter changes much closer to measurements than the use of generalised plain strain
conditions The necessity of using plain strain elements has also been recognised at the
Kurchatov Institute in Moscow. Calculations conducted at the Kurchatov Institute have
produced the same results as those carried out at AEA Technology, i.e. generalised plain
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strain underestimates the reduction in bore diameter in the graphite brick but a good
approximation can be obtained by assuming plain strain conditions. However, it is difficult to
envisage plain strain conditions unless it is a property of the polycrystalline material itself.
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CONCLUSIONS
A joint programme of work is being undertaken between AEA Technology and RDIPE to
assess the ultimate life of the graphite stack of the RBMK core under normal operating
conditions.
A user subroutine to describe the behaviour of graphite in an RBMK reactor has been
developed for use in the ABAQUS finite element programme.
The stress in the moderator bricks was shown to reach 6.3 MPa after 10 years before
decreasing. The stresses increased again towards the end of reactor life. Although no brick
failures were predicted in the calculations presented in this paper, different assumptions
concerning the extrapolation of the dimensional change data could lead to the prediction of
brick failure towards the end of life.
Although a three dimensional analysis showed that generalised plain strain conditions should
be used in the two dimensional analyses, this assumption led to an underestimate of the change
in brick bore diameter. An assumption of plain strain conditions gave better agreement with
measurements. This finding has also been made at the Kurchatov Institute.
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Abstract

The modelling of AGR and Magnox cores has to deal with the very large number of
components that make up the core, and the non-linear response due to the clearances in the
keying system. This paper examines the conditions under which it is permissible to linearise
the response. By comparing the results of discrete and continuum models of the core, the
paper also shows that the number of components in the core is sufficiently large that the core
can be approximated satisfactorily by an anisotropic solid material. The material has unusual
properties, but these can be handled within the standard framework for the description of the
elastic properties of an anisotropic solid. This description of the core by an equivalent solid
material can readily be incorporated into finite element models of the reactor internal
structure. Such models have been set up for both AGR and Magnox reactors. The models
are being used to assess the seismic response of these reactors.

1. INTRODUCTION
As part of a periodic review of reactor safety, the UK regulator, which is the
Nuclear Safety Division of the Health and Safety Executive, requires an assessment of the
capability of the UK's nuclear reactors to be shut down safely and cooled in the event of an
earthquake of a magnitude that corresponds to a return frequency of 10"* per annum.
Seismic qualification essentially requires that any damage to the core and other
structures allows a substantial fraction of the control rods to enter the core in order to shut
the reactor down, and also allows a gas flow sufficient to remove the decay heat from the
shutdown reactor. In normal operation, the graphite bricks comprising the core are held in
place by the restraint cage and core support plates. Even if many bricks crack as a result of
an earthquake, they will still be held in place by the restraint cage and support plates,
provided these structures have survived the earthquake. In this case, shutdown and cooling
would present no difficulty. Thus, an overall prediction of the behaviour of the core and
structures is required, rather than detailed predictions of the behaviour of individual graphite
bricks. The internal behaviour of the core during the earthquake, and possible brick failures,
are not very important in themselves but are important to the extent that they affect the loads
that the core imposes on surrounding structures.
Initial seismic assessments modelled the graphite core either as a rigid mass or as a
shear beam of solid graphite. However, it could not be shown that the inertia! loads predicted
by these models were conservative. Therefore, an effective continuum model of the graphite
moderator has been developed which reflects the interactions of the graphite components, and
is directly useable in a dynamic structural model of manageable proportions.
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This paper outlines the use of an effective continuum model to determine the seismic
response of the reactor core and support structures, and to estimate the probability of
significant numbers of graphite component failures. While the basis of the overall calculations
is linear, the evaluation procedure is non-linear reflecting as it does the underlying non-linear
characteristics of interactions between the graphite components.

2. SEISMIC ASSESSMENT PROCEDURE
The overall assessment procedure follows standard design practices for nuclear
installations [1-2]. The soil-structure and site geology are analysed, together with a simplified
model of the power station buildings, to predict the motions at the boundary of the reactor
system from the free field motions produced by the seismic event specified.
The components that are at risk from the earthquake, and that are necessary for
reactor shut down and decay heat removal, are listed together with possible failure modes.
The list includes, for example, component misalignments that would restrict entry of the
control rods and boron balls, and the possible disruption of gas seals that could lead to the
coolant bypassing the fuel channels or boilers. At this stage, the key structural components
controlling the consequences of seismic events are identified and their failure criteria
established.
A detailed finite element model of the reactor system is then constructed, to predict
the behaviour of the key structural components. In the initial stages, the analysis is based
on linear computations of dynamic response. Since both AGR and Magnox graphite
moderators contain clearances, their dynamics are non-linear. Equivalent linear properties
appropriate to a given seismic event are calculated from the response to the event. A change
in properties affects the response, so the procedure is iterated until a linearisation consistent
with the response is arrived at. Thus, the linearised properties are evaluated by a procedure
that considers the non-linear relation between properties and response levels. The integrity
of the key components is then assessed to estimate the maximum level of seismic event for
which "damage-free" response could be expected, to identify the critical structural
components, and to estimate the safety margins for the others.
The consequences of any failures are assessed by either further linearized analyses
where the failed components have been removed, or simplified non-linear analyses involving
sliding, impacting, material plasticity, and so on.
3. STRUCTURE OF MAGNOX AND AGR REACTOR CORES
A Magnox reactor core contains around 44,000 graphite bricks and an AGR core,
19,000, arranged in columns of 10 to 12 bricks. Lateral connections between the columns
are provided by loose keys in keyways in the later "radially-keyed" designs of Magnox cores
(figure 1), and by a combination of loose and integral keys in keyways in the AGR cores
(figure 2). The vertical faces between neighbouring bricks are separated by gaps to allow for
Wigner growth of the graphite during a reactor's operational life.
The bricks in a column are free-standing, either on their end faces or a central spigot.
Magnox sealing rings may also span the interface to reduce gas leakage from the fuel
channels. The bottom of each column is spigotted into the steel support plate.
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Figure 1

Magnox Radial Keying

Figure 2

AGR Radial Keying

In both AGR and Magnox cores, the radial key system is based on a 2-D alternating
sequence of 8-keyed and 4-keyed bricks. Each 4-keyed brick is keyed to its neighbouring 8keyed bricks by "side keys". Each 8-keyed brick is diagonally keyed to its neighbouring 8keyed bricks by "corner keys". The keys allow free movement of the bricks towards and
away from each other, while resisting relative lateral movements, once the small clearances
between the keys and keyways have been taken up. Thus a change in the core pitch, i.e brick
to brick distance, can be accommodated by the keys sliding in the keyways, and the whole
core may expand or contract freely in response to radial movements of the steel structure at
its boundary. On the other hand any change in shape of the lattice is resisted by the keys
once the clearances have been taken up.
A dynamic model of the graphite moderator is required that reflects the discrete
nature of the components, but is simple enough to be integrated in a standard finite element
analysis. It must be able to predict, with assured accuracy, inertia loads on the restraint and
support structures, relative movements between bricks, and impact loads on bricks.

4. CONTINUUM MODEL OF A HORIZONTAL LAYER
Static strength tests on brick slices show that the force-deflection characteristics are
linear almost up to the point of failure. Thus it is possible to regard each key/keyway as a
transverse linear spring linking neighbouring bricks. The spring arrangement can be regarded
as the superposition of two spring networks orientated at 45° to each other and having
different pitches. Both have the same configuration and are, by themselves, capable of
resisting only pure shear loads aligned with their orientation. Acting together they are capable
of resisting a shear load in any direction. With a restraint which restricts boundary
movements to radial ones, the keys resist all differential movements except radial expansion
or contraction.
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The equivalent continuum properties of each shear network are related to the keykeyway stiffnesses by :
'ode

(1)
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shear modulus of the side key network,
shear modulus of the corner key network in axes at 45'
brick height,
spring constant of the side keys, and
spring constant of the corner keys.

Transforming the shear properties of the corner key network by 45° to axes aligned
with the side keys, and combining with the shear resistance of the side key network, gives
an equivalent stress-equivalent strain relationship for the combined network in the horizontal
plane of:
0
G45

0

0
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where
Oj, and rr

and 7,

are the normal and shear stresses, and
are the normal and shear strains.

A comparison of the dynamic behaviour of a continuum model having this elasticity,
to a discrete model of a network of masses and springs, showed that the continuum model
could produce equivalent results for free vibrations, absolute values of displacement,
velocity, acceleration, keyway loads and relative displacements, for the frequency ranges of
importance (figures 3 and 4). Furthermore, the results were produced from the continuum
model with a fraction of the computational effort required by the discrete model.
Besides the replacement of discrete components by a continuum, the model has other
approximations, whose effect must be considered. The model neglects friction in the
interaction between components. One effect of friction is that the positions and stresses of
components do not depend entirely on applied load, but depend also on the original position
of the components when the load was applied, because friction tends to prevent movement
of components. Under dynamic loading, the frequent load reversals would ensure that such
local effects would not remain frozen within specific regions of the moderator. Experimental
results reported in figure 44 of Ref 3 show that there is not a large variation in the loads
around the boundary of a layer of keyed bricks under dynamic excitation.
Another important approximation is that the clearances between the keys and keyways
have been ignored. The clearances make the relation between brick position and force nonlinear. It is intuitively obvious that if the clearances are sufficiently small they will have no
effect on the behaviour, because the non-linearity will be a very small perturbation on the
linear system. The problem is to determine whether the actual clearances are small enough
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that suitably chosen constants in linear force-displacement relations can give a good
description of the behaviour of the core at a given level of seismic excitation. To investigate
this, a non-linear model was set up consisting of a 1-dimensional array of masses on damped
springs with lost motion between them. This is a standard model used in impact assessments
[4]. It is compatible with the dynamic conditions being considered, and with impact tests and
non-linear analyses carried out on AGR bricks [5]. The results from the non-linear model
were compared with the results obtained using linearized models of the same system.
For a single mass and spring with clearance, the oscillation frequency of the linearized
system matches the non-linear system if the linearized spring constant is chosen to be:
K

(3)

-

where
Ke
Keq
R

is the actual spring constant during contact
is the linearized spring constant, and
is the level of response (equal to the amplitude of the oscillation divided by the gap
width).

Effective elasticity properties for a continuum model of the array of masses were
determined from equation (3) for different amounts of effective strain. The time histories
predicted by the linearised continuum model were, as expected, less complex than the nonlinear predictions. However, using the linearized continuum model, and adding appropriate
damping, it was possible to predict the peak forces and displacements of the non-linear
system and its dominant response frequencies, for a wide range of level of simulated seismic
excitation (figure 5).
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With the damping of the linear system fitted to the energy dissipation at a single
primary response frequency (and, by implication, a single level of peak response), the linear
system was found to over-predict peak responses and key/keyway loads at lower levels of
excitation than the one fitted and to under-predict them at higher levels. This was because
the vibrational energy at the primary response frequency was dissipated predominantly by the
excitation of high frequency oscillations of the impacting bricks while in contact. This
frequency of impacting decreased as the level of response increased, resulting in a decrease
in the equivalent damping of the non-linear system with increasing excitation.
The variation of damping with excitation level implies that pessimistic (conservative)
predictions could be obtained from the linearised model by using the damping value
appropriate to the highest level of excitation of interest.
The seismic assessment for Heysham 2/Torness [5] indicated that direct impacting
between bricks could occur when the face and key clearances were comparable in size to
each other. Under these conditions, the loads in the keyway system were much reduced. To
investigate further, an attempt has been made to linearize this type of non-linear behaviour
using a modified form of equation (3) and to convert the equivalent brick stiffness to an
elastic modulus of an effective continuum. Figure 6 shows a comparison of the non-linear
reaction loads and primary response frequencies with those deduced from the linearized
computations.
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The comparison shows that the overall loads transmitted to the boundary by the
linearized, effective continuum are predicted well. However, at each boundary the loads are
tensile and compressive with peak values which approximate to half the peak values of the
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non-linearly calculated loads which are purely compressive. In a linearized assessment, it
would be a straightforward matter to accommodate this by the application of a factor of 2 for
the loads carried by the boundary components. The effective damping of the non-linear
system is approximately constant over a wide range of excitation levels.
Although showing promise, this work is still in its early stages and further work
remains to be done to establish the extent of its applicability and the criteria which govern
whether the dynamics in the horizontal plane are dominated by the radial key system or by
direct brick impacts.
4. RESISTANCE TO SWAY AND INTER-LAYER SHEARING
When single graphite bricks are subjected to lateral loads, they tilt readily. The force
resisting tilting rises smoothly to the maximum possible at a very small angle of tilt. The tiltforce tilt-angle relation can be explained in terms of the properties of the contacting surfaces.
Arrays of columns of bricks have been statically and dynamically tested by NNC and
ISMES on behalf of ENEL (Italy). When arrays of radially keyed columns of bricks, having
the bricks in the bottom layer fixed relative to each other, were subjected to static lateral
loads up to 0.3 times their weight, the deflections were independent of the number of
columns in the direction at right angles to the tilt direction. The bricks tilted well beyond the
stability limit for a single column, and, although a significant amount of hysteresis was
apparent, the arrays recovered completely to their original positions once the lateral loads
were removed.
,
The best continuum model of this behaviour would describe a vertical section through
the core as an array of vertical beams. Such a description would lead to equations different
from the equations of an elastic anisotropic solid, which are not included in standard
structural dynamics computer programs. However, sensitivity studies with realistically
restrained cores showed that, when the lateral displacements were of a wavelength
comparable to the core height, the core contributed little to the overall sway resistance of the
structure, and the normal elasticity form of the effective continuum would be accurate enough
for practical purposes.
5. DISCUSSION & CONCLUSIONS
A useable description of any large-scale physical system necessarily involves
approximations. For the structural analysis of the effect of an earthquake on a reactor core
and support structures, the core has been approximated as a linear elastic anisotropic solid.
The validity of the approximate description has been checked by comparison with more
accurate models and with experiments (where appropriate).
The approximation of the discrete bricks that form a horizontal layer of the core by
an anisotropic continuum solid becomes exact in the limit of an infinite number of bricks.
For the number of bricks in a reactor, a comparison with a discrete model shows errors of
only a few percent.
The approximation of a vertical slice of the core by an anisotropic solid is less good,
but the vertical shear stiffness is small relative to the support cage stiffness, so the core
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contributes little to the stiffness of the combined structure, and the errors in the
approximation are of no significance.
The approximation of the non-linear relation between inter-brick force and horizontal
displacement by a linear relation that matches the oscillation frequency of a single brick has
been shown to be satisfactory, provided that the damping coefficient is properly chosen.
The neglect of friction is believed to be conservative since experiments show that
friction does not result in significant concentration of forces, and friction acts to damp the
core motions.
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Abstract

In 1992/93 the personnel of Leningrad NPP carried out restoration of the diametral gas gap
(GG) between fuel channels and graphite bricks of the second reactor. Simultaneously, extensive
inspection of the graphite stack was realised. It included measuring of hole diameters in graphite
bricks, measuring graphite columns' height and curvature and visual inspection of the internal
surface.
The results of this inspection allowed defining more correctly the dependence of dimensional
changes in graphite bricks upon neutron irradiation and confirmed that the state of graphite was
good enough for further operation during the design service lifetime.
1. INTRODUCTION
There are 11 operating units with RBMK reactors in Russia. Four of them are the
oldest reactors of the first generation, which are now in the stage of intensive upgrading for
increasing their safety.
One of the most important part of this work is the restoration of the diametral gas gap
between fuel channel zirconium tube, graphite rings and internal surface of graphite bricks
(Fig. 1).
GG closure is the result of the irradiation induced growth and creep of above
mentioned materials. It can lead to the jamming of fuel channels by graphite bricks,
increasing of uncontrollable loads on fuel channel welds and to the untimely cracking of
graphite bricks.
That is why it was decided to perform restoration of GG by replacing fuel channels
and reboring graphite brick holes.
At the first unit of Leningrad NPP, restoration of the GG was carried out in 1989/90.
Now, the first unit of Kursk NPP is under upgrading too.
Withdrawl of all fuel channels gave a unique opportunity to examine the state of
graphite.
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Fig.l Pressure tube and graphite brick arrangement in afitell cell
1 - Graphite brick; 2 - Pressure tube; 3 - Inner graphite ring; 4 - Outer graphite ring.

Second unit of LNPP had operated for 16,5 years before the upgrading began.
Graphite bricks of the moderator and reflector were fabricated from anisotropic
graphite GR-280, which is quite similar to graphite PGA.
Till 1992 the graphite of the average power fuel cells was irradiated by neutron
fluence of about 9.5-1021 n/cm2 under an average operating temperature of about
500 - 550 °C.
2. SCOPE OF EXAMINATION AND INSPECTION FACILITIES.
-

The inspection programm included:
measuring of the hole diameters in graphite bricks before repair in 418 fuel cells;
measuring of the hole diameters in graphite bricks after repair in all fuel cells;
measuring of the column height in 55 fuel cells;
measuring of the column curvature in 50 fuel cells;
determination of the fuel channel withdrawal force in all fuel cells;
inspection of the surface hole state in graphite bricks in 454 fuel cells before repairs
and in all fuel cells after repairs.

Measurements of graphite brick hole diameters were carried out using devices
developed by LNPP personnel on the base of inductive transducers of differential
transformer type.
These instruments are capable of measuring concurrently diameters in two mutually
perpendicular vertical planes.
Secondary device was used to record measurements as profile diagrams.
The same instrument was used for measuring the height of graphite columns.
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The internal surfaces of graphite bricks were visually examined using a special TV
camera, TSU-24M.
The curvature of the columns was estimated from measurements of fuel channel
curvatures, which were made by means of a special inclinometer.
3. MAIN RESULTS
Prediction of the GG closure time requires combined analysis of the deformation of
graphite and fuel channel metal, which have different threshold energy levels.
That is why this analysis is based on the values of energy production per cell.
According to our investigations the conversion factor to convert energy production
per cell (expressed in MWday) to neutron fluence with En>0.18 MeV (expressed in
n/sm 2 )isequaltol.M0 1 8 .
Results of measurements of the hole diameters in graphite bricks showed that at the
current stage of reactor operation the diameter change can be described quite well by the
following linear function.
D = 114.11-0.16M0" 3 W,
where
W - energy production in fuel cell (MWday).
Maximum shrinkage was discovered in the bricks placed within ±1.5 m from the
center of the reactor core along the stack columns.
This is in good correlation with axial neutron flux distribution.
For an average power fuel cell, GG closure, or appearance of a local contact between
structures, took place at the time when the value of energy production per fuel cell became
"9700 MW days.
Calculation of the time (or energy production) of GG closure performed using
preliminary results of measurements and the results of measurements in the process of
retubing gave almost the same value (Fig. 2).
It seems to be of interest to compare the conditions of retubing at the first and second
units of LNPP.
From the point of view of operation time till the beginning of retubing, the second
unit was operated 1 year longer than the first one.
It led to increasing of fuel channel withdrawal forces and to some complication of the
repair work.
Fig. 3 shows some results of fuel channels withdrawal force measurements.
The average rate of the axial graphite column shrinkage was about 8 mm (or 0.1 %)
per 1000 MWt days (Fig.4).
This factor is important for operability of RBMK reactor , because there is a
telescopic tube joint in the upper part of a fuel cell.It is necessary to compensate the
thermal expansion and irradiation induced shrinkage of graphite columns.
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Fig. 2 Estimation of the time (energy production) for closing of gas gaps at Leningrad NPP,
Unit 2, using preliminary results and results of large-scale measurements in 1992/93.
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Fig. 3 Fuel channel withdrawal force versus energy production per unit cell
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Estimations of graphite columns' bending did not reveal any deviation from theninitial state after mounting.
The RBMK graphite stack operates in a nitrogen - helium mixture under relatively
low temperatures.
Visual examination of the internal surface of bricks did not reveal any traces of
oxidation or presence of cracks.
However, some local damage of bricks was observed in several cells in places near
the vertical connections of bricks.
It was obvious that these cases of damage resulted from fuel channel withdrawal.
In general,the results of inspection confirmed the satisfactory state of the graphite
stack and the possibility of its further operation.
The gas gaps between fuel channels and graphite bricks were restored and now the
second unit of Leningrad NPP is operating at the design power level.
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Fig. 4 Radiation induced shrinkage of graphite column during the reactor operation
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Abstract
The definitive shutdown date for the Bugey-1 reactor was May 27th, 1994, after 12.18 full power equivalent
years and this document briefly describes some of the feedback of experience from operation of this reactor.
The radiolytic corrosion of graphite stack is the major problem for BUGEY-1 reactor, despite the inhibition of the
reaction by small quantities of CH 4 added to the coolant gas.
The mechanical behaviour of the pile is predicted using the "INCA" code (stress calculation), which uses the
results of graphite weight loss variation determined using the "USURE" code.
The weight loss of graphite is determined by annually taking core samples from the channel walls.
The results of the last test programme undertaken after the definitive shutdown of BUGEY-1 have enabled an
experimental graph to be established showing the evolution of the compression resistance (perpendicular and
parallel direction to the extrusion axis) as a function of the weight loss.
The numerous analyses, made on the samples carried out in the most sensitive regions, have allowed to verify
that no brutal degradation of the mechanical properties of graphite happens for the high value of weight loss up
to 40% (maximum weight loss reached locally).
I.

INTRODUCTION
The BUGEY-1 reactor is of the UNGG type (Natural Uranium, CO2 Coolant Gas, Graphite Moderator).
It started commercial operation in 1972 and was shut down permanently on May 27, 1994, after 12.18
full power equivalent years (f.p.e.y).
The methods used to predict and monitor BUGEY-1's graphite stack, subjected to strong radiolytic
corrosion by CO , and the results obtained after 11.11 f.p.e.ys have been covered in a presentation at
the last Specialists Meeting held in Japan in 1991 [1].
In view of the existence of strongly corroded zones in the graphite stack, it was felt that an additional
sampling program following final plant shutdown would make a worthwhile contribution to our
knowledge of the mechanical behaviour of highly oxidized graphite.

II.

SUMMARY DESCRIPTION OF THE BUGEY-1 PLANT

11.1.

Main features
The BUGEY-1 reactor is a 540 MWe unit. Major reactor features are the following :
•

The design is of the "integrated" type. The cooling gas is blown downwards through the graphite
moderator stack by four turbine-driven circulators. The moderator stack is located above the main
heat exchanger, inside a prestressed concrete pressure vessel.

•

The fuel elements, annular in shape, are cooled internally and externally. Elements are encased in
graphite sleeves to facilitate handling. Maximum specific power is 13 w/g.
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11.2.

•

Individual fuel channels, containing 15 fuel elements, are directly accessible by the fuel handling
machine (direct view), and the reactor is refuelled on load.

•

Coolant gas pressure is 43 bar; average core inlet and outlet temperatures are 220°C and 400°C
respectively.

Graphite stack structure
The graphite moderator stack is 15 m. in diameter. It consists of 1315 graphite columns in a side-byside arrangement with total height of 10.20 m. Columns are built of prismatic bars assembled by three
tongue-and-slot joints. This built-in keying arrangement is designed to allow graphite bricks to expand
freely.
The graphite stack rests on a steel bedplate. It is encased in a side structure consisting of 132 steel
posts which support hexagonal steel blocks forming a thermal shield.
Graphite beds are held together by the "master" columns, which have been offset downwards by
making their bottom bricks 50 mm. shorter.

11.3.

Fuel channels
Individual nominal channels contain 15 fuel slugs. A channel consists of 12 bricks with height from 540
mm. to 890 mm. Bricks feature an axial hole with 224 mm. dia., making their wall thickness 55 mm. to
94 mm. according to brick azimuthal position.
The active core comprises 852 identical columns. The reactor is controlled through 75 control rod
channels with 88 mm. bore, arranged in 7 independent zones (one central and six peripheral zones).
The emergency shutdown absorber rods are accommodated in 9 identical columns.

11.4.

Main graphite properties
The graphite used in stack construction is of P3AN grade, made of LIMA petroleum coke, calcined and
ground to a particle size not exceeding 1.6 mm. The coke is then impregnated with coalpitch and
subjected to a densification treatment at 2800°C. Main physical properties are the following [2]:
1.685 g/cm"3
:
3.73 mbam
:
in the axial direction, i.e., parallel to the extrusion axis :
E//= 11000 Mpa.
in the transverse direction : E = 7500 MPa
- anisotropy coefficient
:
1.47
- average mechanical strength, Mpa :
Direction
//
i
Tensile
14
9.2
Compression
42
38
-bulk density
- capture cross section
- modulus of elasticity

:

III.

MAIN PHENOMENA AFFECTING THE STACK

111.1.

Brick distortion
Stack brick distortion is mainly of the following types :
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•

Transverse shrinkage (perpendicular to extrusion axis) and overall longitudinal shrinkage; the latter
are the cause of large relative displacements of the columns.

•

Differential longitudinal shrinkage : due to cell geometry, fibres in opposite faces of one graphite bar
may be subjected to a significant fast flux gradient.

•

The existence of such distortion has thus made it necessary on several occasions since 1989 to
use a bore gauge. The free passage of fuel elements has been restored through light reaming of
the graphite bed junctions.

111.2.

Graphite radiolytic corrosion
Compared with other UNGG reactors, the graphite in the BUGEY-1 moderator stack is affected by
radiolytic corrosion to a higher degree, due to the high specific power which may be generated in the
most powerful core channels, and to high coolant gas pressure.
A number of steps have been taken to reduce this phenomenon.
•

A slight CO 2 flow has been allowed between the brick inner and outer sides by creating a pressure
difference between the sides. To achieve this, CO 2 was circulated through the 2 mm. radial
clearance between the graphite beds and the fuel elements sleeves. The last sleeve, located at the
bottom of the channel, has ports which allow CO 2 to flow through the internal passage provided by
the train of fuel elements.

•

Injection of small quantities of methane into the coolant gas, to inhibit oxidization.

•

Although methane addition actually slows down corrosion, the radiolysis of CO2-CH4 mixtures
produces carboxyhydrogenated compounds which are deposited in the stack graphite and on the
fuel elements. These deposits have the following effects :

•

An increase in the moderator capture cross-section (deposit hydrogen content is approximately 1 %
by weight)

•

Degradation of the heat transfer coefficient through fuel element cladding. Deposit build-up at
cladding surface is detected and monitored by instrumentation located in a number of fuel channels.
Deposits are eliminated at regular intervals through oxidization, by injecting an approximate 2
tonnes of oxygen into the CO2. During this operation, which takes about 40 hours, the CO2 is kept
CH 4 -free. [1]

•

Cooling gas composition represents a compromise between corrosion inhibition and the reduction
of deposits on fuel element cladding, while controlling steel corrosion caused by water vapour. The
combination of the injection and CO2 purification systems has been effective in keeping the
concentration of impurities at the following levels, which are monitored daily by chromatographic
analysis :

[CO] = 13000 vpm, [CH4] = 420 vpm, [H2] = 100 vpm, [H2O] = 60 vpm.

IV.

PREDICTION OF GRAPHITE STACK BEHAVIOUR
. The "USURE" computer code
A computer code, known as "USURE", was written to predict the development of radiolytic corrosion in
the most affected part of the graphite stack. The purpose of "USURE", the principle of which is
described in [1], is to determine the changes in weight loss profile through the brick as a function of
time, with special emphasis on the area close to the channel wall.
The data obtained in 1988 (after 10.00 f.p.e.y.) show good agreement between the computed weight
loss profiles and those determined experimentally by gamma absorption measurements on the
samples taken from the fuel channels.
. The "INCA" computer code
The "INCA" code, a stress computation code, was used to predict time changes in the mechanical
behaviour of the graphite stack brick most affected by weight loss. The principle of the code, the basic
assumptions and the major parameters taken into consideration, including the weight loss profile
computed using the "USURE" code have been described earlier [1].
Since 1990, code utilization has been superseded by a statistical analysis of compression strength
data as determined on samples taken from the higher power channels during each unit shutdown.
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V.

GRAPHITE STACK MONITORING DATA [3]

V.1.

Measurement of stack axiat displacement
At the time of building, end pieces were screwed onto the lower ends of the loading wells. Eighteen
wells, located in three radial directions with 120° spacing, were used for axial displacememnt
measurements. Forty-six 5 mm. dia. holes, plus two locating holes, were drilled through the end pieces
of those wells over a 450 mm. length.
The guide tubes attached to the stacks blank off a number of the holes in the end pieces. Using a T.V.
camera for observation, and counting the number of visible holes, the stack axial position can be
determined. Accuracy of the displacement measurement is estimated at ± 1 mm.
Figure 1 shows changes in axial displacement as measured in each radial direction (O, South, West)
since 1971 (the starting date prior to going critical). Shrinkage can be observed, increasing toward the
stack centeriine, and becoming larger with time.

Figure 1 • Measurement of stack axial displacement
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Table 1. Time changes in graphite bed offsets

1989

1992

1989

1992

1992

Graphite bed numbers

Chanel

Year

'10

10.
'11

11/
'12

1

1

1

0

3

2.5

2

1.5

0.5

1.5

2

1

1

1

0

3.5

4

3.5

2.7

2.7

2

1

1.5

1.5

2

2

1

1.5

0

0

3

3

3

4

4

3

2.5

1.5

0

1

1

1.5

1.5

1.5

2

1.7

1.5

1

0

0.5

2

2.5

2.5

3

4

5

4

3

2

1

Offset (mm.) min.

0

0.5

1

1

1

2

2.5

2

1.5

0.7

0.2

Offset (mm.) max.

0.5

2

2.5

2.5

3

4.5

6

3.5

3

1.5

1.5

X

X

X

X

X

X

X

Offset (mm.) min.

0

1

1.5

1.5

2

1.5

2

Offset (mm.) max.

0.5

1.5

3

3

2.5

3.5

Offset (mm.) min.

0

0.5

1.5

1.7

2.5

Offset (mm.) max.

1

2

3.7

3

Offset (mm.) min.

0

1

1

Offset (mm.) max.

0

1.5

Offset (mm.) min.

0

Offset (mm.) max.

8

/'9

9

/

B3I5

B3I5

C5K5

C5K5

C6K8

V.2.

Measurement of stack radial displacement
A tube, fitted with a welded axis and a marker screw, is mounted on the reflector at a 7.03 m. distance
from the reactor vertical centerline. A ruler drilled with holes, linked to the reactor vessel liner, slides
through two openings in the tube. Using a T.V. camera, the displacement of the marker screw with
respect to the ruler can be observed.
Measurements made on the 3 wells fitted with this device show the displacements (of the stack toward
the reactor vessel) to be very slight (from 2 to 10 mm.), with no apparent change in time.

V.3.

Monitoring the channels
During every unit shutdown, a number of channels were inspected, running a T.V. camera through the
full height of the stack to evaluate the relative shifts of the graphite beds, and also to detect possible
cracks and monitor their future developments.

V.3.1.

Graphite bed shifts
The 74 higher-power channels were inspected from 1989 to 1992 and, in all the channels, offsets were
observed between all the graphite beds, as numbered from 1 to 12 starting at the bottom of the stack.
Table 1 summarizes the data on three typical channels, two of which were inspected in 1989 and 1992.
Graphite brick interfaces were subjected to 360° inspection using a T.V. camera. The table shows the
minimum and maximum shifts observed.
In all channels, maximum offset is seen to occur at beds 7 and 8, and the values grow with time.

V.3.2.

Crack examination
From 1983 to 1992, inspections for cracks show the following results :
•
•
•

Number of channels inspected over their entire length : 106
Number of channels showing cracks :
42
Data on channels with cracks are summarized in Table 2.

It should be observed that, out of the 74 higher-power channels, which were included in the 106
channels inspected, only 28 showed fine cracks.
The table shows that, in most of the channels, cracks occur at bed 6, the zone most affected by
radiolytic corrosion.
Table 3 summarizes the features of cracks in three typical channels among the 106 examined. These channels
are representative of the observations made. In general, crack dimensions (length, width) vary very little with
time.
V.4.

Graphite core samples
To monitor graphite weight loss and mechanical properties, core samples were taken, in a direction
perpendicular to channel center-line, during every unit shutdown since 1979. Cores were of two types :
17 mm. dia., length 20 to 30 mm. and 30 mm. dia., length 30 mm. From the latter core types, taken
since 1990, two samples can be cut at right angles to the core centerline; they are used to determine
compressive strength in a direction parallel to the graphite extrusion axis.
Samples were machined to size and the following measurements were made :
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•

Weight loss, dereived from bulk density as obtained by dimensional examination (using a laser
micrometer) and weighing. It should be noted that initial bulk density was found to be 1.70 g/cm^.

•

Measurement of compressive breaking strength, in directions perpendicular and parallel to the
extrusion axis.

•

Determination of weight loss profile along sample centerline, through gamma absorption
measurements on the most affected specimens.

•

Hydrogen content measurements on a limited number of samples.

Table 2. List of channels with cracks

Bedn°

*
**
***

Channels showing fine cracks

2

B7K9*, C6K4, D2J4**

4

B1I3, B1J5", B3I5*. B3K3*, C0H6, C4K6**, D2J8***

5

B9H1, B9k9, C1I9*, C 4 k 6 " , C5K9, C7H3*, C9H7*, D0J6, D0J8, D1H9, D1J7",
D1J9, D2J8*", D3J7

6

B0I8*, B1J5", B3I1,B3J9, B3K3*, B7K9*. C1H3, C1I9*, C4K6**, C6H2, C9H7*.
D1I1,D1J7**, D1k3*, D2j4**, D2j8"*, D3I7*, D3J3

7

B0I8*, B1J3, B1J5", B3I3, B5K1, C5K5, C7H3*, D1K3*. D2J8***, D3I7*, D3I9

8

B4I0, COJO, C2J2, D2J4"

9

B5J9, C8K6

11

B0J2, B3I5*, D1J7"

channel with fine cracks over 2 beds
channel with fine cracks over 3 beds
channel with fine cracks over 4 beds

Table 3. Time changes in crack features

Channel

Year

Remarks

Bed

C1H3

1987

Circular crack (0.5 mm.). Two vertical (2.5 and 0.2 mm.) in middle of
bed.

6

1988

Same as 1987

1989

Same as 1987 + one vertical crack at bed bottom

1991

Same as 1987,1989

1992

Same as 1987,1989

1986

Circular crack (0.5 mm.) in middle of bed

6

1988

Same as 1986 + one vertical crack in middle of bed (0.5 mm.)

8

1989

Same as 1986,1988 + one fine crack reaching bed bottom

2

1991

Same as 1986,1988,1989

1992

No significant changes

1989

Small, fine vertical crack at bed bottom (length :
into circular crack (1/4 turn)

1990

Same as 1989

1991

Same as 1989

1992

Same as 1989

D2J4

C5K9

1

10 cm.), turning

5
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During the 1979-1994 period, a total of 938 samples were taken, on which 425 compressive strength
measurements were made (Table 4).
Table 4. Sampling schedule
1979

1981

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1994

f.p.e.y.

-

-

7.45

8.03

8.50

9.04

9.39

10.00

10.39

10.79

11.11

11.45

12.18

no of samples

3

9

32

63

42

56

59

94

56

191

223

61

49

938

no of Re

-

-

32

44

32

21

20

17

28

62

59

61

49

425

Year

Total

measurements

V.5.

Weight loss measurement data
Figure 2 shows weight loss vs. time, the latter being expressed in terms of f.p.e.y. The curve is a plot of
336 measurements made on samples taken at 17.2 m. elevation (5.6 m. from stack top) from a number
of channels, among which the 74 higher-powered ones. It should be noted, however, that the 1994
samples were taken between 16.5 m. and 18.2 m.
As early as 1989, weight loss determinations, at several points in time, on samples closely spaced in
one channel had led to the calculation of the initial oxidation rate for graphite [1].
+ 0.30
9o =

-0.36

</5
CO

o

q(o)=1.11%/f.p.e

£2

q(o)=0.76%/f.p.e

20

10
0
0

2

4

6

8

10

Full power equivalent year
Figure 2 - Experimental and calculated weight loss
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12

14

Curves plotted from the modified STANDRING relationship [4] (considering reactive pore volume
instead of open porosity) represent the cumulative weight loss of the stack as a function of reactor
lifetime; they include most of the measured values.

ioonR
l-n

loon

where
rip
g0
t

reactive pore volume in graphite, i.e. 0.10 cm 3 /cm 3 [5] [6]
initial oxidization rate
time expressed in full power equivalent years.

