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FOREWORD

The phenomenon of fission gas release (FGR) from nuclear fuels has been studied for at least
40 years and therefore should have reached a mature state of understanding. Over this period, many
questions have been resolved but equally as many remain unanswered. The move of commercial
reactors towards higher and higher discharge burn-up has uncovered features of fuel behaviour
previously unseen, resulting in new phenomena that need to be included in the description of fission
gas release processes.
Fission gas behaviour has long been identified by experts as an important subject for which further
assessment and investigation are necessary. To this end, the Commissariat à l’Énergie Atomique (CEA)
agreed to organise a seminar on this topic from 26-29 September 2000 at the Château de Cadarache.
The Département d’Études des Combustibles (DEC) supervised all practical arrangements. The OECD
Nuclear Energy Agency (NEA) co-organised the meeting in co-operation with the International
Atomic Energy Agency (IAEA).
This was the second in a series of three seminars that began with the seminar on Thermal
Performance in Light Water (High Burn-up) Fuels held in Cadarache, France on 3-6 March 1998.
The series will be completed with a meeting devoted to Pellet-clad Mechanical Interaction in 2002.
The aim of this second rendez-vous was to establish a comprehensive picture of the current
understanding of fission gas behaviour and its impact on the fuel rod, under the widest possible
conditions. The presentations proposed by participants were reviewed and the technical programme
shaped by the organising committee:
•

Christian Bonnet, Yannick Guérin, Clément Lemaignan, Maxy Noé, Jean-Paul Pagès,
Jacques Rouault (CEA);

•

Maria Trotabas (COGEMA);

•

Daniel Baron (EDF);

•

Patrick Blanpain (FRAMATOME);

•

Patrick Menut (IAEA);

•

Enrico Sartori (OECD/NEA).

Among the papers proposed 38 were accepted for presentation. About 100 experts from
24 countries representing 46 different organisations attended the seminar.
Particular appreciation was expressed during the seminar for the high quality of the papers
presented by young researchers from the CEA, many of which concerned work carried out as part of
their PhD thesis. It was reassuring to see the young generation emerging with such great potential.
The current proceedings provide a summary of the results of the seminar together with the text of
the presentations made. They are published on the responsibility of the Secretary-General of the OECD.
The views expressed are the authors’ own and do not necessarily correspond to those of the national
authorities concerned.
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EXECUTIVE SUMMARY

Introduction
The need for further improving the understanding of basic phenomena underlying nuclear fuel
behaviour has been recognised both by fuel vendors, experts in fuel research in the different laboratories
and committees and working groups co-ordinating international activities. The OECD/NEA Nuclear
Science Committee has established an Experts Group addressing this issue. This has led to the
establishment of an International Fuel Performance Experiments Database (IFPE) that should aid the
process of model evaluation and validation. The IAEA, for its part, created an International Working
Group on Fuel Performance and Technology (IWGFPT) several years ago that led to FUMEX-1 (Fuel
Modelling Exercise) which has had an important impact on code improvements. Both international
organisations, with the support of national institutions, co-operate in establishing and maintaining the
IFPE database and building confidence in the predictive power of the models through international
comparison exercises. But above all the different parties have agreed that seminars focused on specific
phenomena would be beneficial to exchange current knowledge, identify outstanding problems and
agree on common actions that would lead to an improved understanding of the phenomena. A series of
seminars has been initiated by the Commissariat à l’Énergie Atomique (CEA), Electricité de France
(EdF), FRAMATOME and Cogéma under the aegis of the OECD/NEA and the IAEA.
This is the second in a series of three seminars that began with the seminar on Thermal
Performance in Light Water (High Burn-up) Fuels held at Cadarache, France from 3-6 March 1998.
The series will be completed with a meeting devoted to pellet-clad mechanical interaction in 2002.
The aim of this second rendez-vous is to draw up a comprehensive picture of our current
understanding of fission gas behaviour and its impact on the fuel rod, under the widest possible
conditions.
Fission gas behaviour is a leading parameter in the overall fuel rod performance at high burn-up.
A sharp increase in fuel temperature due to “thermal feedback”, cladding loading due to high
temperature fuel swelling or an end-of-life fuel rod pressure increase are just some of the many
possible consequences that may be ascribed to the behaviour of inert gases. For these reasons, the
subject has been dealt with since the first steps of the nuclear industry and many basic data have
become available over the years. However, there are still areas under investigation where further
research is required.
The need to understand and to anticipate the way fission gases behave still justifies the
implementation of increasingly sophisticated experimental techniques (both in and out-of-pile). Their
results, particularly over the past ten years, have called for more mechanistic modelling to confirm
interpretations, specify and estimate physical interactions and extrapolate calculations to different
operating conditions. It should be noted that in recent years the implementation of complex numerical
schemes or atomistic simulations is being improved due to extended computer capacity.
The objective of this seminar is, precisely, to emphasise these more recent developments, from
both the experimental and modelling points of view
9

Subject areas
There are two main subject areas. The first relates to basic properties of inert gases in oxide
matrices, such as fission gas volume or intragranular diffusion coefficients, radiation-enhanced
diffusion, etc. The second pertains to the more macroscopic consequences of the presence of fission
gases such as release and swelling. An important aim of the seminar is to contribute to bridging the
gap between both areas.
Scope
High burn-up behaviour, MOX and other advanced fuel concepts were addressed within the scope
of the meeting. The broadest range of operating conditions (i.e. normal, off-normal and accidental),
and the more recently considered long-term storage conditions, were considered relevant. It is also
worth noting that although fission gases figure prominently on the agenda, data or results pertaining to
the behaviour of helium are also treated.
The areas covered by the seminar include:
•

Basic properties
–

Diffusion coefficients:
⇒ Volume and apparent diffusion coefficients.
⇒ Intragranular diffusion.
⇒ Radiation enhanced/thermal diffusion.

–

Properties of gas inside bubbles:
⇒ Bubble-fission fragment interaction.
⇒ Inter and intragranular resolution and trapping effects.
⇒ Equations of state.

•

In-pile fission gas behaviour and impact
–

Inter and intragranular behaviour.

–

Bubble growth, migration and pinning.

–

Fission gas release and swelling under normal, off-normal and accidental operating
conditions.

–

Impact on fuel rod behaviour (thermal and mechanical).

–

High burn-up effects, enhanced release at high burn-up, bubble size and concentration
with respect to microstructure changes.

–

Impact of fuel microstructure (UO2, MOX and advanced fuels).
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Experimental results and their interpretation covered:
•

In-pile monitoring: pressure transducer, on-line gas flow measurements, others.

•

Post-irradiation examinations:

•

–

Any original measurement of gas precipitated in bubbles.

–

Experimental estimation of release in the rim area.

–

Inter-granular/intragranular gas inventory.

–

Size distribution of bubbles from quantitative image analysis (SEM, TEM).

–

Determination of gas localisation and gas behaviour through thermal annealing
experiments.

Modelling:
–

Atomistic level modelling.

–

Diffusion models.

–

Code validation.

The results of the seminar were discussed at a panel during which session chairs presented the
results of their specific session. These are presented in the next section. The full proceedings contains
the 38 papers presented at the seminar. About 100 participants from 24 countries attended the meeting,
representing 46 organisations. Both the programme of the seminar and the list of participants are
provided in this publication.
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SESSION SUMMARIES

Panel summary (Chair: J.A. Turnbull)
One of the conclusions reached at the final meeting of the IAEA FUMEX code comparison
exercise was the need for a series of workshops to discuss data and models on fuel thermal
performance, fission gas release and PCI. The meeting held at CEA Cadarache in September 2000 was
the second workshop in this series.
The phenomenon of fission gas release (FGR) from nuclear fuels has been studied for at least
40 years and therefore should have reached a mature state of understanding. It is clear that during this
time many questions have been resolved but many remain without answer. The move of commercial
reactors to higher and higher discharge burn-up has uncovered features of fuel behaviour previously
unseen and hence resulted in new phenomena to be included in the description of the fission gas
release processes.
Temperature is the most dominant parameter in controlling fission gas release and the first
workshop addressing thermal performance discussed the various aspects of this topic, including gap
conductance, fuel thermal conductivity and its degradation with burn-up. It was clear from the Fission
Gas Release Workshop that accurate temperature prediction was a pre-requisite to FGR modelling
and, thanks to the FUMEX project and the Thermal Performance Workshop, all codes now contained
good thermal performance models.
The meeting was divided into four sessions which occupied three days of presentations. The
session titles were: Feedback from Experience, Basic Mechanisms, Analytical Experiments, Industrial
Modelling and Software Packages. Summaries of each session were prepared by session chairpersons
and appear below. On the fourth and final morning, there was a session entitled Panel Discussion:
Conclusions and Perspectives. Each chairperson gave an oral presentation of their session which was
then discussed among the participants. In view of the “maturity” of the subject, each chairperson was
requested to address three questions:
•

What do we know, what is new?

•

What don’t we know, what are the uncertainties and what remains unclear?

•

What initiatives should be implemented in the future?

From the first session, Feedback from Experience, we know that there is an enhancement of fission
gas release at high burn-up, >50 MWd/kg, both in steady-state operation and in transient overpower,
but there is no accepted phenomenon to explain this. One result of this is that the well-established
Halden 1% FGR criterion relating fuel centreline temperature to burn-up overestimates the onset
temperature at these levels of burn-up. That is, the temperature for the onset of release at high burn-up
is lower than predicted by this criterion. It has been observed that high burn-up fuel contains a region
of restructured fuel microstructure close to the pellet periphery, the so-called “rim” structure. It is
13

tempting to use this as a reason for the enhanced release, but a direct correlation cannot be made.
Indeed a measure of the ratio of released krypton and xenon isotopes implies that their origin is the hot
central regions of the fuel and not the cold plutonium rich restructured region in the pellet rim.
The implication of this observation is that the restructured rim serves mainly to increase the thermal
resistance of the fuel, thus increasing fuel temperatures.
A discussion of this dilemma continued into the second session on Basic Mechanisms.
Investigations have shown that this rim structure consists of a refinement of the original ~10 micron
diameter grains into ~0.1 micron diameter grains and the introduction of a micron size population of
bubbles which can account for a swelling up to ~10 volume %. In addition, the fission gas
concentration in the matrix falls to a low level. The impression of most workers is that the shortfall in
fission gas resides in the bubbles and has not been released from the fuel, however the exact
distribution of gas remains uncertain. The fission gas release from the rim is not more than 15 to 20%,
showing a high retention capacity of such a restructured material1. The mechanism of rim formation is
not clear; one suggestion is that the build-up of irradiation damage causes the grain refinement and
that this is followed by the collection of gas into the porosity. Alternatively, it has been postulated that
the porosity is the first to form and that the sub-micron grains are nucleated from the pore surfaces.
It remains a matter of debate whether this rim restructuring is beneficial or detrimental.
Several presentations addressed FGR from the rim both at steady state and transients such as RIA,
concentrating on mechanisms and experimental observations. Measurement of krypton and xenon
isotopic ratios in released gas was clearly a valuable technique to determine the relative contribution of
the rim region to FGR, and application to RIA tests has proved informative. It was concluded that
although we understand details of this new high burn-up structure at the micron level, it is clear that a
goal for the future is to comprehend it at the nanometer or atomic level and that there was scope for
simulation studies using high-energy accelerators to reproduce the restructuring without the constraints
of time and radioactivity.
A major contribution to the release process is single gas atom diffusion, and quite satisfactory
models can be constructed using this along with irradiation resolution from grain boundaries. Many
models employ the diffusion coefficient formulated by Turnbull, White and Wise2 as described in the
IAEA Preston Meeting in 1988. Here the authors gave a two-term diffusion coefficient with a third
low-temperature term to be applied close to surfaces and used for short-lived radioactive species.
There was much discussion on this topic in the meeting and it transpires that White has an alternative
description using only the two high-temperature terms with a “fractal” treatment of the surface to
account for the difference in kinetics between long and short-lived species. Unfortunately this has yet
to be published in the external literature.
Extensive study of retained caesium and xenon using electron probe micro analysis (EPMA)
carried out at ITU showed that systematically, caesium diffusion was some three times slower than for
the rare gases. This is an important result since in many accident calculations it is assumed that their
diffusivities are comparable; the assumption is therefore reassuringly pessimistic.
In addition we know from electron microscopy that intragranular bubbles are formed within
grains and intergranular bubbles and tunnels along grain boundaries. Theoretical studies of krypton
1

