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Abstract
The current decommissioning strategy for the graphite-moderated reactors operated by Magnox Electric pic. Nuclear
Electric Ltd and Scottish Nuclear Ltd is to delay dismantling and to initiate a monitored period of care and maintenance
followed by a period of safestorage totalling up to 135 years. This philosophy has the considerable advantage of
permitting the majority of radionuclides to decay, thereby minimising personnel dose during dismantling which itself
will require far less complex remote-handling equipment. It also defers the disposal of the graphite and other
components so that the provision of a deep land-based repository can be achieved.

A comprehensive review of all relevant data on the chemical, physical and mechanical properties of the graphite and
its potential reactions, including radioactivit}' transport, has been undertaken in order to demonstrate that there are no
potential mechanisms which might lead to degradation of the core during the storage period.

It is concluded that no significant experimental work is necessary to support the safestorage philosophy although, since
the ingress of rainwater over long periods of time cannot be assumed incredible, a number of anomalies in chemical
leaching rates may be worthy of re-examination. No other potential chemical reactions, such as the radiohlic formation
of nitric acid leading to corrosion problems, are considered significant.

1. INTRODUCTION

The current policy of the United Kingdom electricity utilities Magnox Electric pic,
Scottish Nuclear Ltd and Nuclear Electric Ltd, for the decommissioning of their Magnox reactors
and Advanced-Gas Cooled Graphite-Moderated Reactors (AGRs), is to delay dismantling and
allow a period of care and maintenance followed by a period of safestorage. Initially it is planned
that these periods will total around 135 years, during which the majority of radionuclides will have
decayed sufficiently to permit dismantling of the active cores with a greatly reduced requirement
for shielding compared with that required should the work be undertaken immediately. In
consequence, it has been important to consider the potential for degradation of the graphite cores
during a period of at least 135 years (and therefore any consequences for the dismantling
operation), with particular attention being paid to structural integrity and the release of
radioisotopes.

The work described in this paper was undertaken as part of the UK programme on nuclear
safety issues sponsored by the Health and Safety Executive, where specific concerns relating to
the long-term storage of Pile Grade 'A' (Magnox) and gilsocarbon (AGR) graphite have been
expressed. In particular, these concern the presence of Wigner energy (a form of potential energy
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arising from the displacement of carbon atoms by colliding neutrons) and the potential for fire.
The first of these is of no actual significance for the advanced gas-cooled-reactor graphite, which
is operated at too high a temperature for there to be any significant accumulation of stored
energy. Although the lower part of Magnox reactor cores does see some build up of energy over
the lifetime of the plant, the total quantity is everywhere insufficient to lead to self-heating in any
circumstances and is, in point of fact, well below the specified fraction of the specific heat
capacity of the graphite set after the Windscale Pile fire of 1957 (1). Furthermore, there is ample
evidence from trepanning activities that there can be no possible energy-release hazard resulting
from the eventual rough handling of this graphite, from frictional heating or any other means (2).

The present work has identified the more significant issues, taking due note of
contemporary evidence from decommissioning activities in progress on other graphite-moderated
plant. Within the United Kingdom these include the Windscale Production Piles, where Pile No.
1 is being prepared for dismantling(3), and the Windscale prototype AGR. Six Magnox reactors
have also been shutdown and are in various stages of preparation for Care and Maintenance. The
lengthy history of changes in the graphite properties which has been compiled from routine
monitoring studies has also been utilised to assist the prediction of future behaviour.

The principal issues identified are discussed in the following sections.

2. CHEMICAL CHANGES

Graphite is generally extremely chemically inert, as its use in high-temperature applications
such as crucibles and electrodes demonstrates. It is unaffected by strong alkalis and many strong
acids and reactions are possible only in the presence of strong oxidising agents. In the present
context it is necessary only to consider the potential for oxidation in the ambient environment of
the reactor vessel during storage.