=
=
=

While data scattering is accounted for by a number of non-uniformities (in CH 4 flowrate, graphite
porosity, neutron flux, etc.), no explanation has been found for the fact the average weight loss
recorded for the 1994 samples (12.18 f.p.e.y.) is clearly above the STANDRING curve.
The maximum corrosion rate recorded was 42.5% in one of the core samples taken at 17.30 m
elevation. However, some uncertainty remains as to representative character of this figure, since the
sample had to be machined, which eliminated a section less affected by corrosion; further, the
presence of a cavity made it necessary to apply an estimated volume correction.
The second highest corrosion rate figure was found to be 40.1%, in a core sample taken at 18.2 m.

V.6.

Compressive strength data
For the last batch of samples, it was decided that core diameter would be 30 mm. to broaden the
scope of compressive strength in the direction parallel to the extrusion axis, in the zone showing a
weight loss of 25% or more.
The lowest values of compressive break strength recorded during the yearly sample-taking periods are
the following (Figure 3) :

V.7.

Rcl

=

5.7 MPa with U = 36.3% (1992 sampling),
i.e., 15% of initial strength

Re//

=

10.0 MPa with U = 38.9% (1994 sampling),
i.e., 24% of initial strength

Statistical analysis of compressive strength data
The purpose of this analysis is to detect a possible worsening of the drop in compressive strength,
which would indicate an increasing, non-linear degradation of graphite mechanical properties [7].

V.7.1.

Compressive strength in the direction perpendicular to the extrusion axis
The 27 samples taken after 12.18 f.p.e.y. yielded 21 measurements which supplement the existing
data for corrosion rates in excess of 30%.
The two statistical time change relationships derived by linear regression in the [25%, 30%] and [30%,
40%] ranges were updated and are now written as follows :
Rcl

25(U)

=

43.34-1.018 U

=

12.8 MPa,

hence
R c i25 (30%)

a practically unchanged figure (it was 12.9 MPa in 1992).
R c l30 (U)

=

25.29 - 0.441 U
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hence
R c 1 3 0 (30%)

=

12.1 MPa (12.5 MPa in 1992)

R c 1 3 0 (35%)

=

9.9 Mpa (7.8 MPa in 1992)

This last result is quite representative of a marked reduction in the downward trend of compressive
strength as a function of weight loss. The recording of 10 additional points (exclusive of the sample
with 42.5% weight loss), with abscissae in excess of 35% led to the detection of this change in trend
and to a refinement of the analysis by providing an explanation for the process involved.
The number of points available on the [35%, 40%] weight loss segment (12), small as it is, is sufficient
to outline an average statistical relationship for predicting changes in that interval. Let us consider the
straight line segments obtained by linear regression in ranges [25%, 30%], [30%, 35%] and [35%,
40%]; their equations are the following :
RC_L

25-30(11)

=

43.34-1.018 U

RCJ_

30-35(11)

=

28.74-0.549 U

Rcl

35-40(11)

=

10.9 - 0.059 U

Rcl

35-40(35%) =

8.8 MPa

RC_L

35-40(40%) =

8.5 MPa

Hence

and

The above relationship and data indicate that compressive strength in the range considered has
become practically stable.

V.7.6.2

Compressive strength in the direction parallel to the extrusion axis
The 22 measurements made during the last sample-taking period have led to the final validation of the
average statistical relationships derived by linear regression over segments [25%, 30%] and [30%,
39%].
The relationships are based on 31 and 34 experimental points respectively; they are now written as
follows :
25 (U)

=

27.94-0.25 U

25(30%)

=

20.4 MPa (20.7 MPa in 1992)

hence
R<JI

In this case, compressive strength shows only a minor change as compared with 1992, which could be
expected in view of the very small number of additional points recorded (3).
RJ!

30 (U)

=

45.3-0.905 U

RJI

30(30%)

=

18.1 MPa (17.7 MPa in 1992)

RJI

30(39%)

=

10 MPa

hence

and

The above relationship shows a definite increase in its downward trend, mainly as a result of the
additional experimental points recorded at the higher weight loss levels :
RfJI

30(35%)

=

13.6 MPa as compared with 14.6 MPa in 1992.

This observation has naturally prompted us to draw a parallel with the behaviour of compressive
strength in the direction perpendicular to the extrusion axis, to that end, we have used linear regression
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to derive the average statistical relationships over the [30%, 35%] and [35%, 39%] segments, the latter
being based on 11 samples only.
Re//

30-35(U)

=

31.13 - 0.457 U (23 experimental points)

Re//

30-35(30%)

=

17.4 MPa

Re//

30 - 35 (35 %) =

15.1 MPa

Re//

35-39(U)

=

50.9 U-1.069 U

Rc//

35-39(35%)

=

13.5 MPa

35-39(39%)

=

9.2 MPa

hence

hence

The above shows a significant increase in the downward trend of the compressive strength as a
function of weight loss. This is noteworthy, as the situation is the opposite of that observed, in the
range considered, when the direction is perpendicular to the extrusion axis.
The experimental anisotropy factor, as defined on the basis of relationships R c l 30 - 35 (U) and ^
30-35 (U), was found to be 1.59 for U = 35%. It is lower than in 1992, when it was 1.86, while
remaining an ascending function of weight loss up to a rate of 35%. The decrease in compressive
strength in the parallel direction, and its quasi-stabilization in the perpendicular direction, account for its
subsequent reduction.

V.8.

Interpretation of experimental data
To investigate the change in compressive strength as a result of radiolytic corrosion and neutron
irradiation, the two effects were first studied as a combination, then separately. It has been shown [8]
that if:

Rc(ox)
—

is the change in compressive strength due to radiolytic oxidization alone, the
initial compressive strength value being R c (o),

and
—

is the change in compressive strength due to neutron irradiation in an inert
gas atmosphere, compressive strength value being R c (o),

the combined change

RcQr,ox)

Rt(o)

—-—

_ Rc(ir)

RM

^

is given by :

Rc(ox)

^(o)

Irradiation of LIMA coke-based graphite at 300°C and 400°C [9] shows that compressive strength rises
very rapidly at low doses (up to 6000 MWJ/TA), then more slowly at higher doses.
At a first approximation, the change can be represented by equation [9]:
R c (ir) ~ Ro (1.4 + 1.25.10"6 D)

(2)

where D is the dose in MWJ/TA.
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Assuming that in the case of BUGEY-1,
1 f.p.e.d. ~ 12 MVWTA
After 12.18 f.p.e.y., the dose has become 5.33 10 4 MWJ/TA.
Neglecting the last term of relationship [2], which only accounts for a 6.6% increase in Ro, and taking

Rc(ox)
Rc(o)

= exp (- a U)

The relationship [1] becomes after fitting with experimental data
R c (ir, ox) = 1.4 R o exp (- 0.043 U)
where U is the weight loss in %.
This relationship for R c 1 the graph of which is shown in figure 3, is in full agreement with that obtained
by KELLY [10];
= exp (- 0.04 U)

The fit of the R c // measurement points is not satisfactory, first because the initial value Ro // = 42 MPa
is too small and, second, because strength begins to drop when weight loss exceeds 35%.

Rc -<- =52.8'exp(-0.047*U)
Rc//=67.6*exp(-0.045'U)
•
Rcxa12.18 f.p.e.y.
A
Rc// a12.18 f.p.e.y.

0

10

20
30
Weight loss (%)

Figure 3 - Compressive strength - BUGEY.1
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VI.

CONCLUSION
Based on the observations made on the 74 higher-powered channels during each unit shutdown, we
conclude that there is no risk of channel wall crumbling, considering the slight growth of the cracks,
most of which are located in the maximum flux zone.
The BUGEY-1 stack monitoring program, based on the taking of core samples, has enabled us to
locate the zone most affected by radiolytic corrosion, in which weight loss was found to be as high as
40% in some areas after 12.18 f.p.e.y.
A statistical investigation of the many (425) compressive strength data also shows a halt in the
degradation of graphite mechanical properties in the direction perpendicular to the extrusion axis, and
the existence of an ample margin as regards the compressive strength along the extrusion axis.
However, the fact that a sharp drop in mechanical properties cannot be ruled out in certain highcorrosion zones appears to justify the energy level on which the final shutdown date was based as
early as 1989, i.e., 12 f.p.e.y.
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Abstract

The importance of radiolytic oxidation in graphite-moderated C02-cooled reactors has long been recognised,
especially in the Advanced Gas-Cooled Reactors where potential rates are higher because of the higher gas pressure
and ratings than the earlier Magnox designs. In all such reactors, the rate of oxidation is partly inhibited by the CO
produced in the reaction and, in the AGR, further reduced by the deliberate addition of CH4. Significant roles are
also played by H2 and H2O.
This paper reviews briefly the mechanisms of these processes and the data on which they are based. However,
operational experience has demonstrated that these basic principles are unsatisfactory in a number of respects.
Gilsocarbon graphites produced by different manufacturers have demonstrated a significant difference in oxidation
rate despite a similar specification and apparent equivalence in their pore size and distribution, considered to be the
dominant influence on oxidation rate for a given coolant-gas composition. Separately, the inhibiting influence of
CH4, which for many years had been considered to arise from the formation of a sacrificial deposit on the pore
walls, cannot adequately be explained by the actual quantities of such deposits found in monitoring samples which
frequently contain far less deposited carbon than do samples from Magnox reactors where the only source of such
deposits is the CO.
The rates of radiolytic oxidation have been shown to be independent of impurity content within the graphite, and
the ability of the graphite to influence the classical water gas shift reaction, and thereby perturb the gas chemistry
within the pores, has been shown to depend on the internal surface area of the material.
Significant differences have been found between the two gilsocarbon moderator graphites in their internal surface
area and in their shrinkage behaviour under combined neutron and gamma irradiation. These are discussed in the
context of the oxidation mechanism. The mechanism of inhibition of the oxidation reaction, and how this could be
affected by changes in the surface potential energy of the graphite are also discussed.
The paper also describes the current status of moderator weight-loss predictions for Magnox and AGR Moderators
and the validation of the POGO and DIFFUSE6 codes respectively.

1. INTRODUCTION
All of the electricity producing nuclear stations in the UK are, with the exception of the
recently commissioned Sizewell B station, graphite moderated, carbon dioxide cooled reactors.
The UK generating companies operate eighteen 'Magnox' type reactors (six reactors have been
shut and are now being decommissioned) and fourteen Advanced Gas Cooled Reactors (AGRs).
Throughout the course of the building programme, successive Magnox reactors were designed
to operate at increasingly higher thermal powers, with consequent increases in the radiolytic
oxidation of the core. The second generation AGRs were designed to operate at significantly
higher coolant pressures and reactor powers, to increase markedly the thermal efficiency.
In addition to moderating the nuclear reaction the graphite core provides a significant
structural function, and it is thus essential to the continuing safe operation of these stations that
the continuing integrity of the core can be assured as radiolytic oxidation and thus loss of
181

graphite strength proceeds through life. In view of this the radiolytic oxidation of graphite in
carbon dioxide and the inhibition of the reaction by the addition of simple gaseous species to the
coolant has received considerable study, directed both to the fundamental mechanisms of the
process and towards the development of methods to predict the evolution of graphite weight-loss
profiles within both individual components and the core as a whole.
This paper outlines the current views on the mechanism of radiolytic oxidation in carbon
dioxide based coolants, and indicates areas where, even after the extensive study of over four
decades, in-reactor observations can confound predictions. The methods used to predict core
weight loss in the UKs Magnox and AGRs are discussed, together with their validation. Finally,
recent results are described in which in-reactor observations diverge markedly from prediction:
experimental work to resolve the conflict is described.
2. MECHANISMS OF RADIOLYTIC OXIDATION
The rate of radiolytic graphite oxidation is strongly influenced by the reactor gas
chemistry and by the pore structure of the graphite. The subject was last comprehensively
reviewed in 1985 [1] and the purpose of the present paper is to take forward the position in the
light of current thinking.
It is still firmly believed that the principal chemical species formed from irradiated carbon
dioxide which is capable of chemical attack on carbon species is the negatively-charged ion CO3".
There have been a number of experiments using ion chambers with radioactively-labelled carbon
electrodes which have been used in attempts to identify the charge on the oxidising species, but
results must fairly be described as ambiguous. It is also known that photolytic attack (in the
absence of charged species) is possible. However, the definitive test was to consider the reaction
rate of candidate species with the inhibitor carbon monoxide (the product of the graphite
oxidation), to identify the species which exhibited the appropriate kinetic characteristics, and
then to test its behaviour in a suitable mass-spectrometer. This was followed by the replacement
of the ion source in the spectrometer with a radioactive emitter, which was demonstrated to
generate the same ionic species. In the reactor environment, parallel reaction from excited species
which have insufficient energy to ionise will also occur, as in the pure photolysis tests.
The reaction rate is proportional to the rate of energy absorption in the gas and hence,
approximately, to reactor coolant pressure. The reaction product CO provides sufficient control
of the oxidation process in the Magnox reactors (by gas-phase removal of the oxidation species)
that no other deliberate additions of inhibitor are generally made, except in the Oldbury reactors,
as discussed below. In the AGRs, operating at higher pressures, further inhibition is essential.
Since the oxidation process involves a surface reaction in competition with the gas-phase
inhibition process, geometric considerations in pores accessible to the gas are important. The
smaller the pore (or the greater the surface-area-to-volume ratio) then the more successful will
the surface graphite be in competing with the inhibitor CO for the oxidising species, and so the
net oxidation rate per unit of radiation energy absorbed locally in the gas will be higher. Thus,
the differing pore-size/shape distributions in different graphites lead to differing oxidation rates
under identical conditions, and the developing pore structure needs to be modelled when
following the progressive oxidation through the life of a reactor.
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The most significant developments in our understanding of radiolytic oxidation relate to
the detailed chemical processes which take place on the surface. It has long been known that the
oxidising species is mobile on the surface (or creates a 'mobile surface oxide'), since it is
observed that oxidation is greatly favoured (by several orders of magnitude) at 'edge' sites on the
individual crystallites. It is in this process that hydrogenous impurities, such as vpm quantities
of water and hydrogen which are present in the Magnox-reactor coolants, are thought to be
involved. The deliberately-added methane in AGR coolants results in similar interactions, but
in this case a preceding gas-phase reaction is important, for the methane is attacked by the same
oxidising species CO3" and other ionic and radical species to begin a decomposition process
which ultimately leads to soot formation. In this sense, therefore, methane is another gas-phase
inhibitor of the graphite oxidation process since it competes for the oxidising species, but as it
is present only at very low concentration (approximately 230 vpm compared with 10,000-12,000
vpm CO), this role is unimportant. We shall now consider the roles of the hydrogenous additives
in more detail.
Under all normal circumstances, the 'free' chemical bonds available at edge sites on the
carbon (graphite) crystallites will be occupied by hydrogen atoms, and literature reports of
radiolytic oxidation rates1 imply measurements made under this condition, although the
significance has not previously been discussed. However, it is noted that after long periods of
'dry' Magnox-reactor operation, with no ingress of either boiler steam or gas-circulator oil into
the coolant circuit, values of G(-C) tend to rise significantly. Conversely, after significant steam
leaks (or, indeed, after maintenance outages when the reactor has been exposed to atmospheric
air at much greater moisture concentration than in normal operation), lower oxidation rates apply.
The surface role of the decomposed methane inhibitor is also deserving of further
consideration. It has been the convention to describe the carbon deposit as a sacrificial inhibitor,
literally covering the graphite-carbon atoms with a layer of non-graphitic carbon which is
oxidised instead. If this were the correct mechanism, then one would expect to see much greater
quantities of carbon deposited onto the surface of graphite in AGRs, where CH4 is deliberately
added and the graphite oxidation rates are much lower, than in the Magnox reactors where the
methane is usually at very low concentration (<10 vpm). A Magnox graphite moderator,
however, contains significantly larger amounts of non-graphitic carbon (locally up to 3% by
weight in regions of one reactor compared with a typical 0.4% in an AGR core) which is derived
from radiolytic polymerisation of the carbon monoxide, and yet the relative graphite oxidation
rate remains much higher. Explanation of the effect of the added methane as a purely sacrificial
process is therefore not adequate, although it may play some role.
3. THE PREDICTION OF GRAPHITE WEIGHT LOSS
In order to provide advice on how the Magnox reactors and AGRs should be operated in
order to minimise graphite weight loss and to predict the evolution of weight loss throughout the
reactor lifetime, it is necessary to incorporate the mehanistic observations of the previous section
into a reliable model of graphite oxidation. Such a model is required to account for variations in
coolant history and irradiation, as well as being able to calculate weight loss profiles within
graphite components of complex and irregular shape. Differences in brick shape between the

1

Defined as G(-C), the number of carbon atoms oxidised per lOOeV of radiation energy
absorbed in the gas.
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Magnox and AGR systems, as well as the simpler coolant composition in the former reactors,
has led to the use of two models for estimating weight loss: POGO12 for Magnox and
DIFFUSE6 for AGRs.
3.1 POGO12
In POGO12 the pore structure of the graphite is represented by a finite number of pore
-size groups, each having a characteristic dimension and shape and a fraction of the total open
pore volume. Gj(-C) for each pore group is defined by the relationship
Gs(-C) = Fi. P . G(+Ox)
where G(+Ox) is defined as the number of oxidising species generated per lOOeV of radiation
energy absorbed; the recommended value in dry gas is 3.0, which is the experimentally measured
ion yield from CO2. P is the probability of carbon gasification resulting from the oxidised species
reaching the pore surface, and can be considered as the probability that the active species is
scavenged on the surface. The value of P is determined empirically from experimental data
obtained in irradiation facilities. F; is the efficiency of oxidation for the ith pore group, and is the
proportion of the oxidising species that reach the pore surface. It is calculated for each pore group
by solving the diffusion equation for the oxidising species of concentration c
D V2c + p - Kc = 0
where D is the diffusion coefficient of the oxidising species, p is the rate of production of the
oxidising species per unit volume and K is the rate of removal of the oxidising species by carbon
monoxide and methane. The characteristic dimensions of the pore groups can be obtained by
either mercury porosimetry or, preferably, image analysis.
In practice, the value of G(Ox) calculated from observed G(-C) data is less than 3.0 for
samples retrieved from Magnox reactors. The shortfall arises from hydrogenous material from
the coolant deposited on the graphite surface, acting as a sacrificial species and effectively
supplementing the value of P. With this correction, the model gives a good account of the
measured weight loss of samples trepanned from the bores of both fuel and interstitial channels
of Magnox reactors (see Figure 1).
3.2 DIFFUSE6
DIFFUSE6 is a three-dimensional finite element program which solves the coupled
equations for mass transfer and graphite oxidation to produce a composition profile of methane,
carbon monoxide and water and the distribution of graphite weight loss within a graphite
component. The graphite oxidation within the program is calculated from the Reactive Pore
Volume (RPV) model developed by the UK Atomic Energy Authority. The RPV model is based
on the experimental observation that only pores below a certain size are actively involved in
graphite oxidation; this porosity is known as the reactive pore volume and is used instead of the
open pore volume.
The RPV model requires values for the attack rate (initial oxidation rate); in the endorsed
model this is obtained by interpolation into a look-up table of initial oxidation rates as a function
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of CO and CH4 concentrations. The look-up table has been derived by fitting a database of
measured initial oxidation rates for a wide range of coolant conditions. The database includes
measurements from AGL, BAEL and Union Carbide graphite; in principle, it should give bestestimate predictions of the mean weight loss in a reactor.
The initial attack rates were validated against results from accelerated oxidation tests in
the BFB reactors: the program gives a good account of the measured weight loss of samples
trepanned from the fuel channels of Hinkley Point 'B', the longest running AGR for which such
samples are available.
4. THE ANOMALOUS WEIGHT-LOSS RATE OF BAEL GRAPHITE
Although the moderators in the AGRs are all gilsocarbon graphite, graphite for
Dungeness 'B1, Hunterston 'B' and Hinkley Point 'B' was manufactured by Anglo Great Lakes
whilst that in the later reactors was provided by British Acheson Electrodes Ltd. (BAEL). {The
graphite sources are referred to by the manufacturers initials.} Both graphites were made from
the same coke (derived from natural Gilsonite pitch from the American mid-west) and binder
(also natural Gilsonite pitch) to the same specification of average density and open pore volume.
Image analysis and mercury porosimetry had shown that the two graphite sources had the same
range of pore-size distribution and thus, given that the radiolytic oxidation rate for a given
coolant composition and dose rate is a function of the pore structure only, the two sources were
expected to oxidise at the same rate. This assumption was borne out by an extensive programme
of tests in Materials Testing Reactors as well as some limited investigations at the Gamma
Irradiation Facility at Berkeley Nuclear Laboratories.
As part of the graphite monitoring schemes for the AGRs, one interstitial channel in
Hinkley Point 'B' Reactor 3, was loaded with sample carriers that contained, amongst other types
of graphite, a large number of samples of both AGL and BAEL graphite. Both sources were
represented by about eight separate graphite heats. (A heat is the batch of raw bricks that are
graphitised together in a production run) A total of four sample carriers containing specimens
from both sources have now been removed from Hinkley Point B. Whilst the weight losses of
the AGL specimens agreed well with prediction, it is clear from a comparison of the observed
weight losses for the BAEL specimens (Figure 2) with prediction that the BAEL source is
corroding at a rate approximately 1.9 times faster than the AGL graphite. As these graphites have
been exposed to identical dose and gas conditions, and as samples of each type of graphite were
in close proximity to each other in the sample carriers and have not therefore been subjected to
differences in environment, the discrepancy in oxidation rates can only arise from a divergence
in the attack rates of the two graphites. It is worthy of note that the observed attack rates of both
graphites show considerable variance, although the data falls into two well-separated groups with
the exception of samples from one heat of the BAEL graphite, which shows attack rates
equivalent to the mean rate of the AGL source. The experimental observation of this variation
has been subsequently confirmed by comparing the weight loss of samples trepanned from both
reactors at Hartlepool and Heysham A with those taken from several separate trepanning
campaigns at Hinkley Point 'B'.
The question arises as to why the MTR programme had not uncovered such a large
difference between the two sources of graphite. A reexamination of the BFB test data
demonstrated that samples were used from only three AGL and three BAEL bricks. Of these, two
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AGL bricks showed high oxidation rates, whereas one was less reactive. Similarly, two BAEL
bricks showed a high oxidation rate whilst the third showed a low rate. The spread and overlap
of the two sets of data therefore suggested at the time that the two sets of oxidation rates were
equivalent, a conclusion that was expected as the mean properties that were held to determine
oxidation rate were the same for the two graphite sources. With hindsight it is clear that the
sample size was statistically unrepresentative of the whole populations of bricks.
The results for the samples withdrawn from Hinkley Point B were similar to those
examined previously in that there was no apparent difference in the two graphite sources to
which the divergence in weight loss could be attributed. The only apparent observable difference
was that the irradiated BAEL graphite appeared to be more radioactive than the AGL source.
There had also been a reference in early UKAEA work to BAEL graphite catalysing the thermal
Water Gas Shift reaction whilst AGL graphite showed no activity. This suggested that the origin
of the variation might lie in the presence of catalytic material in the BAEL graphite, which may
either interfere with the surface component of the oxidation reaction (although not the radiationmediated reactions), perhaps by changing the mobility of species on the graphite basal plane, or
by perturbing the H2/H2O ratio within the graphite pore. Both of these processes might be
expected to be thermally activated. The known role of hydrogen as an inhibitor of the oxidation
reaction seemed particularly suggestive in this context. To test these ideas a number of
investigations were carried out using both the irradiated samples taken from the carriers and
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archived material derived from the same graphite bricks used to generate the samples for the
carriers. It was thus possible to relate observed properties of the unirradiated graphite samples
to the measured radiolytic oxidation rates.

4.1 Experimental Observations
4.1.1 y-Spectroscopy and Neutron Activation Analysis
A selection of samples were removed from the hot cells and y -spectra obtained. In
parallel, a number of the archive specimens of BAEL graphite were analysed using neutron
activation analysis. Although considerable variation was found in the extent of metal
contamination, particularly of cobalt, there was no correlation with the attack rate ratio.
RATE
vpm/g

SURF1CE AKEA I m2 <f'

F i g u r e 4 Variation of Hydrogen Conversion With Graphite Internal Surface Area
4.1.2 Properties of Archive Samples
Before the graphite samples were installed in the carriers a number of characterisation
tests were carried out. These included the determination of bulk density, open pore volume and
total (BET) surface area. It was found that the correlation between bulk density and open pore
volume with attack rate was barely significant at the 95% level but, in contrast, there was a very
strong correlation between BET surface area and attack rate (Figure 3).
4.1.4 Water Gas Shift Reaction
The rate of conversion of hydrogen to water in carbon dioxide containing 1% carbon
monoxide flowing over graphite was investigated at 400°C and O.lOlMPa gas pressure (1 atm.).
No correlation was found with impurity concentrations, but a strong correlation was found with
BET surface area (see Figure 4 in which the sample numbers beginning 7 and 12 are AGL
grpahite and the remainder are BAEL).
188

4.2 Discussion
The lack of any dependency of the observed radiolytic oxidation rates with the
concentration of impurities seems to rule out the possibility of catalysis as the origin of the
difference in behaviour between AGL and BAEL graphite. This is consistent with our current
understanding of the radiation induced oxidation of graphite, where the dependent parameters
are the pore size and shape, and the local gas composition within the pores. It is possible to
conceive of mechanisms whereby metallic impurities interfere with the mobility of the active
intermediates on the graphite surface, and there is at least one report which implies that
impurities in the graphite can affect the rate of radiolytic oxidation [2]. No evidence, however,
has emerged from this study to support these speculative mechanisms and thus changes in
metallic content can be held to have no observable influence. One explanation for the change in
rates is related to an observed differences in neutron-induced shrinkage behaviour. Figure 5
compares the observed shrinkage of the cylindrical specimens withdrawn from Hinkley Point 'B'
with those predicted from the data base of experimental values for gilsocarbon graphite and
demonstrates a clear distinction in the shrinkage behaviour of the BAEL and AGL graphite. It
is noteworthy that the sample of BAEL graphite from the unreactive heat exhibits shrinkage
similar to that of the AGL samples. It is assumed that gilsocarbon graphite shrinks as a
consequence of neutron irradiation because the expansion of crystallites in the c axis is taken up
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by porosity and thus only the shrinkage along the a and b axes contribute to the overall
dimensional change. Changes in pore geometry would therefore be expected to alter the
shrinkage properties as is observed in these studies. Such a change in pore geometry could leave
the open pore volume unchanged whilst the internal surface area alters and would have a
significant effect on radiolytic oxidation by changing the mean distance by which the oxidising
species has to diffuse to the graphite surface. With this explanation, therefore, the origin of the
divergent behaviour is purely geometric and lies within the framework of our current model of
graphite oxidation as exemplified in our predictive codes POGO and DIFFUSE6.
The studies described here have supported previous observations that BAEL and AGL
graphite differ in their activity towards the thermal Water Gas Shift reaction. However, our data
would suggest that the origin of the divergence lies in the differing surface area rather than in the
catalytic properties of the impurity content. A speculative mechanism for the divergent behaviour
of the two graphites lies in the different ability of the graphite surfaces to mediate
hydrogen/water conversion reactions. Hydrogenous material has been shown to influence the
process of radiolytic oxidation. Tests in the Oldbury reactors (with Pile Grade 'A' graphite) have
demonstrated a beneficial effect in terms of reducing the overall graphite oxidation by elevating
the net concentration of hydrogenous impurities by injecting methane. Further, there appears to
be a 'memory' effect such that a six-month cycle of one month at 200 vpm H2 (achieved through
methane injection) followed by decay to a minimum of 50 vpm for the succeeding five months1
provides an effectively continuous reduction in graphite-oxidation rate. The observation of such
memory effects strongly implies that these inhibiting processes operate on the graphite surface.
One such mechanism is some form of sacrificial interception of the oxidising intermediate,
similar to that proposed for the oxidation-inhibiting role of methane. A perturbation of the
dynamic equilibria between these processes as a consequence of surface energetics would thus
account qualitatively for the observed behaviour of the two graphites. Against this, however, is
the observation that these surface chemistry processes are essentially thermal processes and, as
such, would be expected to show some dependencies on temperature. No such temperature
dependencies have been observed in the observations of radiolytic oxidation of graphite, in
accord with the presumption that the rates of radiation mediated processes are independent of
temperature.

A sacrificial mechanism, however, is not the only process whereby radiolytic oxidation
can be inhibited; it has already been mentioned (Section 2) that the observational evidence for
the formation of sacrificial deposit from methane is not convincing. We can consider an
alternative process in which the extent of inhibition is proportional to the lifetime of the
oxidising intermediate on the graphite surface, between its arrival from the gas phase to its
destruction by the gasification of a surface carbon atom at an edge or defect site. The longer the
lifetime of the intermediate, the greater the probability that it will react, either with a surface
species such as carbon monoxide (the surface analogue of the gas-phase inhibition) or directly
with a gas-phase species by an Ely-Rideal mechanism. The lifetime of the intermediate will be
governed by its mobility, which will in turn depend on the potential energy surface of the
graphite basal plane. The role of the inhibiting species is therefore to modify this potential
energy surface, impeding or even trapping the active intermediate. The observed difference
between AGL and BAEL graphite thus derives from a change in the potential-energy surface of

1
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Thereby avoiding excessive mild-steel oxidation in other reactor components.

the planes, arising from the subtle geometric differences between the two sources that have been
discussed here.
Preliminary indications are that the effects of surface potential variation on radiolytic
oxidation can be investigated by theoretical calculations using density functional theory. An
initial study (M. Heggie, University of Exeter, Personal Communication) has examined how the
proposed intermediate, CO3", interacts with the graphite surface and has shown that it does indeed
form a bound state. It is hoped to extend these calculations to study the interactions between
species on the surfaces; to test these speculative mechanisms, as well as investigating how
geometric changes in the graphite could alter the course of the oxidation reaction.
Although the foregoing has indicated that there are still areas in the field of radiolytic
graphite oxidation where our understanding is incomplete, we are still able to use the predictive
models described here to assess the current and future weight losses in our reactors. The
monitoring results enable empirical graphite attack rates to be derived which are then
incorporated into the models. The monitoring programmes therefore have a continuing role in
both defining the graphite behaviour and validating the oxidation models so derived.
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Abstract
French gas-cooled reactors belonging to the Atomic Energy Commission (CEA), Electricity de
France (EDF), Hifrensa (Spain), etc., commissioned between the 1950s and 1970s, have generated
large quantities of graphite wastes, mainly in the form of spent fuel sleeves. Furthermore, some of
these reactors scheduled for dismantling in the near future (such as the G2 and G3 reactors at
Marcoule) have cores consisting of graphite blocks.
Consequently, a fraction of the contaminated graphite, amounting to 6000 t in France for
example, must be processed in the coming years. For this processing, incineration using a circulating
fluidized bed combustor has been selected as a possible solution and validated.
However, the first operation to be performed involves recovering this graphite waste, and
particularly, first of all, the spent fuel sleeves that were stored in silos during the years of reactor
operation.
Subsequent to the final shutdown of the Spanish gas-cooled reactor unit, Vandellos 1, the
operating utility Hifrensa awarded contracts to a Framatome Iberica SA/ENSA consortium for
removing, sorting, and prepackaging of the waste stored in three silos on the Vandellos site,
essentially graphite sleeves.
On the other hand, a program to validate the Framatome fluidized bed incineration process was
carried out using a prototype incinerator installed at Le Creusot, France. The validation program
included 22 twelve-hour tests and one 120-hour test. Particular attention was paid to the safety aspects
of this project. During the performance of the validation program, a preliminary safety assessment was
carried out.
An impact assessment was performed with the help of the French Institute for Protection and
Nuclear Safety, taking into account the preliminary spectra supplied by the CEA and EDF, and the
activities of the radionuclides susceptible of being released into the atmosphere during the incineration.

1. INTRODUCTION AND BACKGROUND
French gas-cooled reactors belonging to the Atomic Energy Commission (CEA), Electricity de
France (EDF), Hifrensa (Spain), etc., commissioned between the 1950s and 1970s, have generated
large quantities of graphite wastes, mainly in the form of spent fuel sleeves. Furthermore, some of
these reactors scheduled for dismantling in the near future, such as the G2 and G3 reactors at
Marcoule, have cores consisting of graphite blocks.
Consequently, a fraction of the contaminated graphite, amounting to 6000 t in France for
example, must be processed in the coming years. For this processing, incineration using a circulating
fluidized bed combustor has been selected and validated and is considered as a safe solution.
However, the first operation to be performed involves recovering this graphite waste, and
particularly, first of all, the spent fuel sleeves that were stored in silos during the years of reactor
operation. An estimate of the quantities is given in Table 1.
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2. CLEANING UP SPENT FUEL SLEEVE STORAGE SILOS - RECOVERY AND
PRELIMINARY PROCESSING OF SLEEVES
Subsequent to the final shutdown of the Spanish gas-cooled reactor unit, Vandellos 1, the
operating utility Hifrensa awarded contracts to a Framatome Iberica SA/ENSA consortium for
removing, sorting, and prepackaging of the waste stored in three silos on the Vandellos site,
essentially graphite sleeves.

FIGURE 1: VANDELLOS 1 UNIT
2.1 Type and quantity of waste to be processed
The silos have 1-meter thick concrete walls, and a cover slab with openings. They hold three
main types of waste:
graphite sleeves (approximately 200,000), including stainless steel seat wires,
compactible waste, equivalent to about 900 metallic, 200-L drums, and
various metallic wastes, including 492 absorbers.

FIGURE 2: GENERAL VIEWS OF SILOS
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2.2 Process implemented
The process that has been implemented aims for performance of the following sequence of
operations:
recovery of the waste from inside the silos, with preliminary sorting,
transfer of the waste to the processing unit,
processing of the graphite waste, with separation of the seat support wires from the graphite,
followed by drumming of the graphite inside metallic drums, and placing of the seat wires inside
shielded metallic containers,
processing of the compactible waste and drumming in metallic drums,
processing of the absorber and placing in shielded metallic containers,
final cleanup of the silos.

FIGURE 3: SILO AND MOBILE FACILITY
23 The facilities
These are in two separate parts:
a mobile facility, positioned over the silos and containing the waste recovery equipment,
a workshop located next to one of the silos, in which the waste sorting and prepackaging
operations take place.

2.3.1 Mobile enclosure
This consists of a metallic structure that can be moved from shaft to shaft by means of a
handling gantry situated over the silo cover slab. Inside the structure, and over two adjacent shafts,
a remote manipulator arm and a spent fuel shipping cask are placed in position. The arm is controlled
remotely using cameras and enables the operator, after selection of the waste to be removed, to deposit
the waste inside a basket maneuvered by the shipping cask winch. When the basket has been filled
with waste, it is winched up, inside the shipping cask. The radioactivity of the cask and basket is then
verified, after which both are transferred to the sorting and preliminary packaging workshop.

195

FIGURE 4: FUEL ELEMENT AND GRAPHITE SLEEVE
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FIGURE 5: WASTE TRANSFER
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2.3.2 Prepackaging workshop
This is a concrete building with access areas, auxiliary services, a graphite waste processing line, and
a metallic and compactible waste processing line.
FIGURE 6 : OVERALL PROCESS
SILOS - MOBILE FACILITY
RECOVERY OF WASTES

1

PRE-PACKAGING WORKSHOP

COMPACTIBLE ANO
METALLIC WASTE
PROCESSMG CHAM

i

GRAPHITE SLEEVE
PflOCESSMG CHAIN

i

REMOVAL OF PRELIMINARY PACKAGES

TEMPORARY STORAGE

2.3.3 Graphite waste processing line
Here, the graphite sleeves are crushed, the seat wires separated out, and graphite and wires
placed in different containers. This is done as follows:
the baskets containing the graphite sleeves from the silos are sent down into a "cell", and the
sleeves are placed on a feed belt, which tips them onto the shredder feed hopper. The shredder
reduces the graphite to pieces measuring a few millimeters and releases the seat wires. The
crushed graphite and seat wires are then taken by an endless screw elevator and a conveyor belt
to a high-intensity magnetic separator, which sorts out the stainless steel parts from the graphite.
The seat wires are tipped down an outlet cone to a shielded metallic container, while the
graphite is conveyed to a large metallic bin.