2

J. Spino , D. Papaioannou, I. Ray, D. Baron, “Rim Formation and Fission Gas Behaviour: Some Structure
Remarks”, Session 2 of these proceedings.
J.A. Turnbull, R.J. White and C. Wise, “The Diffusion Coefficient for Fission Gas Atoms in Uranium
Dioxide”, Technical Committee Meeting on Water Reactor Fuel Element Computer Modelling in Steady-state,
Transient and Accident Conditions, Preston England, 19-22 Sept. 1988.
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atoms in the UO2 matrix concluded that both krypton and xenon were insoluble, thus casting doubt on
the existence of “thermal resolution” as a means of moderating absorption of single gas atoms into
intragranular bubbles. In the absence of intragranular bubble mobility, such a mechanism is used in
several models in order to predict substantial release in transients. It is agreed that observations
support only slow or limited random migration of small bubbles, but a “directed” movement towards
grain boundaries due to a vacancy concentration gradient was an interesting proposal by Evans. If this
mechanism has a significant contribution, the resulting microstructure is quite distinctive and
amenable to future testing. Topics which require further attention are the re-solution of gas atoms from
grain boundary bubbles, particularly for large grain fuel where the grain size was greater than the
fission fragment range, and the response of grain boundary porosity in fast transients.
It was clear that there is much more information available on these features than is currently
accessible through the open literature. There was general support for a more open distribution of
information and all participants were urged to publish as much information as possible in the interest
of a general improvement in models and their application to safe reactor operation. It was noted that
although the level of fundamental research in many establishments had been reduced, there were still
original and comprehensive works going on at ITU, for example, improving the investigation
techniques (micro-hardness tests, lattice parameter measurements). Also, there was a refreshing intake
of young engineers and scientists at CEA Cadarache. The participants look forward to the publication
of new and original works from these quarters.
As a digression from fission gas, it is clear that helium generation in long-term storage of high
burn-up fuel can pose a significant problem, in particular for high burn-up MOX. Further data are
required on low-temperature helium diffusion coefficients.
The session entitled Analytical Experiments began with two presentations describing a novel
method of determining the disposition of gas between the matrix and the grain boundaries. Such
studies complement those performed with X-ray Fluorescence (XRF) and EPMA and provide vital
information for modellers. The techniques still need refining, particularly regarding the effect of small
intragranular bubbles on the results, but promise an evaluation of the grain boundary capacity for gas
prior to and during interlinkage.
As mentioned previously, Halden has obtained data from high burn-up fuel which suggests that
the temperature for the onset of FGR is lower than previously expected. It was clear that further data
are required to substantiate this observation. In addition, there was a need to obtain further data on
MOX fuel to compare it with UO2 fuel performance under identical conditions.
Enhanced release at high burn-up can cause the rod internal pressure to exceed the coolant
pressure. The effect of this requires attention. So far, experimental data suggests that the gap does not
reopen by clad creep-out and positive feedback does not occur. However, the data are sparse and
further experiments are necessary.
Both mechanistic and empirical approaches to FGR modelling were presented in the session on
Industrial Modelling and Software Packages. It is clear that empirical modelling can be very valuable,
but is limited in applicability and is essentially only valid within the confines of parameters and
irradiation conditions covered in the database on which it is developed. Modellers were also cautioned
about employing multiple mechanistic models and expecting to obtain good predictions by using
appropriate fitting parameters. There is a case for independent assessment of mechanistic models and
their supporting data before consideration for inclusion within fuel performance codes.
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The requirement for further data comparing UO2 and MOX behaviour was re-affirmed in a paper
by Struzik (CEA) which showed that there was a significant difference in behaviour in ramp tests
above 30 MWd/kg. Below 30 MWd/kg the differences in behaviour could be explained in terms of the
radial power profile but at higher burn-up FGR and swelling in MOX was greater than expected.
In conclusion there was unanimous agreement that the workshop had been a success with an
excellent range of presentations which initiated extensive and in-depth discussion. It is clear that the
topic of fission gas release modelling was in a mature state with agreement about most of the
important mechanisms contributing to the phenomena. High burn-up and MOX behaviour are the
current challenges for which an incomplete understanding exists, but the meeting produced some good
suggestions where future work could be focused. Participants were urged to publish their work in the
open literature so that all could benefit and move toward the goal of safe operation of commercial
reactors.
Summary of Session 1: Feedback from experience (Chairs: M. Trotabas, M. Billaux)
Five technical papers were presented at this session. They cover fission gas release measurements
for a large variety of UO2, MOX and gadolinia fuels in steady-state and transient conditions up to very
high burn-ups.
In particular, complete post-irradiation examination results have been obtained on PWR fuel
irradiated up to 100 MWd/kgU and on BWR and VVER fuels transiently tested at burn-up as high as
60 MWd/kgU. These examinations include fractional fission gas release, xenon and caesium radial
distributions by EPMA, ceramography interpretation by image analysis and investigation of the pellet
rim region by scanning electron microscopy.
The main result of these measurements is the observation of a significant increase of fission gas
release at high burn-up. In steady-state irradiation low temperature fission gas release increases from a
few per cent at 50 MWd/kgU to about 25% at 100 MWd/kgU. Considering the low power level
reached at such a high burn-up (140 W/cm, 1 000°C centreline temperature) it is difficult to explain
that result by thermal diffusion only. These high burn-up rods also present a well-developed high
burn-up structure in the rim region, which extends over more than 1 mm at 100 MWd/kgU. In the
outer region of the rim the bubble size reaches 5 µm and the total porosity about 20%.
In ramp conditions, a fractional fission gas release of 50% was measured in VVER rods irradiated
to 60 MWd/kgU. The ramp terminal level was as low as 340 W/cm. At 50 MWd/kgU the same release
was obtained at 440 W/cm. In the latter rod the temperature was high enough to close the as-fabricated
central hole and to form a new hole through a columnar grain growth mechanism. The central
thermocouples showed temperatures in excess of 1 500°C. The difference of release at 50 and
60 MWd/kgU cannot be explained only by the degradation of fuel thermal conductivity. Similar
results have been obtained with NFD BWR fuel irradiated at 61 MWd/kgU.
The conclusion of this session is that a significant enhancement of fission gas release is observed
at high burn-up at both steady-state and transient conditions. This enhancement can be correlated with
the extensive development of a high burn-up structure in the rim region. A new mechanism seems to
be necessary to quantitatively explain the acceleration of fission gas release above 50 MWd/kgU.
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Summary of Session 2: Basic mechanisms (Chairs: R.J. White, J. Rouault)
Fifteen papers were presented on the basic mechanisms of fission gas release. Two principal areas
were discussed in detail. These were the mechanistics of fission gas release and swelling under
thermally activated conditions and the structure and response of the high burn-up structure on the
pellet periphery (the rim) during both normal operations and under adverse transient conditions such
as RIA. The remainder of the papers covered specific issues and is summarised below as
miscellaneous items.
Thermally activated processes
The issue of intragranular bubbles was the subject of two papers. L. Noirot (CEA) considered the
nucleation, growth, migration and re-solution of the small bubbles under irradiation conditions using a
detailed finite-element scheme. Evans (UK) considered the problem of the behaviour of these bubbles
in out-of-pile anneals in the absence of irradiation induced re-solution effects. He concluded that
thermal re-solution of gas atoms from bubbles was not a physically viable mechanism and that release
could only occur through bubble migration up the vacancy gradient emanating from the vacancy-rich
grain boundaries. It is clear that much remains to be learned about this category of porosity since large
swellings can result under transient conditions.
Two further papers considered the mechanistic interpretation of the Vitanza Fission Gas Release
Threshold, for which new data indicate release at high burn-ups occurring at lower temperatures than
expected. Van Uffelen (SCK•CEN) proposed the novel idea of athermal open porosity while Szuta
(Poland) related the threshold to UO2 grain growth and a re-crystallisation temperature.
Schubert, et al. (ITU) discussed Cs diffusion rates comparison of Cs and Xe profiles measured by
EPMA. Using a simple method applied to an extensive database they demonstrated that Cs diffuses at
about 1/3 of the rate of Xe.
White (BNFL) reported detailed SEM measurements on ramped AGR fuel and demonstrated that
the grain boundary bubble densities were consistent with continued bubble coalescence and that the
final bubble morphologies depended critically on the relative rates of bubble growth and grain
boundary and surface diffusion rates.
RIM/RIA
Baron (EDF) and a group of experts at ITU presented a comprehensive review of the rim structure,
showing the radial variation and development of the thermal, transition and rim regions with burn-up.
Of particular interest are measurements of lattice parameter, micro-hardness, fracture toughness,
porosity and Xe retention performed at ITU over the past few years. In this context, a long-term
institutional programme is being run at ITU, aiming at the development of micro-characterisation
techniques and at improving the knowledge of the high burn-up phenomena in the micro-scale range.
Desgranges (CEA) discussed the possibility that the round micro-grains surrounding large gas
bubbles in the rim arose from a surface diffusion effect. The effect was not confined to spherical
bubbles but was also observed in acicular porosity.
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Lemoine (IPSN) considered the development of large swelling strains in small intergranular
bubbles in the rim region during RIA to result from the rapid adiabatic deposition of energy into the
bubbles. The resulting stresses caused grain separation and subsequent gas venting. This idea was
further developed by Muller (CEA) who predicted rapid oscillations in the resulting stresses.
J. Noirot (CEA) examined the Kr release rates from fuel irradiated in the 900 MWe EDF stations
to five cycles. By comparison with predictions for isotopic generation in various parts of the pellet he
was able to demonstrate that in the low-enriched fuel (3.1%) only about 1/3 of the release at
60 MWd/kgU originated from the rim. In contrast, in the higher-enriched fuel (4.5%), which runs at
higher temperatures, the contribution from the rim appeared to be negligible at these burn-ups,
originating almost entirely from thermally activated processes in the pellet central regions. The analysis
was extended to cover a number of rods in the CABRI series and the contribution to the release from
the rim regions appeared minimal. This issue is clearly one of great importance for two reasons.
From the normal operations point of view, the observation of the low contribution of the rim to high
burn-up gas release is of value, while models for fuel failure under RIA generally predict gas venting
from peripheral regions.
Miscellaneous issues
Parashiv (Romania) considered the release of volatile species, particularly Te and I, to be limited
by grain boundary diffusion effects through a polycrystalline medium. Validation of his highly
detailed model was hampered by lack of suitable data.
Lewis (RMC-Canada) extended his defect fuel model to include the effects of high-pressure
steam and oxygen diffusion down the radial temperature gradients in the rod. Good agreement was
found on a limited database using a Langmuir adsorption isotherm.
Petit (CEA) considered the vacancy and interstitial formation energies in UO2 using density
function theory with muffin tin potentials. The work produced results in accord with expectations and
is expected to be extended to MOX fuel.
Piron (CEA) presented a review of helium generation in stored irradiated UO2 and MOX fuel.
He demonstrated that helium generated by decay of actinides could present serious over-pressure
problems for dry storage, particularly for MOX fuel. Predictions of future behaviour were hampered
by lack of knowledge of basic long-term behaviour, such as low temperature diffusion coefficients for
helium.
The session included much lively discussion, representing the whole spectrum of agreement,
partial agreement and total disagreement over many of the issues.
Summary of Session 3: Analytical experiment (Chairs: M. Tourasse, E. Kolstad)
The first part of the session was focused on papers devoted to experimental techniques operating
in hot cell laboratories.
The AECL paper (Dickson, et al.) showed new results obtained at the Chalk River facility linked
to a presentation by P.H. Elder and D.S. Cox at the 1994 AIEA technical meeting. After the first
publication several technical contacts between Canadian (AECL) and French laboratories (Grenoble)
led to complementary investigations on the Chalk River facility that are presented in the present paper.
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The CEA paper (Caillot, et al.) is a presentation of a new facility operating in LAMA based on
the AECL technical approach adapted to PWR fuel. First results are discussed and several questions
arose in the paper.
These new techniques clearly correspond to a need for a better understanding of fission gas
location. The classic techniques (sublimation, EPMA, XRF) do not answer the question concerning the
location of intragranular and intergranular gas. The work performed some years ago at AECL showed
the capability of the technique to answer the question.
Thanks to collaboration between Canadian and French scientists, we now have two facilities to
perform such studies, allowing fruitful comparison. The question of whether the extraction of gas is
total at 1 100°C or not arose two or three years ago at the beginning of the collaboration between both
teams. R.S. Dickson provided the answer during the meeting: it is clear that the extraction is not
complete (about half of the gas is not released!). The new ADAGIO facility in Grenoble induces the
opening of a new question regarding the separation of both families of gases during the oxidation
phase. Are small 85Kr intragranular bubbles released during this process? The ADAGIO facility also
confirms the opportunity of being very aware of the total extraction problem. Despite extractions
having been performed at 1 450 and 1 750°C, the question remains open. During the meeting, a new
question developed, namely: Are we sure that pre-irradiation does not induce any modification of the
gas distribution in the sample?
Future work should be conducted in the following directions:
•

Continuation of the technical improvement of the technical process.

•

Investigation of the comparison between caesium release and gas release. Several discussions
during the conference showed the interest of such comparisons.

•

Modelling of the phenomena of gas release during annealing needs to be clarified (we noticed
some inconsistent approaches between the presentations made by Valin and Evans).

•

The question of the fission gas release out of the rim region remains open even after the
meeting. The ADAGIO technique could provide a suitable answer to this question if sampling
the rim region became possible or by using isotopic measurements of extracted gas.

The second part of the session was focused on papers devoted to experimental techniques
operating in experimental reactors.
Valin, et al. submitted a paper entitled “Modelling the Behaviour of Intergranular Fission Gas
During Out-of-pile Annealing”. Standard UO2 fuel irradiated in a commercial PWR (burn-up:
14 MWd/kgU) and hyper-stoichiometric large-grained fuel irradiated in an experimental reactor
(burn-up: 9 MWd/kgU) were submitted to out-of pile annealing treatments under sweeping helium.
The 85Kr release was continuously monitored during the annealing experiments, with temperature
ranging from 1 400 to 1 760°C. The burst release was not systematically observed during the heating
ramp but sometimes during the isothermal period following the ramp.
A model based on microstructural observations was developed to explain the experimental
results. The release was shown to depend on gas diffusion towards grain boundaries and on temporary
gas trapping in grain boundary bubbles. The gas saturation on grain boundaries leading to release
depends on their crystallographic orientation.
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Model calculations correspond fairly well with the experimental variations of 85Kr release during
anneals. The release mechanisms are the same for UO2 and UO2+x fuel.
The presentation of Turnbull and Kolstad examines the behaviour of fission gas release at the
Halden Reactor. Two types of experiments have been used at the Halden Reactor to investigate the
release of fission gases from LWR fuel. The first employs internal pressure sensors from which the
kinetics and quantity of stable gases can be measured during irradiation. The second is the use of
sweep gases to carry released fission gases from the fuel rod to a detector situated outside the reactor.
With this equipment, it is possible to measure, using gamma spectroscopy, both radioactive and stable
fission-product release. In conjunction with fuel centreline thermocouples to measure fuel
temperatures, these techniques have been successful in improving our understanding of the release
process and the factors affecting it. The data generated have been used in many member countries to
develop models and validate fuel performance codes used in reactor safety assessments.
The phenomenon of stable fission gas release is now qualitatively well understood, and this has
been achieved with the additional help of studies on the release of the short-lived radioactive species.
The dominant processes are the single gas atom diffusion through the grains to grain boundaries and
the interlinkage of porosity allowing escape into the rod free volume. In addition, several other
processes occur in parallel including intragranular bubble formation and irradiation-induced
resolution. There is also the possibility of release by other processes, including grain boundary
sweeping and bubble migration. Although it is possible to qualitatively predict the effect of parameters
and design variables such as grain size, power and ramp conditions on release, there is less confidence
in quantitative predictions. For this reason there is still a need for well-qualified data in order to refine
existing calculational methods. In particular the threshold for release in the burn-up range above
~30 MWd/kgUO2.
Malen’s contribution also concerns experimentation at Halden. An ABB Atom fuel rod irradiated
in Ringhals 1 (BWR) to a peak burn-up of 68 MWd/kgU has been refabricated at Kjeller and irradiated
(bumped) at the Halden Reactor. The fission gas release was 20%. The gas composition corresponds
to the calculated composition of the generated fission gas at a burn-up of about 80-85 MWd/kgU.
Ceramography and SEM investigations show that the release is from the central region, out to about
50-60% of the fuel radius. From thermocouple readings Halden inferred a peak centreline temperature
at axial maximum power position (solid pellet) close to 1 350°C. The fuel centre shows normal
changes for this temperature and there is a rim zone about 150 micron wide. Code calculations were
performed for estimation of temperature and FGR. Using burn-up corrected fuel thermal conductivity
it was possible to reach temperature and FGR values close to the measured ones; without the
correction the calculated values were far too low.
Summary of Session IV: Industrial modelling and software packages (Chairs: K. Lassmann,
D. Baron)
Eight papers were presented in this session with emphasis on application, i.e. the usage of
detailed (mechanistic) or simple (empirical) models within the analysis of fuel rod performance.
The paper of Tayal, et al. showed the huge influence of local temperatures on fission gas release.
A two-dimensional thermal analysis was performed that takes circumferential variations of gap size,
etc. into account. Comparing these temperature fields with axi-symmetric fields shows pronounced
differences, which also lead to different fission gas release predictions. The authors come to the
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conclusion that this theoretically better thermal analysis significantly improves the predictions of
fission gas release. In the discussion the remarkable agreement between calculated and measured
fission gas release was discussed.
Two papers were related to purely empirical fission gas release models, those of Djourelov and
Lopez. There was agreement that such models are valid only for one specific design and a rather
limited range of applications.
The paper by Bernard, et al. showed how relatively simple models with a clear physical meaning
can be developed. Extensive verification was performed and it was outlined that industry needs
models with good predictability that can easily be applied, are reliable and fast running.
A very detailed (mechanistic) fission gas release model was presented (Wallin, et al.) This model
is incorporated in the fuel code SPHERE-3, which treats sphere-pac fuel. The model is based on
several classical concepts and has been discussed in detail with experts (for instance Turnbull and
White). Thus it must be considered as a model representing the state of the art. However, verification
has just begun and the many parameters will be very difficult to adjust to the many different situations.
The status of the Russian code START-3 has been given in the paper of Bibilashvili, et al.
The START-3 models are a combination of mechanistic and empirical approaches. Physical details of
the formation of the high burn-up structure are discussed. The authors conclude that the formation of
this structure near the rim has an impact on the temperature level in the fuel and is responsible for the
observed enhanced fission gas release at high burn-up. The authors claim that the release from the
outer zones, in which more Pu is fissioned is consistent with the measured Xe-to-Kr ratio. Extensive
numerical tests were performed to study the numerical behaviour of the START-3 code, which was
found to be very satisfactory.
Lassmann analysed numerical algorithms to solve the diffusion equation under varying
conditions. Two algorithms were found to be superior, and may be obtained on request. The underlying
assumption of a perfect-sink-boundary condition was controversially discussed.
Struzik reported a comparative study of fission gas behaviour in UO2 and MOX fuel using the
METEOR code. The obvious difference between UO2 and MOX caused by the different radial power
density distribution more or less explains discrepancies up to 50 MWd/kgM under normal conditions.
However, the different behaviour in transients at burn-ups above 30 MWd/kgM requires further
clarification.
Chantoin, et al. gave some preliminary information on the Jules Horowitz Reactor, which is a
new research reactor dedicated to materials and nuclear fuel testing. The new on-line measurement
techniques envisaged (e.g. on-line fission gas analysis, gap measurements, gamma spectroscopy,
pressure (acoustic) measurements) were considered extremely valuable for obtaining more detailed
information.
Personal remarks, K. Lassmann
•

Mechanistic models are indispensable and should remain a research tool in the future.
However, the consistent fitting of the many parameters involved (which may not even be
parameters but further submodels) needs to be more transparent. Researchers must recognise
that fitting of a large number of parameters (10-20) within a system of highly non-linear
equations, where most parameters cannot be observed directly, is impossible if only a very
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limited number experimental results with large scatter is available. An independent assessment
of mechanistic models seems to be necessary prior to the usage within fuel rod performance
codes. Models from the eighties cannot be used without a complete refitting since at that time
fuel temperatures were largely underestimated.
•

Most of the papers in this conference concentrated on intra- and intergranular fission gas
release. Whether the transport along many grains of very different conditions (temperature,
pressure, etc.) can more or less be neglected (normally fast diffusion along grain boundaries is
applied) is not sure.