2.1 Consequences of Nitric Acid Formation

Nitric acid may be formed by the radiolysis of moist air and is principally of concern for
the long-term integrity of the steel structures in the reactors during long-term storage. The
residual radiation within the core during most of this period is insufficient to cause the formation
of a significant quantity of nitric acid by radiolysis of the moist coolant (which during safe-storage
is ambient air). It is in fact during the de-fuelling period when the greatest risk from this reaction
occurs. Measurements obtained during this phase of decommissioning the Magnox reactors at
Berkeley and Trawsfynydd. Coolant samples at Trawsfynydd contained a minimal 0.002 wppm,
whilst metallic samples placed in the reactors collected small quantities - typically around 0.45
ug.cmf2 nitrate on copper and much smaller quantities on both unoxidised and pre-oxidised steels.
These low levels were also confirmed by swabbing of internal reactor ductwork, and do not
represent any potential risk to storage.

Samples of graphite present in the Berkeley cores for most of the operating life yielded
less than 0.47 jig nitrate per gram of graphite. This observation is important for two reasons:

(i) It validates earlier decisions that periodic purging of reactor vessels in care and
maintenance or safestorage is unnecessary. The graphite core offers a substantial adsorption
"sink" for removal of any nitric acid formed in the early stages during and immediately after
refuelling (when the potential gamma-irradiation dose is at its highest value after final reactor
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shutdown). This conclusion may be supported even when substantial pessimisms are incorporated
into the estimates of nitric-acid production rate;

(ii) The very low nitric-acid concentration predicted, combined with the ambient storage
temperature, make degradation of the graphite through the formation of intercalation compounds
insignificant.

2.2 Oxidation of Graphite and Carbonaceous Deposits in Air and Water

Nuclear graphite is a material of low chemical reactivity because of the generally low
concentrations of chemical impurities which might otherwise assist oxidation catalytically. The
routine monitoring programmes during reactor operation have regularly confirmed the very
modest rate of reaction - typically less than 100 ug.g-'.h'! at a standard temperature of 723K - and
also verified the activation energy for the reaction which is typically around 35-40 kcal.mol"1 (145-
170 kJ.mol"1). These data have been required for verification of safety studies which model the
hypothetical ingress of air into an operating reactor(2).

There exists, in addition, a vast literature on the oxidation of graphite and other carbons
in air which has been the subject of numerous reviews - for example (4), complemented by
extensive studies within the nuclear industry of the behaviour of relevant graphites. The catalytic
activity of specific inorganic impurities is also well researched, for example(5). This has enabled
us to review the propensity of likely catalytic materials either initially present in small quantities,
or potentially entrained into the reactor vessel through inleakage of rainwater during storage.
These are likely either to be leached from concrete (alkaline earth materials) or washed-in steel-
oxidation products (transition-metal compounds). These could give rise to potential problems
both during the storage and during eventual dismantling. Even with pessimistic assumptions of
the likely concentrations of these materials, the risk of encountering graphite of enhanced
chemical reactivity during dismantling will remain remote even if cutting equipment inadvertently
impinges upon the graphite. There also exists the possibility of introducing oxidation inhibitors
at this final stage, based upon the experience with other uses of carbons such as in rocket nose
cones(6).

Deposited carbon which is significantly more chemically reactive to air than the graphite
is present within the graphite in all reactors which have been operated in coolants containing
carbon dioxide, in which significant carbon monoxide is produced which then undergoes radiolytic
polymerisation. The largest quantities are found in the lower part of the cores of the Magnox
reactors, where the temperature is most favourable for the retention of this material. Existing data
on the quantities and reactivities of these deposits again suggest that their presence is of no
significance for safestorage or eventual core dismantling.

As already indicated, the presence of water (or water vapour) in the stored reactor vessels
cannot be discounted. Direct reaction between carbons and water requires extremely high
temperatures - typically >1200K - even when catalysts are present(4), and even over the long
timescale associated with safestorage is of no consequence. Radiation-induced reaction may also
be discounted at the low residual dose rates. Water itself has only a small effect on the rate of
graphite and carbon oxidation in air, although the available data are rather ambiguous, with some
indications of an increase in rate and others of a decrease.
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2.3 Ignition Potential and Dust Explosibility During Core Dismantling

Graphite dust is classified as non-explosible by the UK's standard Fire Research Station
(FRS) criteria (7) and it is considered that irradiation under Magnox or AGR conditions is not
likely to affect this. Even for a formally "combustible" substance (such as an impure form of
carbon), criteria relating to concentration, particle size, turbulence, the presence of an ignition
source and a suitably oxidising atmosphere must be simultaneously satisfied before a flame front
can propagate and give rise to an explosion, and this must in turn be within a confined space if it
is to have significant consequences for structural stability. Furthermore, an explosibility
assessment for the proposed French graphite-incineration process has been made, where the
potential risk is far greater than in a stored core, and found to be acceptable(8).