Ill
FIGURE 7 : GRAPHITE SLEEVE PROCESSING LINE
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2.3.4 Metallic and compactible waste processing line
The basket containing the compactible waste or the metallic waste (absorbers) are taken to the
sorting cell where, using the cell remote manipulator arm, the compactible waste is placed in metallic
drums. Similarly, the absorbers are placed in storage baskets, which are lowered into a shielded
metallic container under the cell base.
2.4 Waste containers
The graphite containers, as well as the absorber and seat wire shielded metallic containers, will
then be temporarily stored on site.
3. INCINERATION
3.1 Advantages of Incineration
Various solutions have been envisaged in France for processing the graphite recovered either
from reactor blocks or from interim waste storage silos:
Dumping at sea. This solution is mentioned for the record but can no longer be contemplated.
Surface storage in a concrete matrix. The drawback in this case is that the amount of C14 would
saturate the radiological storage capacity of the Soulaines repository.
Storage deep underground. There is no site in existence in France.
Incineration produces a very large volume reduction combined with gradual and controlled
dilution of the emitters(H3 and C14) in the atmosphere (see section on impact assessment). The
final residue can then be stored on a surface site without difficulty.
3.2 Oxidation of Graphite by Oxygen in Air
Since nuclear graphite is not an ordinary fuel, a study (see reference [1]) has been made by the
Advanced Technologies Department of the CEA. Several characteristic results are given below.
For a particular size of graphite and air flow rate, the oxidation rate is given by the following
equation:

An-Aexp. (-

)

where Ea is the activation energy in cal/mole, R is the gas constant, and T is the temperature in *K.
If the graph of log Rm = f(l/T) is plotted, the curve shown in Figure 8 is obtained.
Three characteristic regions can be seen.
1) At low temperatures, the graphite is oxidized under chemical conditions.
These are characterized by the fact that the reaction rate is lower the lower the rate of diffusion
of the gas inside the material pores. Under such conditions, the gas concentration is virtually uniform
throughout the sample and the reaction rate is identical at all points.
2) At higher temperatures, oxidation takes place under diffusion conditions.
When the temperature increases, the reaction rate increases much faster than the rate of diffusion
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of oxygen in the pores. This leads to a concentration gradient. Under such conditions, the reaction rate
at any point in the sample is a function of the distance of this point from the surface.
3) Above a certain temperature, the reaction rate is limited by the gas flow regime round the sample
and remains constant. In this case, we speak of mass transfer conditions.
Numerous calculations have been performed using experimental data from different
configurations and conditions, particularly in the diffusion range, to find out the rate of oxidation of
a plate, a sphere, a cylinder, etc.
This study was also designed to verify the influence of irradiation on the rate of oxidation by
using experimental results from the oxidation of an irradiated graphite element (see reference [2]). The
results of the calculations mentioned above have shown an excellent correlation with the experimental
results (see Figure 9). There is no reason, therefore, to fear a significant influence of irradiation on
the rate of oxidation of the graphite waste during incineration.
This same study also paid attention to the influence of the stored Wigner energy in the irradiated
graphite on the heat released by combustion and concluded that the latter should not rise by more than
6.1 %, which does not significantly affect operation of the fluidized bed incinerator.
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3.3 Principle and validation of the Framatome fluidized bed incinerator process
3.3.1 Principle and validation
Graphite blocks that make up the cores reactors on spent fuel sleeves are placed in a crushing
installation with hammer-type and cylindrical crushers. The objective is to achieve a final average
grain size of 1 mm, without too large a fraction of particles of less than 100 /xm size, so as to limit
the risks of dissemination.
In either case, the finely crushed graphite is then fed into a combustor of the dense or circulating
fluidized bed incinerator type, whose features include a high fluidization air flow rate and high
turbulence in the combustion region. The fluidized bed consists of powdered refractory material.
Solids are separated from the combustion jgases by a cyclone separator, and recycled via a
recirculation loop, which contains only non mechanical parts (see Figure 10).

C

RAMATOME FLUIDIZED

PILOT PLANT FACILITY

FIGURE 10 : FRAMATOME FLUIDIZED BED PILOT PLANT FACILITY

The combustion gases leaving the recirculation cyclone separator have a low concentration of
dust. This dust contains fly ash, fine refractory particles arising from slight wear of the fluidized bed,
as well as a small quantity of unburned graphite. Incineration of the graphite is completed in a postcombustion chamber.
A program to validate this process was carried out using a prototype incinerator installed at Le
Creusot, France (see Figure 11 (photo)). The validation program included 22 twelve-hour tests and
one 120-hour test, and was constructed around four phases :
a) Search for the stable operating points,
b) Determining the sensitivity of the parameters and the limiting values,
c) Determining incinerator behavior during transients and incidents, and
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d) Simulating industrial operation (the 120-hour test).
The results were very satisfactory. Combustion is complete and perfectly controlled.

FIGURE 11 : GRAPHITE INCINERATOR LOCATED AT LE CREUSOT, FRANCE (photo)

3.3.2 Safety aspects
Particular attention was paid to the safety aspects of this project. The process itself presents
intrinsic safety characteristics, in the sense that it is a static process, with no moving mechanical parts,
and that the combustor can be maintained airtight and under negative relative barometric pressure.
The crushing station, is also located inside an enclosure kept under negative pressure, which is
swept by a large flow of air, filtered by means of HEP A filters.
The risk of a dust explosion was analyzed. This analysis showed that:
a) The graphite does not contain any volatile materials that would notably increase the risk of an
explosion in the suspended dust particles.
b) The proportion of fine particles of less than 75 urn size produced during the crushing operation is
small, and in view of the continuous ventilation maintained in the crushing room, the concentration
of these particles will remain extremely low.
c) It therefore is nearly impossible to obtain conditions under which there is a risk of explosion of the
dust particles. Inerting of the crushing room therefore does not seem to be necessary.
Additionally, during the performance of the validation program, a preliminary safety assessment
was carried out, including:
establishment of a list of precursor events that could lead to operating incidents,
establishment of a list of consecutive intermediate events,
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identification of the significant parameters,
definition of appropriate detection and alarm systems,
definition of safety systems, and
establishment of corresponding operating procedures.
Incidents were then simulated and the safety devices and procedures were tested on the
Le Creusot (France) pilot plant.
4. ULTIMATE WASTE
Three types of embedding materials were tested for the incineration ash:
cement
epoxy resin
mixed cement - epoxy resin matrix
Glass and ceramic matrices were also investigated, but not so thoroughly. Tests on stability,
mechanical strength, sensitivity to composition,.leaching, and irradiation were validated. On the basis
of the results obtained and the volume reduction (evaluated at 20), the mixed cement-resin matrix was
selected.
5. IMPACT OF GRAPHITE INCINERATION ON THE ENVIRONMENT
This impact assessment was performed by the French Institute for Protection and Nuclear Safety
(see reference [3]).
5.1 Hypotheses
The atmospheric concentration at ground level resulting from release at stack level depends on
the atmospheric transfer phenomena. The mean annual atmospheric transfer coefficient (ATC) depends
on stack height, here 100 m, wind speed, diffusion conditions and distance from the point of release.
The selected data correspond to the conditions in Marcoule (France).
Dose calculations are performed for a person working on the site (ATC = 1 . 2 10'7 s.m"3) and
for a member of the general public living near the site (ATC = 3.6 10"7 s.m'3). The results mentioned
in table 1 present only the most unfavourable situation.
In the case of aerosols, the efficiency of the filters is evaluated at 104. For the sake of prudence,
a factor of 103 is used for ruthenium and caesium. For gases (tritium, carbon, chlorine), filters are
considered to be inefficient.
For carbon (as CO2) and tritium (as tritiated water vapour), specific radioactivity conservation
in the biosphere has been considered. For chlorine and aerosols, the releases lead to a deposit on
vegetables and on the soil. The deposit on plants is submitted to biological and physical elimination,
computed as an exponential decrease.
Considering the ultimate waste (embedded ash), the concentration factor is about 200 (graphite
initial mass/residues mass). Therefore, the a emitters concentration level allow to study a shallow land
burial of these residues.
5.2 Exposure pathways
Three pathways are taken into account: inhalation of gas and aerosols, external exposure from
the deposit on the ground and in the case of members of general public, ingestion of contaminated
vegetables.
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Tritium release leads also to contamination by absorption of tritiated water vapour through
the skin.
TABLE 1 : INITIAL GRAPHITE RADIOACTIVITY AND ANNUAL DOSES DUE TO
INCINERATION PROCESS
Radioactive
half-life (a)

H3
C14
CJ36
Mn54
C06O
W63
Zn65
=lu1O6
Ba133
Cs134
Cs137
Ca144
Eu154
Eu155
tot. alpha
TOTAL

Mass concentration
radioactivity (Bq/g)
G3
1996

EDF
1996

1.2 1O1
5.1 10 3
3.0 10 5
8.5 10 1

2.9 10 5
2.4 1 0 4
1.4 1 0 3

5.3 10°

3.0 1 0 3
4.1 1 0 3

1.6 10 5
6.7 1 0 4
2.0 1 0 3
2.3 10°
6.7 1 0 4
2.8 1 0 4
8.6 10°
1.9 1 0 '
1.7 1 0 2
9.9 1 0 2
3.1 1 0 2
1.2 10 1
6.4 10 2
4.0 1 0 2
3.3 10 1

2

1.0 1O
6.7 1O1

1.0 10°
2.0 10°1
3.0 10 1
1.0 10
5.0 10°
8.6 10°
5.0 10°

6.3 10

1

6.6 1 0

1

3.1 1 0 2
8.5 10 1

4.3 10°

Maximum annual <toa« (mSv/a)
Incineration G3
Residues
Atmosphere
release
disposal
Maximum
dose
4.3 1 0 ' 3
3.6 1 0 ' 2
1.6 10" 3
2.8 10" 5
1.2 1 0 - 7
5.9 10" 8
1.9 10"

6

9.9 1 0 ' 7
2.0 10" 8
8.2 10" 6

4

2.0 1 0 "
1.0 10' 3
<10" 1 0
<10" 1 0
<10" 1 0

<io-'°
<10"10
<10"10
<10" 1 0
<io-10
<10"10
<10"10
<io-10

Incineration EOF
Atmosphere, Residues
release
disposal
Maximum
dose
6.3 10" 4
1.0 10"1
2.3 10* 3
4.1 10"9
3.7 10" 4
8.2 10" 7
1.3 10" 8
4.2 1O' 7
1.610"7
4.8 10" 5
8.8 10" 6
2.3 10* 8
2.1 W6
9.2 10"8
3.3 10"5

1.0 10" 3
1.4 10" 3
1

<io- °
<10" 1 0

<10" 1 0
<10" 1 0
<10" 1 0
<1O"'O
<10" 1 0
<10
\'«
<10
"n

1.0 10"1

4.2 10" 2

5.3 Results
Atmospheric release induces a maximum dose of 0.1 mSv/a due to 14C by ingestion pathway.
The effect of orders radionuclides is trivial.
Residues disposal would never induce an annual dose higher than 1.5 10"3mSv/a.
6. CONCLUSION
The analyses and tests presented herein show that it is feasible to recover and incinerate
contaminated graphite wastes in a safe manner.
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Abstract

Control rod elements made of carbon-carbon composites were prepared
and fracture-tested, aiming at the development of the more heat-resistant
control rod which may impose the less restriction on the operation and shutdown of the HTGR. The control rod elements included pellet holder, lace
truck and pin of PAN- or pitch-based composite material. On the basis of the
results of fracture tests on the unirradiated elements, those made of PANbased material were selected for an irradiation experiment. The irradiation
was carried out in JRR-3 at 900 + 50°C to a maximum neutron fluence of 1
xlO^S n/m^ (E>29fJ). Fracture tests of the elements indicated that both
fracture load and fracture displacement enough to assure the integrity of a
control rod were maintained even after the irradiation. It was also found that
both fracture strength and strain increased when applied load was parallel to
the fiber felt plane, whereas the strength increase and strain decrease were
observed for the load applied against the plane.

1. INTRODUCTION
An HTGR named High Temperature Engineering Test Reactor(HTTR) has been under
construction at JAERI, Oarai Research Establishment since 1990 and is supposed to attain
criticality in 1997. As is shown in Fig. 1 the core of the reactor consists of arrays of stacked
fuel or replaceable reflector blocks made of graphite. In the normal operation conditon the
maximum temperature of the graphite blocks will be around 1300°C when the temperature of
the helium coolant at the outlet is 950°C [1]. To control the reactivity control rods are to be
inserted into appropriate holes in the core and reflector blocks. In the event of a scram the
control rods are inserted into the core taking advantage of the gravity. Nine out of 16 pairs of
control rods in the reflector region are inserted immediately at the time of scram, while the
other seven pairs in the core region are to be inserted 40 minutes later when the tempeature of
the outlet coolant becomes lower than 750°C. The two step inserting method is employed
mainly for the purpose of preventing the control rod sleeves in the core region from
overheating. Fig. 2 shows an overview of the present control rod system to be applied for the
HTTR. In the system the control rod sleeve will be made of Alloy 800H.
Since the carbon-carbon (C/C) composite material is believed to be the more heat resistant
than Alloy 800H, it would be lessen the restriction imposed on the reacter control procedure,
if the control rod sleeve which accommodates boron carbide/carbon pellets is to be made of the
material. The prominence of the C/C composite has been widely recognized as a high strength
heat resistant structural material. Effect of neutron irradiation on thermal, mechanical and
other properties of the composite has been fairly extensively examined by a number of
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investigators[2-9] so that the data on the material have been accumulated much enough to
think about its application to high temperature components of nuclear facilities.
In consideration of this situation a concept of control rod to be made of C/C composites has
been proposed at JAERI in quest of the even better performance of the control rod for the
HTTR. On the basis of the concept several elements for the control rod have been prepared
from C/C composites and their mechanical strengths have been tested both before and after
neutron irradiation. This paper summarizes the results of fracture tests of the elements to
evaluate the applicability of the material to the control rod, aiming at the further development
of the more heat-resitant control rod.
2.

EXPERIMENTAL
PAN(polyacrylonytrile)-based or pitch-based carbon fibers were used for the preparation

of elements for the control rod. These elements were shown in Fig. 3. The textile preforms
were enforced two-dimensionally. After being impregnated with pitch, the preforms were
carbonized at 1000°C and graphitized at 3000°C. Then they were purified with halogen gas.
The pellet holder and the lace truck were preformed by the combination of the cross-knitting
and filament winding techniques. The fiber lamination technique was employed for the
fabrication of pins. Fig. 4 shows a schematic for the control rod when these elements are
assembled.
The strength of these elements was measured at room temperature in air using a screwdriven tensile test machine. Compressive tests of the pellet holder were carried out in its
radial direction or axial one, as shown in Fig. 5(a). The lace truck was tensile-tested in a
manner shown in Fig. 5(b). Bending strength of the pins was measured by three point method
in either the across or parallel direction, as is shown in Fig. 5(c). Cross-head speed for these
tests was 0.5 mm/min. Some of these elements were irradiated at 900+ 50°C in JRR-3 to a
maximum fluence of 1 x 10^5 n/m2(E>29fJ).

3 . RESULTS AND DISCUSSION
3.1 Comparison between the PAN- and Pitch-based Materials
Fig. 6 shows the results of the bending test of pins made of PAN- or pitch-based material.
The fracture strain for each material in the present case is several times larger than that for
most materials which have been examined before[8-10]. The strength is also larger or
comparable to that of the materials previously investigated. The fracture strength and strain of
the materials in the present study seem to be comparable to those of PAN-based materials
examined by other researchers who prepared hybrid C/C composites with suface treated
fibersfll].

Comparing the present materials with each other, the pitch-based material showed

the less brittle behavior, though the fracture strain seemed to be large enough even for the
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PAN-based material. The parallel specimens, which imply that their felt plane was parallel to
the applied load, endured fairly larger stress comparing with the against specimens, whereas
the fracture strain seems to be larger for the latter. This suggests that the felt plane bends
more readily when the load is applied against itself.
Fig. 7 shows the results of the fracture test of pellet holders.

Here, the ordinate and

abscissa represent the load and displacement of the cross-head, respectively. It is seen in Fig.
7(a) that the axial fracture load does not differ much between the two materials, whereas the
amount of deformation seems to be a little larger for PAN-based material than for the pitchbased one. The radial fracture load is much larger for the PAN-based material than for the
pitch-based, which is seen in Fig. 7(b).

On the basis of its larger fracture load and

deformability observed in the case of radial fracture test, only PAN-based material was chosen
for the irradiation experiment, since the space which was to accommodate the element
specimens was limited in the reactor.

3.2 Results of the Irradiation Experiment on the PAN-based Material
3.2.1

Pins

Fig. 8 shows stress-strain curves obtained from the bending test of pins made of PAN-based
material. Loads were applied to the specimens either (a)parallel to or (b)against the felt
plane. It is to be noted that the strength increased very pronouncedly when the load was
parallel to the plane. This is probably because the strength of the specimen parallel to the
felt plane would be less influenced by the weakening of the bond between the felt planes which
might be caused by the irradiation. Though there was no

large difference in the bending

strength and fracture strain between the parallel and the against specimens before irradiation,
they behaved diferently after irradiation. As is seen in Fig. 8(b) for the against specimens,
the bending strength increased after irradiation, whereas the fracture strain decreased, which
seems to be characteristic of irradiated carbon materials. In fact, the most materials examined
in the previous experimant showed this general trend[8,9].
Peak stress (bending strength) versus fracture strain is plotted in Fig. 9 for both irradiated
and unirradiated pins of PAN-based material. It is to be noted in this figure that the strength
of parallel specimens increases with increasing fracture strain, whereas that of against
specimens decreases with increasing fracture starain. It is interesting to find that the solid
lines drawn in the figure fit to the data points for both irradiated and unirradiated specimens.
3.2.2 Lace

trucks

The results of the fracture test of lace trucks are shown in Fig. 10, where one can see that
both strength and displacement, which was estimated from the movement of the cross-head, are
larger for the irradiated specimens than for the unirradiated. A tendency similar to that
observed for the pin was also found for the lace truck, which is shown in Fig. 11, since the felt
plane of the lace truck was parallel to the loading axis, i.e., the strength increases with
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increasing fracture starain, though in this case the strain is not the one derived from the
strain gage but from the displacement of the cross-head of the tensile test machine.
3.2.3

Pellet

holder

Load versus displacement curves for pellet holders in the cases of axial and radial
loadings are shown in Figs. 12 and 13, respectively. It is to be noted that the fracture load for
the axial loading seems to increase after the irradiation, even though the curve is rather
rugged, which is probably because of the inclination to the buckling during the test. In the
case of radial loading, fairly large decrease in the fracture load as well as in the fracture
displacement

was observed after the irradiation, though the values of both load and

displacement seem to be large enough to assure the integrity of the control rod.
3.2.4 Dimensional changes caused by the irradiation
Results on the dimensional changes caused by the irradiation are shown in Fig. 14 for
three kinds of elements. The dimensional changes of the control rod elements here are rather
large comparing with those of the C/C composite materials, which have been reported in the
references[8,9].

In an irradiation condition similar to the present case,

dimensional

reduction larger than 1 % was caused only for a uniaxial material and most materials showed
reduction smaller than 0.3 %[8,9]. However, the dimensional reduction of about 2 % caused in
the present irradiation conditon is believed to be tolerable for the design of the control rod of
C/C composites. Moreover, it is very probable that the future modification or improvement of
the material, of the preparation technique of preforms and/or of the heat treatment procedure
would increase the stability of the irradiated elements. Along this line, the elements the
concept of which is different from that for the ones tested in the present study were also
considered and prepared for the future evaluation. This is shown in Fig. 15.
3.2.5 Young's modulus
Fig. 16 shows changes in the Young's modulus of irradiated elements. Here, the data on the
pin are derived from stress-strain curves obtained using strain gages during the bending test.
The rest of the data are relative values calculated from the load-displacement curves.
The results on pins which indicate that there is a rather large difference in the modulus
change between the parallel and the against specimens are reasonable if the fact that the
against specimen can bend more readily than the parallel specimen is taken into account, i.e.,
the lower modulus of the against specimens. The apparent decrease in the modulus of the lace
truck may be fortuitious in consideration of the method of calculation described above.

4. CONCLUSIONS
Elements for the control rod to be used in the HTTR were prepared from two kinds of
carbon-carbon composites, pitch-based and PAN-based, aiming at the development of the more
heat-resistant control rod which is believed to lessen the restriction on the operation and
shut-down processes of the HTTR. The elements included pellet holder, lace truck and pin.
Main conclusions are;
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(1) For the unirradiated elements those of PAN-based material showed the more deformable
behavior than those of the PAN-based.
(2) Elements of PAN-based material irradiated at 900°C to a fluence of 1 x 10 2 5 n/m 2 (E>29fJ)
maintained the fracture load and fracture displacement which may well be believed to be
enough to assure the integrity of the control rod made of the material.
(3) The dimensional changes of the elements were at most less than 2 % after the irradiation.
(4) The strength and fracture starain increased after the irradiation when the applied load was
parallel to the felt plane, whereas the strength increase and strain decrease were observed for^
the load applied against the plane.
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Fig. 1 A schematic for the HTTR pressure vessel and core.
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Fig. 3 Control rod elements prepared and tested in the present study.

210

Pellet holder

Crossed pin

Lace truck

Assembled elements
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Abstract
The purpose of this study is to evaluate the influence of air oxidation at 500 °C on thermal shock
resistances and thermal shock fracture toughnesses of a carbon fibre reinforced carbon composite (C/C
composite) made from rayon carbon fibre felt and three fine-grain, isotropic, nuclear graphites. These
thermal shock resistances and thermal shock fracture toughnesses for the four nuclear carbon materials
were degraded slightly by oxidation. The extents of degradations of the thermal shock parameters were
less than those of mechanical and fracture mechanics properties. However, the extent of degradation of
thermal difrusivity was much less than those of the thermal shock parameters. In observations of the
microstructures of the fracture surfaces, after oxidation of the graphite, the size and the number of
pores were increased and the fracture surfaces were roughened by oxidation of boundaries of graphite
particles. After oxidation of the C/C composite, there was preferential removal of the boundary layer
between carbon fibre and pyrolitic carbon matrix and carbon fibre pull out. However, the more
graphitized cores of pyrolitic carbon remained and the extents of degradations of the thermal shock
parameters for the C/C composite were less than those of the graphites.
1. INTRODUCTION
Nuclear carbon materials have valuable properties such as low atomic number, high specific
strength and stiffness, high heat resistance and high thermal shock parameters. As a result, they find
applications in very severe conditions such as moderators and reflectors in gas cooled nuclear reactors
and plasma facing components for fusion reactor devices.
The mechanical properties of carbon materials are generally known to be degraded by oxidation
[1-4]. In some accident scenarios for nuclear reactors, carbon materials are exposed to air at high
temperature. The purpose of this study is to evaluate the influence of air oxidation on thermal shock
resistances and thermal shock fracture toughnesses for a carbon fibre reinforced carbon composite (C/C
composite) made from rayon carbon fibre felt and three fine-grain isotropic graphites that are used as
* Present address : School of Materials Science, University of Bath, Bath, B A2 7 AY, UK
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core constructional materials for the high temperature gas cooled test reactor (HTTR) of Japan Atomic
Energy Research Institute (JAERI) and main materials of plasma facing components for a fusion
reactor device (JT-60U) of JAERI. The C/C composite and the three graphites were oxidized at 500 ±
3 °C in air. The thermal shock resistance and the thermal shock fracture toughness were measured by
an eccentric local heating method. The mechanical and fracture mechanics properties and the thermal
diffusivity were also measured and then the microstructures of the fracture surfaces were examined
using a scanning electron microscope (SEM).

2. MATERIALS
Table 1 shows properties of the C/C composite and three nuclear graphites that were all made by
Toyo Tanso Co. Ltd. The CX-2002U composite is used as a divertor plate for the JT-60U of JAERI.
The properties of the C/C composite are anisotropic, the bulk density is less than the graphites, and the
compressive strength is about two thirds those of the graphites. The thermal conductivity of the C/C
composite in the parallel direction is about three times those of the graphites and the coefficient of
thermal expansion in the parallel direction is about a half those of the graphites. The thermal
conductivity and the coefficient of thermal expansion of the perpendicular direction are a little larger
than those of the graphites. The IG-110 graphite is used as a core constructional material for the
HTTR of JAERI. The IG-110U graphite is used as a part of the first wall for a fusion reactor device
(TEXTOR) at Julich, Germany. The IG-430U graphite is used as a main material of plasma facing
components for the JT-60U of JAERI. The IG-110U and IG-340U graphites and the CX-2002U
composite are ultra high purity materials as a result of a special heat treatment.
Specimens in this study were in the form of disks of 20 mm in diameter and 2 mm in height for
thermal shock tests and rectangular rods of 4x6x50 mm and 6x8x70 mm for mechanical and fracture
mechanics tests. In the case of the C/C composite, the rectangular rods enabled properties to be
measured in the parallel direction and the disks were used to measure properties of the perpendicular
direction because thermal shock fracture occurs at the weakest point.

Table 1. Properties of a C/C composite (CX-2002U) and three graphites (IG-110, IG-110U, IG-430U).

Specimen

CX-2002U

IG-110

IG-110U

1. 67

1. 77

1. 78

Bulk density
r (g/cm 3 )

Shore hardness

(//)<*" 3 5
(_L)C*X) 3 0
Hs
Specific resistance (//) 32 3
P (juQcm)
U)
Bending strength
(//) 4 1. 0
a * (MPa)
(J-)
Compressive
(//) 5 1. 1
strength
ao(MPa)
(J.) 49. 0
Young's modulus
(//) 1 1 . 3
E (GPa)
U)
Thermal
(//) 3 3 1
conductivity
k (W/mK)
(-L) 1 6 5

thermal expansion
a (x ro~6/K)

( / f\

o n c*2J

c a>

(±) 5.9 *

54

52

IG-430U
1.

84

60

1 100

1 040

930

39. 2

41. 2

56. 8

78. 4

76. 4

99. 0

9. 8

9. 8

1 0. 8

116

116

140

4.6 c*35

4 . 5 c*33

5.2

(*1) / / and _L indicate the parallel and the perpendicular directions.
(*2) Mean values at 350~450!C, (*3) Mean values at R.T.~1000iC.
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3. AIR OXIDATION
Specimens were cleaned ultrasonicaUy in distilled water and acetone. After drying, the specimens
were uniformly oxidized in conditions of natural convection inside a cylindrical graphite tube of 40 mm
in diameter and 400 mm in length arranged inside a siliconit electric furnace (SPSH-24). The
temperature of the 80 mm hot zone in the centre inside the tube was 500 ± 3 °C. The temperature
corresponds to that of the first wall as plasma facing components for the next fusion reactors (DEMO
reactors) [5]. The range of temperature and oxidation rate in this study did not result in changes in the
shapes of specimens, this indicates that oxidation was chemically controlled. The range of oxidation
weight loss was up to about 10 % that is considered to be the range in which there is the most radical
change in the properties of carbon materials [4].

4. EXPERIMENTAL
The burn-off, B, was calculated from :
B = 100(w0 - w)/w0
(%)
(1)
where w0 and w are the weights before and after oxidation, respectively.
The influences of burn-off on various properties were represented by the empirical relationship[l]:
S = So exp(-nB)
(2)
where S and So are the values of various properties after and before oxidation, respectively, and n is an
empirical constant.

4.1. Thermal shock resistance and thermal shock fracture toughness
Figure 1 shows the specimens for (a) thermal shock resistance, A [6], and (b) thermal shock
fracture toughness, V [7], measurements which were made using an eccentric local heating method [8].
Thermal shock resistance and thermal shock fracture toughness were evaluated by measuring the
critical values fractured by an electric heating power, W, that heats transiently and quickly an eccentric
local area, as follows :
A = o, k/Ea = S.(3W Mi(a/R) 2
(W/mm)
(3)
V = K Ic k/Ea = Fie(7tc)wpW/nh(a/R)2
(W/mm1/2)
(4)
where o t , KiC, k, E and a are the tensile strength, the mode I fracture toughness, the thermal
conductivity, the Young's modulus and the coefficient of thermal expansion of the tested material,
respectively. S. is the non-dimensional specific thermal stress (= 0.01371 in this study). Fie is the nondimensional stress intensity factor (= 0.01790 in this study), p is the heat efficiency values of which
for the CX-2002U composite, the IG-110, IG-110U and IG-430U graphites before oxidation are about
0.49, 0.47, 0.49 and 0.48 in this study, respectively. Those of the oxidized materials are nearly equal
to the values before oxidation, a, c, h and R are the radius of the heating area, the side slit length, the
height and the radius of the disk specimen, respectively.
The measurements of thermal shock resistance and thermal shock fracture toughness by the
eccentric local heating method simulate the rapid heating and cooling of core structures of gas cooled
nuclear reactors and the irregular heat load and attack on plasma facing components of fusion reactor
devices by electrically charge particles at plasma disruption.
5. EXPERIMENTAL RESULTS AND DISCUSSIONS

5.1. Thermal shock resistance and thermal shock fracture toughness
Figure 2 shows the relation between logarithm of the ratio of thermal shock resistances after and
before oxidation, {ln(A/Ao)}, and bum-off for the CX-2002U(JL) composite. The white and black
symbols in this figure indicate the samples that "did not fracture" and that "did fracture" by thermal
shock test, respectively. Thermal shock resistance, A, before oxidation was calculated from the range
between maximum data of "did not fracture" and minimum data of "did fracture" by thermal shock test.
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(a)
(b)
Fig.l. Specimens for (a) thermal shock resistance and (b) thermal shock fracture toughness measurements.
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Fig.2. Relation between thermal shock resistance ratio,ln(A/Ao), and bum-off of the CX-2002U(±) composite.

The critical value of the thermal shock resistance of the CX-2002U(±) composite decreases slightly
with increasing of burn-off, as follows :
A = 60.5exp(-0.027B)
(W/mm)
(5).
Table 2 shows the parameters of the empirical relationship, S=Soexp(-nB), for thermal shock
resistances, thermal shock fracture toughnesses and thermal diffusivities of nuclear carbon materials.
The So values of thermal shock resistances for the CX-2002U(±) composite and the IG-430U graphite
are almost equal and larger than those of the IG-110 and IG-110U graphites. The n value of thermal
shock resistance decreases in the following order : IG-110U graphite, IG^30U graphite, IG-110
graphite and CX-2002U(-L) composite. The extent of degradation of thermal shock resistance for the
CX-2002U(l) composite is the smallest because of reinforcement by carbon fibre felt. In this study,
the n value of the IG-430U graphite is larger than that of the IG-110 graphite and it is nearly equal to
those of the IG-110 and TS-1621 graphites oxidized at 600°C [1].
Figure 3 shows the relation between logarithm of the ratio of thermal shock fracture toughnesses
after and before oxidation, {ln(V/V0)}, and burn-off for the CX-2002U(-L) composite. The critical
value of the thermal shock fracture toughness decreases slightly with increasing burn-off as does
thermal shock resistance. The parameters in table 2 show that the So value of thermal shock fracture
toughness increases in the following order : IG-110 graphite, IG-110U graphite, IG-430U graphite and
CX-2002U(l) composite. The n values of thermal shock fracture toughnesses for the CX-2002U(i.)
composite and the IG-430U graphite are less than those of other graphites. As with thermal shock
resistance, the extent of degradation of thermal shock fracture toughness for the CX-2002U(±)
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Table 2. Parameters of the empirical relationship, S=Soexp(-nB), for thermal shock resistances,
thermal shock fracture toughnesses and thermal diffusivities of nuclear carbon materials.

Specimen
Thermal shock
resistance
A (W/mm)
Thermal shock
f r a c t u r e t o u g h n2 e s s
V (W/mn?' )
Thermal diffusivity
K (mm 2 /s)

CX-2002U (_L)
So
n

IG-110
So
n

IG-110U
So
n

IG-430U
So
n

60.5

0.027

39.9

0.036

45.0

0.072

60.2

0.066

94.8

0.026

59.7 0.031

69.0

0.036

73.8

0.027

78.5

0.007

64.0 0.014

63.8

0.018

65.0

0.013

composite is the smallest because of reinforcement by carbon fibre felt. In this study, the n value of the
IG-110U graphite is a little larger than that of the IG-110 graphite and it is about a half of the n value
for the thermal shock resistance. The n values of three graphites are less than those of the IG-110 and
TS-1621 graphites oxidized at 600°C [1].
The thermal shock resistance and the thermal shock fracture toughness in the parallel direction of
the CX-2002U composite are very large [9] so that they are determined by properties in the
perpendicular direction.
5.2. Other properties
Table 3 shows the parameters of So and n for Young's modulus, bending strength, Rockwell
hardness and the mode I fracture toughness of nuclear carbon materials. In general, the extents of
degradations of mechanical and fracture mechanics properties of the CX-2002U composite are less than
those of the IG-430U graphite that, in turn, are less man those of the IG-110 and IG-110U graphites
whose degradations are similar to each other. Exceptions are the n values of Rockwell hardness of the
CX-2002U composite and the mode I fracture toughness of the IG-430U graphite. The extents of
degradations of mechanical and fracture mechanics properties are larger than those of the thermal shock
parameters, and much larger than that of thermal diffusivity in table 2.
6. MICROSTRUCTURES OF THE FRACTURE SURFACES
Photograph 1 shows typical fracture appearances in (a) thermal shock resistance and (b) thermal
shock fracture toughness tests for the CX-2002U(-L) composite. The thermal cracks extend from the
outside edge or the tip of the side slit to the centre of the heating area. Photograph 2 shows typical
cracks from the tip of the side slit in thermal shock fracture toughness test for (a) the CX-2002U(-L)
composite and (b) the IG-430U graphite before oxidation. The thermal cracks extend through pores
along the boundaries of the carbon fibres or graphite particles. The thermal cracks after oxidation are
similar to those before oxidatioa
Photograph 3 shows the microstructures of the fracture surfaces of (a) the CX-2002U(l)
composite and (b) the IG-430U graphite in thermal shock fracture toughness test by SEM. After
oxidation of the C/C composite, there are preferential removal of the boundary layer between carbon
fibre and pyrolitic carbon matrix, and pull out of carbon fibres about 7 \tm in diameter. However, the
more graphitized cores of pyrolitic carbon remain and the extents of degradations of the thermal shock
parameters and thermal diffusivity of the C/C composite were less than those of the graphites. After
oxidation of the graphite, the size and the number of pores increase and the fracture surfaces roughen
by oxidation of boundaries of graphite particles. Consequently, the mechanical and fracture mechanics
properties and the thermal shock parameters of the graphite degraded by the increasing porosity and the
weakening of bonding between graphite particles. However, the more graphitized graphite particles
remain and the extent of degradation of the thermal diffusivity was very small. The microstructures of
the fracture surfaces for other oxidized graphites are similar.
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Fig.3. Relation between thermal shock fracture toughness ratio, ln(V/V0),
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Table 3. Parameters of the empirical relationship, S=Soexp(-nB), for mechanical
and fracture mechanics properties of nuclear carbon materials.