•

Model constants fitted in a specific “environment” of models cannot automatically be used in
different models. In general these constants are not principle constants but fitting parameters.
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WORKSHOP PROGRAMME

Tuesday, 26 September 2000
Welcome, Christian Bonnet (Chairman of the meeting)
Keynote, “Industry Challenges and Expectations with Respect to Fission Gas Release”, M. Lippens,
D. Boulanger, L. Mertens (BELGONUCLEAIRE, Belgium)
Announcement concerning an IAEA co-ordinated activity on the subject, P. Menut (IAEA)
SESSION I

FEEDBACK FROM EXPERIENCE
Chairs: M. Trotabas (COGEMA), M. Billaux (SIEMENS CORP./USA)
“Fission Gas Release and Related Behaviour of BWR Fuel under Steady and Transient
Conditions”, H. Sakurai (NFD), M. Sasaki (JNF), O. Kubota, T. Isogai (NUPEC)
“Fission Gas Release from High Burn-up VVER-440 Fuel Under Steady-State and
Transient Operation Conditions”, A. Smirnov, B. Kanashov, S. Kuzmin, F. Kryukov,
I. Kungurtzev, G. Lyadov (RIAR-Dimitrovgrad), A. Panyushkin, Eu. Bek (JSC “MSZ”)
“Irradiation Test of DUPIC Fuel”, K.C. Song, M.S. Yang, H.S. Park (KAERI)
“Fission Gas Release and Fuel Swelling at Burn-ups Higher than 50 MWd/kgU”,
S. Brémier, R. Manzel (Siemens AG), C.T. Walker (CCE)
“Studies on Fission Gas Release Behaviour of BWR and Experimental MOX Fuel
Elements”, U.K. Viswanathan, S. Anantharaman, D.N. Sah, S. Chatterjee, K.C. Sahoo,
D.S.C. Purushotham (Bhabha Atomic Research Centre)
“A Review of Fission Gas Release Data Within the NEA/IAEA IFPE Database”,
J.A. Turnbull (Consultant), P. Menut (IAEA), E. Sartori (OECD/NEA)

SESSION II

BASIC MECHANISMS (Part I)
Chairs: R.J. White (BNFL), J. Rouault (CEA)
“A Mechanistic Fission Gas Behaviour Model for UO2 and MOX Fuels”, L. Noirot,
Ph. Garcia, C. Struzik (CEA)
“Modelling the Influence of the Athermal Open Porosity on Fission Gas Release in
LWR Fuel”, P. Van Uffelen (CEN/SCK Mol)
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Wednesday, 27 September 2000
SESSION II

BASIC MECHANISMS (cont.)
Chairs: R.J. White (BNFL), J. Rouault (CEA)
“Modelling of Fission Gas Bubble Migration to Grain Boundaries During
Post-irradiation Annealing in High Burn-up UO2”, J.H. Evans (Consultant)
“The Role of Grain Boundary Fission Gases in High Burn-up Fuel Under Reactivity
Initiated Accidents Conditions”, F. Lemoine, J. Papin, J.M. Frizonnet, B. Cazalis,
H. Rigat (CEA)
“The Development of Grain Face Porosity in Irradiated Oxide Fuel”, R.J. White
(BNFL)
“Influence of Grain Growth Kinetics on Fission Gas Release”, M. Szuta (Inst. of Atomic
Energy – Poland)
“A Dynamic Model for the Fission Gas Induced Swelling in High Burn-up Fuel Under
Fast Power Transient”, E. Muller, F. Lemoine, R. Saurel (CEA)
“Contribution of the Rim to the Overall Fission Gas Release: What Do Isotopic
Analyses Reveal?”, J. Noirot, L. Desgranges, P. Marimbeau (CEA)
“Influence of Surface Rearrangement on Fission Gases Diffusion: How Can Round
Grains Contribute to the Fission Gas Depletion in the Rim?”, L. Desgranges,
N. Lozano, J. Noirot, B. Pasquet, G. Eminet (CEA)
“Rim Formation and Fission Gas Behaviour: Some Structure Remarks”, J. Spino,
D. Papaioannou, I. Ray (ITU), D. Baron (EDF)
“Study of the Atomic Rare Gas Behaviour by Ab Initio Calculations”, T. Petit (CEA)
“Diffusion of Volatile Fission Products in Oxide Fuels Treated as Polycrystalline
Materials”, M.C. Paraschiv, A. Paraschiv, V.V. Grecu (Inst. for Nuclear Research –
Pitesti, Romania)
“Modelling of Fuel Oxidation Behaviour in Operating Defective Fuel Rods”, B.J. Lewis,
B. Szpunar (Royal Military College – Ontario)
“Helium Behaviour in Spent UO2 and MOX Fuels”, J.P. Piron, M. Pelletier,
J. Pavageau (CEA)
“On the Diffusion Coefficient of Caesium in UO2 Fuel”, K. Lassmann, A. Schubert,
J. Van de Laar, C.T. Walker

24

Thursday, 28 September 2000
SESSION III ANALYTICAL EXPERIMENTS
Chairs: M. Tourasse (CEA), E. Kolstad (Halden Reactor Project)
“Grain Boundary Inventories of Krypton in CANDU Fuels”, R.S. Dickson,
R.F. O’Connor, D.D. Semeniuk (AECL)
“Partition of Grain Boundary and Matrix Gas Inventories: Results Obtained Using the
ADAGIO Facility”, S. Ravel, E. Muller, G. Eminet, L. Caillot (CEA)
“Modelling the Behaviour of Intergranular Fission Gas During Out-of-pile
Annealing”, S. Valin, A. Mocellin, G. Eminet, S. Ravel (CEA), J.C. Joubert
(INP-Grenoble)
“Investigations on Radioactive and Stable Fission Gas Release Behaviour at the
Halden Reactor”, J.A. Turnbull (Consultant), E. Kolstad (Halden Reactor Project)
“PIE Modelling of Fission Gas Release from a Ringhals High Burn-up Rod Bumped
in Halden”, K. Malén (Studsvik Nuclear AB)
SESSION IV INDUSTRIAL MODELLING AND SOFTWARE PACKAGES
Chairs: K. Lassmann (ITU-Karlsruhe), D. Baron (EDF)
“Fission Gas Model of the Fuel Code SPHERE-3”, H. Wallin, L.A. Nordström,
Ch. Hellwig (PSI)
“Development of the Fission Gas Behaviour Model in the START-3 Code and
its Experimental Support”, Yu.K. Bibilashvili, A.V. Medvedev, G.A. Khvostov,
S.M. Bogatyr, L. V. Korystine (SSC VNIINM – Moscow)
“Evaluation of Thermal, Mechanical and Fission Gas Release Behaviour for BWR
Fuel Rods with TETO”, H. Hernandez-Lopez (Inst. Nat. de Invest. Nucleares)
“Mechanistic Modelling of Gaseous Fission Product Behaviour in UO2 Fuel by
RTOP Code”, V.D. Kanukova, O.V. Khoruzhii, S.Yu. Kourchatov, V.V. Likhanskii,
L.V. Matveev (SRC TRINITI)
“FRAMATOME Analysis of Fission Gas Release and Related Topics”, L.C. Bernard,
J.L. Jacoud, P. Vesco (FRAMATOME)
“Fission Gas Release at Extended Burn-ups: Effect of Two-dimensional Heat
Transfer”, M. Tayal, S.D. Yu, J.H.K. Lau (AECL)
“Macroscopic Fission Gas Release Model Applied to Russian Fuel”, N. Djourelov
(Inst. Nucl. Research and Energy – Bulgaria)
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Friday, 29 September 2000
SESSION IV INDUSTRIAL MODELLING AND SOFTWARE PACKAGES (cont.)
Chairs: K. Lassmann (ITU-Karlsruhe), D. Baron (EDF)
“High Burn-up Diffusional Model to Describe the Loss of He”, M. Landskron,
F. Sontheimer (Siemens AG), M.R. Billaux (Siemens Power Corp.)*
“Numerical Algorithms for Intragranular Diffusional Fission
Incorporated in the Transuranus Code”, K. Lassmann (CEC-ITU)

Gas

Release

“A Comparative Study of Fission Gas Behaviour in UO2 and MOX Fuels Using the
METEOR Fuel Performance Code”, C. Struzik, P. Garcia, L. Noirot (CEA)
“The Jules Horowitz Reactor (JHR): Experimental Possibilities”, P. Chantoin,
L. Caillot (CEA), F. Augereau (LAIN UM2)
SESSION V

PANEL DISCUSSION: CONCLUSION AND PERSPECTIVES
Chair: J.A. Turnbull (Consultant)
Panel discussion board: Technical Session Chairs

* Not presented.
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WELCOME ADDRESS

Christian Bonnet
Chairman

Welcome to CEA Cadarache. You know that we are here in a centre which has been devoted to
nuclear research and technology for the past 40 years. I am very happy to welcome you here and I can
see by your number that the subject presents a great interest.
This seminar devoted to fission gas behaviour in water reactor fuels is the second in a series of
three seminars that started in 1998 with a seminar on light water fuel thermal performance; the series
will be completed in two years with a meeting devoted to pellet cladding interaction. I hope that the
third seminar will not be the least, and I have no doubt that you will find another subject to complete
the series every two years.
Today the research on light water fuels deals with high burn-up and also equal performance
between MOX and uranium oxide fuels. For all the utilities and the fuel producers, the race for
increasing burn-up must not be the eternal quest of the Holy Grail, but must be built on understanding
of physic phenomena.
Fission gas behaviour is a parameter which leads to limitation in fuel rod performance, especially
at high burn-up. Gaseous swelling and gas release are two factors that must be known and controlled
because they participate in the internal rod pressure.
The aim of this seminar is to draw a complete picture of the state of the art in fission gas
behaviour and its impact on the fuel rod, in water reactors and under various other possible conditions
(steady-state and various transient conditions in reactor but also for spent fuel).
After a large panel of feedback experience in different conditions and different reactors, the
seminar will show us all the complex processes that we must consider if we want to correctly model
the fuel rod performance. No less than 15 papers are devoted to these studies, and it shows that the
problems to be solved are complex and interlinked (athermal and thermally activated processes,
diffusion processes, migration, effects of radiation on porosity, grain growth, etc.). At a fine scale, the
fuel is a composite material and its behaviour is always more complex to be described in equations
(you will have examples of various numerical schemes or atomistic simulations). Fortunately, in the
same time the development of in-core instrumentation and post-irradiation examinations allows to
have a complete database, always more precise, with which we can improve the processes modelling.
I hope that this seminar will allow many contacts between modelling and experimental points
of view.
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Before passing the microphone to Mr. Lippens from Belgonucléaire, I want to thank all the people
who have helped to organise this seminar, especially Ms. Régine Bousquet and Dr. Maxy Noé, but
also Dr. Clement Lemaignan as scientific responsible, Patrick Menut for the IAEA and Enrico Sartori
for the OECD. Also, I would like to mention the sponsorship of EDF, COGEMA and FRAMATOME,
which is important for such a meeting.
Thank you very much for your attention and have a good meeting.
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INDUSTRY CHALLENGES AND EXPECTATIONS
WITH RESPECT TO FISSION GAS RELEASE

M. Lippens, D. Boulanger, L. Mertens
Belgonucléaire
Brussels, Belgium

Abstract
Research and development (R&D) work on fission gas release (FGR) is still going on, despite
constant and great efforts made since the end of the 60s to identify the mechanisms of FGR, to
develop appropriate modelling and to provide reliable fuel designs.
Driving forces for pursuing FGR studies today are mainly consequences of the situation raised by
the high burn-up achievement objectives that are discussed in this paper.
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Introduction
Research and development (R&D) work on fission gas release (FGR) is still going on, despite
constant and great efforts made since the end of the 60s to identify the mechanisms of FGR, to
develop appropriate modelling and to provide reliable fuel designs.
Driving forces for pursuing FGR studies today are mainly consequences of the situation raised by
the following high burn-up achievement objectives:
An acceleration of fractional FGR versus burn-up has been recognised around the world.
Early results at increasing burn-up [1] (Figure 1) indicated a small but clear acceleration of
FGR, around 45 GWd/tM. Numerous similar trends were observed and regularly published.
A severe case of FGR enhancement was recently published [2] (Figure 2).
Several proposals are made to explain these observations, however, none of them provides a
clear and definitive answer on the origin of the acceleration:
− Thermal conductivity degradation with burn-up plays a key role in the acceleration of
FGR. However, significant FGR is also observed at high burn-up at temperatures for
which only athermal FGR process is expected to play a role.
− Fuel irradiated at increasing burn-up generally contains larger initial 235U content, leading
temporarily to higher heat rating during life. Subtle and concealed power history effects
could thus play a role in the “apparent” FGR acceleration when expressed versus burn-up
only.
− Change in fuel stoichiometry has been proposed to explain FGR acceleration. This plausible
assumption has up to now not been demonstrated experimentally.
− Increasing gas inventory with burn-up is sometimes contemplated as leading to enhanced
FGR in cold fuel zones. No corresponding mechanism and extent of release have been
provided so far.
Figure 1. Fission gas release as a function of rod average burn-up [1]
3.0
Open porosity
% pellet volume
CC-1 Fort Calhoun
% fission gas release

•

2 to 4
Bellow 2

2.0

1.0

0
0

10

20

30

40

50

Rod average burn-up, MWd/kg U

32

60

Fractional fission gas release %

Figure 2. Fractional fission gas release as a function of rod average burn-up [2]
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•

Achievement at moderate temperature (<1 000°C) of local burn-up above 50 GWd/tM
(typically) leads to the so-called “rim structure”. This is the object of extensive studies
concerning its formation mechanism and its impact on thermal conductivity and local FGR.
Extensive EPMA work conducted during early studies of rim structure suggested large local
FGR and a plausible relation with the observation of FGR acceleration. Today, experimental
results indicate that in steady state operation the rim zone releases much less gas than
assumed earlier.
A second and serious concern related to rim structure development with burn-up is its rapid
extension towards the pellet centre for pellet average burn-up above 60 GWd/tM, with a large
potential impact on FGR and fuel central temperature. The stability of this rim structure under
transient conditions is also a concern for high burn-up achievement and should be further
investigated.

•

Fuel rods operating today to discharge burn-up close to 50 GWd/tM have originally and
generally been conceived to accommodate FGR of fuel operating up to about 30 GWd/tM.
This situation currently leads to rod inner pressure approaching design limits, which has the
following consequences:
− To revise fuel modelling, moving from empirical models to a better comprehension and a
more sophisticated description of FGR phenomena.
− To reduce excessive conservatism, in order to avoid an over-consumption of margin and
the risk of criteria overstepping.
− To actually reduce the rod pressure rise, by adopting special fuels, modifying rod design
and optimising fuel reshuffling policy.
− To modify the early design criteria on maximum rod inner pressure and allow operation in
non lift-off conditions.
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•

Finally, one must point out that marked progress has been made during these last years
regarding the understanding and quantification of the degradation mechanisms of thermal
conductivity with increasing burn-up. This leads to increasing confidence and reliability in the
interpretation of experimental results on FGR versus temperature, allowing for the development
of FGR models and predictions.