Within the UK nuclear industry, tests have also been made to demonstrate that heating
graphite to red heat, spattering it with weld metal and subjecting it to the standard FRS tests
represented no hazard. Only in the presence of a powerful chemical ignition system has an
explosion been achieved, and it is difficult to envisage how this circumstance could arise within
a reactor vessel.

It is possible to build upon the experience of existing operating safety cases for the
scenario of air ingress to demonstrate that temperatures of many hundreds of degrees Celsius
would have to be achieved in a stored core before the aggregated heat-loss pathways could be
overcome by the rate of chemical heat generation. This opinion is reinforced by new tests on the
combustibility of nuclear grade H-451 graphite conducted at Los Alamos (9) which confirm the
present authors' view that there is little evidence for combustion of graphite either in the
Windscale Pile accident of 1957 (primarily a fuel fire, which recent observations of the channels
adjacent to the fire zone tend to confirm(3) ) or in the Chernobyl accident; oxidation of graphite
occurred purely as a high-rate chemical reaction and without the production of flames or fire
propagation. These views are also shared by researchers from Brookhaven National Laboratory
(10) and it considered that five conditions must be satisfied before burning is possible; a high
surface area-to-volume ratio; a temperature of at least 923K; adequate oxygen supply but not
sufficient gas flow to cause cooling; a high intrinsic reaction rate and low heat losses. Satisfying
these conditions is considered to be incredible either in the storage regime or during subsequent
dismantling.

3. GRAPHITE PROPERTY CHANGES

The UK nuclear industry has assembled a comprehensive database of virgin and irradiated
graphite properties for the PGA and gilsocarbon graphites employed in the Magnox reactors and
AGRs respectively, but there is no systematic study of the potential for change over long periods
of time or under changing atmospheric conditions. This possibility was highlighted as early as
1959 (U) when it was noted that graphite was stronger under vacuum than in air, with various
other atmospheres giving different results. However, it has subsequently been suggested that it
was, in fact, the water concentration which was critical in these results, and this view is supported
by more recent work from the UK and Japanese nuclear industries.

The changes are of no significance for the present purpose because most data on graphite
properties have in any case been obtained in apparatus where the graphite was exposed to moist
laboratory air. There are no other observations of changes in mechanical or physical properties
which are likely to arise as a result of long-term graphite storage in the reactor vessels.
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4. RELEASE OF RADIOACTIVITY

4.1 Leaching from Graphite

The rate of leaching of radionuclides from graphite is likely to be governed by:

(i) The rate of corrosion of the graphite itself;
(ii) Selective dissolution from other phases within the graphite cores;
(iii) Desorption from the graphite (or other phases); and
(iv) The presence in the leachate solution of substances such as complexants and acids or

alkalis.

Process (i) is expected to be the major process affecting the dissolution of radionuclides
present in the graphite lattice (principally 14C) or strongly adsorbed thereon. Processes (ii) or (ii)
could result in more rapid leaching of the radionuclide than the graphite.

There are numerous French and US studies (12"lD> and also analyses for a UK Magnox
reactor <16"17). There are also studies based on graphite particles collected from the vicinity of
Chernobyl(I8). Overall, leaching data suggest that the results are strongly influenced by the nature
of the graphite under examination. In most cases the leach rates both for carbon atoms and
entrained isotopes appear to have reached an equilibrium rate within 140 days exposure to water
in approximately neutral pFL but the data are variable and sometimes inconsistent. Generally, the
relative leach rates of the isotopes present in irradiated graphite after shorter-lived isotopes have
decayed are:

I37Cs > 133Ba > 60Co = 63Ni > 134Cs > 36C1 > 154Eu > 3H > 14C

For radioelements for which no release data are available, it is possible to make pessimistic
estimates based upon thermodynamic solubility calculations. A suitable database has already been
created by UK NIREX in connection with their studies on the proposed deep waste repository.
In combination with kinetic data, the results may be used to estimate the release of 3H and 14C into
the air and, in combination with water flowrate data (where relevant) to assess the overall release
of soluble radioactivity from stored graphite. The integrated release of 3H is unlikely to be a
significant problem in safestorage because of the relatively short half life. It has been suggested
that bench-top tests on graphite samples removed from the reactors in question would enable the
accuracy of leach-rate estimates to be considerably improved although there appears to be little
prospect of a significant problem on the basis of existing results.