CX-2002U (//)

Specimen
Young's modulus
E (GPa)
Bending strength
o» (MPa)
Rockwell hardness

IG-110

IG-110U

n

So

n

12.3

0.039

9.7

0.109

41.9

0.045

37.0 0.104 39.3 0.117 47.3 0.065

44.3

0.101

73.2 0.084 73.9 0.088 82.0 0.041

1.19

0.040

0.85 0.087 0.85 0.103 0.91 0.109

So

n

IG-430U

So

So

n

10.0 0.100 11.8 0.074

tiKiex

Mode I fracture
toughness
K,c (MPa-m1'*)

Thermal
(a)

shock
resistance
A

Thermal
(b)

shock
fracture
toughness
V

CX-2002D

Burn-off

Burn-off 7.
10M

Photo. 1. Typical fracture appearances in (a) thermal shock resistance and (b) thermal
shock fracture toughness tests for the CX-2002U(±) composite.
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(b)

(a) CX-2OQ20

IG-430D

Photo.2. Typical cracks from the tip of tbe side slit in tbennal shock fracture toughness test
for (a) the CX-2002U(±) composite and (b) the IG-430U graphite before oxidation.

(b) IG-430U

Burn-aff 0%

i 0.05mm ,

Bum-off 8.198%

Photo.3. Microstruaures of the fracture surfaces of (a) the CX-2002U(-L) composite and
(b) the IG-430U graphite in thermal shock fracture toughness test by SEM.
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7. EVALUATION OF THE LIFE LIMIT FOR CARBON MATERIALS
In the safety design of the HTTR, the standard strength of Su for carbon and graphite is
established as the strength corresponding to 99 % probability of non-destruction and 95 % reliability
[10]. The average of the standard strengths in tension and compression for the IG-110 graphite is 78 %
of the mean strength. If the above design standard were applied to the case of the C/C composite and
graphites for fusion reactor devices, when the strength degraded to the value of 78 % of the mean
strength, these members ought to be exchanged or repaired because of the life limit. The parameters B
and D that are the slopes in loading and unloading curves in dynamic hardness tests [11,12] were
correlating to bending strength, d,, and Young's modulus, E, respectively. By using the results of
dynamic hardness tests, we can evaluate the extents of degradations and can decide the life limit and the
exchanging period of structural carbon materials.
The residual pressure in the vacuum vessel is only about 10"8 Torr [13] so that plasma facing
components for fusion reactor devices do not need to be exchanged as a result of air oxidation.
However, properties of carbon materials are more likely to be degraded further in an accident, by
plasma disruption and by neutron irradiation. So studies of these problems are necessary in the future.
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Fig.4. Calculated temperature dependences of (a) thermal shock resistance
and (b) thermal shock fracture toughness for the IG-110 graphite.

8. DEDUCED THERMAL SHOCK RESISTANCES
The deduced thermal shock resistance, A', and the deduced thermal shock fracture toughness, V',
were calculated by using the properties in table 3 and substituting the value of 70 % of bending strength
for tensile strength, thermal conductivity deduced from thermal diffusivity, and assuming a constant
coefficient of thermal expansion. However, properties of the CX-2002U composite in table 3 are the
values in the parallel direction to the felt surface, therefore, the deduced values of the CX-2002U
composite in this chapter are the reference values. Table 4 shows the parameters of So and n for die
deduced thermal conductivity, the deduced thermal shock resistance and the deduced thermal shock
fracture toughness of nuclear carbon materials. The So values of the deduced thermal shock
resistances for the IG-110 and IG-110U graphites are larger than those of the CX-2002U composite
and the IG-430U graphite and they are larger than the experimental values of thermal shock resistances
in table 2. The deduced values are, therefore, too optimistic for use in the safety design of these carbon
materials. The n values of the deduced thermal shock resistance and the deduced thermal shock
fracture toughness are less than the experimental values, excepting the thermal shock fracture
toughness of the IG-430U graphite. Thus, the deduced values are also too optimistic for the safety
design of these materials. Therefore, it is necessary to evaluate directly thermal shock resistances and
thermal shock fracture toughnesses of carbon materials by experimental methods as in this study.
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Table 4. Parameters of the empirical relationship, S=Soexp(-nB),
for the deduced properties of nuclear carbon materials.
Specimen
Deduced t h e r m a l
c o n d u1 c t i v i t y
k (W/mK)

CX-2002U
So

n

99.6 0.017

IG-110
IG-110U
IG-430U
So
So
n
n
n
81.6 0.024 81.8 0.028 86.1 0.023
So

Deduced thermal
shock1 resistance
40.3 0.023 47.4 0.019 50.0 0.045 46.5 0.014
A (W/mm)
Deduced thermal shock
fracture
toughness
51.6 0.018 49.2 0.002 48.9 0.031 40.4 0.058
V1 (W/mnP--2)

9. TEMPERATURE DEPENDENCES OF THERMAL SHOCK RESISTANCES
Temperature dependences of thermal conductivity, k, Young's modulus, E, and coefficient of
thermal expansion, oc, for the IG-110 graphite were experimentally obtained by JAERI [10] and those
of tensile strength, d, and the mode I fracture toughness, KJC, for the IG-11 graphite were also
measured [14]. Tensile strength and the mode I fracture toughness of the IG-110 graphite are
considered to be nearly equal to those of the IG-11 graphite because the IG-110 graphite was obtained
by heat treatment of IG-11 graphite for the high purity. The temperature dependences of thermal shock
resistance and thermal shock fracture toughness for the IG-110 graphite can be estimated by using the
above data. Figure 4 shows the calculated temperature dependences of (a) thermal shock resistance and
(b) thermal shock fracture toughness for the IG-110 graphite. These thermal shock parameters
decrease rapidly with increasing temperature from room temperature to 1500°C, and then they increase
gradually with increasing temperature over 1500°C. The experimental values of thermal shock
resistance and thermal shock fracture toughness of the IG-110 graphite correspond to the calculated
values at 800°C and 400°C, respectively. The calculated values estimated from room temperature
properties are larger than the experimental values of thermal shock parameters. They are, therefore,
too optimistic for the safety design of these carbon materials.

10. CONCLUSION
Four nuclear carbon materials, a C/C composite made from rayon carbon fibre felt and three
fine-grain isotropic graphites, were oxidized at 500 ± 3 °C in air. These thermal shock resistances,
thermal shock fracture toughnesses and various other properties were measured and the microstructures
of the fracture surfaces were also examined. The results are summarized as follows:
(1) Thermal shock resistances and thermal shock fracture toughnesses of the CX-2002U(±) composite
and the IG-430U graphite are larger than those of other graphites. Thermal shock resistances and
thermal shock fracture toughnesses are degraded slightly by oxidation. In general, the extents of
degradations of the CX-2002U(J_) composite are the smallest and those of the IG-430U graphite are
less than those of the other graphites. The extents of degradations of thermal shock resistance and
thermal shock fracture toughness are less than those of mechanical and fracture mechanics properties,
however, they are larger than that of thermal diffusivity.
(2) In the C/C composite, the boundary layers between carbon fibres and pyrolitic carbon matrix are
preferentially oxidized and pull out of carbon fibres occur. However, the more graphitized cores of
pyrolitic carbon remain. In the graphites, the size and the number of pores increase and the fracture
surfaces roughen by oxidation of boundaries of graphite particles.
(3) Structural members ought to be exchanged or repaired when the strength degraded to the value of
78 % of the mean strength. This can be evaluated by dynamic hardness test.
(4) The deduced thermal shock resistance and the deduced thermal shock fracture toughness were
calculated from the relevant parameters and temperature dependences of thermal shock resistance and
thermal shock fracture toughness of the IG-110 graphite were also calculated. However, those values
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do not agree with the experimental data and they are too optimistic to use in the safety design of these
carbon materials. Therefore, thermal shock resistances and thermal shock fracture toughnesses of
nuclear carbon materials should be evaluated directly by experimental methods as in this study.
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Abstract
Thermomechanical properties of nuclear graphites are related closely with constituent
crystalline grains and pores as well as their preferred orientation. Especially micropores,
serving as origins of stress concentration under mechanical loading, influence both small- and
large-scale fracturing processes. It causes a statistical variation of tensile strength and
significant nonlinearity in compressive deformation. In addition, reactor irradiation induces
dimensional changes by accompanying continuous changes in the porosity. The process plays
an important role under reactor irradiations at high temperature and high fluence.
A quantitative description of the changing pore structure, based on some radiation damage
mechanisms, may introduce a physically appropriate method for lifetime assessment of
graphite fuel and moderator components. Recently Brocklehurst and Kelly have analyzed
well-characterized data on dimensional changes of UK reactor graphites to quantify
volumetric and linear pore generation terms. The anaIysis(B/K theory) has demonstrated that
a crystal strain parameter XT, depending on irradiation temperature and fluence, is suitable for
defining structure factors, which relate changes in microstructure with those in macroscopic
properties of a family of nuclear graphites.
Graphite components in high temperature reactors are subjected to higher temperatures well
above 1000°C, which accelerate pore generation. Their mechanical integrity will suffer from
the deterioration, resulting in a reduced lifetime. Previous design considerations on the
dimensional change behavior have been based on an empirical approach using measured data
obtained in a number of irradiation experiments. A large variety of experimental data have
been utilized to develop a general phenomenological model(Graphite Damage Model, GDM)
for predicting engineering properties of nuclear graphites.
The present study tries to combine the B/K theory with the GDM prediction with a view to
characterizing porosity changes at high temperatures of some graphites from different
manufacturing routes. The dimensional change data in the literature are analyzed by the GDM
to obtain their analytical presentation as a function of temperature and fluence. The results
are used to derive an XT function and pore volume change as a function of XT for each grade
of graphite. The resulting porosity changes are compared between different kinds of graphites.
1. INTRODUCTION
A detailed engineering thermomechanical assessment is now prerequisites for the design of
graphite components in the gas-cooled reactors. The reliability and safety improvements are
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closely connected to mechanistic understanding irradiation behavior of the component
materials(1X2). Thermomechanical properties of nuclear graphites are related closely with
constituent crystalline grains and pores as well as their preferred orientation. Especially
micropores, serving as origins of stress concentration under mechanical loading, influence both
small- and large-scale fracturing processes. It causes a statistical variation of tensile strength and
significant nonlinearity in compressive deformation. In addition, reactor irradiation induces
dimensional changes by accompanying continuous changes in the porosity. The process plays
an important role under reactor irradiations at high temperature and high fiuence.
A quantitative description of the changing pore structure, based on some radiation damage
mechanisms, may introduce a physically appropriate method for lifetime assessment of graphite
fuel and moderator components. Recently Brocklehurst and Kelly have analyzed wellcharacterized data on dimensional changes of UK reactor graphites to quantify volumetric and
linear pore generation terms. The analysis(B/K theory) has demonstrated that a crystal strain
parameter X^ depending on irradiation temperature and fiuence, is suitable for defining structure
factors, which relate changes in microstructure with those in macroscopic properties of a family
of nuclear graphites^*^.
In the meanwhile, five years ago G. Haag posed a good question "How far the irradiation
behavior of nuclear graphite be predicted from preirradiation properties"(5). His answer was then
open as it was twenty years ago(6).
Graphite components in high temperature reactors are subjected to higher temperatures well
above lOOO'C, which accelerate pore generation. Their mechanical integrity will suffer from the
deterioration, resulting in a reduced lifetime. Previous design considerations on the dimensional
change behavior have been based on an empirical approach using measured data obtained in a
number of irradiation experiments. A large variety of experimental data have been utilized to
develop a general phenomenological model(Graphite Damage Model, GDM) for predicting
engineering properties of nuclear graphites^.
The present study tries to combine the B/K theory with the GDM prediction with a view to
characterizing porosity changes at high temperatures of some graphites from different
manufacturing routes. The dimensional change data in the literature are analyzed by the GDM
to obtain their analytical presentation as a function of temperature and fiuence. The results are
used to derive an XT function and pore volume change as a function of XT for each grade of
graphite. The resulting porosity changes are compared between different kinds of graphites.

2. ANALYTICAL METHODS
2.1 Porosity change mechanism
Irradiation-induced dimensional changes of a polycrystalline graphite have been discussed and
modelled by analyzing those of a constituent crystal. Primary damages in a crystal are interstitial
atoms(loops), and vacancies(groups). The overall effects on graphite crystals are combined
expansion perpendicular to and contraction parallel to the basal plane. A secondary damage in
a polycrystal is a structure modification due to large crystal dimensional changes.
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Recently it has been found that the changes in the structure factors relating macroscopic and
microscopic properties are determined by a single parameter, i.e. crystal shape change(crystal
strain difference), X^ or true crystal strain difference, XT'

X
«•)' .

(i)

X
ln(1'

X.

X

where A Z / I , , AXcy/X(.
are the dimensional changes of the component crystals
measured perpendicular and parallel to the basal plane. That means, each property of the
polycrystal is the equivalent property of the crystal by structure factors, but the change in the
structure factors as a function of XT are different for different graphites, and clearly dependent
on the detailed structures of the coke grains and binder/impregnant phases.
In accordance with the recent theory of Brocklehurst and Kellypx8) on the dimension and structure
changes in a polycrystalline graphite, the dimensional change Gx in direction x in a polycrystalline
aggregate is given in a differential form by the equation

(3)

dy

Xc dy

X. dy

dy

where Ax is a structure factor, (dX c /dy)/X c , (dXa/dy)/Xa are the rates of crystallite
dimensional changes in perpendicular (c-axis) and parallel(a-axis) to the basal planes. Fx
describes an expansion term ascribed to the generation of new pore space by large crystal strains.
This pore generation t e r m i ^ may overcome an acceleration of bulk volume changes of
polycrystalline graphites irradiated at higher temperature and higher doses. From the beginning
of the crystal-based theoretical treatment, the structure factor Ax has been determined from the
relation for coefficient of thermal expansion.
c^-A^+U-A^a.

(4)

The new theory can account for a decrease in the parameters Ax at extended or high temperature
irradiations. Introducing the crystal shape parameter XT, Eq.(2) is expressed below in a
differential or in an integral form
dXT
dy

dy

l dX.
+

Xa dy

+

dF,

(5)

dy

T

AX
- dXr .
a TJ
LX
dy +
+ Fx
dy
Xa

(6)
^ J

o
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The original dimensional change theory was proposed by Kelly et al(9) who discussed the
measured anisotropic dimensional changes of Pile Grade A graphite irradiated at 2 0 0 ^ , assuming
that both Ax and Fx depend on XT. Based on the above equations a difference in dimensional
changes between perpendicular (_L) and parallel ( n ) directions and a bulk volume change
parameter are given by the following equations which define the two unique functions of XT

1

T -

x

I

J

x

/

^

Y +

.

(7)

,

0

(8)

T

f2(XT) = 2GX + G, - 3 — = f ( 2 A x + A / ) — d Y + (2FX
Xa
J
dy
The present study deals with measured dimensional changes of some nuclear graphites from
different forming routes including extrusion, molding and isostatic pressing. Then a directional
dimensional change is expressed generally as either GAG (against-grain orientation ) or Gm
(with-grain orientation). Referring to the figure 1 in Ref.(3 ), the functions, f, and f2 in unit of
% , can be fitted to polynomial functions of XT which ranges from 0 to 60%, as follows.
20

20

40

60

80;

100

X, (%)

Fig.1 Dimensional change functions of crystal strains of
PGA graphite.
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f! (XT) = GAG - Gfc = a,X T + bjX T 2 + C l X T 3
AY

(9)

A Y

f 2 (X T ) = 2GTG + GAC - 3 — - = 3Gavg - 3 — - = a ^

+ b.jXT2 + c ^ 3

(io)

where Gavg = (2GWG + GAG) / 3. Then dimensional changes at irradiation temperature Tin and fast
dose 7 j of a particular graphite are anisotropic, the function fj ,which is in the range from 0
to 10%, can be used to determine XT as a function of 7 , as follows.
fiCXT) = AG(Tirr ,

Yj)

= GAG(Tirr . Yj) - GffG(Tirr ,

= ff 1

XT ( T irr )

( AG )

Yj)

- a Y + by 2

(12)

As a matter of fact, however, most of nuclear graphites currently in use exhibit linear
dimensional changes which are in the order of some percents. Then a relationship b e t w e e n ^
and y is not normally calculated with a reasonable accuracy. Therefore both anisotropic and
near-isotropic dimensional changes are treated as completely isotropic ones, which is shown in
the following. In order to determine a relation between XT and 7 as a function of T ^ two
particular situations at each temperature can be employed; one at a tum-around dose( 7 *) and
the other at a bulk volume recovery dose( 7 **),
— GG
u

C
CT-T-

v' )

avg ^ 1 i r r » T

=0
u

'

Gavg ( T i r r , Y " )

=0

(14)

Using the unique function f2 (JQ these equations can be rewritten as
d dXT-t2
f2

/

Y.

N

3d av

(15)

uT ; =

( X" )

= - ^ ^ X

T

"

(16)

which are reduced to into the following.
a2 + 2b2XT' + 3c 2 (X T ') 2 =

(a, - -&—)

*

D2XT"

+ c 2 (X T ") 2 - 0

(18)
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where 8 iV is a dose-averaged crystal strain ratio 5 which will be defined later. Solving the
above equations gives the following analytical relation
= ay * by2

XT ( T i r r )

(19)

Then the associated crystal strains are calculated by Eqs.(20) and (21).
-^£

( y )

- ^ 1

= XT

Xc

(

Y

)

(20)

(XT) ]

(21)

Xa
a

Now, a crystal volume change is given by
AVC
£

AXC
AXa v
AXa
° +.2—*- = XTT + 3 — ^
Xo
Xa
Xa

(22)

or
1 dX c

dX T

V. dy

+

i dX a

1-26 dXT

«5

dy

Xa dy

1+8

—
dy

(23)

AVC
Vc

JVi+&/dY

where 5 is a ratio ofa-axis strain rate to c-axis strain rate. The value of 8 of HOPG has been
found to be nearly equal to or less than 0.5 and almost constant under at 430 and 6 0 0 ^ up to a
dose of LSxlO^n/cm^DN) 00 . Ifan average value of 5 during the irradiation at T iir and up to
y is denoted by 8 av, Eq.(24) can be approximated by the following.
( xT)

1 + 25av

= (

) XT

(25)

A bulk volume change is then

A l ( XT ) = (
Vo

l

* 268V ) XT+ $ ( XT )
1 + 6

* ( X, )
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(26)

av

= f2 ( XT )

- XT

(27)

And finally a porosity change is calculated by the following.

V

'0

'0

V

V Pc/

AT

)

ZOO\

c

where p B and p c are bulk and crystal densities, respectively.
The se equation for volumetric changes are functions of a universal parameter XT. Utmost
important is a function relationship between XT, Tirr and y for each graphite. The different
relationship signifies the different polycrystalline product.
2.3 Dimensional change formulation
Referring to the previous publication175, the GDM assumes three damage processes which govern
irradiation-induced changes in macroscopic properties; the three is referred to as early damage,
contraction and expansion processes, respectively. Each damage process is expressed in general
by a damage function, Wp which consist of temperature (7) dependent and fast dose (D)
dependent components. In addition, other correction factor called switch function S.j is
incorporated as a function of T and D. These functions for each damage component are in the
following forms.
(29)

h

ii
kT

Yi

=1+
(
,

+

= 1

(T

+

-

Yi)

2 2

)

/(T

(1 - e

1*

+

)

T,,)

+

+

(30)

(3D

B 0 T 022

2

(T 2 -T o 2 ) 2

kT

e^jFi

B0T02

(33)

and
-5*i)]

(34)

In particular, a linear dimensional change, AI/L 0 in %, is expressed as
—

= C1G11 + C2G12 + C3G13

(35)
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The linear coupling coefficients Cs are determined by a nonlinear fit of the formulae to the
measured data. The global parameters in the above formulation have been optimized ( ) and is
given in Table 1.
3.DATA ANALYSES
3.1 Database
In the present study some graphite grades in the literature(3X6X10) are selected. They are typical
from different fabrication routs and have been well characterized with respect to dimensional
changes at extended and high temperature irradiations. Their data used in the analyses is briefly
shown in Table 2.
Table 1 Optimized values of global parameters in the GDM.
Early damage term
Damage function W,
Function an

e
r
Q
E
Function al0
6
£

n
X

Contraction term

0.0
0.0048043
0.035028
0.011904

2.0
0.015488
0.696970

2.0
0.017230
0.678351

oo

oo

9.27213
-2.16241
0.
0.

-4.9028E-3
1.4605E-2
-0.65182
0.23122

Resonance F,

-2.8194E-4
1.4165E-3
-0.52789
0.01991
0.20018

0.13672

0.

CO

Switch function S,,
AL/L : u

0.03960
0.5323
2.0711
0.08256
1.2563
2.1377

V

i
AE/E : u

0.20601
1.1103
2.0351

V

A a/a :
AK/K

Expansion term

:

Table 2 Dimensional change data of Graphite grades analyzed by the GDM.
Grade

Irradiation temp.

CO

Ref.

430
600

20.0
16.0

10

430
600
870
1150
1400

18.0
15.0
3.5
6.5
8.0

10

ATR-2E (axial & radial)

500

25.0

6

ASR-1RS (axial & radial)

500

25.0

6

IG-110

600

3.4

Gilsocarbon
VQMB (axial & radial)
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Max. fast dose
(1021n/cm2DNE)

3.2 Results of GDM analyses
The GDM treats each set of dimensional change data for two respective orientations. A
predictive performance depends of course on the number of data points at different temperatures
and fast doses.
Figure 2 shows the comparison of measured(open symbol) and calculated(closed symbol) changes
in bulk volume change at 600°C of Gilsocarbon(circle) and VQMB(rectangle) graphites as a
function of fast dose. The prediction seems not to be better at this particular temperature. And
those calculated bulk volume changes are depicted in Fig. 3 for all five grades. It is noted that
the volume change curves differs among the grades. The fine-grained IG-110 graphite shows
lowest contraction and highest expansion characteristics.
3.3 Crystal shape change parameter
Following the equations in the preceding chapter, crystal strain rate and shape change parameters
are determined at typical low and high temperatures for typical dose-averaged crystal strain ratios
of 0.5, 0.4 and 0.3. In Fig.4 are shown the calculated crystal shape change parameters at 600 and
900°C as a function of fast dose for all the grades. In addition, Table 3 shows the fast doses at
"bulk volume recovery" at 600 and 900tX These values correspond to the condition that X TH?3.
and 8"v =0.5 (see Eq.(26)). Now the different crystal change behavior is rather apparent among
the different grades.

3.4 Bulk and pore volume changes
It is well known from various irradiation experiments that bulk volume change
behaviour is strongly dependent on irradiation temperature. Then it is sometimes
necessary in the calculation to assume at high temperatures that a dose-dependent crystal strain
ration shall be less than 0.5 (non-zero volume change). Figure 5 shows the derived bulk volume
changes for 5 av =0.5,0.4 and 0.3 as a function of true crystal shape change parameter XTl. Then
the pore volume change is calculated as a parameter of 6 *v, as shown in Fig.6. It is shown that
with increasing crystal strain rate ration the maximum reduction in pore volume decreases.
4. CONCLUSIONS
The different dimensional change characteristics are studied analytically by use of the GDM and
the crystal radiation-induced mechanism proposed by Brocklehurst and Kelly. It is found
quantitatively that the linear dimensional and bulk volume changes are different among several
grades of graphites due to different crystalline shape changes at the same extrinsic parameters,
i.e. irradiation temperature and fast dose. More substantial parameters are then a crystal shape
change parameter X / and dose-averaged crystal strain ratio 6av. Porosity changes under
irradiation are characterized by these two parameters of which the latter is more essential in the
calculatioa Because of this, it should be recommended to characterize actual pore structures and
their statistics by quantitative techniques(Uxl2xl3).
An overall prediction performance of the GDM may be improved with more number of data
points which are not shown in the open literature.

233

10

20

15
25

2

Fast dose (10 n/m DNE)

Fig. 2 Measured & calculated volume changes at 873K.
circle: gilsocarbon, rectangle: VQMB ;
closed: measured, open: calculated.
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Fig.3 Calculated volume changes at 873K
as a function of fast dose.
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Fig. 4 Derived crystal shape parameter XT vs fast dose
at 600(upper) and 900(lower).

Table 3 Derived fast doses at "bulk volume recovery" points in 600 and 900°C.
(XT=93, 5=0.5)
in 102Vi/mt»NE
Grade

Gilsocarbon

VQMB

ATR-2E

ASR-1S

IG-110

at 600°C

19.2

17.3

21.0

14.8

10.2

at 900°C

11.7

10.0

13.0

8.0

4.0

235

0

10

20

30

40

50

60

70

80

90 100

XV (%)
Fig. 5 Bulk volume change as a function of XTL
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Fig. 6 Pore volume change as a function of XT*.

236

ACKNOWLEDGEMENT
The FORTRAN program incorporating the Graphite Damage Model has been executed at the
JAERI/Tokai Computer Center. It was converted from the original version developed in the
Institute for Reactor Materials at the Research Center Juelich in cooperation with JAERL
REFERENCES
(1) D.P.Bunidge and J.E. Naylor, Development of graphite for fuel element sleeves in advanced
gas cooled reactors, Proc. IAEA Specialists' Meeting Tokai-mura Japan, IAEA-TECDOC-690,
p.l34(1993).
(2) T.Arai, Engineering thermomechanics of nuclear Graphites under neutron irradiation,
oxidation and transient heatup: a review, Proc. IAEA Specialists' Meeting Tokai-mura Japan,
IAEA-TECDOC-690, p. 195 (1993).
(3) J.E. Brocklehurst and B.T. Kelly, Analysis of the dimensional changes and structural changes
in polycrystalline graphite under fast neutron irradiation, Carbon, 31(1),155-178 (1993).
(4)B.T. Kelly and T.D. Burchell, Structure-related property changes in polycrystalline graphite
under neutron irradiation, Carbon, 32(3), 499-505 (1994).
(5) G.Haag, How far can the irradiation behaviour of nuclear graphite be predicted from
preirradiation physical properties, Extended abstracts of Int. Carbon Conference Paris, 244,
(1990).
(6) G. Haag, D. Mindermann, G. Wilhelmi, EL Persicke and W. Ulsamer, Development of reactor
graphite, J. Nucl. Mater, 171, 41-48 (1990).() B.T. Kelly, W.H. Martin and P.T. Nettley,
Dimensional change in polycrystalline graphites under fast-neutron irradiation, Phil. Trans. Roy.
Soc. 260, 51,(1966)
(7) T. Arai, H Cords and H. Nickel, Improved graphite damage model for predicting property
changes of HTGR graphites under isothermal and nonisothermal irradiations, J. Nucl. Sci. &
Technol., 29(9), 851-858 (1992).
(8)J.E.Brocklehurst and B.T. Kelly, The Dimensional changes of highly-oriented pyrolytic graphite
irradiated with fast neutron at 430°C and 600°C, Carbon, 31 (1) 179-183 (1993).
(9) B.T.Kelly, W.H. Martin and P.T. Nettley, Dimensional change in polycrystalline graphites
under fast neutron irradiation, Phil. Trans. Roy. Soc. 260, 51, (1966).
(10) M. Biech and J.E. Brocklehurst, A review of the behaviour of graphite under the conditions
appropriate for protection of the first wall of a fusion reactor, ND-R-1434(S), (1987).
(11) J.V. Best, W.J. Stephen and A.J. Wickham, Radiolytic graphite oxidation, Prog, in Nuclear
Energy, 16(2), 127-178 (1985).
(12) B. McEnaney and T. J. Mays, Characterization of micropores using quantitative microscopy,
Studies in surface science and catalysis vol. 87 characterization of porous solids HI, Elsevier
Science B. V. (1994).
(13)B. B. Neighbour, Microstructural processing leading to fracture in nuclear graphite, PhD thesis,
University of Bath (1993).

NEXTPAGE(S)f
left BLANK I
J

237

ACCEPTANCE TEST FOR GRAPHTTE COMPONENTS
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Abstract

In March 1991, the Japan Atomic Energy Research lnstitute(JAERI)
started to construct the High Temperature engineering Test Reactor(HTTR) which is
a 30-MW(thermal) helium gas-cooled reactor with a core composed of prismatic
graphite blocks piled on the core support graphite structures. Two types of graphite
materials are used in the HTTR. One is the grade IG-110, isotropic fine grain
graphite, another is the grade PGX, medium-to-fine grained molded graphite. These
materials were selected on the basis of the appropriate properties required by the
HTTR reactor design.
Industry-wide standards for an acceptance test of graphite materials used as
main components of a nuclear reactor had not been established. The acceptance
standard for graphite components of the HTTR, therefore, was drafted by JAERI and
reviewed by specialists outside JAERI. The acceptance standard consists of the
material testing, non-destructive examination such as the ultrasonic and eddy current
testings, dimensional and visual inspections and assembly test. Ultrasonic and eddy
current testings are applied to graphite logs to detect an internal flaw and to graphite
components to detect a surface flaw, respectively. The assembly test is performed
at the works, prior to their installation in the reactor pressure vessel, to examine
fabricating precision of each component and alignment of piled-up structures.
The graphite components of the HTTR had been tested on the basis of the
acceptance standard. It was confirmed that the graphite manufacturing process was
well controlled and high quality graphite components were provided to the HTTR. All
graphite components except for the fuel graphite blocks are to be installed in the
reactor pressure vessel of the HTTR in September 1995. The paper describes the
construction status of the HTTR focusing on the graphite components. The
acceptance test results are also presented in this paper.
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INTRODUCTION

In March 1991, the Japan Atomic Energy Research Institute(JAERI)
started to construct the High Temperature engineering Test Reactor(HTTR)
which is a high temperature gas cooled test reactor with thermal output of
30MW and the highest reactor outlet coolant temperature of 950°C. The
HTTR is utilized for establishing and upgrading the technology basis for
advanced HTGRs including the nuclear heat application and various
innovative high temperature basic researches.
The core of the HTTR consists of prismatic graphite blocks piled on the
core support graphite structures.
Industry-wide standards for an acceptance test of graphite materials used as main components of a nuclear
reactor had not been established. The acceptance standard for graphite
components of the HTTR, therefore, was drafted by JAERI and reviewed by
specialists outside JAERI. The acceptance standard consists of the material
inspection, non-destructive examination such as the ultrasonic and eddy
current testings, dimensional and visual inspections and assembly test.
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HTTR Core internal structure
Upper shield block

Mixing promoter
PJemifnjjd_eb|ock
Support post

Support plate

— ; Graphite Core support structuers
—; Metallic Core support structuers
•••; Shield

Construction Schedule of HTTR

1990 1991

1992 1993

Construction start C/V installation

MILESTONE

Fueling
RPV installation

Approval of design and
construction method
Site renovation
Excavation of reactor
building
Reactor building
Containment vessel
Cooling system
Reactor pressure vessel
and core internals
Fuel fabrication
*1 Fiscal year of Japan starts in April and ends in March

Major specification of HTTR
Thermal power
30 MW
Outlet coolant temperature
850 / 950 t
Inlet coolant temperature
395 °C
Fuel
Low-enriched UO2
Fuel element type
Prismatic block
Direction of coolant flow
Downward flow
Pressure vessel
Steel
Primary coolant pressure
4MPa
Containment type
Steel containment
Plant lifetime
20 years

Typical mechanical properties for IG-110 and PGX graphites
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Mechanical property

IG-110 graphite

PGX graphite

Bulk density (kg/m9)
Tensile strength (MPa)
Com pressive strength
(MPa)
Bending strength (MPa)
Young's modulus (GPa)
Grain size (mm)

1.78x10'
25.3
76.8

1.73x10s
8.1
30.6

36.8
8.3
mean 0.02

13.2
6.8
maximum 0.8

V V
Criticality

Inspection items for graphite material!
Raw materials
[Coke & Coal tar pitch]

Material inspection
o Kind of raw material
o Particle size

Pulverizing
1
Kneading
Pulverizing
and Sieving
I i

Forming

|

1

Baking
I

Graphitization

Purification
(IG-110)

Finishing

NDE(ultrasonic)
Material inspection
o Bulk density
o Specific resistance
oCTE
o Ash content
o Micro structure
o Ratio of anisotropy
o Flexural strength
• Tensile strength
• Compressive strength
Dimensional inspection
Visual inspection
NDE(eddy current)
Assembling test
at the works

NDE ; Non destructive examination
CTE ; Coefficient of thermal expansion
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Eddy current testing scene for
support post made of IG-110 graphite

Eddy current testing scene for hot
plenum block made of PGX graphite
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Ultrasonic testing scene for IG-110 graphite log

Dimensional measurement scene for
permanent reflector block

40

I G - 110
(Artificial flaw size

7 Probe

30
A

-r-t
i

(S/N max.

10

i
i

Artificial flaw
Preliminary test result
Acceptance test result

0
0

200

400

600

800

1000

Distance £, mm
Ultrasonic testing result(Flaw detectability of IG-110 graphite)
S ; Flaw echo-height, Nmax ; Maximum noise-echo height
Pass/fail criteria are regulated such that the graphite block is failed
in the test when the flaw-echo height exceeds the 4Nmax. The
maximum detected flaw-echo height was 2.6Nmax, which corresponds to the equivalent flaw size of about 2mm.
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CONCLUSION

The graphite components of the HTTR had been tested on the basis
of the acceptance standard. It was confirmed that the graphite manufacturing process was well controlled and high quality graphite components were
provided to the HTTR. All graphite components with the exception of fuel
graphite blocks were installed in the reactor pressure vessel of the HTTR in
August 1995. The first criticality of the HTTR will be attained in 1997.
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RADIATION BEHAVIOUR OF GRAPHITE FOR HTGR
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Russian research Centre "Kurchatov Institute",
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Abstract

The paper presents the results of investigations of different graphite materials, among with the
standard reactor graphite manufacturing by electrode technology and a number of advanced graphites
of new generation.
During the investigation of radiation stability of standard reactor graphite the basic mechanisms
of radiation damage of its structure were studied.
With the help of transmission electron microscopy deformations and cracking of filler and binder
were detected in the vicinity of the boundaries, separating these two components. Cracking begins
with crystallite splitting and ends in full fracture of boundary layers. Such process of degradation can
be explained by disjoint deformations resulting from difference in growth rate of filler and binder
crystallites, in its turn caused by considerable difference between their sizes.
It has been concluded that radiation stability of graphite may be improved by creating such
graphite materials, in which the difference in sizes of crystallites of different structure components
would be the minimal possible. When developing production technology of isotropic graphite for high
temperature reactors, some progress was made towards the solution of this problem.
Despite considerable swelling at high temperature this type of graphite appeared to be
substantially less susceptible to the degradation of the structure and to deterioration of phisicomechanical properties.
In addition to graphites manufactured by tradition technology, the graphite was investigated, in
which pyrocarbon precipitated from gas phase under 1000°C was used as binder. Carbon
precipitated in such a way was non-graphitized at high temperatures and therefore it demonstrated
sharp shrinkage under irradiation at high temperatures, and shrinkage rate correlated with pyrocarbon
quota in graphite structure.