The situation described above clearly shows that safe fuel operation at “high burn-up” – a precise
and definitive value for it cannot be given but a figure above 60 GWd/tM and close to 70 GWd/tM is
generally contemplated – still requires important R&D efforts. The main issues to be addressed to
reach this objective are reviewed hereafter.
Main issues
Radial profile of retained gas
Present status
Obtaining experimental profiles of retained fission gas is of major importance to assess the extent
of thermally-assisted fission gas release. For this, the EPMA technique and Xe content measurements
results are generally used.
XR signals analysed by EPMA are emitted from material depth generally not exceeding about
1 µm. For high burn-up fuel, this small depth leads to an underestimation of Xe content in the fuel, as
some fraction of it is gathered in micron-size bubbles and is released at sample preparation. This lack
of measurable gas – for burn-up above 60 GWd/tM – has been extensively documented in the
framework of rim studies [3,4] (Figure 3).
Figure 3. Comparison between predicted and measured
local Xe concentrations as a function of the local burn-up [3]
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Lack of Xe content at measurement also occurs at high burn-up in cold fuel zones (< ∼1 000°C),
rim excluded, where sufficient amounts of gas are produced and retained [4] (Figure 4). The radial
position where depletion is noticed suggests that temperature plays a role in gas diffusion and its
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Figure 4. Radial distribution of Xe in fuel sections [4]
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accumulation in micron-size bubbles. In these zones, the presence of gas in quantities larger than that
measured by EPMA is today demonstrated by XRF measurements [4], by increasing electron beam
voltage of the EPMA device [5] (Figure 5) and by XR images on Xe. The latter results also confirm
that Xe is present to a large extent in µm-size intergranular porosity.
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Figure 5. Xe profile before and after correction for 10, 15, 30 keV accelerating voltage [5]
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The XRF technique was also extensively used to determine Xe content in the rim zone, indicating
that the extent of gas release from the rim zone is much less than suggested earlier. The XRF
measurements also show that under the present measurement conditions, it is not possible to conclude
that the rim structure significantly promotes gas release.
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Analysis
The study of retained gas profiles of fuel irradiated at low burn-up (local burn-up ≤50 GWd/tM)
can be made using Xe profiles obtained by EPMA. The quantification of gas released by thermally
activated process is possible.
At higher burn-up, the lack of Xe measured by EPMA suggests two mechanisms of precipitation:
i) precipitation in the rim zone, for temperature ≈500°C and burn-up >60 GWd/tM, and ii) precipitation
at moderate temperature (≤1 000°C) and burn-up ≥40 GWd/tM.
The experimental study of retained gas profiles for burn-up above 50 GWd/tM using EPMA
techniques is no longer possible. XRF partly compensates for this, however the technique is also
limited to very high burn-up, the XR incident beam exploring fuel at a depth of several tens of µm
(a value comparable to porosity size found for burn-up above ≈70 GWd/tM [2]). Finally, it must be
pointed out that the XRF technique developed by Risø laboratory for irradiated material is no longer
available. No similar or alternative technique for fission gas determination in fuel has been proposed
so far.
Specific FGR mechanism at high burn-up
Present status
The acceleration of FGR with burn-up suggests an FGR mechanism specific to high burn-up. This
mechanism should be other than the thermally activated process of FGR calibrated for low burn-up fuel.
On the other hand, massive development of gas bubbles in cold zones of high burn-up fuel
indicates that large but local fission gas transport is possible at low temperature. Its release is thus
possible through the surrounding fuel open surfaces.
Analysis
The “rim structure” formed at the periphery of high burn-up fuel is often considered as
contributing significantly to the acceleration of fractional FGR with burn-up. This assumption is
supported by both the large amount of gas formed close to the pellet surface and the presence of a
porous and re-crystallised zone. Early studies on Xe determination by EPMA on rim zone reinforced
this assumption. Today, one must admit that local FGR from rim zone operating in steady state
conditions has been largely overestimated. XRF results confirm that much more gas is present than
was earlier determined, whereas no clear mechanism of acceleration of FGR in the “rim structure” has
been evinced or proposed. One cannot, however, exclude a higher release by recoil, resulting from
higher local gas production and a high fission rate existing in a porous environment close to the pellet
surface.
One other argument in favour of a reduced release from the rim zone is the absence, in total gas
release, of the signature of the gas produced at the periphery [6].
A clear answer concerning a possible enhancement of FGR in rim structure is needed. Indeed, rim
structure rapidly propagates towards the pellet centre for pellet average burn-up above 60 GWd/tM.
Should a marked release be associated to such a structure, this will certainly have an impact on pellet
total release and rod inner pressure.
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Besides a rim structure (formed at a temperature around 500°C and maintained up to ≈1 000°C) at
burn–up above 60 GWd/tM, another structure typical of high burn-up is formed above ≈40 GWd/tM at
radial positions r/ro ≈ 0.8-0.5 [7]. In these zones, fuel operates at a temperature of ≈1 000°C. The zones
also show massive intragranular porosity (Figure 6), disappearing towards the pellet centre (probably
due to the reduced gas content resulting from FGR) and rapidly fading towards the pellet periphery
before reaching the rim zone (probably due to the lowering of the operating temperature and the
associated reduction of kinetics of gas bubbles formation).
Figure 6. Intragranular gas precipitation in cold zone at
high burn-up (r/r0 = 0.6, pellet burn-up = ~ 60 GWd / tM)

The disappearance of this structure towards the rim suggests that temperature-dependant
processes take place in the region r/ro ≈ 0.8-0.5. This indicates that temperature is playing a role in the
transport of gas to grain boundaries and in the precipitation of gas in intragranular porosities. This radial
zone is also characterised by the development of grain edge porosity whereas XR maps obtained from
the EPMA technique evince the lack of Xe on grain boundaries despite the absence of visible
intergranular porosity.
Has such a cold zone and structure an impact on FGR and rod inner pressure? The question is
raised, as this zone is subjected to thermally activated process and restructuring, even for low rod
linear heat rating, and represents a large fraction of fuel volume.
A third tentative explanation or complementary mechanism to acceleration of FGR with burn-up
is quantitative modification of the usual thermally activated FGR process evinced for low burn-up
fuel. Acceleration is possible through enhancement of the diffusion coefficient (see the section entitled
Diffusion coefficients), and by radial extension towards pellet periphery of the zone sustaining the
usual thermally-assisted diffusion and release process. Such a zone operating at moderate temperatures
starts to contribute to total FGR only at high burn-up.
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Fuel behaviour in transient conditions
Fast and energetic transients (RIA)
Present status
Simulation of reactivity insertion accident (RIA) on high burn-up fuel [8,9] leads to extensive
intergranular fuel cracking and swelling. FGR through grain boundary (GB) openings largely exceeds
the theoretical gas inventory expected to be stored on GB. It has been suggested that gas from
intragranular pores and fuel microcracking have contributed to the large FGR observed.
Gas release studies have also evinced the presence of helium, in MOX as well as UO2 fuel.
Parametric RIA simulation indicates that fuel performance under RIA conditions depends on
burn-up (through gas inventory and rim extension) and temperature reached during tests. High-energy
deposition leads to intragranular bubble development. It has been shown that more cladding strain and
FGR occur in MOX than in UO2 fuel. Some authors [8] attributed these effects to the porosity existing
in the Pu spots.
Analysis
The large quantities of gas released during RIA simulations show some similarity with annealing
tests results [10] (Figure 7) for which the amount of gas noticed during the initial burst release largely
exceeds GB theoretical saturation level. These large quantities could result from an underestimation of
the capability of GB to store gas (e.g. pore over-pressurisation) and/or a contribution of gas present in
the vicinity of GB and released almost instantaneously by an accelerated diffusion process. No detailed
analysis of such a diffusion has been proposed so far.
Figure 7. Burst released 85Kr as a function of total retained quantity [10]
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As regards MOX fuel, the larger PCMI and FGR could be attributed to the presence of helium.
This element significantly contributes to the total gas production and has a behavioural synergy with
FG. Particular behaviour effects on RIA should be analysed in the presence of helium as well.
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FGR during mild transients
Present status
Numerous programmes have been and still are investigating fuel performance and FGR under
mild transient conditions [11,12,13]. These programmes show that the amount of released FG exceeds
the amount expected to be released by the diffusion process. As suggested, this could be explained by
an underestimation of the FG inventory on or near GB. R. White [14] proposes a storage of gas on GB
in the form of crystallites. Futhermore, the evidence has also suggested a marked enhancement of the
diffusion coefficient during transient [11].
Analysis
Despite the early and large interest for theoretical support and modelling of burst release, no
convincing explanation of the observation has been provided so far and work in this field is
progressing slowly.
The experimental work in the field has to be continued to provide answers regarding fuel rod
performance with respect to FGR during condition two operation. The impact of these conditions has
been explored and design calculations made with respect to PCMI performance, but less attention has
been paid to FGR at high burn-up under such conditions.
MOX performance
Present status
For the same burn-up, MOX fuel rods show larger FGR than UO2, due to differences in reactivity
drop with burn-up resulting in a higher linear rating during the second half of life. Higher FGR also
results from lower thermal conductivity [15] and the modified radial distribution of power, leading to
higher fuel central temperature at end of life.
Some authors [16] partially attribute the enhanced FGR of some MOX fuel to the small Pu-rich
spots finely distributed in the pellet. However, the corresponding mechanism of release has neither
been evinced nor quantified.
These Pu-rich spots reach local burn-up near 300 GWd/tM, allowing the study of ultra high burn-up
effects. These spots develop a “pellet rim structure” characterised by a grain structure of sub-micron
size and a micron size porosity, increasing in size with burn-up and temperature. This structure is
maintained for temperatures lower than 1 000°C [17].
Helium production and release are noticed in MOX fuel. The extent of release is dependent on the
rod pre-pressurisation level, with a generally minor release in PWRs [18], suggesting a marked role of
helium solubility in the control of helium retention and release. Also, the mechanism of helium release
appears largely dependent on the presence of fission gas, the peak of helium release versus temperature
being often associated to FGR peaks. RIA tests (see above) also show that a significant helium amount
is released at transient and could contribute to overall fuel swelling.
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Analysis
The achievement of high burn-up is imperative for MOX fuel. Its economical viability depends
on the success of the UO2-MOX parity objective achievement. For MOX – as for UO2 – an increase in
gas retention capability will contribute to reach that objective. Complementary work on helium
behaviour is also necessary with the study of the release mechanism and synergy with FGR.
Diffusion coefficients
Present status
The diffusion coefficients are one of the most studied parameters in FGR investigations. Despite
that, no unanimous values are recommended for high burn-up application. Results of out-of-pile
annealing tests show a marked dispersion of the diffusion coefficients [10] (Figure 8). If unique
diffusion coefficients are expected to be obtained after appropriate deconvolution of experimental
results, it is also clear that only effective and different coefficients can generally be obtained, due to
changes in microstructures of irradiated materials received for testing. Incomplete fuel
characterisation, impact of uncertainties of fuel test conditions, or simple modelling of observations
can also increase the differences between inferred diffusion coefficients.
Figure 8. Arrhenius plots of effective diffusion coefficient against 1/T [10]
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In-reactor experiments in power transient conditions show unexpectedly high amounts of FGR at
moderate burn-up. Assuming that release results from the diffusional process, it has been claimed that
the corresponding apparent diffusion coefficient is several orders of magnitude larger than the
conventional one [11].
The study [14] of diffusion coefficients at temperatures lower than 1 000°C concludes that
long-lived isotopes have a diffusion coefficient lower than the athermal coefficient calculated for
short-lived isotopes. Temperature dependence of these coefficients at low temperatures is also noticed
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for the long-lived isotopes. These observations support the ones made in fuel cold zones (see the
section entitled Specific FGR mechanism at high burn-up) where thermally activated processes appear
to take place.
Analysis
Dispersion of existing diffusion coefficients raises the question of
coefficients for a given application. The absence of clear guidelines for
erroneous conclusions on experimental result interpretations and inadequate
work on diffusion coefficient assessment is required, including eventual
conditions.

the choice of the best
their use could lead to
code calibration. Further
changes under transient

Behaviour of highly pressurised rods
LOCA
The extent of cladding ballooning due to temperature excursion and rod inner pressure has mainly
been determined during out-of-pile tests using pressurised closed end cladding segments containing
irradiated fuel.
The impact of the presence of fuel during a test has not yet been analysed. High temperature
excursion on fuel pre-irradiated at low temperatures could promote FGR and increase rod inner
pressure during test, increasing the extent of ballooning. Tests with presence of fuel as foreseen in the
Argonne project are recommended.
Operation in non-lift-off conditions
Pursuing a high burn-up objective already requires operation in some reactors with rod inner
pressure larger than coolant pressure. This new situation is accepted under the condition of
non-lift-off. Tests performed in Studsvik (ROPE programme) and in the Halden Reactor Project have
demonstrated that this criteria is fulfilled within the limited range of tested operating conditions,
e.g. for rod over-pressurisation of a few tens of bars. Continued testing to increase the range of
investigated operating conditions and to assess the validity of the criteria is necessary.
Constraint from cladding
For some time it has been demonstrated that hydrostatic pressure applied on fuel reduces its
swelling [19] and delays FGR [20]. Recent out-of-pile tests show that very high or high pressure
completely prevents gas release [21].
This reduction of gas release is of great importance in FGR model development. It is also of
major interest for a high burn-up objective achievement, the mitigation of gas release by the presence
of cladding allowing to some extent to operate at high burn-up without a marked increase of rod inner
pressure. Confirmation of this beneficial effect and its quantification must be obtained.
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Reduction of rod inner pressure rise
Existing remedies
Reduction of rod inner pressure is routinely obtained by decreasing rod linear power and by
adopting the 18 × 18 PWR and 10 × 10 BWR fuel assembly designs. Complementary reduction of
maximum pressure is obtained by increasing rod inner free volume (fuel rod length increase and fuel
stack length shortening).
Contemplated or implemented remedies
Reduction of maximum pressure is still possible by decreasing the initial pre-pressurisation level
or by slowing down the free volume reduction process by increasing cladding creep strength and using
more swelling resistant fuel material.
Fission gas release can also be reduced by using annular fuel. Potential advantages of this fuel
type are, however, markedly reduced if one considers the large volume of gas operating at high
temperature and the risk of modifications of the central hole integrity under some operating
conditions [22].
In the short term, FGR is expected to be reduced by the use of large grain fuel obtained following
selected fabrication routes [23]. The advantages – significant, but somewhat limited – of such fuels are
recognised and its industrial use is growing.
In a long-term process, several alternative fuels are contemplated. Confirmation of their advantages
and good performance as well as licensing must be obtained.
Existence of an ultimate burn-up
A fundamental question is raised about the possibility of using UO2 fuel at burn-up beyond
≈70 GWd/tM. The development of a rim structure, rapidly extending towards the pellet centre, as well
as the accumulation of fission gas in intragranular porosity in cold zones, lead to a marked decrease of
thermal conductivity and increase of fuel central temperature. Rod operating conditions and rod design
have to be adequately combined to avoid massive gas release and excessive inner pressure increase
under these conditions.
Good performance and stability of such a fuel structure must also be demonstrated. A positive
contribution is expected of the cladding to mitigate FGR during mild transient.
Conclusions
•

Safe fuel (U02, U02-Gd203 and MOX) operation at high burn-up requires:
− Experimental demonstration of reliability.
− Appropriate modelling.
− Validated codes.
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− Limitation of conservatism in design calculations.
− Re-definition of design criteria.
Further R&D is required to satisfy these requirements.
•