4.2 Gas-Phase Activity Release

I4C is retained in the graphite and associated carbon deposits primarily as elemental
carbon; on surfaces, some oxygen will be associated with it. 14C produced in reactions other than
from 13C (i.e. from !3N or I7O) is likely only to be present in surface oxide and in the carbonaceous
deposits (C/H/O compounds of high molecular weight), which are potentially more mobile in a
turbulent flow or leaching situation, but the total activity in this form will be relatively small when
safe storage commences.

In order for 14C to be released in significant quantities by exchange with gas-phase species,
replenishment by internal solid-state diffusion would be required. There is no significant diffusion
of carbon within carbon until a temperature of over 2000K is reached <I<J), an observation
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confirmed by the extreme temperatures needed to "label" graphite with 14C from14 CO, a
technique used in our own laboratories to prepare samples for radiolytic oxidation tests.

The sources of tritium are lithium impurity in the graphite, and the fission process in the
fuel followed by diffusion in the fuel cladding and absorption by graphite from the coolant.
Tritium is transferred from the graphite surface to the coolant with extreme ease (20' 21). This
implies that tritiated species on the graphite surface will have exchanged tritium with atmospheric
moisture and that this tritium will have been lost very quickly after reactor operation ceased -
probably within a matter of weeks. Further releases will depend upon the rate of diffusion of
tritium within graphite, which is very much slower than the surface-exchange rate but remains
significant at reactor operating temperature (22). However, the high activation energy for the
process implies a rapid reduction in diffusion rate with diminishing temperature, and it is
considered to be of low significance. The possibility of biological processes leading to releases
of active gases has been considered in parallel studies and is considered remote.

4.3 Particulate Release

The greatest potential for particulate release during reactor vessel safestorage undoubtedly
arises from the corrosion of metallic components within the core. The graphite may also release
particulates directly, through degradation (friction and wear) mechanisms, or from deposited
carbon or other entrained materials such as oxide dusts.

Carbonaceous deposits are generally adherent to the graphite and are only likely to be
released under conditions where the graphite is itself abraded, or with severe atmospheric
disturbance within the vessel, or through graphite oxidation. It is extremely difficult to envisage
how any of these processes can occur. Such friction data as are available (J. Skinner, Magnox
Electric pic, personal communication) appear to support this view: coefficients of friction on
graphite tend to fall as surfaces "run in", and the low temperature of storage favours the retention
of adsorbed gases, which also reduces the friction coefficient.

In the low probability of particulate release, evidence from the routine graphite-monitoring
programmes indicates that the principal emitters will be ̂ Co, l4C, 3H and 3:>S, with the proportions
of those with shorter half-lives declining with time. The potential releases will be quite different
in different reactors, as a result of their operating histories, but it should also be remembered that
safestorage requires the effective elimination of release pathways in any case. Activity release
during graphite incineration, if such a route were eventually taken, has been extensively
considered but is outside the scope of this work.

Attrition of graphite by biological activity is possible but, again, complementary work
suggests that the probability is low even over >100 years.

5. CONCLUSIONS

This paper has presented a brief summary of the detailed evidence evaluated in connection
with the behaviour of graphite cores during the care and maintenance and safestorage periods of
reactor decommissioning and has in particular considered aspects relating to both structural
integrity and activity release. The retention of the graphite core within the vessel for periods of
up to 135 years does not present any significant hazard either during the storage period or during
subsequent dismantling. This conclusion is based upon consideration of the potential for changes
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in physical, chemical and mechanical properties, with parallel work having covered the
possibilities of biological action, and upon consideration of events such as water inleakage and
the potential for radioactivity releases.

Additional reassurance would be available from a limited number of leaching tests on
samples of the irradiated graphite, and by comparing the final graphite properties (particularly the
oxidation rate in air) with the predictions after storage but ahead of the dismantling operation.

The present UK strategy of delaying full dismantling of reactor cores has numerous
advantages and does not appear to be compromised in any way by the degradation of the graphite
core.
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