In Russia, since the end of the 1970s to the beginning of the 1990s, a lot of work devoted to
selection and development of graphite for HTGR has been carried out as a part of R D T & E
concerning nuclear reactors VG-400 and VGM. In Russia, the development of graphites stable at
high irradiation temperature followed roughly the same way as in western countries in the end of the
1960s - 1970s [1].
In the beginning, nuclear graphites GR-280 and G R P 2 , used in RBMK, has been studied at
high temperatures. These materials, produced using traditional electrode technology, has
demonstrated catastrophic swelling and degradation of physic-mechanical properties as a result of
irradiation at temperatures >900°C (Fig.1-3).
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Simultaneously with these studies, a variety of model materials has been investigated. Among
them, the highest radiation stability has been observed in industrial grade graphite MPG-6. That is
why, in radiation-stable materials for Russian high-temperature gas-cooled reactors, an uncalcined
coke was used as a filler.
As a result of the studies, graphite GR1, containing a composite filler from uncalcined coke has
been developed.
In testing at high temperature, the material has demonstrated greater radiation stability in
compare with GR-280, GRP2 (Fig. 4-6). GSP - graphite binded by pyrocarbon - is one of the
new materials designed in FSU as part of the HTGR program [2]. This material, with different
technological modifications, has been considered as a spherical fuel element matrix material and as a
material for bricks in the internal reflector. It is produced by binding commercial graphite powder
with low-temperature (1000-1300°C) pyrocarbon with subsequent heat treatment to final shape.
Graphite is preliminary formed on burning binder into shape. This material has some specific features
of behaviour under irradiation. In particular, the amount of shrinkage is larger than for nuclear
graphite's, at all temperatures. Also, the temperature dependence of the rate of radiation-induced
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dimensional change is weak as compared with nuclear graphite's. Also, this materials stabile in its
physical and mechanical properties under high-temperature irradiation (Fig.7-9).
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In Table 1 data concerning fabrication technology and principal physic-mechanical properties of
the enumerated graphites are presented.
In evaluating radiation stability of studied materials the criterion of "critical value of neutron
fluence" has been applied. After an attainment of this neutron fluence, catastrophic degradation of
physical and mechanical properties of graphite occurs. Available experimental data for nuclear
graphites shows a decrease of F c r . with an increase of irradiation temperature. Fig.10 shows the
scheme of critical fluence determination for GR-280, treated at various irradiation temperatures. At
500-600°C shrinkage followed by swelling is characteristic. This is observed at neutron fluence,
which can be considered as ultimate from the point of view of material efficiency. This is so-called
"critical fluence" ( F c r ) , for after an attainment of this value, catastrophic degradation of material
properties occurs.
At the same time, the stage of volume shrinkage can be absent in a number of graphite's,
especially at higher temperatures of irradiation (for instance, in GR-280 at 900-1000°C). In these
cases the graphites demonstrate volume expansion in initial stage of irradiation, and property
degradation occurs after a definite stage of their stabilisation. This fact confirms that the processes,
defining radiation stability and property degradation, are not conditioned by the beginning of the
swelling stage, but are connected with a definite state of material structure. Also, an importance of
investigation of physical mechanisms, which define degradation of graphite properties, is evident.
Fig. 11 shows critical value of neutron fluence as a function of temperature in materials GR-280
and GR1. The material GR1 demonstrated considerably higher radiation stability in high-temperature
region. For G S P material the evaluation of F cr maximum values is under proceedings this time.
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TABLE 1. PHYSICAL PROPERTIES OF REACTOR GRAPHITE'S

GR-1

GR-280
calcined coke
KNPS

Filler

Formation method
Graphitisation
temperature,°C
Density, g/cm
Young' modulus,
10 4 MPa
Electrical
resistivity, Ohm-m
Compression
strength.a, MPa
Tensile
strenght.a, MPa
Coeff. of thermal
conductivity, X,
(20°C), W/mK,
C.T.E., a4oo.

IO-MC

composition on
the base of
uncalcined coke
moulding
2800

extrusion
2600

powder of graphite
based on calcined
coke

GSP-50, heat
treated at 2900C
powder of graphite
based on calcined
coke

-

2900
1.9
1.32

GSP-50, original

1.72
0.65/0.50

0.75/0.77

1.9
1.80

0.3/14.8

15.0/14.0

18.0

17.1

34/24

70/84

195

172

7.6/6.0

15/18

103/89

86/90

42

87

3.2/4.9

6.8/6.7

6.4

5.3

1.70
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Fig.6. Graphite GR-1 thermal conductivity as
function of neutron fluence.
1 - TiT=900-1000°C; 2 - Tirr=1050-1150°C.
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Nowadays, in Russia the researches of graphite for HTGR have been reduced to a marked
degree. Development of GR1 was retarded after a pilot lot has been produced. Nevertheless, in
RRC "Kurchatov Institute" and some other institutions, isolated studies of materials for H T G R are
continued. At the present stage, deeper understanding of a number of results, concerning the
structure and physical properties of definite carbon and graphite materials, irradiated at high
temperatures, and utilisation of these ones in future ecological practice look like the most important
from our point of view.
The most detailed report on these studies has been presented at ASTM Symposium in Sun
Valley, Idaho, June 1994 and now is publishing in "J. of Nuclear Materials"[3].
In this work, has been widely applied the electron microscopy and electron diffraction methods.
In investigation of graphite's, thinned using non-deforming method of ion etching, the processes have
been studied occurring at crystallite stack boundaries.
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Investigations on nuclear and industrial grade graphite structures by the methods of transmission
electron microscopy (and of macro diffraction) permitted to find out the main types of crystallite
stacks, characteristic for these graphite's, and the main types of boundaries that appear at a contact
of regions with different directions (and types) of crystallite stacks, see [4] for details. At
Fig.l2a,b,c,d, the microphotographs of some most typical graphite regions, with various characteristic
crystallite stack set-up, and the corresponding pictures of electron diffraction, are shown. The carried
out investigations permitted to define the characteristic sizes of crystallites, the degree of crystallite
disorientation, the nature of boundaries between the crystallites and the regions of crystallites, for all
types of basic regions, with various crystallite stacks and proportion between different types of
regions, in the graphites under study.
Analysis of the data on structure changes for nuclear and industrial grade graphite's, obtained
after irradiation in various conditions, permits to derive the following principal features (concerning
an evolution of initial cracks, of porosity and of crystallite sizes).
The character of structural changes in investigated graphites is defined by irradiation conditions
(irradiation temperature, neutron fluence) and, besides, is essentially dependent on the type of
crystallite stacks in the region.
In all examined samples of graphites the most typical are regions with parallel crystallite stack, or
with some deviations from parallelism in crystallite. The share of these regions is * 85-90%. The
remainder is radial and tangential spherulites.
Examined nuclear graphites GR-280, and industrial grade graphite MPG-6 differ from one
another in structure because they have different ratio of different types of crystallite stacks, [4]. The
reason is that there is not visible difference in structure between binder and filler regions in MPG-6,
produced on the basis of uncalcined coke, (in contradiction with GR-280). For the same reason,
graphite M P G - 6 has smaller variation in crystallite sizes. There are clearly visible crystallite regions
of filler and binder in GR-280 graphite's. As a matter of fact, both types of regions occur in the
regions with the three pointed out types of crystallite stacks types. However, for binder crystallites,
essentially smaller sizes aie characteristic, in compare with the similar regions of the filler.
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a)

b)

**s

\

c)

d)
Fig.12. The structure of some most typical, for nuclear graphite's, areas with different variants of
crystallite stack types:
a) structure and diffraction of an area with parallel crystallite stack,
b) structure and diffraction of an area with considerable deviation from parallel,
c) the inter-area with different crystallite stack direction preference (dominating) boundary and
its diffraction,
d) the fragment of radial spherulite and its diffraction.
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An irradiation of MPG-6 graphite at 1200°C favours an emergency of a developed system of
secondary small cracks, located along the basal planes of the crystallites. It is observed inside regions
with different types of crystallite stacks (the most pictorial effect can be seen in regions with parallel
crystallite stack), see Fig.l3a,b.
Radiation-induced structural changes in spherulites demonstrate a number of characteristic
properties that can be observed in a wide temperature range. For radial spherulites, a destruction is
typical under irradiation of their central part, see Fig.l4a. For radial-type spherulites with tangential
belt, a stripping of the outer belt surface from the adjoint regions occurs, see Fig 14b. Tangential
spherulites, under irradiation, density themselves because of accommodation by the initial cracks of
the radiation growth of crystallites in C-direction. The pointed out character of radiation-induced
structural changes in spherulites is evident and is defined exclusively by the characteristic properties
of the forming of crystallite stacks, and by their interaction in the process of radiation dimensional
change.

a)

O)

Fig.l3a,b. Generation of secondary small crack system, located along the basal crystallite planes,
inside the areas with various crystallite stacks, in MPG-6 graphite, after irradiation at 1200°C:
a - area with parallel crystallite stack,
b - area with considerable deviation from parallel.

Fig.14. a - radial spherulite central part destruction as a result of irradiation,
b - stripping of radial spherulite, with tangential belt, from ajoint structures.
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It was particularly interesting to carry out the investigations of radiation-induced structure changes
in nuclear graphite GR-280 after irradiation at 500-600°C. The reason is that for this graphite clear
maximum of volume shrinkage, and the secondary growth rate, accompanied by a strong degradation
of mechanical properties, have been observed. The last phenomena occurs after irradiation up to
neutron fluence 2.2-1026 m"2. Besides, a relative increase of specimen volume is equal to A V / V =

4% [5].
In graphite GR-280, after irradiation up to neutron fluence 1.11026m'2 (that corresponds to the
maximum of the volume shrinkage), not generation of secondary small cracks occurs. This is typical
for lower irradiation temperatures. At the same time, approaching to the shrinkage maximum, a
destruction of the filler-binder region boundaries can be observed. Due to this fact, it is possible to
observe different stages of the boundary destruction process. At the first stage, preceding the
destruction, splitting is observed - of separated filler crystallites, along the basal planes, in immediate
proximity from the filler - binder type boundary, see Fig.l5a. At the second stage, the splitting of
filler crystallites along the basic planes, from the side of the filler-binder boundary, becomes a large
scale one. Moreover, in many cases, the splitting can concern the binder crystallites, as well, from the
side of the same boundary, see Fig.l5b. At the next stage, an inter-crystallite destruction - breakage
- of the boundary begins in the joints of separate crystallite pair filler-binder, see Fig.15c. At the
last stage, a large-scale inter-crystallite destruction, in the locations of the crystallite pair filler-binder
joints, is observed. The development of this process induces the destruction of large, macroscopic
portions of corresponding boundaries, see Fig.l5d. The investigations show that the considered above
stages of the filler - binder-type boundary destruction is observed somewhat earlier than the transition
of graphite to the stage of the secondary volume expansion.
Analysis of observed structural changes leads to conclusion that the principal mechanism, defining
initial cracking in graphite's, is connected with emergence of internal stresses inside them, the latter
are caused by differences in rates of radiation-induced dimensional change in crystallites of different
sizes. The most probable locations of initial cracking are boundary regions between crystallites of the
most different sizes. This mechanism of cracking is the most important in graphites based on
uncalcined coke, for their characteristic feature is the presence of filler and binder regions with great
differences in sizes of crystallites. The rate of cracking increases with an increase in irradiation
temperature, all other factors being the same. As the graphite structure degrades in accordance with
this mechanism, the stresses, arising in the material because of anisotropy of radiation-induced
dimensional change and presence of regions with different ordering of crystals as well, lead to further
development of graphite degradation.
Fig.16 shows specific structure properties of GSP. The boundary between graphitized phase of
the graphite-filler and the pyrocarbon-binder can be clearly seen. The phase of pyrocarbon binder is
responsible for linear and volume dimensional changes that develop under irradiation. A large body of
information has been obtained concerning the influence of binding technology and binder structure
parameters on behaviour of the binder under irradiation. The data permits to say that, as a rule, the
binder densities appreciably under irradiation. Initial porosity is "healed". This can be seen from
comparison of initial and irradiated structures. The images were obtained using a replica method
(Fig. 17). However, another possibility exists. X-ray density is found to increase, so that a peculiar
radiation "graphitization" of pyrocarbon takes place (Fig. 18). It is possible that this process
contributes to volume shrinkage of the binder. So comparison of pyrocarbon binded graphite with
graphite leads to the conclusion that in GSP the role of structure elements in the material behaviour
under irradiation is quite different from their role in other materials. In this material, one of structure
components (low-temperature carbon binder) defines, in the main, its behaviour under irradiation. An
interaction between the structure components is unimportant in this case.
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a)

J'r, ,£- ,

b)
d)
Fig.l5a,b,c,d. Different stages of crystallite splitting along basal planes in proximity of filler-bindertype boundary in graphite GR-280, irradiated at 500-600°C, close to maximum of volume
dimensional shrinkage.
a - filler crystallite splitting from the side of filler-binder boundary,
b - binder and filler crystallite splitting near the filler-binder boundary; initial stage of
boundary destruction,
c - the further destruction of filler-binder boundary,
d - cracking along the filler-binder-type boundary.

Fig.16. Structure of graphite, binded by pyrocarbon (GSP). TEM. F indicates graphite filler, B
pyrocarbon binder.
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b)

a)

Fig.17. The structure of graphite, binded by pyrocarbon (GSP). Replic electron microscopy.
B - indicates pyrocarbon binder, F - graphite filler, P - pores,
a - initial state, b - after irradiation at 900-1000°C, F=M0 2 5 n/m 2 .
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Conclusion.
The development of nuclear grade graphites for HTGR in Russia was shown. Two main
candidate materials for inner reflector are: graphite GR1 and carbon-graphite material G S P . The
radiation induced changes in graphite structure has been studied. The Main results are as follows.
The presence, in nuclear graphite's, of crystallites with different sizes leads to internal stresses at
irradiation temperatures > 500°C. The cause of internal stresses is the difference in rates of radiation
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dimensional change for corresponding crystallites. These stresses, (under the same other irradiation
conditions) are dependent on irradiation temperature and on difference in sizes (specific for the type
of graphite): the higher is the temperature and larger is the difference, the stronger are stresses.
As applied to nuclear graphite's, produced of calcined and uncalcined coke, it has been shown
experimentally the following.
1. A stage character of graphites cracking, under various irradiation conditions. The cause of
cracking is internal stress. Its mechanism is described above.
2. The structure mechanism of filler-binder-type boundaries destruction is proposed. It holds for
nuclear graphite's, produced of calcined. The mechanism describes degradation, under irradiation, of
graphite properties.
3. The result of carbon-graphite materials, with non-graphitized binder, investigation is: their
characteristic properties of behaviour under irradiation are defined, principally, by non-graphitized
binder. Consequently, any change in filler properties, and its interaction with binder, does not
influence significantly on general process of properties change in these graphites under irradiation.
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Abstract

Blunt indentation experiments were carried out on unoxidisied and thermally oxidised IM1-24
graphite as a model to simulate local point stresses acting on graphite moderator bricks. Blunt
indentation of unoxidised graphite initiates cracks close to the region of maximum tensile stress at
the edge of the indentation. Cracks propagate and converge to form a cone of material. Failure is
catastrophic, typically forming three pieces of graphite and ejecting the cone referred to above. The
failure mode under indentation loading for highly oxidised graphite (weight loss > 40%) is different
from that for the unoxidised graphite. There is no longer a distinct crack path, the indentation is
much deeper than in the case of the unoxidised graphite, and there is a region of crushed debris
beneath the indentation, producing a crater-like structure. The reduction in the compessive fracture
stress, Get, under indentation loading with increasing fractional weight loss on oxidation, x, can be
fitted to Ocf/Oo = exp-[5.2x] where a 0 is the compressive fracture stress of the unoxidised graphite.
This indicates that the effect of thermal oxidation on indentation fracture stress is more severe than
the effects of radioytic oxidation on conventional strengths of nuclear graphites.
1.

Introduction

The core of a British AGR is constructed of graphite bricks, Figure 1.1, which act as both moderator
and structural components, whose integrity must be assured thoughout the life of the reactor.
However, with time, degradation of mechanical properties of the bricks occurs because of weight
loss and development of porosity caused by radiolytic oxidation. There has been extensive work
carried out on the effects of radiolytic oxidation on the mechanical properties of the core graphite,
measured in conventional tests, e.g., in flexural and compressive modes [1,2]. However, relatively
littie work has been carried out to assess the effects of radiolytic oxidation upon various types of
local stress states that are encountered by the moderator graphite in service. Three types of local
stresses may be envisaged: "rocking", "dishing" and "abrasion/impact". These stress states are
considered in more detail below.
"Rocking "
The fuel channel bricks are stacked to provide channels for fuel and control rods. The
bottom layer of bricks is located on a steel plate (Diagrid) and the side columns are held in place by
steel side restraints, Figure 1.2. As the thermal expansion of steel is considerably larger than that of
graphite, in service, differential thermal expansion causes the bricks to rock slightly producing a "zig
zag" pattern, Figure 1.2. Point contacts at brick corners and relative movement of the bricks as a
result of "rocking" may lead to damage of the graphite, particularly if it is highly oxidised.
"Dishing"
Radiation induced end shrinkage within core bricks results in "dishing", i.e., the
development of concavities in the top and bottom surfaces of the bricks. The development of
"dishing" has the effect of increasing stresses at brick corners, as they carry an increasing proportion
of the load transferred through the brick. "Dishing" increases the risk of damage to bricks during
"rocking", particularly where relative movement occurs due to power transients in the reactor.
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Figure 1.1 : Fuel channel brick

Diagrid

Figure 1.2 : Schematic of a reactor core
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Abrasion/Impact
Another potential source of damage to the core bricks occurs during refuelling
of the reactor. Material may be removed from the moderator bricks by abrasion from the fuel rod
guiding brush or microfracture may occur due to point contacts. Impacts may also occur from the
insertion of control rods, possibly removing small quantities of graphite. The impact properties of
nuclear graphites were studied by Birch and Brocklehurst [3] and fatigue properties by Shaw and
Bacon [4].
Processes such as those described above raise questions about the friability of core graphite bricks
that have been radiolytically oxidised. A friable material is one that will crumble easily, so that, if a
graphite is highly friable, it will be partly reduced to powder under stress. The effects of the local
stress states, described above, may be exacerbated by increased friability and this process may
ultimately reduce the integrity of the core. The graphite particles removed from the core bricks, as a
result of friability, will be transferred to and increase the activity of the coolant which is also
undesirable.
This paper presents initial results of a study of the friability of nuclear graphite. The experiments
reported here are confined to an exploration of the effects of thermal oxidation of a nuclear graphite
upon its response to blunt indentation. Blunt indentation has been chosen as a simple model of point
loading of the graphite.

2.

Experimental

2.1.
Material
The samples used for the blunt indentation experiments were trepanned sections of IMl-24 graphite
produced by Anglo Great Lakes Ltd (AGL), that could be traced to a particular production run.
IMl-24 is a medium texture, moulded graphite with a Gilsocarbon filler. The spherical nature of the
filler particles confers near-isotropic properties on IMl-24 graphite. The disc-shaped test pieces
were 19mm in diameter by 10mm thick.
2.2.
Thermal oxidation of the graphites
Oxidation of the graphite specimens was carried out in a horizontal tube furnace at 900°C in pure,
flowing carbon dioxide (flow rate =100 ml/min). For the graphite specimens selected for study it
was shown that there was minimal exernal burn-off and, on sectioning, a uniform oxidised pore
structure was observed by optical microscopy.
2.3.
Blunt indentation test rig
Figure 2.1 shows the test rig used for the blunt indentation of graphite. The rig was attached to an
Instron testing machine in order to apply the load; the indentation depth was then recorded via an
LVDT to give an accurate measure of the small displacements involved. A tungsten carbide sphere
was chosen as the indentor to ensure all the deformation occurred within the graphite.
2.4.
Microstructural Characterisation.
The microstructure was characterised using optical microscopy both before and after oxidation and
indentation. In order to examine the damage zone produced beneath the indentor the graphite was
mounted in an epoxy resin polished then indented. The resin prevented catastrophic failure allowing
the sample to be sectioned, and the damage zone viewed.
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Tungsten Carbide
Sphere
Graphite
Figure 2.1 : Blunt indentation test rig.

Results and Discussion

3.

3.1.
Criteria for the selection of sample and indentor size
There are a number of conflicting requirements that must be met when selecting sample size and
indentor size for blunt indentation experiments.
• The graphite sample size should be large enough to avoid perturbation of the indentor stress field
by edge effects or back plate effects.
• The diameter of the spherical indentor must be large enough to sample the microstructure of the
graphite adequately.
One constraint is the size of samples trepanned from reactor cores (19mm diameter) that will be
available for later studies of the effect of radiolytic oxidation on blunt indentation; similar size
samples were therefore used for the study of thermal oxidation reported here. Figure 3.1 shows a
micrograph of unoxidised IMl-24 graphite with the projected area of contact (3.6mm diameter) for
an indentation depth of 0.6mm, which is approximately half die indentation at fracture. This shows
that a significant number of microstructural features (Gilsocarbon filler particles, pores and binder
phase) are sampled during indentation witfi the 6mm diameter tungsten sphere.
The geometry for the indentation test was analysed using classical Hertzian contact mechanics [5].
Equation 3.1. gives the relationship between the z-axis stress, cr and the radius, a, of the projected
area of contact:

1+
0

[3.1]

a J
where Go is the maximum stress and z is the distance from the surface. The z-axis stress was
calculated from Equation 3.1 using the average maximum stress, Oo, and the corresponding projected

V
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Figure 3.1 : Micrograph showing the projected area of contact (diameter 3.6mm) for an indentation
depth of 0.6mm on unoxidised IMl-24 graphite.
contact area obtained from indentation experiments on unoxidised IMl-24 graphite (a=2.45mm at an
indentation depth of 1.2mm). Figure 3.2a shows that the z-axis stress is reduced to <0.05o0 at
~9.7mm below the surface. Experimental measurements of the indentation load at failure as a
function of sample thickness for unoxidised IMl-24 graphite, Figure 3.3, show that indentation load
at failure becomes independent of sample thickness for samples thicker than -7.5mm. Taken
together, these results suggest that a sample thickness of 10mm should be sufficient to avoid
significant back plate effects.
From Hertzian contact mechanics, the variation of radial stress ar, with distance, r, along the surface
of the specimen is given by the following equations:
Inside the circle of contact:
/
7-2v
0

2 \

2 \

a

1-

V J

V

[3.2]

1-

1a

V

a

2

J

Outside the circle of contact:
2

a „

(1 - 2v)a

[3.3]

3r

where a is the radius of the projected area of contact and v is Poisson's ratio (v = 0.17 for
unoxidised IMl-24 graphite). Figure 3.2b shows that the compressive stress beneath the indentor
decreases in the radial direction and then becomes a tensile stress with a maximum value of
a r = (1 - 2v)Oo/3 when a = r. The tensile stress then decays to less than 0.05 of the maximum tensile
stress at r ~ 4.7 mm. Thus, Figure 3.2b suggests that the sample radius (9.5 mm) is sufficiently large
to avoid the occurrence of any edge effects on the radial stress distribution.
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It should be noted that many of the assumptions on which classical Hertzian contact mechanics are
based do not apply to nuclear graphites. These include the assumptions that the material is an
isotropic elastic continuum and that the indentation depth is small in relation to the radius of the
sphere. However, the comparison of Figures 3.2a and Figure 3.3 suggests that Hertzian contact
mechanics provide a useful first approximation to an analysis of blunt indentation of graphite.

3.2.

Qualitative features of blunt indentation and fracture

3.2.1. Unoxidised graphites
Figure 3.4a-c shows progressive polishing of the contact area surface of unoxidised IMl-24 graphite
after various indentation cycles (each cycle was: load to 1.5kN and then unload). The progressive
polishing is caused by the relative motion of indentor and test piece during the loading cycle. The
polishing occurs because graphite shears easily and small quantities of the material are smeared
across the contact area. Progressive damage to the surface and bulk of the material also occurs, with
material starting to spall off after 15 to 20 cycles. The damage zone beneath the contact area also
becomes more pronounced with cracks propagating through porosity (see below).
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(a). 1 Cycle

(b). 5 Cycles

(c). 15 Cycles
Figure 3.4a-c : Surface polishing of unoxidised, IM1-24 graphite by cyclic indentation
(One cycle is load to 1.5kN then unload).

On failure of an unoxidised graphite test piece under indentation loading, a cone shaped piece of
graphite is always ejected from just below the indentor (figure 3.5a), and ultimately the sample
fractures, generally producing three approximately equal pieces, i.e.. the principal radial cracks are at
-120° intervals (figure 3.5b).
Transverse sections of the damage zone, Figure 3.6a, show that the crack path was initiated at the
edge of the indentation and descended to a point beneath the centre of the contact. By contrast,
classical Hertzian theory predicts (and indentation experiments on glasses show [6]) the formation of
a divergent cone crack, Figure 3.6b, initiated at the point of maximum tensile stress (Figure 3.2b). In
graphite, the cone is inverted (convergent) in comparison to the Hertzian case (Figure 3.6c). The
crack is also initiated close to the point of maximum tensile stress, but then it propagates through a
compressive damage zone by linking porosity and by traversing around Gilsocarbon filler particles,
Fisure 3.6a. This illustrates a limitation of Hertzian contact mechanics when applied to
heterogeneous materials such as nuclear graphites.

(a) Cross section of
an indentation.

(b) The surface of
an indentation.

Figure 3.5a&b : Morphology of unoxidised, IM1-24 graphite after fracture under indentation
loadina. Note the missing cone of material that has been ejected during fracture and the principal
radial cracks at -120° intervals.
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Figure 3.6. a: The damage zone in unoxidised IMl-24 graphite after indentation; the contrast of the
crack path has been computer enhanced; b,c: a comparison of the classical Hertzian cone crack and
the crack path in unoxidised IMl-24 graphite .
3.2.2. Highly oxidised graphites
Transverse sections of highly oxidised IMl-24 graphite (weight loss > 40%) after indentation, Figure
3.7, no longer show a distinct crack path. The indentation is much deeper than in the case of the
unoxidised graphite and there is a region of crushed debris beneath the indentation. Figure 3.7b
presents a schematic of the indentation for comparison with the unoxidised graphite. Figure 3.6c.
This comparsion shows that there are two different modes of failure of IMl-24 graphite under
indentation loading, depending upon the the extent of porosity.
3.3.
Quantitative measurements
Figure 3.8a presents the output data from the indentation apparatus. Figure 2.1, in the form: load
versus displacement For the unoxidised IMl-24 graphite, the load rises smoothly to fracture at
~3.3kN and a displacement of - 1.25mm; the fracture is catastrophic, the graphite is shattered usually
into three pieces (see Figure 3.5b) and there is a sharp reduction in load. For the graphite oxidised to
40% weight loss, the maximum load is -0.5kN at a displacement of ~ 1.04mm, showing that the
graphite is substantially weakened by oxidation to 40%weight loss. Failure is more progressive than
is the case for the unoxidised specimen, with the broken pieces of graphite being pushed apart.
The compressive stress, c c , under the indentator can be calculated from a c = UnDt, where L is the
measured load and ftDt is the area of contact of the indentor; D is the diameter of the indentor and t
is the depth of indentation. [Note that nDt is not the projected area used in the Hertz equations.]
For unoxidised IMl-24 graphite, Figure 3.8b, the compressive stress that initiates failure
(-130 MPa) is much higher than a conventionally determined value of compressive strength for this
material (~ 72MPa) [7], This is because under indentation loading, fracture is initiated close to the
region of maximum tensile stress at the outside edge of the indentation. The value of maximum
tensile stress calculated from Hertzian analysis using Equations 3.2 and 3.3 (Figure 3.2b) is 30 MPa
which is much higher than the conventional tensile strength (14MPa [7]) for unoxidised EM 1-24
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Figure 3.7 : a, Indentation of highly porous IM1-24 graphite (-40% weight loss),
b, a schematic of the indentation showing the main features, cf. Figure 3.6c.

(14MPa [7]) for unoxidised IM1-24 graphite. This discrepancy may be attributed to the limitations of
Hertzian contact mechanics when applied to nuclear graphites.
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Figure 3.8a&b : Indentation load and compressive stress versus displacement for unoxidised and
oxidised EM 1-24 graphite.

3.4.
The effects of thermal oxidation on indentation fracture
Figure 3.9 presents the variation of compressive fracture stress under indentation loading, ccf, for
thermally oxidised IM1-24 graphite, as a function of fractional weight loss, x, where x = Aw/w0,
where Aw is the weight loss after oxidation and w0 is the original weight of the unoxidised graphite.
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This curve is similar in shape to those reported previously for the reduction of conventional
mechanical properties of nuclear graphites subject to thermal and radiolytic oxidation [1].
Reductions in mechanical properties of nuclear graphites have been fitted to empirical equations such
as S/So = exp-[Bx], where S is the property of a graphite oxidised to fractional weight loss, x, So is
the property of unoxidised graphite, and B is a constant. Kelly et al [2] showed that the reduction in
conventional compressive strength of IMl-24 graphite with radiolytic oxidation is given by:
a/Go = exp-[4.0x]
[3.4]
A similar exponential equation of the form
Ocf/Oo = exp-[5.2x]
[3.5]
was fitted to the indentation stress data in Figure 3.9. These results show that the effects of thermal
oxidation on indentation fracture stress, oCf , are more severe than those of radiolytic oxidation on
conventional strength. Similar differences between thermal and radiolytic oxidation have been noted
before and have been attributed to the development of microcracks in thermal oxidation rather than
the more equiaxed pores produced in radiolytic oxidation [8].
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Figure 3.9 : The effect of thermal oxidation on compressive fracture stress,oCf, of IMl-24 graphite
under indentation loading.

4. Conclusions
Blunt indentation of unoxidised IMl-24 graphite initiates crack propagation close to the region of
maximum tensile stress at the edge of the indentation. Cracks propagate in the compressive stress
field and converge to form a cone of material. The cracks link pores and traverse around filler
particles. Failure is catastrophic, typically forming three pieces of graphite and ejecting the cone
referred to above. The failure mode under indentation loading for highly oxidised IMl-24 graphite
(weight loss > 40%) is different from that for the unoxidised graphite. There is no longer a distinct
crack path, the indentation is much deeper than in the case of the unoxidised graphite, and there is a
region of crushed debris beneath the indentation, producing a crater-like structure. The reduction in
the compessive fracture stress, aCf, under indentation loading with increasing fractional weight loss
on oxidation, x, can be fitted to oc{/ Oo = exp-[5.2x] where a0 is the compressive fracture stress of
the unoxidised graphite. This indicates that the effect of thermal oxidation on indentation fracture
stress is more severe than the effects of radioytic oxidation on conventional strengths of nuclear
graphites.
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Abstract
It is well known that properties, such as Young's modulus, strength and so on, change when
compressive or tensile prestresses are applied to graphite materials at room temperature. It is
important from the designer's standpoint in the sense that it should be taken into consideration for the
structural design of the graphite components if there is an effect of prestresses at high temperature on
the mechanical properties. In this study compressive prestresses were applied to an isotropic finegrained graphite at room temperature (RT) and high temperature (2010°C). As a result, decrease in
Young's modulus due to high temperature prestressing was 56% which was much larger than the
6.4% that was due to RT prestressing. This finding was considered to be due primarily to difference
in degree of preferred orientation of crystallites in the graphite on the basis of Bacon anisotropy factor
(BAF) from X-ray diffraction measurement of the prestressed specimens. Furthermore, high
temperature compressive prestressing produced an increase in the strength of the isotropic graphite,
although room temperature prestressing produced no such effect. The results obtained here suggest
that isotropic graphite which is subjected to high-temperature compressive stress becomes
anisotropic. It is concluded that it should be considered in the design stage of the reactors that the
anisotropy may change after long term operation of high temperature gas-cooled reactors.
1 .Introduction
It is known [1-3] that different properties, such as Young's modulus and mechanical strength,
change if compressive or tensile prestresses are applied to graphite materials at room temperature.
When the graphite materials are used for reactor components, various stresses are produced in the
structural compoents of the nuclear reactors[4]. The stresses are due to dead weight, inhomogeneous
distribution of temperature and neutron flux in the graphite block that is anisotropic, which leads to
irradiation-induced stresses, and external loads, such as an earthquake. It is important to know how
the mechanical properties change when the graphite materials, which are used as a reactor component,
are subjected to stresses.
This paper describes results of the influence of prestresses at room temperature and about 2000°C
on the Young's modulus and strength of the nuclear grade isotropic graphite and examinations of the
reasons why the material properties change due to presresses. The compressive stresses applied to
* Now in Asahi Glass Co. Ltd.
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the specimens were about 90% of the compressive strength at room temperature. After removing
stresses changes in Young's modulus and strength at room temperature have been evaluated and
changes in microstructures, such as crystal orientation, due to compressive prestresses have been
examined.
2.Experimental
2.1 Material tested
A fine-grained isotropic graphite for fusion plasma components, IG-430 for, made by Toyo
Tanso Co. Ltd. were used as a test material. Table 1 shows typical properties of the tested material.
The specimen geometry was 10mm in diameter and 20 mm in height.

Table 1 Typical properties of IG-430 graphite.

Bulk Young's Tensile Compressive Bending
Graphite Density
Modulus Strength Strength Strength
Grade
(MPa)
(MPa)
(MPa)
(kg/m3) (GPa)
10.8
37.2
IG-430
1820
85.3
53.9
2.2 Compressive test
The compressive tests were conducted at room temperature before the prestress was applied. The
compressive load was applied at a crosshead speed of O.lmm/min by using a universal testing
machine of the maximum load capacity of 98kN. Polyethylene sheet was used to reduce the frictional
resistance between the edge surface of the specimen and the pressure block.
The compressive prestress of 90%(5.537kN) of the average compressive strength at room
temperature was applied using results of the compressive tests at room temperature before
prestressing. At 2000°C, the compressive prestress of 95% of the average compressive strength at
room temperature was applied to the specimen. In this case the actual prestress was deduced to be
less than 95% of the high temperature fracture strength because the graphite material have higher
strength at high temperature.
2 3 Young's modulus measurement
Young's modulus,E was determined from the ultrasonic wave propagation velocity, v using the
ultrasonic detector (FD-1800, Mitsubishi Electric Co.) with 2 MHz ultrasonic vibrator and receiver
before and after applying prestresses, and the following equation:
E= p v 2
where p is the apparent density of the material.
2.4 Diametral compressive test
The specimen was made by cutting from the specimen after measuring Young's modulus. The
specimen size was 10 mm in diameter and 6 mm in length. An arc type indentor with inner diameter
of 11.5 mm was used. The machine grease was applied to the specimen as a lubricant to reduce the
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frictional resistance between the indentor and the pressure block. The test was performed at a
crosshead speed of 0.5 mm/min.
2.5 Hardness test
The specimens for hardness tests and X-ray diffraction experiments were cut from the remaining
materials, 10 mm in dia. X 5 mm, after cutting the diametral compressive specimens. The hardness
test was conducted by using the dynamic ultra-microhardness tester (DUH-50, Shimadzu Ltd.) at 15g
with a diamond trigonal pyramid indentor and the indented load versus depth curve was determined.
The hardness tests were performed on the non-loaded and high temperature compressive prestressed
materials only.
2.6 X-ray diffraction experiment
In order to investigate changes in the microstructure due to compressive prestressing the crystal
orientation before and after compressive prestressing was analyzed using a X-ray diffractometer. The
X-ray diffractometer was the rotating anode type Rartaflex RU-300 (Rigaku Electric Co. Ltd.). In
the diffractometer copper was used as an anticathode and the amp voltage was 40 kV and the amp
current was 80 mA. The diffraction intensity was measured by scintillation counter and recorded
automatically. In the measurement of (002) diffraction pattern the slits for diffusing, scattering and
receiving lights were 1 °, 1 ° and 0.3 mm, respectively. The scanning speed was 2 ° /min and
sampling time was 0.06s.
Bacon has measured the distribution of (002) diffraction intensity for polycrystalline graphites by
using an X-ray camera and expressed as I( 4>) the intensity of the direction making degree § to the
symmetrical axis[5]. The I( <f>) was called the orientation function and has been used as a parameter
which shows the crystal orientation in the bulk material. In this experiment the orientation function
I( 4>) of the specimens was measured by using the X-ray diffractometer. The specimen was a thin
rod, about 1 mm in dia. X 8 mm, cut from the direction perpendicular to the applied stress, as shown
in Fig.l. At first, the specimen was set parallel to the central axis of goniometer and the angular
dependence of (002) diffraction pattern was examined. Secondly, the detector was fixed at the peak
position of (002) diffraction line and the (002) diffraction patterns were continuously measured from
0' to 360° . The measurement conditions were 40kV-80mA, 45° /min for scanning speed and 0.2
for sampling width. When the specimen was rotated from 0° to 360° , four pairs of I( 4>)- 4>
curves from 0* to 90° were obtained with corrected background. The average of the four curves
were determined and the value of 4> that I( <j>) is the maximum was defined as 0° . The use of the
average curve reduces effect of deviation from gonio-axis in setting of the specimen and revises
deviation from the molding axis and the symmetry axis.
3. Results and Discussion
3.1 Residual strain after compressive prestressing
The average compressive fracture stress was 77.5 MPa (average fracture load was 633 kg) from
the result of compressive tests (nine specimens) conducted at room temperature. The compressive
prestress which corresponds to about 90% (565 kg) of the average fracture stress at room temperature
was applied to the specimens. At about 2000°C the compressive prestress which corresponds to
about 95% (600 kg) of the average fracture stress at room temperature was applied to the specimen.
The dimensional changes before and after compressive prestressing were shown in Table 2. Even if
an applied prestress is small when it is applied to the polycrystalline graphite, after removing stress
the dimension of the specimen does not completely recover and the residual strain produces. In this
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Fig. 1 Cutting plan of specimens for X-ray analysis after compressive test.