These R&D activities should cover the following:
− Understanding of Xe radial profiles.
− Study of the existence of an FGR mechanism specific to the cold zone of high burn-up
fuel.
− Demonstration and modelling of separated processes of release by thermally assisted
diffusion and of “cold” release, if any.
− Assessment of gas inventory on grain boundaries.
− Fuel stability and FGR in transient conditions.
− Role of fuel mechanical properties in grain boundary openings.
− Impact of PCMI on extent of FGR.
− Role of helium.
− Demonstration of safe fuel operation at burn-up beyond 70 GWd/tM.
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Abstract
Detailed post-irradiation examinations (PIEs) have been carried out on five lead use assemblies of
current BWR Step II type fuel (Step II LUA) irradiated up to 47.8 GWd/t burn-up. Our database for
fission gas release (FGR) has been extended to 51 GWd/t in rod burn-up and to 61 GWd/t in pellet
burn-up. Furthermore, 25 segment rods of burn-up range from 43 to 61 GWd/t were power ramped
and some of them were examined destructively. The FGR fraction of base irradiated Step II LUAs was
less than that of the previous types of fuel rods, indicating the effectiveness of design improvements to
reduce fission gas release and that of ramped segment rods showed a dependency on ramp terminal
power, burn-up and cumulative holding time. Though the work is still in progress, some preliminary
results of FGR and extensive PIEs, focusing on local data of fission product release and pellet
microstructure, are presented.
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Introduction
Under the sponsorship of the Ministry of International Trade and Industry (MITI), the Nuclear
Power Engineering Corporation (NUPEC) has been carrying out irradiation test programmes for
Japanese light water reactor (LWR) fuels to verify their satisfactory performance [1]. As one of these
programmes, NUPEC High Burn-up Irradiation Test for BWR Fuel (NUPEC-HB-B) is being carried
out for the verification of fuel integrity and studies of fuel behaviour at high burn-up on eight lead use
assemblies of the BWR Step II type (Step II LUAs) [1]. In this paper, post-irradiation examination
(PIE) data related to the fission gas release behaviour of base irradiated and power ramped Step II
LUAs are presented.
Outline of verification test
The objectives of the NUPEC-HB-B and the outline of the design features of Step II fuel
assemblies, irradiation conditions and PIEs were previously described [1]. Some design improvements
for reduced FGR, such as an increased initial He pressure and decreased gap width between pellet and
cladding, are incorporated into Step II fuel as shown in Table 1. A power ramp test series for 25 segment
rods (burn-up range of 43-61 GWd/t) has been conducted under various conditions (ramp terminal
power (RTP) and holding time as test parameters). The ramp sequences are a staircase power ramp
(ramp sequence A, 4 h hold), a single step power ramp (ramp sequence B), and a power cycling test
(ramp sequence C). The main purpose and details of the power ramp test series were previously
described [1] and Figure 1 shows four typical power ramp sequences (Bs: 4 h hold; Bt: 10 m hold;
Br: 321 h hold; and C).
Results and discussion
Fission gas release
Along with published BWR data [1], the FGR fraction of Step II LUAs is shown in Figure 2 (as a
function of rod average burn-up) and Figure 3 (related to the maximum power experienced at burn-up
beyond 10 GWd/t). Except for two fuel rods which experienced relatively high power among Step II
LUAs, the FGR fraction of Step II LUAs was up to about 5% throughout the irradiation cycles. When
compared at the same power experienced during irradiation, the FGR fraction of Step II LUAs was
less than that of the previous types of fuel rods, indicating effectiveness of the design improvements to
reduce FGR.
Additional FGR during the power ramp test is shown in Figure 4 as a function of RTP. This
figure suggested that additional FGR strongly depended on RTP. Furthermore, it was surmised that
this FGR depended upon both burn-up and cumulative holding time. As the additional FGR of Step II
LUA seemed to be nearly equal to that of Step I, the effectiveness of He pressurisation might be
decreased under the power ramp conditions where pellet and cladding were in strong contact.
Figure 5 shows an example of Ce, Cs and Xe distribution in the power ramped fuel pellet
measured by electron probe micro analysis (EPMA). After power ramp tests, all the pellets appeared
to have released plenty of Xe from the centre region of UO2 matrix, and the degree of released Xe
depended on burn-up, RTP and holding time. The relation between rod average FGR obtained by the
puncturing test and local FGR of the pellet determined by EPMA is presented in Figure 6. FGR values
determined by EPMA were higher than those obtained by the puncturing test. EPMA measurements
provided only Xe content in the UO2 matrix because the penetration depth of an electron is too small
to involve locally presented Xe on sub-surface grain boundaries and in bubbles.
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Structure change
Typical ceramographs of base irradiated fuel pellets and scanning electron microscopy (SEM)
images of UO2 (60 GWd/t) are shown in Photo 1 and Photo 2, respectively. In accordance with the
lower FGR fraction of Step II LUAs, there was a little grain growth on the UO2 pellet. On the
contrary, grain growth was clearly observed on the (U,Gd)O2 pellet. The difference of grain growth
between UO2 and (U,Gd)O2 is considered later, taking into account mechanisms. The other
characteristic features with increasing burn-ups were the accumulation of intragranular bubbles at
pellet mid radius, the etched-like phase (ceramograph) and the rim structure at the pellet outer region.
Following the rim formation mechanism proposed by Nogita and Une [2], it was assumed that the
defect clusters of fission induced point defects accumulated with burn-up at the pellet outer region.
Furthermore, intergranular bubbles were observed at the pellet periphery of high burn-up fuel
(Photo 2) and growth and interlinkage of these bubbles were also observed for the power ramped fuel
pellet (56 GWd/t), so it was assumed that local FGR from these regions may increase at higher
burn-ups. While rim width of Step II LUAs increased with increasing burn-up, it remained within
the range of that reported in Figure 7 (the values plotted in this figure were taken from optical
micrographs) [3,4,5]. The rim structure development in high burn-up fuels was considered to affect the
FGR behaviour. FGR of base irradiated Step II LUAs showed that rim structure had only a little effect
on the FGR behaviour below 51 GWd/t rod average burn-up.
Photo 3 shows ceramographs of the pellet-cladding interface as a function of pellet burn-up. SEM
image and EPMA results are also presented. Photo 3 revealed that: i) a bonding layer was formed at
high burn-ups, ii) the thickness of the layer was about 10-20 µm and remained almost constant in spite
of the increase in burn-up, and iii) there was no significant enrichment of Cs in this layer. While Cs
enrichment was observed at the pellet-cladding interface of the power ramped fuel, the bonding layer
of the base irradiated fuel may be induced by subsequent mutual diffusion of UO2 and ZrO2, taking
into account published information [6].
Photo 4 shows cross-sections of base irradiated and power ramped fuel pellets (related to RTP,
hold time and burn-up). Circumferential cracks and radial fine cracks were observed for power ramped
fuel pellets, and the radius of circumferential cracks increased depending both on RTP and on
cumulative holding time. It was assumed that circumferential cracks were generated in the cooling
stage by tensile stress originating from shrinkage of fuel pellets that had thermally expanded after
experiencing high temperatures during the power ramp test. SEM measurement showed that micro gas
bubbles were initiated at the position where circumferential cracks were observed. Radial fine cracks
were considered to be generated by compression of the pellet outer region due to the increased bubble
swelling at the inner portion of circumferential cracks. Photo 4 also shows the central void formation
observed for the higher burn-up specimen. The lower burn-up pellet (43 GWd/t, RTP: 616 W/cm)
showed no central void, while the higher burn-up pellet (57 GWd/t, RTP: 592 W/cm) formed a central
void. This difference seemed to have occurred because of burn-up dependence of the pellet thermal
conductivity as shown in Figure 8 [7]. Figure 8 shows the burn-up dependence of the relative thermal
conductivity of irradiated fuel pellets at 1 273 K, which was nearly the average temperature of the fuel
pellets during irradiation. The relative thermal conductivity of irradiated fuel pellets decreased with
increasing burn-ups, but it seemed that the relative thermal conductivity gradually saturated.
Photos 5 and 6 present SEM images of the fracture surface of power ramped fuel pellets; SEM
images are related to RTP and hold time in Photo 5 and to the radial profiles of Ce and Xe measured
by EPMA in Photo 6. From these photos, microstructural features observed in the power ramped fuel
pellets were summarised as follows: i) no remarkable changes were observed at r/r0 = 0.9, it seemed
almost all of the fission gas was retained, ii) grains grew gradually with further temperature increase,
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iii) grain boundary bubbles and their linkages initiated at the position where Xe concentration began to
decrease, iv) the degree of grain growth and interlinkage of grain boundary bubbles depended on RTP
and holding time, v) large numbers of intragranular bubbles were observed at the region where Xe
concentration decreased toward to the centre portion of the fuel pellet and vi) the intragranular bubbles
disappeared where Xe concentration was nearly equal to zero. These trends showed that FGR was
mainly due to the release of fission gas retained at the grain boundaries through the growth and
interlinkage of grain boundary bubbles and formation of grain edge tunnels. This mechanism seemed
in accordance with the FGR dependency of open porosity shown in Figure 9 (obtained with a
porosimetre).
Finally, an interesting radial distribution of Cs was observed for power ramped fuel pellets as
shown in Figure 10 (results of micro gamma scanning). For a specimen (open circle symbol in
Figure 10) prepared from a fuel segment which showed a relatively large cladding deformation (open
circle symbol in Figure 11), Cs concentration at the pellet centre was larger than that at mid radius.
Cs distribution seemed to depend not only on experienced power, but also the degree of cladding
deformation. It is well known that Cs migrates from a hot fuel centre to pellet periphery according to
the radial temperature gradient in the fuel pellet, but under higher power and strong PCI restriction, Cs
migration may be affected by external pressure.
Summary
Under the various test programmes conducted by NUPEC, a large amount of systematical data
related to BWR fuel performance (FGR, pellet microstructure, cladding corrosion and so on) have
been accumulated. Though the work is still in progress, some preliminary results of the FGR and
related behaviours under steady and transient conditions may be summarised as follows:
1. The design improvements adopted for the FGR reduction were successful for irradiations
through five cycles.
2. Additional FGR during power ramp tests depended strongly on RTP, burn-up and cumulative
holding time.
3. FGR was mainly due to the release of fission gas retained at the grain boundaries through the
growth and interlinkage of grain boundary bubbles and formation of grain edge tunnels.
4. Cs migration may be disturbed under higher power and strong PCI restriction.
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Table 1. Design parameters of BWR fuel rod
Step I
0.3
0.24

Rod He pressure (Mpa)
Rod P/C gap width
Clad outer diam. (mm)
Clad thickness (mm)
Pellet diam. (mm)
Pellet density (%TD)

Step II
0.5
0.20
12.3
0.86

10.3
95
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10.4
97

Figure 1. Power ramp

Figure 2. Fission gas release as a function of rod average burn-up
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Figure 3. Fission gas release as a function of maximum linear heat rate
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Figure 4. Fission gas release as a function of ramp terminal power
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Figure 5. Radial distribution of Ce, Cs and Xe in power ramped fuel pellets
3

Relative intensity

: Ce
: Cs
: Xe

2

1

0

0

0.2

0.4

0.6

0.8

1

Relative radius (r/r0)

Figure 6. Relation between rod average and local fission gas release
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Figure 7. Burn-up dependence of rim width (ceramography)
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Figure 8. Burn-up dependence of relative thermal conductivity at 1 273 K
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Figure 9. Relation between open porosity and local fission gas release
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Figure 10. Radial distributions of 137Cs of power ramped fuel pellets (micro gamma scanning)
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Figure 11. Diameter increase during power ramp tests
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Photo 1. Typical ceramographs of base irradiated fuel pellet
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Photo 2. SEM images of fracture surface (base irradiated UO2, 60 GWd/t)
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analysis of pellet/cladding interface (base irradiated fuel)
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Photo 4. Cross-sections of base irradiated and power ramped fuel pellets
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Photo 5. SEM images of fracture surface
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Photo 6. Cross-section, fracture surface SEM images and radial FP profile
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FISSION GAS RELEASE FROM HIGH BURN-UP VVER-440 FUEL
UNDER STEADY-STATE AND TRANSIENT OPERATION CONDITIONS

A. Smirnov, B. Kanashov, S. Kuzmin, F. Kryukov, I. Kungurtzev, G. Lyadov
RIAR
A. Panyushkin, Eu. Bek
JSC “MSZ”

Abstract
Fission gas release (FGR) from VVER-440 fuel under steady-state and transient operation conditions
is an essential parameter determining fuel rod efficiency. The importance of fission gas release
increases as burn-up increases. Under varying fuel characteristics (structure, thermal conductivity,
swelling, stoichiometry, etc.), dimensions and thermal conductivity of fuel-cladding gap, more
“feedbacks” appear, which accelerate fission gas release. It was established that intensification of FGR
occurs at fuel temperatures above 1 050-1 100°C and linear power at these temperatures decreased
along with burn-up.
Therefore, determination of the FGR mechanism and interconnection of the phenomena occurring in
fuel rods is an important scientific and commercial task. This report considers the impact of the
fuel-cladding gap and variations of fuel structure on FGR. It presents maximal linear power values
including FGR intensification as well as interconnection of linear power and fuel temperatures for
different burn-ups. The conclusions made in the report are based on the results of post-reactor
examination of seven VVER-440 fuel assemblies operated during three to five fuel cycles up to
average burn-ups of 24.2-48.2 MWd/kgU and on the high burn-up fuel rod testing performed at the
MIR reactor.
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Brief characteristics of VVER-440 fuel
Table 1 shows the principal characteristics of VVER-440 fuel rods [1]. The most important
peculiarity of VVER-440 fuel is central holes in fuel pellets and facets on their ends. VVER-440 fuel
structure in the initial state is characterised by fine grains (4-7 µm) and minimal values of open
porosity (≤1%).
Table 1. Brief characteristics of VVER-440 fuel rods
Parameter
Fuel rod length (mm)
Fuel material
Cladding material
Outer cladding diameter (mm)
Inner cladding diameter (mm)
Diametrical fuel-cladding gap (µm)
Fuel pellet:
• Outer diameter (mm)
• Hole diameter (mm)
• Height (mm)
• Pellet shape
• Grain size (µm)
• Pellet density as-sintered (g/cm3)
• 235U enrichment (%)
Fuel column length (mm)
Fuel column mass (g)
Calculated space volume (cm3)
He content in fuel rod gas (%)
He pressure (MPa)

Value
2 557
Sintered UO2
Zr-1% Nb
9.15
7.72
150-260
7.57
1.2-1.8
9-12
With facets
4-7
10.6±0.2
3.6; 4.4
2 420
1 087
16.7-17.2
Not less than 90.0
0.6

Steady-state operation conditions
Brief characteristics of operation conditions
The principal specifications of VVER-440 fuel operation which may influence the fuel state and
FGR are given in Table 2 [1]. Real operation conditions of fuel correspond to the design, however, as
a rule, the permissible linear power is not reached (Figure 1). Also, a real temperature in the fuel
column centre on initial operation steps, according to the calculations of a report [2], does not exceed
1 190°C and according to the data on destructive post-reactor examination it is 1 000°C [3].
FGR up to the burn-ups of 40-45 MWd/kgU
The average fuel rod burn-ups of 40-45 MWd/kgU are the limits above which new mechanisms
and phenomena occur during VVER-440 operation that influence FGR. In particular, by this moment
almost any fuel-cladding gap disappears (in cold state the gap does not exceed 20 µm [6]), fuel
thermal conductivity decreases by almost 25% [7], rim layer with increased porosity is generated and
the temperature regime of the fuel operation changes.
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Table 2. Specification of VVER-440 fuel operation [1]
Parameter
FA average burn-up (MWd/kgU)
FA/fuel rod/pellet maximal burn-up (MWd/kgU)
Maximal linear power (W/cm)
(at fuel burn-up of 10/20/30/40/50/60 MWd/kgU)
Maximal temperature on the cladding surface (°C)
Coolant pressure (MPa)
Coolant, temperature at the outlet (°C)
Coolant warm-up (°C)

Value
41.79
45.11/47.78/55.01 [4]
325/310/280/260/230/200 [5]
335
12.3
312
30

Figure 1. Linear power of examined VVER-440 fuel rods during their operation
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The fuel column maintains its integrity and pellet fragmentation is insignificant (six to eight
fragments) up to the burn-ups of 40-45 MWd/kgU. Fuel pellets are divided both along their height and
their radius. Radial cracks in the pellets pass to the outer surface. The fuel-cladding gap has not yet
disappeared and in the cold state it is equal to 50-70 µm.
Furthermore, no changes occur in fuel microstructure – grain size and shape do not differ from
the initial ones. Fuel material porosity does not exceed 2%, which corresponds to the swelling of about
2% [1]. In some cases in the area of maximal linear power there is an insignificant amount of fine
pores (≤1 µm) located on the grain boundaries.
Fission gas release from fuel at this operation stage does not depend on the burn-up and it is equal
to 1.0±0.5% of the amount of fission products that appear (Figure 2). The temperature range of the
fuel operation (900-1 000°C) testifies to the fact that FGR is determined by athermal mechanism,
e.g. release of atoms by knock out and direct re-coil [8].
At the same time there are experimental data testifying to deviations from the above FGR
scenario. Thus, for example, in two fuel rods of one of FA (26 135) operated at Novovoronezh NPP up
to the average burn-up of 38.5 MWd/kgU an increased FGR (~5%) was detected which cannot be
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Figure 2. Fission gas release from VVER-440 fuel
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explained only by an athermal mechanism of FGR. Both fuel rods were located in the corners of
hexahedral FA and their average fuel rod burn-ups were 41.6 and 42.8 MWd/kgU (maximal burn-ups
in their central parts of 48.4 and 49.1 MWd/kgU), which exceed the burn-ups of the fuel rods in the
internal rows by 3-4 MWd/kgU. Obviously, in these fuel rods the linear power was more than that in
the neighbouring fuel rods, and the temperature in the centre of the fuel column in the area of maximal
linear power could exceed 1% of FGR limits determined by the Vitanza curve, e.g. 1 050-1 100°C at
burn-ups of 48-49 MWd/kgU.
It should be emphasised that even this estimation of the VVER-440 fuel column temperature at its
centre contradicts the results of the SOFIT-1.1 experiment [10,11], in which standard VVER fuel rods
were tested under the conditions simulating their operation in the first half of their first fuel cycle
(~160 days). The maximal linear power was 350 W/cm, with the average being 300 W/cm. At that
power, according to tj, the thermocouple data, the fuel column temperature in the centre was 1 300 and
1 150°C, respectively. The calculated FGR was 8%.
FGR in the burn-up range above 45 MWd/kgU
At the average fuel rod burn-ups of 45-56 MWd/kgU the fuel rod fragmentation does not change
(Figure 3). However, the radial cracks do not pass to the cladding, closing in the fuel column periphery
area. Joints between the pellets also close in the periphery area in the circular manner, so that the fuel
column for the majority of its length in the area of maximum linear power is a set of linked pellets and
fragments. The central hole diameter is equal to 1.3-1.6 mm, e.g. it is within manufacturing limits.
The average cross-section swelling reaches 4% at the local burn-up of 62 MWd/kgU. At the burn-ups
of 42-45 MWd/kgU the fuel-cladding gap disappears. The local deformation of the cladding in the
joint areas between the fuel pellets (so-called ridging) testifies to the close fuel-cladding contact.
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Figure 3. Macrostructure of longitudinal (•) and cross-sections (b) of VVER-440 fuel rods
Burn-up of
35.1 MWd/kgU
3 fuel cycles

Burn-up of
50.8 MWd/kgU
4 fuel cycles

Burn-up of
56.1 MWd/kgU
5 fuel cycles

b

Microstructure analysis (Figure 4) of the fuel column testifies to the following:
•

The structure of the fuel column base is not subjected to any changes: no change of any grain
size was detected in any case. The grain unequalaxity is 0.64-0.68, like in initial state.