Table 2 Changes in length, Young's modulus and BAF due to
compressive prestressing.

Property

Length
Change
A L/L(%)

No Loading
RTC-Loading
HTC-Loading

0
-0.16
-8.1

Young's Modulus
E(GPa)
Axial

BAF

AE/E
AE/E
Radial
(%)
(%)

11.0 0 11.7 0
- -6.4 - -1.8
- -56 -23

1.06
1.45
2.52

case the residual strain is compressive and the specimen elongates to the perpendicular direction to the
applied stress. The residual strain of the material prestressed up to 69.8 MPa (0.9 a f) at room
temperature was only 0.16 %. In contrast to this, the residual strain of 8.1 % was observed for the
material prestressed up to 73.6 MPa (0.9 (jf) at high temperature. Although increase in apparent
density was hardly seen for the material prestressed at room temperature, the density increase of 0.3
% was observed for the material prestressed at high temperature. It is considered that the residual
strain of compressive prestressed materials consists of deformation of crystal grain, formation of
cracks and so on. On the other hand, for the materials prestressed at high temperature a transverse
residual strain was observed together with large longitudinal one. Although deformation of crystal
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grain in the materials prestressed at high temperature is not definite, it may be subjected to large
deformation. It is considered that deformation of pores by movement or rotation of grains can
contribute to the residual strain.
3.2 Change in Young's modulus
Table 2 also indicates change in Young's modulus before and after compressive prestressing. It is
generally well known f 1] that Young's modulus of graphite decreases with increasing applied
compressive stress levels. The Young's modulus of the specimen prestressed up to 69.6 MPa(=0.9
a f) at room temperature decreased 6.4 % in the direction of applied stress. In contrast with this the
decrease of 56 % was seen for the Young's modulus of the specimen prestressed up to 73.6 MPa
(=0.95 a {) at high temperature. Decrease in Young's modulus of the specimen prestressed at high

S p e c i me n

X-Ra y

Counter

Fig.2 Method of measurement for orientation function by thin rod specimen.

temperature is extremely large as compared with that of the specimen prestressed at room
temperature, as well as the case of residual strain. It has been reported [1] that there is a correlation
between Young's modulus and residual strain of the graphite prestressed at room temperature, that is,
Young's modulus ratio (E/EQ) before and after compressive prestressing decreases with increasing
longitudinal residual strain. It has also been reported [2] that there is little dependence of the grade of
graphite and cutting direction on the Young's modulus ratio. This suggests that Young's modulus
decreases due to the same factors. There is a large difference in residual strain of the specimens
prestressed at room temperature and high temperature. The reason of the decrease in Young's
modulus might be due to some different factors. Therefore, it can not be determined if there is a
proportional relation between Young's modulus and residual strain or not. However, it was shown
that Young's modulus decreases with increase of residual strain. On the other hand, the Young's
modulus of the specimen was also measured in the perpendicular direction to the applied stress. As
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shown in Table 2, the Young's modulus of the specimen decreased in any case as compared with
before prestressing and it indicates that the Young's modulus in the perpendicular direction is larger
than that in the applied stress direction.
3.3 Change in strength
It is generally known [1] that the tensile strength of graphite decreases with increasing
compressive prestress at room temperature. In this study the diametral compressive strength was
determined by using disk specimen. Since the contact area between the specimen and an arc type
indentor could not be measured in this experiment, the tensile strength could not be deduced from the
the diametral compressive test. If the concentrated load.P, is applied to the disk of radius, R and
thickness, t, the tensile stress
a (=P/ n Rt) on the load line was defined as the diametral compressive strength and examined in the
different prestress levels as shown in Table 3. In this table the column, a shows the average ±
standard deviation (number of specimen). The strength of the specimen prestressed at room
temperature changed little in the perpendicular direction to the applied stress. However, the strength
of the specimen prestressed at high temperature indicated a slight increase.
Fig.3 shows load (L) versus indented depth (h) diagram obtained from the dynamic hardness test
for non-loaded and high temperature prestressed materials. If it is taken into consideration [6] that
the slope, B, at the maximum load point of the loading curve in the L/h-h relation is proportional to
strength and the slope, D, at the maximum load point of the unloading curve is proportional to
Young's modulus, changes in Young's modulus and strength should be deduced from the curves
stated above. Clearly from Fig.3, the strength of the specimen prestressed at high temperature
increased slightly and Young's modulus decreased. These results accord to those of diametral
compressive tests and Young's modulus measurements.

Table 3 Effects of compressive prestresses on disk
diametral fracture strength.

Material

Disk Diametral Fracture
Strength, a p (MPa)

Virgin

29.8+1.2 (8)

Prestressed 0.6 a f at RT

30.1 + 0.7 (9)

Prestressed 0.7 a f at RT

29.1 ±0.7 (6)

Prestressed 0.9 a f at RT

28.2 ±2.2 (4)

Prestressed 0.9 a f at HT

31.0±0.5 (2)

3.4 Change in crystallite orientation
In order to investigate changes in the orientation of the crystallite due to prestresses the X-ray
diffraction experiment has been done. Fig.4 shows the diffraction pattern of (002) for no loaded
materials. Figs.5 to 7 indicate the diffraction patterns of (002) as a function of rotating angle of the
specimens which were not loaded and were prestressed at room temperature and high temperature,
280

15
bfl

OIG430 Virgin
©1G430HT Prestressed,

10

Q

O

1

2
DEPTH,h(^m)

8
1

OIG430 Virgin
©IG430 HT Prestressed

1

2
DEPTH,h(/"m)

3

Fig.3 Indentation load (L) and L/indented depth (h) as a function
of h of IG^43O graphite specimen before and after high
temperature compressive presressing.

2B.0

16.0 •

1 2 . BCO

a.

25.23
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respectively. The orientation function I( <j>) was obtained based on the above figures. After
correction of the background of the figures the four curves of I( # )- <f> from 0
to 90 ° were
averaged. The value of $ that I( 0 ) is maximum was taken 0 and three I( 4>) curves are shown in
Fig.8 to the value of <p from 0 ° to 90 °. The orientation function was expressed as a relative
strength and the maximum of I( <j> ) taken as unity.
The curves in Fig.8 were approximated by the fourth order equations below:
)=dQ+d, <j> +d2 4> 2 +dj $ 3 +d 4 0 4
where dQ —d4 are constant. As a result, the following equations are obtained:
I( 0 )=0.999+0.013 4> -0.186 $ 2+0.093 <j> 3 -0.008 ^ 4 for original material,
I( <f> )=0.998+0.004 <f> -1.406 # 2+1.188 0 3 -0.287 ^ 4 for prestressed material at room temperature,
I( 4> )= 1.002+0.066 $ -2.865 0 2+2.736 0 3 -0.746 <f> 4 for prestressed material at high temperature.
Bacon expressed theoretically the coefficient of thermal expansion based on the orientation
function and defined a factor that quantitize anisotropy of a material, that is, Bacon Anisotropy Factor
(BAF) [5]. The equation which gives BAF values based on the orientation function is shown in the
following:

i
J

/t/2

l(4>)cos 2 <f>sin4>d<f>
0

BAF=

Tl/2

0

The value of BAF is unity if the material is completely isotropic and become large with increase of
anisotropy. Since the measurement error of BAF become large when the material has strong
preferred orientation, it is not desirable to use the BAF value. It is said that BAF is an effective factor
as a measure that indicates a little anisotropy for nuclear graphites which is isotropic. The BAF
values calculated from the above equation are shown for each material in the column at right edge in
Table 2. The BAF values obtained from X-ray diffraction method are 1.06 for the original material,
1.45 for the prestressed at room temperature, and 2.52 for the prestressed at high temperature. It
means that grains in the graphite rotate due to compressive prestressing and the orientation of the
basal plane of crystallites takes preferred orientation in the perpendicular direction to the applied
stress. Consequently, changes in the orientation of the basal plane of crystallites make decrease in the
Young's modulus in the direction of applied stress and increase in Young's modulus in the
perpendicular direction to the applied stress. However, it is considered from the fact that Young's
modulus decreases also in the perpendicular direction to the applied stress that there is not only
changes in the orientation of crystallites but also crack formation and so on work as compound
mechanisms for decrease in Young's modulus.
4. Conclusions
Compressive stresses have been applied to an isotropic fine-grained graphite, IG-430, at room
temperature and about 2000°C. Changes in the Young's modulus and the orientation of crystallite
have been investigated at room temperature before and after prestressing. As a result, the following
conclusions were drawn:
(l)When the compressive prestresses are applied at room temperature, the residual strain
produces and the Young's modulus decreases. The residual strain increases and the Young's
modulus decreases with increasing applied stress. On the other hand, when the compressive
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prestress is applied at about 2000°C> the residual strain extremely increases and the Young's modulus
largely decreases.
(2)When the compressive prestresses are applied at room temperature, the strength in the
perpendicular direction to the applied stress change little with compared to that before prestressing.
The strength increases when the prestress is applied at about 2000 °C(3)Changes in the orientation of the basal plane of crystallites were investigated by the X-ray
diffraction method for both materials prestressed at room temperature and at about 2000°C • It turned
out that the orientation of the basal plane of crystallites changes due to prestresses. The anisotropy
factor, BAF were 1.06 for the original material, 1.57 for the material prestressed at room
temperature, and 2.52 for the material prestressed at about 2000°C(4)The crystallite rotates due to compressive prestress and the basal plane of the crystallites takes
preferred orientation in the parallel direction to the applied stress. Consequently, it is considered that
it decreases the Young's modulus in the applied stress direction and increases that in the perpendicular
direction. However, it is considered from the fact that Young's modulus decreases also in the
perpendicular direction that there is not only changes in orientation of crystallites but also crack
formation and so on work as compound mechanisms for decrease in Young's modulus.
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Abstract

The ET, eddy current testing, is considered as the one of the major in-service
inspection techniques for the graphite components in the HTTR, High Temperature
Engineering Test Reactor. The preliminary study had been carried out in order to clarify the
applicability of the ET to the in-service inspection of the graphite components. In the
preliminary study, an analytical investigation was performed to estimate the allowable crack
size in which the fracture mechanics approach was applied, and also an experimental
investigation was performed to clarify the detectable crack size from the ET with artificial slit
crack specimen. This paper treats the applicability of the ET to the graphite components as
the in-service inspection technique on the basis of the analytical and experimental results.

INTRODUCTION
The graphite components in the HTTR consist of core graphite components and
core support graphite components as shown in Fig.l. The core graphite components,
which axe made of IG-110 graphite, fine-grained isotropic nuclear grade graphite, are
to be replaced at regular intervals, and the core support graphite components, which
are mainly made of PGX graphite, medium-grained near-isotropic nuclear grade
graphite, are to be placed during the life-time of the HTTR plant.
For the safety operation it will be necessary to confirm the structural integrity
through an in-service inspection at specified intervals and/or an inspection after an
accident which might cause a serious damage to graphite components. For the core
graphite components it is possible to take out from the core to the hot cell to check the
structural integrity by a visual inspection etc. On the other hand, for the core support
graphite components, which are shown in Fig.2, it will be necessary to check the
structural integrity by a remote inspection technique, since their components can not
take out to the hot cell. For the remote inspection technique several methods, such as
a visual inspection using a TV camera and so on, are planning, and the preliminary
studies are starting to clarify the feasibility of them.
One of the preliminary studies of the remote inspection methods is the ET. The
graphite is a brittle material and its fracture is sensitive to cracks, especially to surface
cracks. The ET is excellent to detect surface cracks, and this method had been applied
to the acceptance test for the graphite components in the HTTR; the test procedure had
been established to a graphite material after several R&Ds.
There are two connecting elements for the core support graphite components.
The one is the key and keyway element which connects adjacent core support graphite
components, and the other is dowel pin and dowel socket element which connects hot
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Fig.l Arrangement of graphite components in the HTTR.

plenum blocks and upper core graphite components as shown in Fig.2. In a component
design, it is important to evaluate the stress concentration to these connecting elements
at the earthquake condition, since an earthquake load concentrates these connecting
elements(1). Then it is necessary to detect cracks especially for these connecting
regions. Moreover the estimated earthquake stress at the dowel socket region is greater
than that of the keyway region. Hence it is important to detect the cracks at the dowel
region rather than at the keyway region; we can easily check the dowel region on the
hot plenum blocks after take out upper core graphite components.
Therefore, the preliminary study on the ET technique had been carried out to
detect surface cracks around the dowel pins of the hot plenum block. In the
preliminary study the applicability of the ET method as the remote inspection technique
was investigated from an analytical and an experimental approaches. In the analytical
investigation the allowable crack size is estimated on the basis of the fracture
mechanics approach, on the other hand in the experimental investigation the detectable
crack size is clarified by the ET of the PGX graphite specimen with several sizes of
artificial cracks.
This paper reports the analytical and experimental results, and the applicability
of the ET technique as an in-service inspection of the core support graphite
components are discussed from a comparison between the allowable and the detectable
crack sizes.
2. ANALYSIS
The allowable surface crack around the dowel pin of the hot plenum block was
estimated by the fracture mechanics approach. The stress intensity factor was
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Fig.2 Arrangement of core support graphite components.

estimated from the influence function methods proposed by Shiratori et al(2). This
method is excellent to estimate the stress intensity factor because only the arbitrarily
distributed surface stresses without crack is needed; it is not necessary to prepare many
sizes of the crack meshes. Then the stress analysis was carried out by the NISA-II
code(3), FEM stress analysis code. A semiellipse shape of crack was assumed in the
estimation of the stress intensity factor.
2.1 Analytical model
A two dimensional elastic stress analysis was performed to determine the stress
distribution around the dowel pin. The analytical model of around the dowel pin on
the hot plenum block is shown in Fig.3. The 1/4 region of the hot plenum block is
treated as an analytical model taking into account of the symmetrical geometry. A
bilinear element with 4-nodes is used in this analysis. The number of the mesh in this
analysis is 1041. The S2 earthquake (extreme design earthquake) load postulated in the
HTTR design(4), 3.7 kN, was applied at P direction in cosine distribution as shown in
Fig.3. The material properties used in this analysis is listed in Table 1
2.2 Analytical result
The contour diagram of the maximum principal stress analyzed by the NISA-II
code is shown in Fig. 4, since the maximum principal stress theory is applicable to the
fracture assessment of graphite(5). The calculated maximum stress is 2.9 MPa. The
stress distribution along A-A direction which contain the maximum stress point is used
to evaluate the mode-1 stress intensity factor. In the evaluation the maximum analyzed
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(1) Hot plenum block

(2)Analytical model

Fig.3 Analytical model of allowable crack size.

Table 1 Mechanical properties of PGX graphite.
Bulk
density
(g/cm3)

Tensile
strength
(MPa)

Compressive
strength
(MPa)

Young's*
modulus
(GPa)

Maximum
grain size
(^m)

1.73

8.1

30.6

6.5

800

*:Slope between the connecting points on the stress strain curve at 1/3 of
the ultimate tensile and compressive strengths.
stress was set equal to the ultimate minimum tensile strength, 4.5 MPa for the PGX
graphite(6), since the higher stress estimation leads the lower allowable crack size,
which is a conservative estimation. The modified stress distribution along A-A
direction is shown in Fig. 5.
From this stress distribution, the mode-I stress intensity factor was estimated
by the influence function method. The estimated mode-I stress intensity factor as a
function of the crack depth,b , is plotted in Fig. 6.
2 3 Allowable crack size
S.Sato et alP obtained the mode-I fracture toughness KIC (K,c=0.6 MPam1/2)
with the same graphite blocks used for the core support graphite components. From
their mode-I fracture toughness, we plot the region at Kj<KIC, which is an allowable
crack region, as a combination of the crack depth, b, and crack length, a, in Fig.7.
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Fig.4 Contour diagram of maximum principal stress around
dowel pin of the hot plenum block.
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Fig.5 Modified stress distribution along A-A direction in Fig.4.
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3. EXPERIMENT
3.1 Experimental apparatus
For the ET the automatic scanning machine was employed, since it is important
to maintain the constant lift-off which is a distance between the scanning probe and
the specimen. The automatic scanning machine is able to scan at X, Y, Z and 0
directions as shown in Fig.8. The probe and detector used in the ET are summarized
in Table 2. The ET was performed at a condition of the testing frequency at 1.5 MHz,
the phase angle at 0 degree, scanning pitch below 0.7 mm and scanning speed below
200 mm/sec.
3.2 Specimen
The specimen was made of PGX graphite. The specimen configuration is
shown in Fig.9. Two kinds of artificial slit cracks were machined on the specimen in
a parallel and a perpendicular directions as shown in Fig.9. Artificial slit crack sizes
are 5 mm in length with 1.0 mm in depth and 7 mm in length with 1.0 mm in depth.

3 3 Detectable crack size
The crack detectability was defined as S/Nmax in the inspection standard of
graphite of the HTTR(8), where S is a crack signal and Nmax is a maximum noise
signal. Furthermore the inspection standard regulates the pass/fail criteria as
S/Nmax=3; if the S/Nmax below 3, the graphite block is considered without harmful
crack. The test results are plotted in Fig. 10. In a perpendicular scanning, artificial slit
crack with 7 mm shows a high crack detectability than that of the 5 mm. In the
parallel scanning, crack detectability for both artificial slit cracks is almost the same.
We can see from this figure that smaller lift-off condition has a better crack
detectability. In an in-service inspection, the probe must keep a certain lift-off in
order to prevent the contact between the probe and the graphite components. In the
acceptance test of the graphite component the recommended lift-off was 0.5 mm to
0.8 mm(9). In the in-service inspection this rift-off level should be also adopted to
prevent the probe contact to the graphite components. Then we can see that the
detectable crack size is 5 mm in length from this figure.

Table 2 Eddy current testing equipment.
Probe

•Micro probe,
•Self-induction type coil
arrangement used as differential
type,
•Frequency: 1MHz

Detector

•Defectscope,
•Frequency: 100Hz-9.9MHz
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Fig.8 Schematic drawing of automatic probe scanning machine.
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Fig.9 Test specimen with artificial slit crack.

4. RESULTS AND DISCUSSION
4.1 Environmental effect on fatigue crack growth
For the graphite component in the HTTR, the following environmental effect on
the fatigue crack growth must be considered.
(l)Irradiation effect: The amount of the fast neutron fluence for the core support
graphite components is estimated below about 1020n/cm2 (neutron energy: E>29 fJ)
during life-time of the HTTR(4). This neutron fluence hardly affect on the mechanical
properties(5).
(2)Oxidation effect: Since the coolant gas does not flow around the dowel pin on the
hot plenum block it is not necessary to consider the oxidation effect. Moreover, the
oxidation protector, which is a graphite sleeve with high resistivity against an
oxidation, is inserted at the coolant channel of the hot plenum block to prevent the
oxidation damage.
294

Probe

CO

*

iH
IE
4

Scanning
direction

Parallel Perpendicular

X

E

Artificial slit crack

+

4

Pass/fail criteria (S/Nmax=3)

o
3

Crack direction
Parallel Perpendicular
O
•$A

Crack size
£5xdl
i7xdl

I
0.2

0.4
Lift-off

i

0.6

i

i

0.8

i

1.0

(mm)

Fig.10 Crack dctectability (S/Nmax) as a function of lift-off.

(3)Temperature effect: The hot plenum blocks are heated up by the hot core outlet
gas at around 1000 °C. The fracture toughness of graphite at around 1000 °C is almost
the same value as the room temperature one as well as the strength property(10).
Therefore, it would not be necessary for the crack extension estimation of the
hot plenum block to consider the environmental effect on the fatigue crack extension.
4.2 Estimation of fatigue crack growth
The detected crack at the in-service inspection might be extended by the applied
cyclic load at an earthquake condition. Ho et al. obtained the crack extension
characteristics for the PGX graphite(11). Their obtained data are fitted as following
simple, classical model.
da/dN=AAK,m
(1)
where, da/dN is a crack growth rates (jim/cycle), A and m are the material constants
(lnA=15.9,m=17.7) and AKj is a range of the stress intensity factor. The evaluation
line for the fatigue crack extension of the PGX graphite is determined by the statistical
treatment of these data; the line is set at a 99 % survival probability with 95 %
confidence level, in which the scatter of the data from equation (1) is assumed as a
normal distribution, defined by the graphite design code(5). The evaluation line is
plotted in Fig. 11. The threshold stress intensity factor was not mentioned in their
report, hence the estimation of the crack growth length by the cyclic load was
performed applying the evaluation line at a lower stress intensity factor region, even
if it would be below the threshold stress intensity factor, so as to estimate the larger
extended crack length in conservatively.
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1.0

Fig. 11 Evaluation line of fatigue crack growth for PGX graphite.

The number of load cycles is estimated at 200 cycles in a S2 earthquake
condition(4). The stress intensity factor at this condition estimated by the influence
function method is 0.234 MPam1/2. Since the AK,/KIC is about 0.5 (KIC is estimated
at a 99 % survival probability with 95 % confidence level), the crack extension length
is estimated below 1 (im from the evaluation line in Fig.ll. Therefore, it is not
necessary to consider the crack extension after detected crack at the in-service
inspection.
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Fig. 12 Allowable and detectable crack sizes around dowel pin
of the hot plenum block.
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In Fig. 12 the allowable crack size by the analytical approach and the detectable
crack size from the ET experiment is plotted in which the allowable crack size is
estimated by the enveloped line of solid and broken lines in Fig.7. We can see that
the detectable crack size is far below the allowable crack size. Therefore from this
preliminary study we can conclude that the ET will be applicable as an in-service
inspection technique to the core support graphite components.
In this preliminary study, the width of the artificial crack was about 0.3 mm
from the limitation of the manufacturing machine. Since it is supposed that the real
cracks produced in the graphite component would be more narrow in width and more
sharp in crack tip, it is necessary to investigate the detectability of the narrow crack
case. Moreover, the detectable crack size under irradiated condition should be clarified
using irradiated specimen, since the eddy current characteristics would be different
from the unirradiated condition.
5. CONCLUSION
The preliminary studies on the eddy current testing had been carried out to
clarify the applicability of this method as an in-service inspection technique to the core
support graphite component in the HTTR. The allowable crack size was estimated
applying the fracture mechanics approach, in which the influence function method was
employed. The detectable crack size was clarified from an experimental result with
artificial crack specimen. From a comparison between both two cracks, the
applicability of the eddy current testing as in-service inspection was clarified.
A further investigation would be necessary for the application of the eddy
current testing as an in-service inspection for the graphite components focused on the
detectability of the narrow crack condition, as well as on the determination of the
detectable crack size at the irradiated condition because the thermal/and or electrical
properties are changed at a fluence of 1020 n/cm2.
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Abstract
Acoustic emission (AE) monitoring has been identified as a possible method to determine internal
stresses in nuclear graphites using the Kaiser effect, i.e., on stressing a graphite that has been subject to a prior stress,
the onset of AE occurs at the previous peak stress. For three nuclear graphites (PGA. IM1-24 and VNEC), AE was
monitored during both monotonic and cyclic loading to failure in tensile, compressive and flexural test modes. For
unirradiated graphites, the Kaiser effect was not found in cyclic loading, but a Felicity effect was observed, i.e., the
onset of AE occurred below the previously applied peak stress. The Felicity effect was attributed to tune-dependent
relaxation and recovery processes and was characterised using a new parameter, the Recovery ratio. It was shown that
AE can be used to monitor creep strain and creep recovery in graphites at zero load. The AE-time responses from
these experiments were fitted to equations similar to those used for creep strain-time at elevated temperatures. The
number of AE counts from irradiated graphites were greater than those from unirradiated graphites, subject to similar
stresses, due to increases in porosity caused by radiolytic oxidation. A Felicity effect was also observed on cyclic
loading of irradiated graphites, but no evidence for a Kaiser effect was found for inadiated graphites loaded
monotonically to failure. Thus internal stresses in irradiated graphites could not be measured using AE. This was
attributed to relaxation and recovery processes that occur between removing the irradiated graphite from the reactor
and AE testing. This work indicated that AE monitoring is not a suitable technique for measuring internal stresses in
irradiated graphite.

1. INTRODUCTION
Both Magnox and AGR reactors contain a core of graphite moderator bricks whose prime function
is to slow down fast neutrons to thermal energies; additionally, the core also serves as a major
structural material. Changes in dimensions and reduction in strength of moderator bricks, resulting
from neutron irradiation and radiolytic oxidation, give rise to complex residual stresses that in
principle may lead to failure of moderator bricks. Failure could cause severe problems such as the
jamming of a fuel stringer in the channel, or blocking the insertion of control rods. For these
reasons, there is a clear need for methods to monitor residual stresses within the reactor core and
acoustic emission (AE) has been identified as a potential method, using the Kaiser Effect [1-4]. This
Effect occurs when AE is generated only when an applied stress exceeds the previous peak stress.
Previous studies of AE from graphites have shown that: (i) AE from graphites increases with
coarseness of microstructural texture [5, 6]; (ii) AE from annealed, irradiated graphites is greater
than from an unirradiated graphite of the same type [7]. Several studies of AE from graphites report
a Kaiser Effect [1-4]. Some recent studies [8-10] have reported deviations from the Kaiser Effect,
attributed to reversed plastic slip deformation on unloading. Prestressing to 90% c?f has little effect
on AE, but significantly more AE was found after annealing [11]. Recovery was attributed to slip
deformation from heat treatment and to recovery of cleavage between basal planes.
This paper presents an overview of an extensive study which was initiated to determine the
suitability of AE for monitoring residual stresses in core graphites [12-15].

* Present address: Fuel Performance Group, AEA Technology,
Windscale, Cumbria, United Kingdom
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2. EXPERIMENTAL
2.1 Materials
Two graphites used in this work were PGA and IM1-24 which are the moderator graphites for
Magnox and AGR, respectively. For some work, VNEC, a candidate sleeve material, was also used.
Details of the microstructure of these materials are in [12].
12 Mechanical Tests and Acoustic Emission
All measurements, except those for irradiated graphite, were made using an Instron 1195; stress
cycling experiments were carried out using a cross head speed of 0.5 mm per min; the AE
measurement technique is described in [13] and for irradiated graphites in [15].
2.3 Experimental Programme
Brief descriptions of the major components of the experimental programme are given below; details
are in [13-15].
(a) Monotonic Loading
AE responses were measured from unirradiated nuclear graphite
monotonically loaded to failure in tension and flexure. AE responses from compression loading to
failure were not obtained to avoid damage to the AE transducer.
(b) Single-Mock Cyclic Loading
AE responses were monitored from unirradiated nuclear
graphite cyclically loaded in either tension, compression or flexure to 5 MPa, unloaded, re-loaded to
10 MPa, unloaded and re-loaded to 15 MPa. Some mixed-mode cyclic loading experiments were
made [12], but these will not be considered in this paper. These experiments were designed to test
for the presence of the Kaiser Effect.
(c) Time Dependent AE Responses These experiments were designed to monitor the effect of
recovery processes on AE. Two series of tests were undertaken at ambient temperature, (i)
Batches of six IM1-24 specimens were subjected to two compressive load cycles: (a) loaded to 30
MPa and unloaded; and, (b) after time, t, reloaded to 40 MPa and then unloaded, where t was 0,
10°, 101, 102, 103, 104 and 105 minutes, (ii) AE was recorded from both PGA and IM1-24 graphite
specimens subjected to two types of tensile and compressive load patterns: (a) monotonically loaded
to stress, a j , unloaded and the AE monitored for a time, t, at zero stress; and, (b) monotonically
loaded to stress, Oj, and AE monitored for time, t, at constant strain before unloading to zero stress;
t was approximately 16 hours in all cases. For PGA and M l - 2 4 graphite, a } was 70% and 80% of
the failure strength, respectively. A lower value of Oj was used for PGA since the probability of
failure was greater.
(d) Irradiated Nuclear Graphites
AE responses were obtained from both unirradiated and
irradiated Gilsocarbon sleeve graphite subjected to two loading patterns: (i) three consecutive loadunload cycles to 5 MPa, 10 MPa and to failure in flexure (3 pt bend), and (ii) monotonically
increasing flexural load to failure. The first set of experiments were designed as tests for the Kaiser
Effect and the second loading pattern was designed to examine the extent (if any) of the Kaiser
Effect arising from internal stresses resulting from reactor conditions.
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3. RESULTS AND DISCUSSION
3.1 Mechanical Properties
Mechanical properties of the three graphites are summarised in Table 1. PGA is the weakest
graphite in all testing modes. The compressive strength of IMl-24 is greater than those of the other
two graphites due to the inhibition of shear deformation by the Gilsocarbon filler particles, whereas
pitchcoke filler particles facilitate shear for the other two graphites. More detailed consideration of
these data is in [12-14].
TABLE 1 : Static Mechanical Properties of PGA. IMl-24 and VNEC Nuclear Graphites.

•HMM| PGA
Mean

••••••
3

Density / g cm"
Fractional Porosity / %
Dynamic Modulus / GPa
Tensile Strength / MPa
Compressive Strength/MPa
Flexurai Strength / MPa

1.739
23.05
14.14
11.04
34.50
20.11

S.D.
0.014

10

1.42
1.00
5.80
2.98

10
6
6
10

IMl-24
Mean
1.819
19.51
10.90
14.22
72.15
25.81

S.D.
0.005

a

0.25
1.53
3.69
2.35

10
7
9
10

10

VNEC
Mean
1.807
20.05
11.72
14.33
51.98
28.52

S.D.
0.016

n

0.90
2.36
5.01
3.85

10
5
6

10

5

3.2 Acoustic Emission
(a) AE Responses From Monotonic Loading
The AE responses from the three graphites subjected to monotonic loading to failure in tension,
Figure 1, show that the graphites are critically active, i.e., the slope of the plot of cumulative AE
event counts, EN, versus stress, increases progressively with stress. For all graphites, AE starts at
the lowest applied stress in contrast to some previous studies [e.g. 3] where an onset stress was
observed. The detection of AE at low stress in this work is attributed to the improved technology
and sensitivity of the AE detection system compared with earlier work.
In both tension and flexure, the ratio of I N at failure, for PGA, VNEC and IMl-24 is approximately
10:5:1, Table 2. The high value of SN for PGA can be related to its coarser texture compared to the
other two graphites [5,6]. Although flexurai strengths are greater than tensile strengths, Table 1,
values of SN in flexure are smaller than those in tension for all three graphites, Table 2. This is
because the stressed volume in flexure is much smaller than in tension. As a consequence, the
process zone, in which AE generating processes occur, is confined to a localised region of high
tensile stress (although a small number of AE events are probably also generated in the region of the
test specimen subject to compressive stresses). This suggests that flexurai loading is likely to be less
suitable for AE monitoring than is tensile testing.

TABLE 2 : Mean IN (± 1 s.d) at Failure For Monotonic Loading of Three Nuclear Graphites in Tension and Flexure
(the number of specimens nscd are in parenthesis).

wmmmm
1 IN at or (tension)

1 £N at o* (flexure)

PGA
66752 ± 9263 (5)
20779 ±62% (10)

IMl-24
6018±1861(6)
2827 ±1057 (10)

VNEC
33368 ± 8947 (5)
9508 ±3049 (5)
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FIGURE 1: Typical AE responses for the three graphites monotonically loaded to failure in
tension.
(b) AE Responses From Single-Mode Cyclic Loading
Figure 2 presents examples of AE responses from cyclic loading in compression for both PGA and
IM1-24 graphites. The AE response for IM1-24 is typical of all cyclic stressing for all graphites in
all modes except PGA in compression. On the first cycle, SN increases progressively from zero
stress, and in subsequent cycles, AE resumes at stresses which approach, but are less than the
previous peak stress, i.e. a Kaiser Effect is not observed. These AE responses are examples of the
Felicity Effect. (An explanation for the behaviour of PGA graphite in compression is given in [12].)
The Felicity Effect may be associated with recovery processes occurring during unloading between
cycles and may be characterised by the Felicity Ratio, F, which is the ratio of the onset stress of AE,
OQ, to the previous maximum stress experienced by the specimen, Op, i.e., F = a 0 / a p . (The Felicity
Effect was first reported for cyclic stressing of composite materials [16].) The Felicity Ratio has
two main disadvantages as a tool to characterise AE on cyclic loading: (i) it does not take account of
the amount of AE prior to the previous maximum stress level, and (ii) the onset stress is difficult to
determine and may require an arbitrary threshold to be set, and thus lead to spurious results.
Therefore, a new parameter called the Recovery Ratio, B, was proposed; B is defined as the ratio of
the cumulative AE event count (N2) on cycle (n+1) at the previous peak stress and the cumulative
AE event count (Nj) at the peak stress on cycle n, i.e., B = N 2 / Nj. If a Kaiser Effect occurs, then
B = 0, but if a Felicity Effect occurs, then 0<B<l. The Recovery Ratio is a precise measurement,
and it does not depend on arbitrary or calculated thresholds set by the operator, as is the case for F.
B values were calculated at 5 and 10 MPa for all three graphites after three consecutive load cycles.
Mean values of B for all graphites in all testing modes range from 0.04 to 0.16. Thus, the number of
AE events generated on the (n+1) cycle before the previous peak stress is a significant fraction of
the I N at the previous peak stress. In all but one case, B>0 (95% confidence) confirming that the
Kaiser Effect is not observed in these cases.
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TABLE 3 : Recovery Ratios, B (± 1 S.D.) at 5 and 10 MPa For Three Nuclear Graphites in Tension. Compression
and Flexure (where n is the number of samples)
| Recovery Ratio, B

• • •
Tension

Compresskm

Flexure

PGA

IM1-24
5 MPa
0.066
0.035

10 MPa
0.088
0.016

VNEC
5 MPa
0.111
0.045

Mean
s-(L

0.097
0.026

10 MPa
0.072
0.009

n

6

6

10

10

5

5

Mean
s.<L

0.041
0.021

0.138
0.104

0.058
0.023

0.122
0.032

0.083
0.024

0.086
0.025

5 MPa

10 MPa
0.076
0.013

n

10

10

9

8

4

5

Mean
s-d.

0.092
0.064

0.090
0.032

0.124
0.133

n

10

10

10

0.153
0.081
10

0.161
0.152
5

0.091
0.063
5

In cyclic compressive loading, the mean B value at 10 MPa for all three graphites is greater than at 5
MPa (although only slightly greater for VNEC) suggesting that the increased pre-stress causes an
increasing extent of recovery on unloading, Table 3. This result is consistent with the postulate that
basal plane shear (which is the dominant initial response of graphites to compressive loading) is
reversible to some extent upon unloading as a result of back-stresses [9]. This trend is not found for
cyclic tensile loading where the mean values of B at 5 and 10 MPa are not significantly different
from each other, Table 3. This may indicate that on cyclic tensile loading to 5 and 10 MPa, there is
a greater proportion of microcracking, which is non-recoverable, than there is in compressive
loading. This explanation is plausible when the difference in compressive and tensile failure modes
for these graphites is considered, together with the fact that 10 MPa is a higher fraction of the tensile
failure stress than it is of the compressive failure stress. Thus, although B values are subject to large
303

scatter, these results are in broad agreement with the postulate that microcracking is a nonrecoverable process and that basal plane shear is reversible on unloading, as suggested by [9] and in
a theoretical model by [17].
(c) Time-Dependent AEResponses
The presence of the Felicity Effect in nuclear graphites can be attributed to recovery processes of
which at least two factors may contribute: (i) recovery during unloading due to some reversal of
intercrystalline shear, and (ii) relaxation of residual strain at zero stress which is a function of time at
zero stress. To determine the extent of time-dependent processes two types of test were
undertaken.
The first set of tests attempted to quantify the relationship between the "recovery11 in nuclear
graphites, shown by the B value, and the time at zero stress between successive load cycles. Figure
3 (a) and (b) present typical examples of AE responses for zero time and 105 minutes between two
successive load cycles, respectively. For t=0, the response is similar to that found for compressive
cyclic loading discussed earlier, Figure 2. However, for t=105, the AE response for a second load
cycle after a period of time at zero load differs from that for immediate reloading. On reloading
there is a short rise in EN at low stress, and then SN remained constant until the previous peak
stress was approached, when SN begins to rise sharply. Since the increase in SN after time at zero
load occurs below 10 MPa, a modified Recovery ratio, B1 was defined as the ratio of SN values on
the 1st and 2nd cycles at 10 MPa. The increase in mean B* values with t was fitted to an empirical,
semi-logarithmic equation.
B'= 56.7 xlO- 3 log 1 0 t +0.034

Eqn. (1)

with a Pearson's r coefficient of 0.91. The initial release of AE at the low stress presumably relates
to easy deformation processes which increase with time at zero load between load cycles. Since
these events do not occur if a specimen is immediately re-loaded, then they must be related to the
recovery of the specimen.
In the second type of test, AE was monitored from specimens that were stressed under constant
strain conditions or specimens that were pre-stressed and then held at zero stress. The SN-time
curves in both types of test were similar in shape. Figure 4 presents an example of SN versus t for
PGA in compression at constant strain. The curve shows initially a rapid rise in SN after which the
rate of AE generation gradually decreases with time, although AE is still being generated even after
-16 hours. The shape of the curve of SN vs t suggest that the AE is generated by microstructural
events, and not from background noise since in the latter case the rate of AE generation would be
approximately constant. The curve shape also suggests that eventually SN will reach a limiting
value, i.e., there is a maximum amount of "recovery" that can occur.
The AE generated during the 16h period is a small fraction of the AE generated upon initial loading.
For example, for those specimens monitored at constant strain, SN after 103 minutes increased by
between 0.8 and 3.4% of SN at the start of monitoring. The AE responses from graphite specimens
monitored at zero stress after a load cycle was similar to the response at constant strain but the AE
generated was much less and varied between <0.1% to 1.4% of the SN immediately after unloading.
It was shown in the stress cycling experiments presented earlier, Table 3, that the number of AE
events generated on reloading was -10% of the AE events generated at the previous peak stress,,
and these were considered to be the result of recovery mechanisms. These experiments showed the
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number of AE events generated at zero stress after a previous load are less than 2% of AE events
generated at the previous peak stress. This suggests that the relaxation processes which occur at
zero stress are sufficient to cause "new" AE events on reloading polycrystalline graphites.
Davidson and Losty [18] showed for a range of carbon and graphites, including reactor graphites,
that at a given stress and temperature in the range 1000-2000°C primary creep strain, e t , was
described by an equation of the form:
klogt

Eqn. (2)

where A and k are constants. Davidson and Losty also suggested that creep strain recovery above
1500°C followed a similar logarithmic form. Andrew etal. [1] studied creep of graphites at ambient
temperature and they showed that permanent set on unloading increased logarithmically with time of
loading. They also demonstrated that there was some recovery on unloading with the permanent set
decreasing with time at zero stress. It may be noted that the increase in the Recovery Ratio, B1, with
time, Eqn (1), is of similar form to Eqn (2).
It is possible to relate the AE response curve in Figure 4 to Eqn (2) as follows. AE occurs as a
result of abrupt relaxation mechanisms. If each localised creep mechanism consists of abrupt
increments of local creep strain, Ae, and each increment acts as an AE source, then the sum of AE
events at time, t, SN t , is directly related to the accumulation of creep strain increments, i.e., DNt =
f(2Ae) = f(et). If it is further assumed that secondary creep at ambient temperature is negligible (as
seems reasonable), then the I N - time curves for constant strain can be related to Eqn. (2):

vents

Eqn. (3)
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FIGURE 3 (a): Typical AE Response from IM1-24 graphite subject to two compressive load
cycles where the time between each cycle is zero.
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FIGURE 3 (b): Typical AE Response from IM1-24 graphite subject to two compressive load
cycles where the time between each cycle is 105 minutes.

where I N 0 represents the cumulative AE event count due to the instantaneous load at t= 0 and
is a constant similar to k in Eqn. (2). For those specimens which were subjected to a load cycle and
the AE monitored at zero stress, the AE generated may be attributed to creep recovery mechanisms,
and therefore in a similar manner to AE generated at constant strain, the cumulative AE event count
after unloading at time t, ZNt' may be expected to fit a function similar to Eqn. (3):
Eqn. (4)
where ZN0' is the cumulative AE event count immediately after unloading, k^J is a constant similar
to kgg. Using this approach, a model creep curve can be obtained which closely fits the experimental
AE data, Figure 4.
These results indicate at constant strain, thermally-activated creep driven by the strain energy may
cause further slip of basal planes, and extension of existing stress-concentrating cracks and flaws,
thus giving rise to AE. At zero stress after a load cycle, residual strain energy triggers AE events by
reverse plastic deformation, leading to recovery. Presumably, the residual strain energy is
concentrated as localised tensile and compressive micro-stresses (which average zero over the whole
specimen). The extent of creep recovery is less in tension than in compression, suggesting an
important component of creep recovery is reversal of shear deformation as a result of back-stresses
due to boundary restraint [9]. Other possible sources of AE may be due to frictional effects at grain
boundaries or at crack surfaces. A more detailed discussion of this subject is in [12, 14].
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[3](e) AE Responses From Irradiated Nuclear Graphite
AE responses were obtained from irradiated graphite from Element 4 and 7 of a Gilsocarbon AGR
fuel sleeve discharged after a lull lifetime. AE responses from irradiated graphite (Figure 5)
subjected to consecutive load cycles to 5 MPa, 10 MPa and then failure showed that the onset of AE
is at the start of loading, i.e. a Felicity Effect was observed. The second load cycle is similar to that
found for unirradiated graphite, but the AE clearly starts at zero stress. However, for most
irradiated graphite samples, the third load cycle, differs from the usual response from unirradiated
graphites because more AE is generated than in the second cycle until just prior to the previous
maximum stress; this leads to high values of the Recovery ratio, B * 0.5-1.0. However, for each
load cycle the AE response showed a change in gradient at stresses approximately equal to that of
the previous stress level.
The strength of the irradiated material is much less than that of the umrradiated material, Table 4,
indicating that the effects of radiolytic oxidation greatly outweigh those of neutron hardening. Table
4 also shows, for all load cycles, that the SN values for irradiated graphites are significantly greater
than for umrradiated graphite (95% significance). Higher AE for irradiated graphites is probably due
to the development of porosity following radiolytic oxidation. AE responses from irradiated
graphite samples monotonically loaded to failure, Figure 6, show an initial sharp rise and then a more
gradual increase in I N to failure. The onset of AE occurs at zero stress, and at no point do I N
values increase abruptly with increasing stresses. Therefore, AE responses from irradiated graphite
did not show any evidence of a Felicity effect caused by internal stresses induced by the reactor
environment.
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TABLE 4: EN at Peak Stresses For Uninadiated and Irradiated Gilsocaibon Graphite.

•••

1 First Cycle
Second Cycle
Third Cycle (erf)

Unirradiated
Stress / MPa
S.D.
Mean
0.57
4.75
1.35
9.85
39.24
3.24

Irradiated

n
7
7
9

AE Events
Mean S.D.
4
4
15
8
284
967

o
6
7
7

Stress / M P a
S.D.
Mean
5.3
0.57
0.67
11.12
27.91
1.72

n
6
6
9

AE Events
Mean S.D.
969
868
1532
1061
5480
2947

n
5
5
5

Since no evidence for a Felicity effect was revealed, an alternative analysis of the AE data was made
by considering a plot of AE event density, i.e. the change in SN for each stress increment,
A(2N)/Ao) vs stress, a. For irradiated graphites, it was postulated that a change in slope in the plot
of the AE event density vs stress, marked the position of the internal stress experienced in the
reactor. In order to identify the point at which the change in slope of the AE event density-stress
curve occurred, a simple empirical analysis was used. It is assumed that the AE event density
response is composed of two parts. For stresses, a, below the pre-stress, Op, the AE event density is
assumed to be constant with stress, while at stresses greater than o p , AZN/Ao, is assumed to
increase linearly, i.e.
A(£N)/Ao = a

Eqn. (5)

A(ZN)/Ac = a + b(a-o D )

Eqn. (6)

where a and b are constants. The results from irradiated graphite were fitted to the above equations
using a least squares best fit method. The values of a, b and a p , Table 5, show that there is a wide
variation in the parameters a and b for the three irradiated graphites. The values of a p for the three
graphites lie in the range 4 - 1 7 MPa and each is significantly different from the others (95%
confidence). The mean internal stresses of the specimens generated in-reactor were previously
measured by a slot closure technique [19], Measurements of the internal stresses by slot closure on
the sleeve graphite are summarised in Table 6.

TABLE 5: Constant in Equation (6) Fitted to the AE Density Curves for the Irradiated Samples
Sample
612/4/5/6
612/4/3/5
612/7/4/1
Unirradiated

a±lS.D.
27.4 ±2.0
47.9 ±2.0
37.3 ±5.5
-25

b ± 1 S.D.
4.0 ±0.5
10.0 ± 1.2
11.1 ±2.7
-12.5

CTD ±

1 S.D.

4.4 ± 1.9
9.0 ± 1.0
17.0 ± 1.5
-12.0

TABLE 6: Calculated Hoop Stress and Associated Data For Elements 4 and 7 Using the Slot Closure Technique.
Designation

Element 4
Element 7

Static Unirradiated
Young's
Modulus/GPa
9.63
9.63

Mean
Element
Burn-up
(GWd/teU)
24.24
19.05

Unirradiated
Flexnral
Strength
(4pt)/MPa
41.1
41.1

Internal
(Hoop)
Stress/MPa
2.89 ±0.38

5.16 ±0.32
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Comparison of a p values in Table 5 and the internal hoop stresses in Table 6 show that two of the
values of Op derived from the AE technique, are considerably larger than the hoop stresses obtained
from the slot closure method. Considering the empirical nature of the method of identifying a p
using the AE technique, it seems likely that the internal stress values obtained from the AE method
are not associated with irradiation induced internal stresses. Certainly, more work is required before
the AE method can be regarded as a reliable one. Further details of these experiments can be found
in [15].
4. SUMMARY AND CONCLUSIONS
This paper has presented an overview of a study of the use of AE to monitor residual stresses in
moderator graphites using the Kaiser Effect. For several graphite types subject to a wide variety of
cyclic loading conditions, AE responses did not exhibit a Kaiser Effect, but instead a Felicity Effect
was observed, i.e., the onset of AE occurred below the previously applied peak stress. The Felicity
Effect was attributed to time-dependent relaxation and recovery processes at room temperature and
was characterised using the Recovery ratio, B. It was shown that AE can be used to monitor creep
strain and creep recovery in graphites at zero load. The AE-time responses from these experiments
were fitted to equations similar to those used for creep strain-time at elevated temperatures. These
results show that there are both time-dependent and time-independent processes which contribute to
recovery in polycrystalline graphites.
The AE responses from irradiated fuel sleeve graphites after a full life time subjected to cyclic
loading showed a Felicity Effect similar to that shown by unirradiated graphites, except that ZN
values were much greater due to increased porosity resulting from radiolytic oxidation. In addition,
irradiated graphites emitted a greater proportion of AE on subsequent load cycles. The AE results
from irradiated graphite monotonically loaded to failure revealed no evidence for residual stresses,
i.e. no Felicity Effect was observed. Residual stresses estimated from the change in the rate of AE
with applied stress did not agree with values of internal stress determined by a slot closure method.
It is concluded that AE is not a reliable method for estimating residual stresses in moderator
graphites, although the use of AE as a tool to investigate relaxation and recovery mechanisms has
been clearly demonstrated.
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Abstract

The theory behind the relationship between dimensional change rate, the coefficient of
thermal expansion, mechanical stress and irradiation creep is given.
Some unexpected results related to elastic stress and the coefficient of expansion are
presented.
The reason for the change in the coefficient of thermal expansion with elastic and creep
strain are postulated to be due to changes in shape and orientation of the graphite
crystallites.

The theory of dimensional change, coefficient of thermal expansion and
irradiation creep
It can be shown(1) using thermodynamic considerations that in polycrystalline graphite,
dimensional change rate, dGJdy, and coefficient of thermal expansion, ax , can be related
to the crystallite dimensional change rates and coefficient of thermal expansions in the 'a'
and ' c ' directions by two simple expressions as given below.

dy

"

x

Xc dy

*

*'Xa dy

where Ax is a dose dependant structural parameter.
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Irradiation experiments carried out on pyrolytic graphite showed that above ~300°C aa and
ac remain constant with dose at their unirradiated values of ~-l.lx 10"6 K1 and ~26 x 10"
K ~] respectively. Thus equations 1 and 2 can be rearranged to give.

where

dy

Xc dy

Xa

dy

note for large displacements

It has also been observed® that irradiation creep in graphite modifies ax , positive creep
strain reduces a x and negative creep strain increases ax , see Fig. 1. Thus equation 3 can be
modified to give:

.ae-aaAdy

)

Xa dy

comparison between equation 3 and 6 lead to the necessity for an extra interaction strain
term to the dimensional changes, given below

The effect of applying this correction to the dimensional change curves for Gilsocarbon
graphite is given in Fig. 2.
used these relationships to reconcile differences in the creep relationship between
experiments carried out on UK graphites and those carried out on H541 graphite, see Fig.
3.

Experimental programme
It is usual to carry out irradiation creep experiments on graphite in either tension or
compression experiments and to measure changes in the same direction as the applied stress.
However, for the assessment of the integrity of reactor components, it is necessary to have
some knowledge of the three-dimensional stress state.
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Figure 1. Effect of Creep Strain on Thermal Expansion Coefficient Measured Parallel to the
Stress Axis (Gilso-carbon Graphite)
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An experiment was therefore proposed, by the late Professor Kelly, to induce large
mechanical strains into graphite specimens, and to measure a in both the direction of the
applied load and at 90° to the applied load. This has now been accomplished by heating
specimens in an oven, complete with parallel and perpendicular strain gauges, and
subjecting them to either tensile or compressive loads. The coefficient of thermal expansion
was obtained in this way over the range 20-120°C.
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These experiments gave some unexpected results. As the amount of strain that could be
induced mechanically was small, it was assumed that, based on the irradiation creep
experiments, that the change in a would be also be small. However as can be seen from
Fig. 4, very large Aa were obtained for small values of strain. As a check some of the
tensile experiments were repeated and measurements taken using a mechanical
extensometer. The lateral measurements of Aa were smaller and of opposite sign to the
direct measurements and are given in Fig. 5.

Discussion
With reference to equation 2, the application of loads to the graphite sample must either
have modified Ax or the crystal coefficients of thermal expansions aa and ac. It is therefore
worth considering the structure of a typical graphite.
During the manufacture of synthetic graphites shrinkage cracks are formed in the graphite
crystallite, due to the large difference in a between the 'a' and ' c ' directions. Mrozowski(4)
proposed that the presence of these cracks was the reason for the reduced a, compared with
the crystallite ' c ' axis. He also postulated that the expansion in the ' c ' direction due to fast
neutron irradiation would eventually lead to the closure of these cracks and lead to an
increase in a.
If the irradiation dose was not sufficient to close these cracks completely the change in a
would be recoverable by annealing. However if the dose were sufficiently large the so
called "Mrozowski cracks" would close and deform the crystallite. This would lead to
permanent deformation and the a would not be recoverable by annealing. This theory was
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later proved using the electron microscope and by experiment. Porosity accounts for
approximately 5% of the volume of crystalline graphite(5). The dose at which the
Mrozowski cracks close will be related to the irradiation temperature. Irradiations to much
higher doses will lead to the generation of new porosity which will reduce a.
Irradiation creep is considered to be a function of displacement rate, not irradiation damage.
The reason for this conclusion was that experiments designed to enhance that rate of
damage to graphite using boron doping, did not change the creep rate. The present accepted
theory of irradiation creep in graphite considers the process to be due to basal shear in the
presence of irradiation. This shear will lead to unrecoverable changes in the shape of the
graphite crystallites.
Equation 2 can be arrived at using intuition(4) the structure parameter Ax can be thought of
as representing the fractional contribution of ac in the direction defined by this relationship.
The application of stress may either tend to align the crystals in a particular direction or
change the shape of the crystals, tending to close the Mrozowski cracks, but in a
recoverable fashion. It is possible that both changes occur to some extent. Similarly sliding
of the basal planes due to irradiation creep may have re-orientated the crystals and changed
their shape affecting the porosity of the graphite.
Therefore the parameter {a'x-aa)/(ac-aa)
may be thought of as a modified structure
factor A'x . Thus the change in the coefficient of thermal expansion due to creep and stress
should be considered as two separate phenomena, which in the case of monotonic loading
be additive, tending, in compression, to increase <xx towards the value of ac, the actual
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value being limited by the structure of the graphite. It is considered that the application of
stress to a polycrystalline graphite is unlikely to lead to changes in aa and ac, although they
do change when irradiated below 300°C. These changes will also have implications for the
application of the equations given in 1 and 2.
These changes have implications on the behaviour of graphites for nuclear applications.
More work is required in order to understand the process more fully.
Conclusion

1. The theory behind the relationship between dimensional change rate, the coefficient of
thermal expansion, mechanical stress and irradiation creep is discussed.
2. Some unexpected results related to elastic stress and the coefficient of expansion are
presented.
3. Possible reasons for the change in the coefficient of thermal expansion with elastic and
creep strain are discussed.
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Abstract
Studies of the mechanical properties of the materials affected by 25-200 keV H \ He+,
Ne+ and Ar+ ion irradiation in the range of fluences up to 210 17 cm'2 based on the analysis
of acoustic emission signals, kinetics of the surface deformations measured by laser
interferometric technique and the variations of the surface acoustic waves propagation
velocity are conducted. The acoustic emissions source mechanisms under various ion
irradiation conditions are discussed and relative contribution of various possible
mechnisms are indicated. The correlation of experimental results obtained by different
methods of analysis is done.
1. INTRODUCTION
The RBMK reactors are graphite moderated and cooled by light water. The graphite
core consists of graphite blocks which not only act as the moderator but serve as a major
structural component of the core. During reactor life the dimensions and material
properties of the graphite undergo changes due to fast neutron irradiation. These changes
can affect the performance and must be accounted considering the safety of the reactor.
It is known [1] that in the first half of the reactor safe operation lifetime the graphite
shrinks and zirconium pressure tubes swell mainly due to irradiation creep. These
processes change the gap between the graphite moderator brick, the graphite rings and the
zirconium tube. It affects the heat transfer between the graphite and cooling water. There
is possibility that the presure tube may be tightly gripped by the graphite moderator bricks.
The understanding of the physical processes responsible for the deformation of
materials affected by irradiation is not complete [2]. The emitted neutrons interact with
atoms of the moderator and dissipate their energy creating displaced atoms. The vacancies
and interstitials produced by this process are mobile at room temperature and tend to
aggregate into clusters, or associate with impurity atoms or recombine. With the increase
of irradiation dose they are less easily accomodated in the crystal lattice, and their
presence induces considerable local strain. It results in the drastic changes of the elastic
properties of irradiated materials and to the geometrical shift of surfaces.
In some cases the physical processes related with the displacement of atoms in graphite
affected by neutron radiation may be simulated studing properties of materials affected by
1
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ion irradiation. There is evidence [3] that kinetics of rearrangement of the microstructure
of irradiated materials does not depend on the ion mass but it is the universal function of
initiated atom displacements (d.p.a.). For example, it is known that there is threshold
fluence of irradiation equal to 10'2-10"' d.p.a. after which rearrangement of the
microstucture takes place. This d.p.a. value is typical of processes associated with the
saturation of damage accumulation when clusters of displaced atoms start overlapping.
The special interest is concentrated in the development of non-destructive methods of
in-situ analysis to get information about the kinetics of surface deformations during
irradiation. The laser interferometric systems were employed to measure shifts of surfaces
(about 10 to 100 nm) during ion irradiation and to study related stresses [4, 5].
Simultaneously with measurements of deformations the analysis of acoustic emissions
signals were conducted [6].
Penetrating irradiation initiates the rearrangement of the microstructure and formation
of extended defects, mainly clusters and dislocation loops which are related with the
release of stored energy in the form of mechanical waves They can be registered by a
dynamic laser interferometric technique or specially constructed piezoelectric transducers.
In the present paper the surface acoustic are used to study the changes of mechanical
properties of materials affected by ion irradiation. Obtained results are compared with
ones measured employing laser interferometric and acoustic emission (AE) analysis
methods.
2. EXPERIMENTAL TECHNIQUE
The AE signals generated during irradiation of solids with 25-200 keV H\ He f , Ne4
and Ar+ ions in the range of fluences 1013 - 1017 cm"2 were registrated with ultrasonic
transducer glued to the back side of investigated sample. The ultrasonic transducer was
made from a piezoelectric ceramic PZT-7A. The signal conditioning amplifier was a high
input, low noise amplifier of gain 40 dB. The operating frequency range - 90-200 kHz
with the maximum sensitivity in the 95-115 kHz. The sensitivity of the sensor was of the
order of picowatts of acoustic power. The AE signals were analyzed in both the frequency
and time domains. The specially constructed piezoelectric transducers allowed to register
mechanical oscillations of the surface with amplitude 10'13 m in the frequency range up to
5 MHz.
The AE sensor measurement system was carefully calibrated so as to remove or
minimize any potential contributions to the AE spectra not directly attributable to the
irradiation effects. Such factors as the shape of the sample, the location of the
piezoelectric transducers, the input impedance of the signal conditioning amplifier and the
sources of acoustic and electronic noises were examined. It was found that the amplitude
and spectra of AE signals depend on the location of the transducers. The stability and
sensitivity of the cell was monitored by measuring the frequency response using HP
Network Analyzer Model HP4194 A.
The interferometric system was installed in the experimental chamber of ion implanter.
A two-laser-beam interferometric system was used to study static and dynamic
deformations of materials during ion irradiation [7].The interferometric pictures of surface
topography were analyzed using special microprocessing system for dynamic
interferograms. The employed system had a sensitivity limit about 10"" m in the range of
frequencies up to 30 MHz. This method is contactless and non-destructive.
In
many cases the mechanical properties of the subsurface layers of solids affected by
irradiation differ from ones in the bulk. To study the kinetics of properties variations
during ion irradiation and distribution of related defects as function of the distance from
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the surface the surface acoustic waves (SAW) were employed [8, 9]. Standart technique,
such as bulk acoustic wave propagation has been very useful for studying mechanical
properties of massive materials. However, in many cases the presence of surface
significantly modifies the kinetics of accumulation and relaxation of point defects
generated by penetrating irradiation in near surface layers. The Rayleigh waves are
concentrated in a layer only one wavelength thick [10]. It means that the thickness of the
analyzed layer depends on the frequency of SAW. Different frequency waves contain
information from different depth.
The defects tend with the increase of irradiation fluence to form clusters and local
inhomogeneities of macroscopic size beneath the surface. There are difficulties in
observing them by the usual scanning electron microscopic (SEM) technique. If the size of
local perturbations of mechanical properties is about the SAW wavelength they can be
localized by the visualization of scattered Rayleigh waves. In the present research the
SEM was used to visualize the formation of scattering centres for travelling SAW in ion
irradiated materials.
The SAW were launched in the investigated materials employing standart
microelectronics technology. The use of ZnO films made possible to investigate
nonpiezoelectric materials. Two identical filters on the SAW together with amplifiers
formed generators of harmonic oscillations whose frequencies were measured. The
samples with SAW filters on the surface were located in the chamber of ion accelerator
Irradiation of the SAW propagation channel was done by H+, He4, Nef and Ar4 ions. The
ion beam current density was less than 10 uA-cm'2. The frequency of the filter deviated
from the central frequency equal to 70 MHz during irradiation as SAW propagation
velocity was modified along the propagation channel.
3. EXPERIMENTAL RESULTS
The materials affected by ion irradiation are acoustically active. The interpretation of
AE results in many cases is difficult. The possible sources of the acoustic signals may be
related with thermal changes during irradiation, phase transitions, kinetics of defects
accumulation and redestribution. In many cases to determine the source of AE
complementary experiments are needed such as transmission electron microscopy, X-ray
diffraction, etc. to register structural and geometrical changes.The Rutherford
Backscattering analysis and AE analysis were conducted simultaneously to make
correlation between the AE signals and the displacement rate of atoms in solids initiated
by penetrating 500 keV H+ ions.
Fig. 1 illustrates the dependences of the amplitude of AE signals (curve 1) and the
number of backscattered H+ ions (curve 2) registered during irradiation of LiNbO? crystal
with 500 keV H+ on the disorientation angle between the well collimated ion beam and the
channeling direction of crystal. Channeling ions mainly dissipate their kinetic energy
interacting with electrons of solid and the number of displaced atoms is significantly less
than in the case when the disorientation angle exceeds critical. The good coincidence of
the minimums in the RBS and AE data indicates that the displacement of atoms can be
monitored registering AE intensity.
The non-monotonous dependences of AE signals was measured during irradiation of Si
(111) by 100 keV H+ and Ar+ ions (fig. 2). The maximum of AE during Ar* irradiation is
related with amorphization of Si in the range of fluences 2-6-10)4 cm"2. The irradiation
with H+ ions does not amorphize crystalline structure of silicon and the observed AE
variations may be related with stress variations in the irradiated layer.

323

o
W

I
o
-*

-2

ff

2

4

ION

Fig. 1. The dependences of the AE signals intensity and the number ofbackscattered protons on
disorientalion angle.

co

jjs

2f

Hi

u
25

o
12

FLUENCE, cm-2
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The comparison of the kinetics of the integral streses in irradiated silicon measured
using laser interferometric system and the intensity of AE signals are in good correlation
(fig. 3). It indicates that the induced stresses in the irradiated solids are the main driving
force initiating AE. The mechanism of stress formation is the subject of the intensive
discussions [11].

FLUENCE, cm"2
Fig. 3. Correlation of AE signals (curve 1) with integral stresses (curve 2) measured
during irradiation of Si (111) by 100 keV Ar\
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The kinetics of integral stresses formed in SiO2 during irradiation of 150 keV Ar+ is
illustrated in fig. 4. The presented results indicate that the integral stresses in irradiated
solids depend on the irradiation intensity (curve 1-0.1 uA-cm'2; 2 - 0 . 5 u,Acm'2 and 3 1.8 uAcm"2 ; fig. 4a) and ion mass (curve 1 - He+; 2 - Ar+; fig. 4b). The studies of the
variations of the propagation velocity of the SAW during ion irradiation of LiNbOs show
(fig. 5) the sharp decrease of SAW propagation velocity at the beginning stages of
irradiation with following saturation. The interpretation of obtained dependences may be
done on the basis of the equation defining Rayleigh wave propagation velocity [10]

where v is the Poisson ratio, u. is the shear modulus and p is the density. Which of the
parameters mentioned above is responsible for the observed SAW propagation velocity
variations is difficult to indicate.
The preliminary studies of the graphite properties affected by irradiation with the He
and Ar ions show that the experimental results (AE signals, integral stresses and variations
of the SAW propagation velocity) significantly depend on the manufacturing and
processing technology of the graphite: concentration of impurities, initial defect
concentration and surface finishing technology. The graphities used in RBMK reactors are
GR-280 grade (moderator bricks) and GRP2 125 grade (rings). These are anisotropic
graphites with densities of 1.71 and 1.85 gem' 3 , respectively. The graphite crystals are
anisotropic. The anisotropy is formed during the crystal extrusion process. Without strict
control of the initial properties of the graphite it is dificult to predict the behaviour under
irradiation. It is observed that in dependence of the initial state of graphite the integral
stresses initiated by ion irradiation may be compressive or tensile.
4. DISCUSSIONS
By now the physical basis of irradiation damage in materials is fairly well advanced and
most phenomena are at least qualitatively understood. However, the application of the
existing understanding to the solution of technologically important problems require
special considerations. The similar situation is with problems related to the nuclear
reactors and properties of graphite affected by neutron irradiation
The elastic collisions which occur between fast neutrons or heavy ions and the atoms of
a solid result in energy transfers ranging from fractions of an eV to many tens of keV. The
similarity in basic damage formation processes taking place in solids affected by neutron
and heavy ion irradiation makes that experimental results obtained studing ion irradiation
effects with some degree of accuracy can be used to predict the behaviour of materials
irradiated by neutrons in reactors. However, in such experiments are not reproduced
reactor data. Using accelerated tests employing ion beams the investigation of physical
mechanisms responsible for the damage of reactor materials may be studied with the
following analysis of the reactor results.
The analysis of the data about behaviour of ion irradiated materials employing acoustic
emission signal analysis, the kinetics of surface topography and SAW propagation velocity
in dependence on ion mass, energy and irradiation fluences together with complementary
information about the structure of materials obtained using RBS and TEM techniques and
surface microstructure by SEM show that this behaviour depends not only on the
properties of material (composition and structure) but and on the prehistory of the
investigated materials including sometimes non-controlable or difficulty controlable
parameters such as impurities, technology of crystal growth, post-growth treatment
325

(A)

t
CO
CO

/

f

CO -iff

AT

2

o
w
i

•a

lilt

i n !

i

1 1 11

w"

1

1

111

nT

I

1 1 1

»"

FLUENCE, cm :
r

E

i

%
in

CO

•* \

•

3
o

w
H

VI

(B)
•

I

\

1

2

«'

. I I II

.ni

-»

/

. .

\\ II

11 1

II

1 if

1

II

a,"
FLUENCE, cm"2

Fig. 4. Kinetics of integral stresses during irradiation with 150 keV Ar*.
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Fig. 5. Relative changes in Rayleigh waves velocity as a function of irradiation fluence.

procedures: cutting, polishing and annealing. In dependence of the surface treatment
technology of graphite the formation of compressive and tensile stresses was observed
during 100 keV He+ irradiation.
However, in spite of the manifestation of individual properties of materials in theirs
behaviour during ion irradiation some general tendencies are observed
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In many cases the dependences of AE, deformations and SAW propagation velocity on
the irradiation fluence may be divided into three regions. In the region of low fluences
(less than 210 15 cm"2 for H+; 2-1014 cm"2 for He+; 2-1012 cm"2 for Ne and 910 11 cm"2 for
Ar+) the influence of ion irradiation on the SAW propagation velocity and surface
deformation is small and AE signals are low. In the range 210 15 -1.510 17 cm"2 for H \
2-1014-5-1015 cm'2 for He\ 210I2-2-1014 cm"2 for Ne+ and 910"-310 1 4 cm"2 for Ar+ the
drastic changes in SAW propagation velocity and macroscopic static and dynamic
deformations of irradiated samples are observed. The intensity of AE signals increases
with maximum at 30-50 kHz. At higher fluences the temporal saturation in variations of
SAW propagation velocity and static deformations take place with the appearance of
bursts of high intensity AE signals.
The strong correlation between data obtained by different analysis methods indicates
that in the range of fluences corresponding to I0' 2 -10'' dp.a. the relaxation of stresses
takes place which is related to the rearrangements of microstructure.
Ion irradiation, inducing displacements of atoms and generating a high concentration of
vacancies, creates the necessary conditions for relaxation of compressive stress. It starts if
atoms from the surface are accomodated in the lattice. A high concentration of vacancies
must be present for it to move into. The local vacancy concentration decreases in this
process and the associated strain field (with tensile stress) must be reduced. Nevertheless,
when an interstitial - vacancy pair combines, the total volume decreases to the half the
atomic volume, leading to an overall reduction of the compressive stress.
The relaxation of tensile stress takes place by a mechanism leading to an increase in the
total volume. The coalescence of vacancies and the formation of voids is the most
probable mechanism, provided that the interaction grain boundaries is negligible.
Otherwise this interaction will collapse the newly created voids and thus present tensile
stress relaxation.
This means that there is and essential assymetry in these processes. The assymetry in
the behaviour of vacancies and atoms in grain boundaries has an important effect on the
way the relaxation of compresive and tensile stresses take place. The energy barrier that
must overcome to nucleate a void is much greater than that needed to form a hillock. The
process of void nucleation must take place with the generation of new surface area, albeit
heterogeneously in the grain boundary. Initially it requires an energy barrier to be
overcome before a void is stable according to classical nucleation theory . A hillock, on
the other hand, requires nothing more than for an atom to add itself to a surface which has
been created. All it takes is to displace the atom from the initial position and to provide
enough energy for migration. This means that processes of relaxation of compressive and
tensile stresses have to be different.
The possible sources of AE signals may be different in different fluence ranges. The
contributions to the overall AE output come usually from several mechanisms. The
problem is determining which of them is the major contributor, under what conditions, and
at which stage. The actual proportion of mobile dislocations is not known and the effects
of strain and strain rate temperature, and microstructure is poorly documented. The
obtained results indicate the existance of the avalanche trigering mechanism in the range of
fluences lO'MO"1 dp.a. Grain boundaries, solute atmospheres, precipitates, inclusions,
grown-in dislocation networks may act as obstacles to dislocation motion and therely
cause pile-ups.
In the range of high fluences the observed bursts of AE are related with the formation
of voids and theirs eventual growth and coalescence. The mechanism of final coalescence
involve the sudden failure of the remaining ligaments between the voids. This is a fracture
event involving local plastic deformation which predicts the high energy bursts of AE.
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5. CONCLUSIONS
(1) Materials under ion irradiation are acoustically active. The kinetics of defects
accumulation can be monitored studying AE spectra. At least three fluence ranges
differing in the AE sources may be identified.
(2) The changes in the AE spectra are correlated with the kinetics of integral stresses in
irradiated materials measured by laser interferometric technique.
(3) The studies of the variations of the SAW propagation velocity in different materials in
dependence of the ion fluence irradiation indicate that the theshold character of
dependences is related with the rearrangements of microstructure in the range of
fluences 10"2-10'1 d.p.a.
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Abstract

With the incentive of providing more information for oxidation and lifecycle studies of moderators in
thermal reactors, a new method has been developed to estimate pore structure in nuclear graphites. This
method involves the measurement of room-temperature binary gas diffusion in graphite samples using an
apparatus that was specially-built to operate at pressures below 100 Torr In these conditions diffusion in
graphite pores is in the transition regime between Knudsen and bulk or molecular diffusion. Transition
diffusion measurements are analysed for nuclear-grade graphites to yield pore size distributions. Results from
the new method are compared with pore structure data obtained using porosimetry. pycnometry and
established gas flow techniques.