•

On the periphery of the fuel pellet there appears a rim layer optical width of which changes in
the range from 20 to 100 µm at the cross-section burn-up increase from 45 to 60 MWd/kgU.

The column base porosity (Figure 5) is about 4%. The pores of about 1 µm size are mainly
located on the grain boundaries and, obviously, are responsible for microcrack generation and pellet
fragmentation. Fractography of UO2 fracture (Figure 6) shows that the pellet destructs along the grain
boundaries as a result of intergranular brittle fracture. The fracture structure along the grain boundaries
is observed along the whole column radius excluding the outer layer where the grain structure is
absent.
On the column periphery in the layer from 20 to 100 µm thick, no grains are detected. X-raying
structural analysis of peaks {111} and {200} shows that UO2 on the pellet periphery has no crystal
structure, e.g. poligonisation of the structure occurred in this area. UO2 microhardness in this area is
1.5-2 times less than that in the pellet base and equal to 360-600 kg/mm2 by Vickers. The “cauliflower”
structure with significant porosity up to ~20% (maximal value 23%) is generated in the rim layer.
It has five to six times as much pore concentration as in the column base. The pore size in the rim
layer is ~1.5 times as much as in the pellet base and equal to 1.5 µm. No clearly observed dependence
of pore size in the rim layer on the average burn-up along the cross-section was detected.
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Figure 4. Microstructure of fuel (•) and gap state (b) of VVER-440 fuel rods
Burn-up of
35.1 MWd/kgU
3 fuel cycles

Burn-up of
50.8 MWd/kgU
4 fuel cycles

Burn-up of
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Figure 5. Porosity distribution analysis along fuel pellet radius for FE 69 of FA 222
Average cross-section burn-up of 53.7 MWd/kgU
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Figure 6. Fuel structure fractograms along fuel column radius for FE 69 of FA 222
Average cross-section burn-up of 63.0 MWd/kgU
Rim-layer, R/R• = 0.998, × 4 530

Base of pellet, R/R• = 0.680, × 4 530

Figure 7 shows EPMA distribution of Pu, Nd, Xe and Cs along the pellet radius with a burn-up of
58.4 MWd/kgU. One can see that in the area from 100 µm and further toward the centre the mass
fraction of Pu is 1.5%, and in an outer circular layer it increases up to 4.2%. Distribution of Xe along
the pellet radius shows that Xe peak intensity in the outer circular layer is approximately 1.5-2 times
less the intensity as in the pellet base. As established [12], it is associated with fission gas release from
destructed pores while preparing fuel specimens for examination and deep penetration of electron
probe into the material.
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Figure 7. Element distribution along the fuel pellet radius
Fuel rod 25 of FA 222, average cross-section burn-up of 58.4 MWd/kgU
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In the range of the average fuel rod burn-ups of 45-55 MWd/kgU, the FGR rate increases and
reaches 3±1% at burn-up of 55 MWd/kgU. Only in six out of 90 fuel rods examined was FGR detected
above 3% (Figure 2). All fuel rods (with FGR above 3%) were located in the periphery rows of the
FA. The primary peculiarity of these fuel rods was the fuel-cladding gap in cold state at ≥30 µm, and
on the cladding there were no traces of mechanical interaction with fuel pellets.
It is common knowledge [13] that gas in the outer circular layer of the fuel column during
operation under steady-state operation conditions was retained in pores providing additional thermal
barrier and increasing the temperature in the fuel column centre. The column centre temperature
increases by 6-7% every 10 MWd/kgU at the same linear power levels [14]. Xe and Kr release mainly
from the pellet centres where the temperature may reach 1 200°C due to fuel thermal conductivity
decrease and change in the profile of linear power along the pellet radius [15]. However, most
probably, the temperature of 1 200°C in high burn-up VVER-440 fuel rods is not reached, since
neither axial nor radial redistribution of Cs isotopes was discovered and the process of pore formation
on the grain boundaries is at the initial stage. Besides, actual linear power of the fuel rods during
steady-state operation decreases from one fuel cycle to another in the following manner: 300→250;
270→250; 250→200; 210→150; 170→120 W/cm and, according to one report [16], it falls even
lower. The study shows that the temperature in the fuel column centre at the beginning of the first fuel
cycle does not exceed 1 000°C, and at the end of the fifth it is less than 600°C, which is at least 300°C
lower than the Vitanza threshold level.
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Hence, in high burn-up VVER-440 fuel rods fission gas release follows mechanisms of both yield
knockout (athermal release) and diffusion (thermal release). Considering the diffusion mechanism as a
two-step process:
1. Accumulation of Xe and Kr atoms on the grain foundries without release from the pellet
fragment.
2. Intensification of fission gas release from the pores when its density exceeds the saturation
density [16].
One should admit that in VVER-440 fuel under steady-state operation conditions only the first
stage of the process is realised. And it is only in certain cases that fuel rods preserved a big
fuel-cladding gap in which FGR may be about 6%.
Transient operation conditions
Examination of VVER-440 fuel rods operated under steady-state operation conditions does not
allow for answering questions associated with determination of the resources of high burn-up fuel
operated under transient conditions. What is the maximal linear power and the temperature at which
FGR intensifies? What is the influence of power ramps on the fuel rod state? What is the fuel structure
at that? What mechanisms regulate fuel behaviour? To answer these questions SSC RIAR has carried
out experiments at the MIR reactor to test high burn-up VVER-440 fuel under transient conditions.
Fuel rods operated four and five fuel cycles at steady-state operation conditions up to the maximal
burn-ups of about 50 and 60 MWd/kgU were tested. The tests were carried out under power ramp
conditions (RAMP experiment) and gradual power increase conditions (FGR-1 and FGR-2
experiments) according to the methods considered in report [17]. Experiment details are described in
reports [18,19].
Both refabricated and full-scale fuel rods were tested. All fuel rods selected for the tests were
standard ones, operated for four and five fuel cycles.
Experiment parameters in co-ordinates “burn-up/linear power” for fuel rods with burn-ups of
about 50 and 60 MWd/kgU are shown in Table 3 and Figure 8. Starting values of linear power were
equal to the linear power of fuel rods at the final stage of their operation. The maximal linear power
values were selected in so as to exceed the limits of linear power, determined by operation-specified
conditions.
Table 3. Parameters of carried out experiments
Parameter
Fuel rod type
Fuel rod
instrumentation
Starting value of
linear power (W/cm)
Maximal linear
power (W/cm)
Ramp duration (min)
Hold-up time at max
power (hour)

RAMP
Refabricated fuel rods (4)
Full-scale fuel rods (2)

FGR-1
Refabricated fuel rods (6)

FGR-2
Refabricated fuel rods (3)
Full-scale fuel rods (3)
With pressure and
temperature detector
(temperature error of ±2%)

Without instrumentation

With pressure detector
(error of ±0.4 MPa)

115

90

100

375

440

436

20

Gradual power increase

Gradual power increase

102

94

73.5
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Figure 8. Tests by a single power ramp (RAMP) and
step-by-step power increase (FGR) in the reactor MIR
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Change in maximum linear power (qlmax) in fuel rods with maximum linear power during the
power ramp is shown in Figure 9. The error of linear power determination was ±6-8%.
Figure 9. Linear power change for more heating fuel rods in RAMP, FGR-1 and FGR-2 tests
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The measurement results of linear power and temperature for fuel rod 51 with maximum linear
power (FGR-2) are given in Figure 10. At ql = 320-325 W/cm after about ~78 hours, when the
temperature in the fuel column centre was 1 500-1 500°C, the thermocouple broke down.
Figure 11 shows the results of measurements obtained by the cladding puncture method in
post-test examination. These results testify to the fact that FGR is proportional to the linear power
level. And, in the fuel rods with a burn-up of 60 MWd/kgU at ql = 340 W/cm the 50% FGR is reached
while in the fuel rods with a burn-up of 50 MWd/kgU the same FGR occurs at ql > 420W/cm. In-fuel
rod gas pressure at test temperature can be increased up to the values equal to coolant pressure.
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Figure 10. Maximal linear power and fuel temperature change
for FR 51 (Bu = 50 MWd/kgU) at first step of test FGR-2
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Figure 11. Dependence between linear power and
puncture fission gas release in RAMP and FGR tests
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Figures 12 and 13 show distribution of linear power and 137Cs ray intensity along the refabricated
fuel rods tested in experiment FGR-2. 137Cs ray intensity distribution after RAMP tests a FGR-1 in the
same. Redistribution of the volatile fission products, in particular 137Cs, testifies to the increase in Xe
and Kr movement and their intensive from fuel release into the space volume. Caesium nuclide
activity peaks are located at a distance of 11 mm from each other. This corresponds to fuel pellet
height. In charts the maximum linear power value for the fuel rod is taken as a linear power unit.
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Figure 12. Post FGR-2 137Cs and ql, distribution in FR 51
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Figure 13. Post FGR-2 137Cs and ql, distribution in FR 50
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Analysis of all the data on 137Cs distribution allows to determine the boundary of the fuel column area
with 137Cs migration and to find the corresponding linear power values. The analysis results testify to
the fact that 137Cs migration intensifies and, consequently, Xe and Kr release occurs at linear power
greater than 285-300 W/cm for fuel with a burn-up of 50 MWd/kgU and 220-250 W/cm for fuel with a
burn-up of 60 MWd/kgU.
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Figure 14 shows the data on FGR in co-ordinates “burn-up/linear power” which were obtained by
puncture method for FGR-type experiments. The figure also presents the threshold linear power values
obtained by the method of isotope γ-scanning and pressure detector.
Figure 14. Dependence between burn-up, linear
power and fission gas release in FGR tests

Fuel structure
Fuel rod test under ramp and gradual power increase resulted in a significant change in UO2
structure. Figure 15 shows fuel rod cross-section macrostructure with fuel burn-ups of about 50 and
60 MWd/kgU pre- and post-in-reactor tests for different linear power values. The number of fuel pellet
cracks increases with a rise in linear power. At the same linear power values the crack amount of the
fuel with a burn-up of 60 MWd/kgU is higher than the fuel with a burn-up of 50 MWd/kgU. In the
fuel rod areas where the linear power exceeds 213 W/cm the coaxial cracks appeared. The central hole
starts decreasing at 300-315 W/cm and it is mostly absent at 343-375 W/cm. In fuel rod 41 (experiment
FGR-1) in the area of maximum linear power (~441 W/cm) a new central cavity was made. Its size
was about 0.6 mm. Thus, after steady-state operation and tests in the MIR reactor in the VVER-440
fuel with a burn-up of >50 MWd/kgU, four zones were formed along the fuel column pellet
(Figure 16):
•

Periphery of the fuel column (rim layer) of 70-150 µm wide. Characteristics of this area (layer
width and porosity) after tests RAMP and FGR did not change for both burn-up levels.

•

Circular layer with the initial structure of 0.4-1.5 mm wide was not subjected to structural
changes. This area size decreased to one-third the fuel column radius. Porosity and grain size
hardly changed. The inner area boundary is limited by radial cracks.

•

Gas swelling area of 1.2-2 mm wide with increased porosity. This area was absent before
tests in the MIR reactor and appeared to the greatest degree for the fuel rods with a burn-up of
about 60 MWd/kgU for the same linear power levels. Its formation at linear power exceeding
75

340 W/cm resulted in the disappearance of the central hole in fuel rods with Bu =50 MWd/kgU.
The porosity in this area is three to four times as much as in the area with the initial structure
and reaches 45%. The grain size as compared with the initial state did not change.
•

Central area of re-crystallised grains up to 4 mm in diameter. The grains are stretched mostly
in a radial direction and are 50-70 µm long and 20-30 µm wide. The pores in this area are
located mostly along the grain boundaries and present a system of joint pores (intragranular
porosity). In the fuel rods with a burn-up of 60 MWd/kgU this area appeared at lower linear
power than in the fuel rods with a burn-up of 50 MWd/kgU. This prevents complete
disappearance of the central hole in the fuel rods. (Xe distribution along the fuel column
radius is shown in Figure 17.)

The presence of thermocouples in refabricated fuel rods during the FGR-2 experiment allows to
determine the dependence between linear power and temperature for different fuel burn-ups
(Figure 18). The figure shows the low boundaries of the structural changes in the fuel column and
FGR intensification. The figure testifies to the fact that in fuel with burn-ups of 50 and 60 MWd/kgU
the above-mentioned process starts at different temperatures (1 110 and 1 030°C, respectively).
The threshold temperatures of FGR from VVER-440 and RWR fuel [20] were compared and the
results are shown in Figure 19. It shows that the results of experiment FGR-2 from the point of view of
threshold temperature mostly coincide with the Vitanza curve and the results obtained in the Halden
project.
Figure 15. Pre and post test fuel rod cross-section macrostructure
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Figure 16. Post FGR-1 fuel column microstructure
Bu = 48.9 MWd/kgU, ql = 441 W/•m
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Figure 17. Xe distribution along the fuel pellet radius (FGR-2 test)
FR 51, Bu = 50 MWd/kgU
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Figure 18. Dependence between linear power and
temperature of fuel column centre in FGR-2 test
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Figure 19. Temperature limits of VVER-440 FGR intensification
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Conclusions
Steady-state operation conditions
At burn-ups up to 40-45 MWd/kgU fission gas release from the VVER-440 fuel is 1.0±0.5% of
the generated amount and it poorly depends on the burn-up values. Fission gas release in the burn-up
range is determined by athermal mechanisms, i.e. gas atom release by means of yield and knockout.
At burn-ups of 45-55 MWd/kgU the FRG rate increases and reaches 3.0±1.0% at the burn-up of
55 MWd/kgU. At that the prevailing process in the fuel is diffusion process of fission-product
migration at temperatures below 1 100°C. Increased FGR in the examined burn-up range which is
observed in some cases is the result of increased fuel column gap (>30 µm) that results in the
temperature rise up to 1 100-1 200°C and FGR intensification.
Transient conditions
Intensification of fission gas release from VVER-440 fuel occurs at the linear power of
285-300 W/cm and 220-250 W/cm at burn-ups of 50 and 60 MWd/kgU, respectively. The threshold
temperature values of FGR intensification are 1 100 and 1 030°C. At the linear power of 250-430 W/cm
high burn-up fuel structure significantly changes. FGR may reach 50% and even more and the internal
fuel rod pressure may exceed coolant pressure.
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IRRADIATION TEST OF DUPIC FUEL

Kee Chan Song, Myung Seung Yang, Hyun Soo Park
Korea Atomic Energy Research Institute
Yusung, Taejon Korea 305-353