1. INTRODUCTION
Synthetic graphites used as moderators in thermal nuclear reactors contain pores,
mostly in the macropore size range (larger than 50 nm [1]), which arise initially during their
manufacture. Subsequently these pores are developed by radiolytic oxidation in the CO2
coolant during service. This leads to a reduction in graphite density, and hence to
degradations in mechanical and other properties which have implications for moderator
lifecycles. It is therefore important to determine pore structure in nuclear graphites in order
to understand and predict radiolytic oxidation and property changes in moderators [2].
The nuclear industry in the UK recognised the need for this approach, and consequently
used and developed methods such as porosimetry and permeability for macropore structure
determination in moderator graphites. However, certain problems with these methods are
well-known, such as the limited information available from permeability data [3]. This paper
describes a new method to estimate pore structure that might supplement established
methods. The new method is based on room-temperature measurements of gas diffusion in
graphite samples that are made at pressures < 100 Torr. In these conditions flow in
macropores is in the transition regime between Knudsen and bulk or molecular diffusion [4].
This compares with established fluid flow methods for pore structure determination which
work at higher pressures where transport is mainly in the bulk regime.
The structure of this paper is as follows. First, a simple theory of gaseous diffusion in
porous solids is outlined. From this theory, a generalised, transition diffusion equation is
obtained which lays the ground for experimental measurements. The second part of the
paper deals briefly with the apparatus that was built to measure transition diffusion in
graphites. Third, results from the new apparatus - essentially pore size distributions - are
reported and discussed, and compared with results from established pore structure
techniques, such as porosimetry
2. THEORY OF GASEOUS DIFFUSION IN POROUS SOLIDS
A gas flow conductivity, C, may be defined as the molar flux through a solid sample per
unit concentration gradient. For component i in a gas mixture, C may be written as
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C =JlLL2_
1
Ac, / L

(!)

where J! is the molar flow rate of i through the sampie, A is the cross-section area of the
sample perpendicular to the macroscopic direction of flow and Ac; is the concentration
difference of i across the length, LT of the sample parallel to flow The gas flow conductivity
is a measure of the ease with which a component of a gas mixture flows through a solid, and
is analogous to the thermal conductivity for the flow of heat.
For the isothermal, isobaric, steady-state diffusion of component i in an ideal mixture of
ideal gases, Eqn (1) becomes

r

=D

=—*

(T\

where D! is the effective diffusivity of the solid for component i. R is the gas constant, T is
absolute temperature, p is pressure and Ayj is the mole fraction difference of i across L.
The effective diffusivity depends on the flowing gas, the pore and surface structure of
the solid and on environmental conditions (pressure, temperature and external gas
composition). Experimentally, Dj can be calculated from Eqn (2) using experimental
measurements of Ji, T, p and Ay; and sample dimensions. A cornerstone of this paper is the
relationship between effective diffusivity and pore structure, using which experimental
measurements of the former can yield estimates of the latter. This relationship involves a
model of gaseous diffusion in porous solids. The model used here for nuclear graphites,
which was originally proposed by Hewitt [5] and has more recently been described critically
in [3], is as follows.
The first part of the model refers to the pore structure. The transport porosity in
graphites, i. e., that part of the accessible or open porosity through which fluid flows in the
steady state, is assumed to comprise Nv non-intersecting, straight, cylindrical capillaries per
unit volume. Isotropy is also assumed, so that there are Nv / 3 capillaries per face of a unit
cube of material. The length, 1, of each capillary is assumed to be constant but may exceed
the length, L, of the sample, by a factor q = 1 / L > 1, called the tortuosity. Finally, capillary
radii, r, are assume to be distributed with a probability density function, f(r). In this model,
the fractional transport pore volume, Vj, is given by
VT = 7 t N v < r 2 > q

(3)

where < > denotes a mean value. It should be recognised that this model is a necessary
simplification of the complicated pore structure in graphites.
The second part of the model of gaseous diffusion in porous solids refers to flow in
capillaries. From simple kinetic theory arguments, see [4], the isothermal, steady-state molar
flow rate, ji, of a component i in an inert, ideal, binary mixture of ideal gases diffusing
through a single, straight capillary of radius r and length 1» r is given by
=
Jl

7trpD m
amRTl

r i n y l 2 m K i l
U-ainyli+Dm/DKJ

where D^ is the bulk or molecular binary diffusion coefficient for the mixture (i = 1, n = 2 or
i = 2, n =1). The sub-subscripts 1 and 2 for mole fraction, y, refer to opposite ends of the
capillary. The flow rate ratio a is given by
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(5)
where M is molecular weight. Assuming completely diffuse (random) reflection of molecules
after collision with pore walls, the Knudsen diffusion coefficient DK is given by
D

K, = |

r

< v, >

(6)

where the mean molecular speed, < v; >, of gas molecules is given by
< v, >

= ^RT/TIM,)

(7)

It is useful at this stage to note that bulk or molecular diffusion refers to flow that
involves only intermolecular collisions in the gas phase (i. e., for high pressures and large
pores) and Knudsen diffusion refers to flow that only involves molecule-pore wall collisions
(low pressures, small pores). Transition diffusion refers to the case where both gas-gas and
gas-solid collisions are important in flow. It should also be noted that capillary diffusion, Eq
(4), depends in a complex way on pore radius, mainly due to the radius-dependence of the
Knudsen diffusion coefficient in the logarithmic term.
The total molar flow rate, Ji, through an area A of material is simply the sum of flows
through each of the (Nv A / 3) capillaries in this area. Accounting for the distribution of pore
radii, f(r), this gives

(8)

Combining Eqns (2), (4) and (8), remembering that q = 1 / L and for convenience
defining the diffusivity ratio X, = D i / D in, gives two equations

a i n Ay 1 JQ

U

+D

S ( )

(9)

/D J

which in the model diffusivity ratio equation, and
J R T L

ApAyiD

(10)
m

which is the experimental diffusivity ratio equation. A detailed derivation of these equations
in contained in [6], together with a commentary on the properties of the generalised transition
diffusion equation, Eqn (9). But here it is sufficient to note that, in principle, it appears to be
possible to estimate the unknown, characteristic pore structure function [(Ny / q) f(r)] from
the use of Eqn (9) as a model for experimental values of diffusivity ratio that are calculated
using Eqn (10). The following sections summarise how this estimation is carried out.
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3 EXPERIMENTAL
Experimentally the aim is to measure the factors on the right hand side of Eq (10) and
hence to calculate the diffusivity ratio as a function of pressure. In this work the only
unknown is the molar flow rate since all other factors are fixed (R = 8.314 J K"1 mol" ,
T = 300 K, L / A « 0.012, Ay; « 1 and D in can be calculated for binary gases from empirical
functions of p and T [6]). For He-Ar diffusion, it turns out for this work that
X, /1000 = 3.914 ( V ^ i m o l s " 1 ) , i = H e o r A r

(11)

Measurements of molar flow rate for each gas were made using a Wicke-Kallenbach
cell [3], that operated at pressures < 100 Torr (13.3 kPa), in which conditions mean free path
calculations indicated that transition diffusion would occur in the graphites. In this cell, pure
He was directed through a mass flowmeter to one side of a sample, pure Ar was directed to
the other side through another mass flowmeter, and the amounts of each gas diffusing
through the sample into the other stream were determined using a mass spectrometer.
Details of the apparatus that was built specially for this work are in [7].
The three nuclear-grade graphites selected for study are: AXF (a moulded, petroleum
coke filler-coal tar pitch binder graphite made by POCO Graphite Inc., Decateur, TX, USA);
Isograph-50 or IG-50 (an isostatically-pressed graphite made in Osaka, Japan by Toyo Tanso
Co. Ltd.) and ATJ (similar to AXP but made by Union Carbide in Sheffield, UK).
4. RESULTS AND DISCUSSION
Fig. 1 is a plot of He and Ar difrusivity ratios, X I 1000, as a function of pressure, p /
kPa, for the three graphites. A number of initial observations may be made from this figure.
(i) He diffbsivity ratios are larger than Ar diffusivity ratios by a factor of about 3.2 for
all values of p for each graphite; the theoretical ratio from Eq (9) is V(MAT / Mne) = 3.162,
where M is molecular weight. This close agreement gives some early confidence in the
validity of the model and experimental data.
(ii) The plots for each gas and graphite are curved, in general. This indicates that, as
anticipated, flow is in the transition regime between Knudsen diffusion (where X should
increase linearly with p) and bulk diffusion (where \ should be constant).
(iii) There are systematic differences between the plots for each graphite. ATJ data
show the least curvature while ATJ data show the most curvature, while in general AXF
seems to offer the least resistance to diffusion (high X), and IG-50 the most resistance.
To elaborate on these observations, statistical analysis of the transition diffusion data,
using Eq (9) as a model, yielded estimates of the ratio (Nv / q) and of the function f(r), the
probability density of pore radii. The method used to estimate these quantities is, in fact,
non-trivial on account of the properties of Fredholm integral equations of the first kind, like
Eq (9). Details of the method are beyond the scope of this paper, but may be found in [7]
and [8].
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FIG.l
He and Ar difiusivity ratios as a function of pressure for each graphite, as
measured using the new method.
Fig. 2 contains plots of the probability density function f(r) that were estimated for each
gas in each graphite. It may be noted that the functions for each graphite for either He or Ar
are similar. This indicates that both gases 'see' the same pore structure during flow. Thus
quoted values for transition diffusion pore structure need not refer to a particular gas.
Estimates of the factor (N v / q) / mm3 for each graphite are as follows: AXF - 33 0- IG-50 1.04, and ATJ -0.0896.
These results may be summarised as follows:
(a) The probability density functions, f(r), for each graphite are unimodal.
(b) The graphites ordered in increasing modal pore size are: AXF (0.55 urn), IG-50
(1.04 urn) and ATJ (4.71 um). The spread of pore sizes also increases in this order.
(c) The graphites ordered in decreasing values of Ny are: AXF, IG-50 and ATJ.
These results may be compared with observations from other methods. Hg
porosimetry data also indicate that pore size distributions in the graphites are unimodal or
'unipore1. However, while porosimetry yields the same order of pore sizes for the graphites,
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FIG. 2 Plots of transport pore radius probability density functions, f(r), for He and Ar for
each graphite, estimated from the transition diffusivity data in Fig. 1.

modal pore sizes from that method are on average 77 % lower than those estimated from the
transition diffiasivity data. This suggests that the latter are not as sensitive to pore
constrictions as Hg penetration. The same ranking order of pore sizes for the graphites is
also found, qualitatively, using optical microscopy. These results are, of course, consistent
with Fig. 1, notably that the graphite with the smallest pores (AXF) has the least curved
diffusivity plot - i. e., flow is near to Knudsen diffusion - and the graphite with the largest
pores (ATJ) has the most curved plot - i. e., flow approaches bulk diffusion.
Open pore volumes for the graphites, measured using an He pycnometer, were: AXF 17.4 %; IG-50 - 9.0 % and ATJ - 16.1 %. From Eq (3) and the values for (N v / q) and f(r)
estimated using the new method, minimum transport pore volumes (i. e., for q = 1) were
estimated as: AXF - 2.70 %; IG-50 - 0.67 % and ATJ - 0.63 %. Thus the relatively large
transport pore volume for AXF appears to be the reason why diffusion in this material is
easiest of the three graphites. However, the restricted diffusion in IG-50 compared with ATJ
appears to be due to the larger pore sizes in the latter graphite, for their transport pore
volumes are similar.
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A powerful way to test a model is to use it to predict quantities not related directly to
the measurements that were made to estimate parameters in the model. Here, (Nv / q) and
f(r) were used to predict gas transport parameters that were measured using established
methods, viz., N2 permeability and Ar-C02 difrusivity. Predicted permeability parameters
(the viscous flow coefficient, Bo, and the slip flow coefficient, Ko) were on average 20 %
higher than measured, while predicted Ar-CO2 diffusivities (determined at 1 atmosphere
pressure, where flow is almost entirely due to bulk diffusion) were within 5 % of those
measured. This suggests that there is a fundamental difference between the ways that
permeable and diffusive flows 'see' pore structures. The nature of this difference is as yet
unknown; exploring it may be an interesting area of future work.
Finally, it should be noted that the reverse procedure of predicting transition diffusion
data from permeability or bulk molecular diffusion pore structures is impossible, for the latter
comprise only mean values of pore sizes, rather than the whole pore size distribution which
can be estimated using the new method.
5. CONCLUDING REMARKS
A new method has been developed to characterise pore structure in nuclear graphites.
The method involves an analysis of the isothermal (room temperature) diffusion of He and Ar
in samples as a function of pressure less than 100 Torr, where flow in macropores is in the
transition regime between Knudsen and bulk molecular diffusion. Pore structures estimated
from the new method agree qualitatively, or are broadly consistent with results from Hg
porosimetry, optical microscopy, He pycnometry, N2 permeability and Ar-CC»2 bulk
diffusivity. However, some quantitative differences were observed. Pore sizes from
porosimetry were lower than those from the new method, due it was presumed to the wellknown sensitivity of Hg penetration to pore constrictions. Also, while pore structures
determined using the new method accurately predicted bulk molecular Ar-CC>2 diffusion data,
they over-predicted N2 permeability parameters.
Further work should be directed to understanding the difference between diffusion and
permeation pore structures, and to exploring the utility of the method in oxidation and
lifetime studies of moderator graphites.

REFERENCES
[1] SING, K. S. W, et al., Pure Appl. Chem. 57 (1985) 603.
[2] KELLY, B. T., In: Porosity in Carbons, (PATRICK, J. W., Ed), Edward Arnold,
London (1995) 151.
[3] McENANEY, B., MAYS, T. J., ibid. 93.
[4] MASON, E. A., MALINAUSKAS, A. P., Gas Transport in Porous Media: the Dustygas Model, Elsevier, Amsterdam (1983).
[5] HEWITT, G. F., Chem. Phys. Carbon 1 (1965) 73.
[6] FULLER, E. N, SCHETTLER, P. D, GIDDINGS, J. C , Ind. Eng. Chem. 58 (1966) 19.
[7] MAYS, T. J, Gaseous Diffusion and Pore Structure in Nuclear Graphites, PhD Thesis.
University of Bath, UK (1989).
[8] MILLER, G. F., In: Numerical Solution of Integral Equations (DELVES, L. M.,
WALSH, J., Eds), Clarendon Press, Oxford (1974) 175.

NEXT PAQE(S)
left BLANK

APPENDIX A
RELEVANT IAEA PUBLICATIONS ON GRAPHITE FOR GAS COOLED REACTORS

1979

Specialists Meeting on Mechanical Behaviour of Graphite for HTRs
(IAEA document IWGHTR/3)

1986

Specialists Meeting on Graphite Component Structural Design,
(IAEA document IWGGCR/14)

1991

The Status of Graphite Development for Gas Cooled Reactors,
(IAEA-TECDOC-690)

NEXT PAQE(S) I
left BLANK I

337

APPENDIX B
PAPERS SUBMITTED, BUT NOT PRESENTED

NEXT PAGE(S)
left BLANK
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Abstract

The development of the graphite matrix materials of the spherical fuel elements for the
10MW HTR Test Module began from 1988. Semi-isostatic cold-molding with silicon
rubber die is used in the manufacture of the spherical fuel elements. A kind of martix
material similar to A3-3 was developed. The properties of the matrix materials are
determined, and approach the level of A3-3. Irradiation tests are planed to carry out. It is
underway to improve the corrosion-resistance of the matrix, or the develop a corrosionresistance fuel element.
Key words: Graphite Matrix,

Spherical fuel element

1. Introduction
The 10MW HTR-TM(HTR-10) project as part of the China High Technology
programme has been approved by the State Council of China. The construction of the HTR10 started at the site of Institute of Nuclear Energy Technology(INET) on 14th June 1995.
The THR-10 utilizes spherical all-ceramic fuel elements. The research and development of
HTGR fuel elements in INET can date from the middle of 1970's and have been enhanced
since the China High Technology Programme was put into effect in 1988.
Two types of graphite matrix^M2'; standard matrix A3-3 and matrix with synthesized
resin A3-27; were used for the fuel elements of the AVR and THTR reactors in Germany.
The warm molding'3^ of spherical fuel elements was also developed in order to increase
heavy metal loading. The methods based on carbonization under pressure (CUP)' 4 ' of
molded blank of spherical fuel elements, and volume gas-phase impregnation^ of porous
media with pyrocarbon was developed in former USSR.
The main objective of R & D of graphite matri materials in INET, being parallel to that
of the manufacture technology for the spherical fuel elements, is to develop a kind of
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graphite matrix that can meet the requirements of the HTR-10 fuel elements by using
domestic raw materials.
2. Requirements of graphite matrix materials
The structure of the HTR-10 fuel element is shown in Fig. 1. The graphite matrix
material is a structure material. Coated fuel particles homogeneously disperse in matrix in
the fuel zone, and in the fuel-free zone it is used as a shell of the fuel element. The graphite
matrix has to perform a series of tasks in the fuel element. Therefore, it should have suitable
physical-chemical properties:
nuclear purity
high density. As a moderator it is an important parameter, and it also has influence
on mechanical strength.
high thermal conductivity. The matrix should transfer fission heat from coated fuel
particles to outer surface of fuel elements.
high mechanical strength. The fuel elements are subjected various external forces,
for instance, spherical fuel elements fall onto the pebble bed when they are loaded into the
reactor.
good corrosion resistance. Various active impurities;H2O,O2,CO,CO2,etc; present
in He coolant under normal condition, and accidental air or water ingress into the primary
circuit can result in chemical oxidation of the graphite matrix.
good irradiation performance.
Triso coated
fuel particle
fuel free shell
graphite matrix

Fig. 1 Structure of the HTR-10 fuel element
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The specifications of the graphite matrix for the HTR-10 fuel element are listed in
Table 1.

Table 1 Specification of the graphite matrix for the HTR-10 fuel element
property

specification

density

(g/cm3)

1.75± 0.02

ash content

(ppm)

<300

Li

(ppm)

<0.05

Boron equivalent

(ppm)

<1.3

thermal conductivity(lOOOt)

(W/cm • K)

>0.25

corrosion rate(1000<t ,He+lvol% H2O)

(mg/cm2 • h)

<1.5

erosion rate

(mg/h)

>6

break load

(mkN)

>18

numbers of drop from 4m high onto pebble

^50

bed before break
anisotropy of thermal expansion ayl a #

<1.3

3. R & D of matrix material

3.1 purifying of natural graphite
The natural graphite is the main component of the graphite matrix. The general natural
flake graphite has to be purified before being used as raw material for the graphite matrix.
An extensive survey on domestic natural graphite mine was carried out. Samples from
various mines were analyzed and compared. Finally the R & D of the nuclear-graed natural
graphite was jointly carried out between INET and Beishu graphite mine. A wet chemical
process using HF, HC1 and H2SO4 acid as leaching reagents was chosen for the purifying
the natural graphite. The process in simpler than the traditional one, and the result of the
purifying is better. The analysis result of the graphite obtained is shown in Table 2.
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Table 2 Analysis result of the muclear-grade natural graphite
result

parameter
total ash

(ppm)

130- 190

boron equivalent

(ppm)

<0.l5

lithium

(ppm)

0.007- 0.023

graphite-degree

(%)

^98

Lc

(A)

940- 1000

3.2 Manufacture technology
The semi(quasi)-isostatic cold-moulding technology was chosen for the manufacturing
fuel elements (for the manufacturing matrix only without the steps concerning the fuel
particles). The schematic diagram of the process is shown in Fig.2.

overcoating'

C
Petroleum cok$
^

A carbonization i
1
(300f.) |

&-\ ctegasification i
! (1850-1950^:]

Fig.2 Schematic diagram of the fuel element fabrication

The process mainly consists of three steps: manufacture of the graphite matrix powder,
moulding and heattreatment.
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a. manufacture of the graphite matrix powder
The filler components, natural graphite and petroleum coke graphite are premixed,
kneaded with dissolved phenolic resn binder, dried under vacuum and ground in a hammer
mill.
The press characteristic of the filler components with different mix-ratio is examined
(Table 3).

Table 3 Density of the green body and the carbonized matrix with
different mix-ratio of the filler components
1: 0

1 : 1

1 : 2

1 : 3

1 : 4

1: 5

1 : 6

green body

1.71

1.71

1.75

1.80

1.81

1.81

1.82

carbonization at 800 <t

1.39

1.56

1.63

1.68

1.70

1.70

1.71

mix-ratio EG/NG
density p (g/cm3)

EG-Petroleum coke graphite NG-Natural graphite 20wt% binder
The result shows that the suitable mix-rate lies between 1 : 4 - 1 : 6 . According to
the work of German. Scientists and e n g i n e e r s ' 6 ^ the matrix made from the raw materials
with 64wt% natural flake graphite, 16wt% petroleum coke graphite and 20wt% resin binder
has the best performance. This composition was adopted as reference.

b. moulding
The semi-isostatic cold-moulding with silicon rubber die comprises two steps: the premoulding of the fuel zone at 2-3MPa and the final moulding of the sphere at _ 300MPa.
The most difficult point in the final moulding is that the edge of the rubber die is torn
because the rubber flows into the clearance as fluid under high pressure. It was solved by
improving the design of the steel die, as a result the life of the rebber die only depends on
the quality of the rubber.
Fig. 3 Shows the density of the green body and the carbonized matrix as a function of
the press pressure.
The suitable pressure should be 25O-3OOMPa.
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100

50

150
press

Fig. 3

pressure

200

250

P / M Pa

Density as a function of press pressure

c. heat treatment
The heat treatment consists of two steps: the carbonization up to 800 <t under argon
atmosphere, and the degasification at 1850-1950<t under vacuum.
The thermogravimetric, and the pyrolytic-chromatography-mass spectrum analysis of
the phenolic resin was carried out to work out the time-temperature schedule for the
carbonization.
The autoclave-carbonization process under some atmosphere was used for increasing
coking power (Table 4). The density and the mechanical strength of the matrix increase.

Table 4 coking power under some atmosphere
Pressure(MPa)

coking power*(%)

0.1

48.89

0.8

51.75

* average value
The parameters which influence the quality of the matrix were tested, analyzed and
optimized, several batches of fuel element using the matrix have been produced. The results
are given in Table 5.
The irradiation test is planed to carry out in 1996.
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4. Improve the corrosion resistance of the matrix and develop a protective layer of the
matrix
A safety requirement of HTGR arose for increasing corrosion resistance under the
accidental air or water ingress. Two types of method have been investigated in INET.
The development of carbon/metal or carbon/ceramic, which is a carbon matrix
composite with metal, e.g. refractory W or Ti, or ceramics e.g. B 4 C or SiC, has recently
been an intense area to improve the oxidation resistance of carbon materials. The system of
C-SiC-B4C and C-SiC-B 2 O 3 ^ are the most successful two. Because of the high neutron
absorption cross section of boron, only the C-SiC system can be used in this case.

Table 5 Experiment results of the fuel element
parameter

result

diameter

(mm)

60

shell thickness

(mm)

4~ 6

density

(g • cm"3)

1.73

thermal conductivity

(w • cm^K^XlOOO**;)

0-3

corrosion rate(1000<t, He+l%vol H2O) (mg/cm2h)

1i

errosion rate

5.7

(mg/h)

numbers of drop from 4m high onto pebble bed before break
break load
anisotropy of thermal expansion aLJ a //

(KN)

440- 739
18.8
1.09

The standard matrix samples and the modified matrix samples containing SiC superfine
powder, which are heat-treated at 1950 or 1600<t, were prepared. Both of diameter and
length of the sample are 10mm.
Iso-thermal oxidation experiments were carried out with an auto-thermogravimeter at
800~ 1000<t:. The results indicate that the oxidation rate at 1000<t of the modified matrix
treated at \600°c is less than that of the standard one treated at 1950<c (Fig.4).
The another method is to form ceramic coating on the spherical surface. The
impregnation-reaction technique was investigated by use of immersion of the graphite
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substrate into a silicon melt at around 1500t:. Recently so-called slip-packing method!8! is
also being examined.

1000 X: Oxidation
Oxygen partial pressure 21KPa
A: HIT 1950 XZ
B: HTT 1600 t

Containing no SiC
Containing SiC

o
X

fL!
B/%
Fig.41 Oxidation rate as a function of Bumoff at 1000 *C

5. Summary
Key techniques of the graphite matrix for HTR-10 have been mastered. The main
properties of the matrix has met the design requirements for HTR-10.
The improvement of the corrosion resistance of the matrix and the development of
ceramic protective coating on the fuel element have been carrying out.
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Abstract
The oxidation kimetics of the three main components of the graphitie matrix; nuclear
grade natural graphite, petroleum coke graphite and carbon derived from thermoplastic
formaldehyde resin; were studied in a flowing gas mixture of oxygen and nitrogen, or in a
flowing Argon containing 1 vol % H2O. It is shown that the oxidation rate increases in the
order of the petroleum coke graphite, the natural graphite, and the resin carbon. High
temperature vaccum treatment of the natural graphite at 1950 *c decreases the impurities
and increases the oxidation activation energy. Differences between the activation energy
and the oxidation rate of the resin carbon heat-treated at 1950 and 1600"C is resulted from
the changs in the micro-pore texture and reduction of impurities.

Key words: graphite matrix, fuel ement, oxidation

1. Introduction
Various active impurities, H2O, O2, CO and CO2 etc. presenting in He coolant^] under
the normal operation condition of HTGR, and accidental air or water ingress into the
primary circuit can result in chemical oxidation of the graphite matrix materials. The study
and analysis of the oxidation behaviour of the matrix materials is very important to the
design and the safe operation of HTGR.
Spherical fuel elements are made from 64wt % natural graphite, 16wt % petroleum
coke graphite and 20wt % resin as a binder.niP] The oxidation behaviour of the matrix is
directly related to the products produced from the three raw materials by the high
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temperature vacuum treatment ( at 1850 - 1950'C ) .The petroleum coke graphite (s.p.
graphite powder) is graphitized at a temperature higher than that of the heat-treatment of
the fuel element before being used as a raw material. Therefore, the heat-treatment in the
fuel manufacture element should have no influence on the impurity level and the structure
of the petroleum coke graphite, and should have influence on the natural graphite and,
particularly on the resin carbon. Chang et al.Pland Suuberg et ali 6 ! reported the influence
of heat-treatment temperature on the oxidation kinetics of the resin carbon. The aim of the
present work is to investigate the oxidation kinetice of the three components of the matrix
materials and the influence of the heat-treatment on the oxidation behavior.
2. Experimental
Nuclear grade natural flake graphite, the petroleum coke graphite (s.p. graphite power)
and the resin carbon derived by high temperature treatment were used as specimens. The
distribution of particle sizes, impurities, degree of graphization, BET area, crystallite size
and ash content were determined.
A thermogravimetric system used for oxidation tests is shown schematically in Fig.1.
The oxidation kinetics of the three carbon materials was examined

by iso-

thermogravimetric method at 400 - 725 "C in flowing gas mixtures of oxygen and nitrogen
at oxygen partial pressure of about 20 kPa, total pressure 107 kPa and flow rate 76 - 250
mL / min, or at about 1000°C in a flowing Argon containning 1 vol % H2O.
A regression analysis of the data gathered by a computer was used to obtain mass as
a function of time, m ( t ) . The oxidation rate at a certain time can then be expressed as :
_ _ 1 dm(t)
m

dt

where m is the mass of the specimen at the time, t.
It is well known that oxidation rate of carbon materials is closely related with bumoff.
The computerized data regresion analysis can handle large amounts of data with a wide
range of burnoff.
3. Results and Discussion
3.1 Oxidation rate as a function of bumoff
The oxidation rate of the natural graphite is plotted in Fig.2 as a function of the bumoff.
The oxidation rate increases gradually at the beginning and then decreases after reaching a
maximum rate. It can also be seen that the oxidation rate is roughly stable in the range
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near the maximum rate. The stable range of the oxidation rate corresponds to a burnoff of
about 3 %.
The oxidation rate of the petroleum coke graphite as a function of the buroff is shown
in Fig. 3. The oxidation rate gradually increases with bumoff at the beginning and reaches
a stable reaction rate at a bumoff in the range from 2.5 to 25 %.
The oxidation rate of the resin carbon after heat-treatment at different temperatures
increases sharply at low values of the burnoff.

As Fig. 4 shows, the oxidation rate of the

resin carbon heat-treated at 1950*C increases rapidly at low burnoffs, then move slowly
with the burnoff increases, and finally reaches a stable value. However, the oxidation rate
of the resin carbon treated at 1600X continues to rise with the bumoff and is much higher
than that of the resin carbon treated at 1950*c at the same bumoff. The oxidation of resin
carbon treated at temperatures lower than 1600'C is similar to that at 1600'C.
The change of the oxidation rate at different the burnoffs results from the variation of
the BET area (Table 1) . For gas-solid reactions, increasing BET area enlarges the gassolid interface where the reaction occurs. As a result, there are more active sites for the
gas-solid reaction so the gas-solid reaction rate increases.
Most of the BET area for natural graphite powder is on the outer geometric surface of
the particles because of the high crystallinity and low porosity. Therefore, its BET area is
lower than for the other carbon materials and does not change much during oxidation.
When the oxdiation occurs at low burnoff, carbon atoms are removed from the surface and

725'C
700 "C

X

6

-I

O2 pai lial pressure 11.9 kPa
(low-rate 76-25OmL/min

2

0

10

20

Fig. 3 Oxidation rate of the petroleum coke graphite
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IGOOV

525°C oxidation

1 950 'C
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50

Oxidation rate of the resin carbon
heat-treated at 1950°C and 1600°C

some closed pores are opened. As a result the oxidation rate increases due to the
increasing of the BET area. However, when oxidation occurs at high burnoff, the micropores are enlarged as the pore wall is oxidized while, at the same time,

the outer

geometric surface of the particles decreases. Therefore, the oxidation rate decreases as
the BET area decreases. The above two processes approach temporary equilibrium in the
oxidation rate at about 3 % of burnoff.
The oxidation reaction of the petroleum coke graphite has a much smaller change in
the BET area. Therefore, there is less difference between the oxidation rates at low burnoff
and in the the stable range.
Comparison of the oxidation kinetics data for the three carbon materials shows that
the petroleum coke graphite has the lowest oxidation rate followed by the natural graphite
and then the resin carbon with the highest oxidation rate. In addition, the
between the

oxidation rate of

difference

the resin carbon and the other two types of graphite

increases at higher burnoff.
3.2 Oxidation activation energy
The Arrhenius curve, plotted for a bumoff of 3 % , for the natural graphite powder is
shown in Fig. 5. Fig.6 represents the Arrhenius curve, plotted at the final stable rate, for the
petroleum coke graphite powder.
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Table 1 BET area as a function of the bumoff during oxidation (m 2 /g)
0

Burnoff ( % )

5

8.5

30

35

37

Geometric
surface area

0.820

Natural graphite
petroleum coke graphite

0.325

0.849
1.59

1.54

1.60

Resin carbon
heat-treated at
481.4

800 *C

294.20

1450'C

9.02

441.9

1600'C

10.30

349.9

1950-C

17.00

159.5

0.335
0.265

natural graphite
E« = 157.8 k J / m o l

h

2

1.2

1.4
10 K/T

1/5

3

Fig. 5 Arrfienius curve for the natural graphite
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petroleum coke graphite
E* = • 208kJ / mol
X

0 .

0.8

1.2

1.4

K/T
Fig.6

Arrhenius curve for the petroleum
coke graphite

The Arrhemius equations can be expressed as following:
natural graphite

r= 1.712 * 1fJi1exp (-157800/RT) m g / g • h

petroleum coke graphite

r = 1.67 x 1013exp (-208300 / RT) mg / g • h

where R = 8.314 J / m o l • K
the activation energies are 157.8 kJ / mol and 208kJ / mol, respectively.
A mass-spectrometer analysis of the materials indicates that the amount of the most
active catalysts for the carbon-oxygen reaction including, Na, K, Ca, Cu, Ti, Fe, Mo, Cr,
etc. is greater in the natural graphite , > 2 x 10"5 . The activation energy s.p. natural
graphite (total impurity content < 5 x 10"6 ) is about 209-251 kJ / moll5!. Therefore the
activation energy of the natural graphite used in the tests is lower as a result of the impurity
catalysis.
For the petroleum coke graphite, only the silicon content is large 2.8 x 10"6, while the
amount of other impurities is very low. The total content of the most active catalysts
including Na, k, Ca, Cu, etc. is less than 1 x 1O«. The activation energy of 209 kJ / mol
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obtained from the Arrhenius curve for the petroleum coke graphite indicates that its
oxidation is not affected by the catalysis.
Since there was no stable oxidation rate occuring during the oxidation of the resin
carbon heat-treated at < 1600'C, the Arrhenius curves are plotted using the oxidation rates
at a burnoff of 5 % to compare the activation energies of the resin carbon treated at
different temperatures, Fig. 7. Their oxidation activation energies are 117kJ / mol and
84kJ / mol, respectively. If the activation energy of the resin carbon treated at 1950'C is
calculated using the stable oxidation rate, the Ea is 142 kJ / mol. This corresponds to the
value for atoms at the edge of defects in the base plane. t6l
3.3 Influence of heat-treatment on oxidation behaviour

0
]

1.2

1.43

io K/r
Fig. 7 Anhenhis curve tor the resin carbon
heat-treated at 1950°C and 1600 °C
Fig. 8 shows the Arrhenius curve for the oxidation for the natural graphite that was
vacuum heat-treated at 1950*C. The activation energy is 182kJ / mol. As mentioned above ,
the oxidation activation energy of natural graphite without heat treatment is lower due to
impurity catalysis. But after vacuum heat-treatment at 1950 *C, the natural graphite was
purifed by volatilization of some impurities. The impurity catalysis decreases and the
activation energy increases.
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The activation energies for resin carbon after heat treatment at different temperatures
are summarized in Table 2. The activation energies of

resin carbon heat treated at

temperatures from 800 - 1600'C show little variation and are all about 84 kJ / mol.
Table 2 Oxidation activation energy for resin carbon
(evaluated at a burnoff of 5 %)
heat-treatment temperature, T/"C

800

1400

1450

1500

1550

1600

1950

Ea (/kJ/mol)

75.4

85.8

84.6

83.7

82.9

85

117

2.5x10 7

4x107

A

(/nig • g" 1 • h"1)

3.2«10 7 2.6x10 7 2.2*10 7 2 J x 1 0 7 1.1 * 10 9

The ash content in the resin carbon after heat treatment is summarized in Table 3. The
impurity content of the resin carbon treated at temperatures from 800 - 1600 *C remains
basically constant. The result is in agreement with that of Chang et al.PJ Therefore the
activation energies of the resin carbon treated at temperatures 800 - 1600 'C should be
essentially constant.
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Table 3 Ash content of the resin carbon
heat-treatment temperature T/°C
ash

/10-6

800

1400

1450

1500 1550

1600

1950

160

166

169

159

170

<40

135

The data in Fig. 9 and Fig. 10 shows that for resin carbon the oxidation rate decreases
as the heat-treatment temperature increases. The decreased oxidation rate after heat
treatment in the temperature range of 800 - 1600°C doses not result from the reduction of
the catalysis (Table 3 ) but from changes in texture the including the crystal and micro-

O2 partial pressure 21 kPa
60

525 V,'oxidation

40

1600"C
JO

Fig.9

20

30

•10

50

Oxidation rate of Ihe resin carbon heat-treated
iu the temperature range of 800-1600°C

pore structure. Variation in the structrure can affect the activity. For example, it has been
proven that the reaction activity for atoms in the base plane is lower than that of atoms at
an edge of a crystal.t5l
It is generally recognized that the reaction rate decreases for higher values of La / Lc.
As Table 4 shows, the value of La / Lc of the resin carbon does not increase with the heattreatment temperature. Therefore, reduction of the reaction rate in this temeprature range
does not resulte from the changes in crystal texture.
The micro-pore texture of the resin carbon can be characterized by its BET area. As
Table 1 shows, the BET area after the oxidation of the different types of resin carbon is
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Fig. 10 Oxidation rate of the resin carbon in Ar + l Vol % H2O

Table 4 Crystallography data for resin carbon
heat-treatment temeprature T/'C

800

1400

1450

1550

1600

1950

0.3951 0.792

0.3731

0.3664

0.3536

0.3471

Lc/nm

0.895

1.23

1.33

1.929

2.68

La/nm

9.12

La/Lc

10.2

1.14

15.9

17.8

12.9

13.4

18.3
9.49

21.1
7.87

much larger than the geometric surface area, by up to 3 orders of magnitude. In addition,
the BET area of the resin carbon after oxidation decreases with increasing heat-treatment
temperature, Table 1. Therefore it can be concluded that only changes of the micro-pore
texture result in changes of the oxidation rate in the range of 800 - 1600X:. However, the
difference between the oxidation rate of the resin carbon at 1950X: and 1600 "C resulted
from the reduction of the impurity level as well as changes in the micro-pore texture.
4. Conclusion
• For the three matrix material components the oxidation rate of the petroleum coke
graphite was the lowest followed by the natural graphite and then the resin carbon with the
highest oxidation rate.
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• Vacuum heat-treatment at 1950'C increases the oxidation activation energy of the
natural graphite by decreasing of impurity catalysis. However, both the impurity levels and
changes in the micro-pore texture play a role in the variation of the oxidation rate and
activation energy for resin carbon.
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