Abstract
Simulated DUPIC fuel that had been fabricated from natural uranium oxide with simulated fission
products was irradiated at the HANARO research reactor at KAERI in 1999. The objectives of this
irradiation test were to estimate the in-core behaviour of DUPIC fuel, to verify the design of the
non-instrumented irradiation rig developed for the irradiation test of DUPIC fuel and to ensure the
irradiation requirements of DUPIC fuel at HANARO. The post-irradiation examinations, such as
dimensional measurement, γ-scanning and EPMA, for irradiated simulated DUPIC fuel have been
performed at the IMEF. The irradiation test of DUPIC fuel, fabricated with spent PWR fuel material,
was performed at HANARO for two months as of May 2000. The resultant burn-up of irradiated
DUPIC fuel was estimated to be 1 800 MWd/MTU. The irradiation behaviour of DUPIC fuel will be
investigated based on the data from post-irradiation examinations.
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Introduction
The direct use of spent PWR fuel in CANDU reactors (DUPIC) fuel cycle has received renewed
interest recently as a synergistic fuel cycle option of pressurised water reactor (PWR) to a Canadian
deuterium uranium (CANDU) reactor [1]. The notion of the DUPIC fuel cycle is based upon dry
processing technology to manufacture CANDU fuel from spent PWR fuel material, without separating
the fissile material and stable fission products. The concept was proposed and termed the DUPIC fuel
cycle in a joint development programme involving the Korea Atomic Energy Research Institute
(KAERI), Atomic Energy Canada Limited (AECL) and the US Department of State in 1991.
Spent PWR fuel typically contains 0.9 wt.% fissile uranium and 0.6 wt.% fissile plutonium,
which exceeds the natural uranium fissile content of 0.711 wt.%. The neutron economy of a CANDU
reactor is sufficient to allow DUPIC fuel to be used in a CANDU reactor, which is originally designed
for natural uranium fuel, even if the neutron-absorbing fission products originating from the spent
PWR fuel remain in the DUPIC fuel [2]. The DUPIC fuel cycle offers several benefits to countries
with PWR and CANDU reactors. The benefits include: the additional energy extracted from the fuel in
a CANDU reactor, efficient natural uranium utilisation and a significant reduction in spent fuel
arisings through a proliferation-resistant process of reusing spent fuel [3].
A comprehensive research and development programme is being implemented at KAERI to
experimentally verify the DUPIC fuel cycle concept. In an earlier assessment, a broad feasibility study
was performed to identify any feasibility issues of a fundamental nature during 1991 to 1993.
Basic compatibility and safeguardability were confirmed, and the oxidation and reduction of oxide
fuel (OREOX) process was selected as the most promising fabrication method for DUPIC fuel [4].
In the following experimental verification programme, which is currently being carried out in full
momentum, wide research topics including compatibility assessment, safeguards technology
development and technological improvement for remote fabrication and irradiation test of DUPIC fuel
are underway.
DUPIC fuel
OREOX is the key feature of the DUPIC fuel manufacturing process. The repeated processes of
oxidation and reduction cause crystallographic transformations in the pellet matrix, which make the
pellets break into a fine powder. Once the powder is conditioned to improve its sinterability, the rest of
the DUPIC fuel fabrication process is similar to the conventional CANDU fuel manufacturing process
that utilises the powder-pellet route, as depicted in Figure 1. Because the fuel material remains highly
radioactive throughout the process, all processing must be done in hot cells.
From a fuel performance viewpoint, a major characteristic of DUPIC fuel is its initial content of
fission products and plutonium. The thermal conductivity of DUPIC fuel is expected to be lower than
that of UO2 fuel due to the impurities and deviation from stoichiometry. As a result, the centreline
temperature of DUPIC pellets would be somewhat higher than that of standard CANDU fuel. This may
have a negative impact on the fuel performance behaviour such as fission gas release, swelling and
thermal expansion of the pellets. Also, since the prospective burn-up of DUPIC fuel is twice that of
natural uranium CANDU fuel, the behaviour of high burn-up DUPIC pellets needs to be further
evaluated through irradiation tests in research reactors.
The composition of DUPIC pellets, which were fabricated for irradiation tests at HANARO, was
determined by the initial enrichment and irradiation history of spent PWR fuel used as the raw
material. The Oak Ridge Isotope Generation and Depletion (ORIGEN) code was used to calculate the
composition [5], and the results are shown in Table 1.
84

Figure 1. DUPIC fuel fabrication process
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Irradiation test of simulated DUPIC fuel
The simulated DUPIC pellets were successfully irradiated at the HANARO research reactor at
KAERI for eight weeks from 4 August 1999. Simulated DUPIC fuel was fabricated from the natural
uranium oxide with simulated fission products to estimate the behaviour of DUPIC fuel without the
complication of handling the real radioactive DUPIC fuel materials. The objectives of this irradiation
test were to estimate the in-core behaviour of DUPIC fuel, to verify the design of the
non-instrumented irradiation rig developed for the irradiation tests of DUPIC fuel and to ensure the
irradiation requirements of DUPIC fuel at HANARO.
In order to replicate the chemical state and microstructure of DUPIC fuel, simulated spent PWR
fuel was, at first, fabricated by compaction and sintering of UO2 powder and fourteen-element
additives, which represent the major fission products except the volatiles. Simulated DUPIC pellets
can then be fabricated by compaction and resintering of the powder of simulated DUPIC fuel, which
was prepared by the OREOX process of the simulated spent PWR fuel pellets [6].
As shown in Figure 2, the concept of the non-instrumented DUPIC irradiation rig is based on the
design of HANARO fuel. The only difference is fuel parts. In place of 18 fuel rods of HANARO fuel,
an aluminium alloy tube is used to connect top and bottom plates. Inside the tube, an assembly of three
fuel mini-elements is furnished. Five pellets are loaded into a mini-element, and both ends of the
cladding are sealed with plugs by TIG welding. Also, the DUPIC fuel irradiation rig has provisions for
remote assembly and handling, since DUPIC fuel is fabricated in hot cells.
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Table 1. Composition of fresh DUPIC fuel
N
O
O
O
F
NA
MG
AL
SI
P
CL
CL
CA
V
CR
MN
FE
NI
NI
ZN
ZN
ZN
ZN
RB
SR
SR
Y
ZR
ZR
ZR
ZR
ZR
ZR
MO
MO
MO
MO
MO
MO
TC
TC
RU
RU
RU
RU
RH

14
16
17
18
19
23
24
27
28
31
35
37
40
51
52
55
56
58
60
64
66
67
68
87
88
90
89
90
91
92
93
94
96
92
95
96
97
98
100
98
99
100
101
102
104
103

2.20E+01
1.19E+05
4.83E+01
2.74E+02
9.51E+00
1.33E+01
1.42E+00
1.48E+01
9.88E+00
3.11E+01
3.20E+00
1.19E+00
1.72E+00
2.64E+00
2.99E+00
1.46E+00
1.47E+01
1.42E+01
5.80E+00
1.70E+01
1.01E+01
1.49E+00
7.00E+00
2.27E+00
3.25E+02
3.59E+02
4.24E+02
1.56E+02
5.49E+02
5.95E+02
6.69E+02
6.92E+02
7.45E+02
1.23E+00
6.87E+02
3.78E+01
7.24E+02
7.46E+02
8.52E+02
4.45E-03
7.06E+02
9.73E+01
7.04E+02
7.08E+02
4.98E+02
4.10E+02

PD
PD
PD
PD
PD
PD
KR
KR
RB
AG
CD
CD
CD
CD
CD
SN
SN
SN
SN
SN
SN
SN
SN
TE
TE
I
CS
CS
CS
BA
BA
BA
BA
LA
CE
CE
PR
ND
ND
ND
ND
ND
ND
ND
PM

104
105
106
107
108
110
84
86
85
109
110
111
112
114
116
116
117
118
119
120
122
124
126
128
130
129
133
135
137
134
136
137
138
139
140
142
141
142
143
144
145
146
148
150
147

2.32E+02
3.59E+02
3.36E+02
2.07E+02
1.42E+02
4.66E+01
1.06E+00
1.77E+00
1.04E+00
7.05E+01
9.28E+00
7.14E+00
5.19E+00
7.38E+00
2.28E+00
8.83E+00
7.76E+00
8.42E+00
7.84E+00
8.84E+00
8.61E+00
1.17E+01
2.53E+01
1.02E+00
3.30E+00
1.66E+00
1.04E+01
3.43E+00
8.16E+00
1.60E+02
2.00E+01
3.35E+02
1.19E+03
1.13E+03
1.15E+03
1.05E+03
1.04E+03
2.59E+01
7.16E+02
1.24E+03
6.22E+02
6.44E+02
3.44E+02
1.65E+02
3.82E+00

SM
SM
SM
SM
SM
SM
SM
EU
EU
EU
EU
EU
GD
GD
GD
GD
GD
GD
TB
U
U
U
U
U
NP
PU
PU
PU
PU
PU
AM
AM
AM
AM
AM
CM
CM

147
148
149
150
151
152
154
151
152
153
154
155
154
155
156
157
158
160
159
234
235
236
238
239
237
238
239
240
241
242
241
242M
243
244M
244
244
245

TOTAL

1.85E+02
1.69E+02
2.97E+00
2.80E+02
1.15E+01
1.20E+02
3.48E+01
1.22E+00
2.34E-02
1.14E+02
1.15E+01
1.97E+00
2.43E+01
1.02E+01
5.99E+01
1.05E-01
1.80E+01
1.68E+00
2.48E+00
1.78E+02
6.20E+03
3.61E+03
8.38E+05
0.00E+00
4.60E+02
1.44E+02
4.76E+03
2.01E+03
5.99E+02
4.51E+02
5.57E+02
1.72E+00
9.49E+01
0.00E+00
0.00E+00
1.82E+01
1.08E+00

1.00E+06

During the irradiation period, the operation power of HANARO was set at 15 and 20 MWth.
The discharge burn-up of simulated DUPIC fuel was estimated to be about 1 800 MWd/MTU. At the
HANARO operation powers of 15 MW and 20 MW, the linear heat rates of DUPIC fuel were
estimated to be near 40 kW/m and around 60 kW/m, respectively. The detailed analysis results are
depicted in Figure 3.
Post-irradiation examination of simulated DUPIC fuel
Following irradiation, the DUPIC irradiation rig was transported to the Irradiated Material
Examination Facility (IMEF). The fuel mini-elements were removed from the mini-element assembly for
a post-irradiation examination (PIE), such as mini-element profilometry, γ-scanning and pellet
microstructures.
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Figure 2. Non-instrumented DUPIC irradiation rig

Figure 3. Irradiation history of simulated DUPIC fuel
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The profilometry results of DUPIC mini-element #2 are represented in Figure 4. The maximum
and minimum diametral increases of mini-element #1 were measured to be 60 µm and 41 µm,
respectively. The maximum and minimum diametral increases of mini-element #2 were also measured
to be 67 µm and 61 µm, respectively. Therefore, the data measured by profilometry shows somewhat
larger values than those calculated using the performance analysis code.
Figure 4. Diametral deformations of DUPIC mini-element #2
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The cross-section of fuel at 160 mm from the top of mini-element #2 is shown in Figure 5, and
the microstructures are in Figure 6. Equiaxial grain growth was observed near the central area of the
irradiated pellets. While the average grain size was measured to be 4.58 µm before irradiation, the
average grain size in the centre after irradiation was 11.1 µm, which is twice as much as that before
irradiation. On the other hand, the average grain size near the surface after irradiation was measured to
be 4.77 µm, thus not a significant difference before and after irradiation.
Figure 5. Cross-sectional view of simulated DUPIC fuel after irradiation

88

Figure 6. Microstructures of simulated DUPIC fuel after irradiation

Ce n t e r

S urf a ce

Current status of DUPIC fuel irradiation test
DUPIC pellets were successfully fabricated at the IMEF M6 hot cell in the first part of 2000.
Spent PWR fuel, discharged from Kori Unit #1 in 1986, was selected and conditioned as the raw
material. The irradiation test of DUPIC fuel was successfully carried out under a HANARO operation
power of 22 MWth for two months from 10 May 2000. The variation of burn-up and linear power
during this period is depicted in Figure 7.
Irradiated DUPIC fuel will be transported to the IMEF storage pool in August. Currently, a
detailed PIE plan is being discussed with the IMEF personnel. The irradiation behaviour of DUPIC
fuel will be further investigated based on the data from post-irradiation examinations. Also, a
comparison of DUPIC fuel behaviour with the predictions of the CANDU fuel performance evaluation
code, ELESTRES, will be made with and without the thermal property degradation of DUPIC fuel in
the models.
Future plans
A series of irradiation tests of DUPIC fuel will be performed at HANARO. The target burn-up of
this irradiation test is expected up to 12 000 MWd/MTU. From these irradiation results, more
comprehensive analysis on the performance of DUPIC fuel will be carried out. A fission gas analysis
will be scheduled in the year 2002, when the system will be available at the IMEF.
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Figure 7. Irradiation history of DUPIC fuel
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Abstract
Post-irradiation examination results from commercial PWR fuel rods with average burn-ups up to
98 MWd/kgU are presented. The fractional fission gas release increased exponentially with rod
burn-up from less than 10% at 50 MWd/kgU to around 25% at 98 MWd/kgU. It is argued that most of
the gas released to rod-free volume originated in the central region of the fuel. The penetration of the
high burn-up structure in the outer region of the fuel increased markedly with burn-up, and at a pellet
burn-up of 102 MWd/kgU it extended over a distance of 1.15 mm to about r/ro = 0.75. The porosity of
the high burn-up structure increased linearly with the local burn-up, and in fuel pellets with burn-ups
greater than 80 MWd/kgU the pores in the vicinity of the pellet rim showed a distinct increase in size.
Above 70 MWd/kgU, the widespread formation of the high burn-up structure caused the fuel swelling
rate to increase from 1% to 1.5% per 10 MWd/kgU. The concentration of Xe retained in the grains of
the high burn-up structure did not increase with burn-up, but remained at a low level of around
0.25 wt.% over the whole burn-up range studied. It is concluded that radiation-enhanced diffusion is
responsible for the release of fission gas from the re-crystallised grains and that there is no build-up of
gas in the grains with burn-up because equilibrium exists between the rate at which gas atoms are
produced and the rate at which they diffuse to grain boundaries. The diffusion coefficient required to
obtain an equilibrium Xe concentration of 0.2-0.3 wt.% in grains 0.1-0.3 µm in diameter is of the
order of 10–24-10–22 m2s–1.
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Introduction
Electrical utilities are constantly striving to increase the burn-up at which nuclear fuel rods are
discharged from the reactor. The incentive is to reduce fuel cycle cost and the amount of spent fuel to
be reprocessed. Since 1980 the discharge burn-up (rod maximum) has increased in Germany from
around 35 to 60 MWd/kgU and is projected to reach 75 MWd/kgU over the next decade. There is
concern, however, that the attainable burn-up may be limited by the growth of the high burn-up
structure above 60 MWd/kgU [1]. This concern arises from the assumption that as burn-up is
increased a point will eventually be reached at which a large fraction of the fission gas that is
accumulated in the pores of the high burn-up structure will be released to the rod-free volume. Such a
release would inevitably result in a deterioration of the fuel rod performance and could possibly lead
to fuel rod failure.
Since 1998 the Institute for Transuranium Elements and Siemens Nuclear Power GmbH,
previously the Siemens-KWU Group, have been co-operating in a study of the performance of PWR
fuel at burn-ups beyond 60 MWd/kgU, which is roughly the current discharge burn-up for LWR fuel
in Germany. The focus of the work is fission gas release and fuel swelling and the contribution that the
high burn-up structure makes to these quantities. Most of the findings contained in this paper were
presented at the American Nuclear Society’s meeting in April of this year [2]. A new addition includes
data for the Xe/Kr ratio of the plenum gas. Also new is the presentation of the porosity in the high
burn-up structure as a function of the local burn-up, which shows a linear relationship, and the use of
radial EPMA Cs profile to assess the level of gas release from the high burn-up structure. Furthermore,
in the discussion section results are presented from a recent study of the diffusion coefficient, Xe,
which revealed that radiation-enhanced diffusion can account for the observation of an equilibrium
concentration of around 0.25 wt.% Xe in the re-crystallised grains of the high burn-up structure.
Fuel characteristics and irradiation history
Design characteristics of the fuels are given in Table 1 and irradiation history of the fuel rods is
shown in Figure 1. Enrichment was increased to 3.5-4.2 wt.% to reach high burn-ups in a core of fresh
fuel assemblies. A special high strength zirconium cladding was used to reduce the risk of rod failure.
Table 1. Fuel pellet and rod design characteristics
Pellet diameter (mm)
Initial Enrichment (wt.% 235U)
Fuel density (%TD)
2-D grain size a (µm)
Diametrical gap (µm)
He fill gas pressure (bar)
Cladding material
a

9.3
3.5-4.2
0.95
9-12
160-190
22.5
Zr + 1% Nb

Linear intercept.

The fuel rods were irradiated in a commercial PWR reactor for up to nine consecutive annual
cycles. High burn-up was achieved by inserting the rods in a carrier assembly containing a partially
burnt fuel. The transfer to the carrier assembly was made at the end of the fourth irradiation cycle
when the rods had reached their normal discharge burn-up in the region of 60 MWd/kgU. From Figure 1
it is seen that during the first four cycles the average power rating fell from 34 to 20 kWm–1. After
transfer to the carrier assembly, the power rating decreased more gradually from 18 kWm–1 in the fifth
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Figure 1. Irradiation history of the fuel rods examined
The rods were irradiated in Westinghouse type 15 × 15 fuel assemblies in a commercial PWR
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irradiation cycle to 14 kWm–1 in the ninth and final cycle when a burn-up close to 100 MWd/kgU was
reached. The power ratings obtained in the carrier assembly are calculated to have induced centreline
temperatures of around 1 000ºC over the whole period of extended irradiation.
Results
Fractional fission gas release
The results of rod puncturing are shown in Figure 2. It can be seen that the percentage of fission
gas released to the rod-free volume increased with burn-up in a continuous manner. At the highest
burn-up 98 MWd/kgU, a release of 23% was measured, which is nearly three times higher than the
percentage of fission gas released at 60 MWd/kgU.
Figure 2. Percentage of fission gas released to the rod-free volume
With increase in rod average burn-up from 50 to 100 MWd/kgU the percentage
of fission gas released from the fuel increases from less than 10% to around 25%
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Ratio of Xe and Kr isotopes in plenum gas
Schrire, et al. [3] have proposed that an indication of whether an important fraction of the fission
gas contained in the plenum originates from the rim region might be obtained from the Xe to Kr ratio
in the gas. This idea is based on the knowledge that the Xe/Kr ratio is about 7 in gas resulting from the
fission of 235U, whereas it is about 19 for gas produced by the fission of 239Pu, and that the
accumulation of burn-up at the pellet rim almost entirely results from the fission of Pu, while it is
mainly due to the U fission in all other regions.
The Xe to Kr ratio of the gas in the rod-free volume is shown in Figure 3. The data were obtained
by isotopic analysis of the gas released from the rod on puncturing using mass spectrometry. Also
included in the figure are the results of calculations made with the TRANSURANUS code [4]. It can
be seen that the experimental data points straddle the calculated curve. The agreement may be
fortuitous, however, because the TRANSURANUS calculations were made using estimated values for
the linear power rating.
Figure 3. Xe to Kr ratio of the gas in the rod-free volume related to the
pellet burn-up for fuel rods from a single reactor and an enrichment of 3.5%
The relationship predicted with the TRANSURANUS code is included for the purposes of comparison
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Radial distribution of Xe retained in the fuel grains
EPMA concentration profiles for the radial distribution of Xe retained in the UO2 grains of four
PWR fuel pellets with burn-ups of 55, 70, 83 and 102 MWd/KgU are shown in Figure 4. It can be seen
that at 55 MWd/kgU the concentration of Xe drops sharply at the pellet surface showing that the high
burn-up structure has begun to form. Between this point and r/ro = 0.7, where thermally activated
release begins, there is complete retention. Between r/ro = 0.7 and the pellet centre the concentration
retained gas gradually decreases from 0.7 to 0.2 wt.%. At 70 MWd/kgU, the concentration of retained
gas in the region between r/ro = 0.6 and 0.9 has increased markedly. In this region all the fission gas
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Figure 4. EPMA concentration profiles for the radial distribution of Xe retained
in the UO2 grains of four PWR fuels with burn-ups of 55, 70, 83 and 102 MWd/kgU
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created during the irradiation is completely retained. The high burn-up structure penetrates to r/ro = 0.9
and as a result the concentration of retained Xe falls steeply in the interval between this radial position
and the pellet surface. Between r/ro = 0.6 and the pellet centre the effect of thermal release is clearly
visible. In this region the concentration of retained gas drops from about 1 wt.% at r/ro = 0.6 to
0.3 wt.% at r/ro = 0.4 and then levels off. At 83 MWd/kgU, over the whole fuel radius a large
percentage of fission gas is missing from the fuel grains. Between r/ro = 0.6 and the pellet surface, the
observed Xe depletion is due to the presence of the high burn-up structure. In the central region of the
pellet, thermal gas has progressed further and low concentrations of retained Xe are measured out to
r/ro = 0.5.
At the highest burn-up of 102 MWd/kgU a low Xe concentration of 0.1 to 0.3 wt.% is measured
over the entire fuel radius. In the outer part of the fuel the low concentration suggests that the high
burn-up structure has been fully developed; that is to say, no untransformed UO2 grains exist. In the
central region of the fuel, the low concentration of Xe is a consequence of the fact that thermally
activated release is everywhere complete.
Development of the high burn-up structure with burn-up
Optical microscopy results for the growth of high burn-up structure with burn-up are shown in
Figure 5. It is seen that penetration of the high burn-up structure in the fuel increases smoothly with
burn-up. Above 60 MWd/kgU the width of the zone containing the high burn-up structure increases
markedly and at 102 MWd/kgU it extends over more than 1 mm to r/ro = 0.75. This probably
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represents the greatest depth to which the high burn-up structure can penetrate in commercial light
water reactor fuel. Further extension of the structure is limited by the occurrence of
thermally-activated processes that begin at about 1 000°C.
Figure 5. Penetration depth of the high burn-up structure as a
function of the pellet burn-up as revealed by optical microscopy
At 100 MWd/kgU the high burn-up structure extends over a distance of about 1.15 mm to r/ro = 0.75
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With increase in burn-up, not only does the zone in the outer region of the fuel containing the
high burn-up structure increase in width, but also the fraction of the fuel microstructure that is
transformed increases and the gas pores of the high burn-up structure grow in size and increase in
number. Optical micrographs showing the appearance of the high burn-up structure in pellets with
burn-ups of 67 and 102 MWd/kgU are shown in Figure 6. Attention is drawn to the fact that the gas
pores of the high burn-up structure are appreciably larger at the higher burn-up. Moreover, at
67 MWd/kgU the pore distribution is irregular from which it is inferred that the microstructure has
only partially transformed. Another important detail is that the pores at the fuel surface in the pellet
with a burn-up of 102 MWd/kgU are extremely large compared with those present just 100 µm further
in. This extraordinary growth is assumed to have occurred because at ultra-high burn-up there is a
large reservoir of vacancies at the pellet rim where the local fission density is two to three times higher
than in the body of the fuel. As to the porosity in these microstructures, at the surface of the fuel with a
burn-up of 67 MWd/kgU 10% to 15% porosity was measured. At the same location, 20% to 25%
porosity was found in the fuel with a burn-up of 102 MWd/kgU. At a distance of about 250 µm from
the pellet rim, the local porosity in the two fuels was around 5% and 10%, respectively.
In Figure 7 the porosity in the high burn-up structure in three PWR fuel pellets with burn-ups of
67, 83 and 102 MWd/kgU is related to the local burn-up calculated from the concentration of fission
product Nd measured by EPMA. As expected the porosity in the high burn-up structure increases
linearly with burn-up confirming that its level is directly dependent on the local concentration of
fission gas. Lassmann, et al. [5], using porosity data from a different campaign of measurements on
the fuel pellet with a burn-up of 67 MWd/kgU, which gave distinctly lower porosity values, also report
finding a linear relationship.
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Figure 6. Optical micrographs showing the appearance of high burn-up
structure in PWR fuel pellets with burn-ups of 67 and 102 MWd/kgU
The size and number of pores has increased markedly at 102 MWd/kgU (unetched)

67 MWd/kgU

102 MWd/kgU

20 µm

20 µm

Figure 7. Porosity of the high burn-up structure related
to the local burn-up in the outer region of the fuel pellet
The burn-up was calculated from the fission product Nd concentration
measured by EPMA assuming that 0.010 wt.% Nd corresponds to 10 MWd/kgU
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The widespread formation of the high burn-up structure in the outer region of the fuel results in a
noticeable increase in the fuel-swelling rate. This is evident from the measurement of the density of
individual fuel pellets. Figure 8 shows how the density of individual PWR fuel pellets changes with
burn-up. The solid line represents the density change arising from matrix swelling; that is, the
replacement of heavy metal atoms by fission product atoms. As indicated this corresponds to a
swelling rate of 1% per 10 MWd/kgU [6]. It can be seen from Figure 8 that between 40 and
65 MWd/kgU the swelling rate of the fuel is only slightly higher than that caused by the incorporation
of fission products in the fuel lattice. Above 65 to 70 MWd/kgU, however, the data points deviate
increasingly from the solid line, and the change in slope indicates a 50% increase in the swelling rate
to 1.5% per 10 MWd/kgU. This marked increase in swelling rate is directly attributed to the
development of the porous high burn-up structure in the outer region of the fuel.
Figure 8. Fuel pellet density as a function of the pellet burn-up
The solid line represents the density change resulting from the incorporation of fission
products in the UO2 lattice which corresponds to a swelling rate of 1% per 10 MWd/kgU
100
Matrix swelling rate of 1% per 10 MWd/kgU
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Discussion
Contribution of the high burn-up structure to fractional fission gas release at high burn-up
Despite the fact that the high burn-up structure has been studied for almost a decade and an
international project dedicated to understanding the phenomenon has been running since 1993 [7], it is
still unclear whether fission gas is released from the structure to the rod-free volume. Early
investigations using X-ray fluorescence analysis (XRF) [8] rim and micro-coring [9] on UO2 pellets
with burn-ups of 40-55 MWd/kgU in which the formation of the high burn-up structure was restricted
to the pellet rim indicated that the fission gas was completely retained in the structure. For pellets with
burn-ups above 60 MWd/kgU in which the high burn-up structure penetrates beyond the rim region
(see Figure 5), the situation is less certain; however, several different techniques including XRF [10],
dissolution of fuel samples in a molten salt mixture [11] and determination of the Xe/Kr ratio in the
puncture gas, have been employed in recent years [3]. The results from both XRF and the dissolution
experiments suggest that a small fraction of gas is released to the rod-free volume (see Figure 9).
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Figure 9. XRF and EPMA results for retained Xe in fuel sections at the peak
power position in rod BK365 irradiated in the Battelle High Burn-up Project
The error bar on the XRF concentrations marks the confidence limit at the 99% level (3 σ); pellet burn-up 83 MWd/kgU
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In a paper [12] presented at this meeting by Schubert it is proposed that the situation can be
clarified if the radial Cs profile measured in the pellet by EPMA is used to determine the percentage of
fission gas release resulting from thermally-activated processes. This is based on the finding that the
Cs distribution is unaffected by the formation of the high burn-up structure [13] and that the effective
diffusion coefficients for Xe and Cs are similar at temperatures above that required for thermal
restructuring [12,14]. Application of the idea to the high burn-up Siemens fuels referred to in this
paper shows that it has merit. In Table 2 the fractional gas release for a given rod is compared with the
EPMA result for the percentage of Cs release from a fuel sample from the region of high power rating
in that rod. It is seen that the agreement between the two different quantities is remarkably good
indicating that little or no gas was released from the high burn-up structure to rod-free volume.
Table 2. Comparison of results for fractional fission gas
release from rod puncturing and for Cs release from EPMA
Rod average burn-up
(MWd/kgU)

Fractional gas release
(%)

Pellet burn-up
(MWd/kgU)

Cs release
(%)

45
60
63
78
90
98

08.0
08.2
09.0
11.5
22.3
22.8

050
065
067
083
090
102

08.0
08.0
08.2
11.0
19.9
26.3

Some remarks on the use of the Xe/Kr ratio to solve the problem of the origins of the gas released
to the rod-free volume appear to be warranted. Results for the change in the Xe/Kr ratio of the gas
released on puncturing with increase in burn-up are shown in Figure 3. It is seen that the ratio
increases approximately linearly with burn-up; that is, with the build-up of the fissile isotopes 239Pu
101

and 241Pu in the fuel. These findings imply that the release of fission gas was fairly evenly distributed
over the fuel cross-section. In fact Lassmann, et al. [5] have shown from calculations with the
TRANSURANUS code that a marked jump in the Xe/Kr ratio will occur only if release in the central
region of the fuel abates and gas release is restricted to the pellet rim where the build-up of Pu caused
by neutron capture is excessive [15] (see Figure 10). Since the experimental data in Figure 3 do not
exhibit a step, it can be concluded that this did not occur in the rods examined.
Figure 10. Results of a calculation made with the TRANSURANUS
code showing how the Xe/Kr ratio of the plenum gas would change
if above 40 MWd/kgU gas release was restricted to the pellet rim [5]
The curve shown represents a typical example – the Xe/Kr ratio will change with fuel design and irradiation conditions
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Mechanism responsible for release of fission gas from re-crystallised grains of high burn-up structure
Probably the most intriguing finding from the EPMA profiles in Figure 4 is that the concentration
of Xe in the re-crystallised grains of the high burn-up structure does not increase with burn-up, but
remains at around 0.25 wt.% following the transformation of the microstructure. Sontheimer [16] has
pointed out that this concentration corresponds to the saturation limit for fission gas atoms in the UO2
lattice at temperatures below 550ºC reported by Zimmerman [17].
The finding that the concentration of Xe retained in the re-crystallised grains does not increase
with burn-up suggests that soon after gas atoms are created in the UO2 lattice they diffuse to the grain
boundaries. Bremier and Walker [18] have recently confirmed that irradiation-enhanced diffusion can
result in the release of large fractions of fission gas at the temperatures of 400°C (temperature of the
fuel surface) during a single reactor cycle. Using the mathematical solution to the equivalent sphere
model of Booth that is applicable to in-pile release of stable fission gas isotopes and that takes into
account the production rate of the gas [19], the fraction of fission gas released from grains 0.025 to
0.3 µm in diameter during periods of up to four years was calculated. Further, in additional
calculations the Xe diffusion coefficient, DXe, and time, t, needed to obtain an equilibrium-retained gas
concentration of 0.2 and 0.3 wt.% were determined using the solution:
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D Xe =

βa 2
15c( t →∞ )

(1)

where β is the gas atom creation rate, a is the radius of the re-crystallised UO2 grains and c(t →∞ ) is the
equilibrium gas concentration in the grains. The time to reach this equilibrium is approximately 3τ,
a2
where τ is the time constant that is equal to 2
.
π D Xe
Figure 11 shows results of the calculations for fractional release from re-crystallised grains in one
year. It is seen that at DXe = 10–21 m2s–1 a fractional release higher than 0.9 is obtained from the
complete range of grain sizes found in the high burn-up structure. At DXe = 10–22 m2s–1 a similarly high
fractional release is obtained from grains smaller than 0.15 µm and at DXe = 10–23 m2s–1 from grains
smaller than 0.04 µm. For grains of 0.1 and 0.3 µm diameter, the fractional release obtained in one
year at DXe = 10–23 m2s–1 is 0.61 and 0.25, respectively.
Figure 11. The fractional release of fission gas, ƒ, obtained after 1 year as a
function of the size of re-crystallised grains and Xe diffusion coefficient, DXe
Fractional release, ƒ, is the ratio of the total amount of gas released by a grain in time
interval, t, to the total amount produced in that grain in the time period by neutron irradiation
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As seen from Eq. (1) for a given grain size the time required to reach a specific equilibrium
concentration of retained gas not only depends on the diffusion coefficient but also on the fission rate.
Apparently, equilibrium is achieved more quickly at high fission rates with only a marginal increase in
the diffusion rate. Thus, for a burn-up increment of 1% FIMA per annum (typical for a fuel pellet
cross-section) an equilibrium Xe concentration of 0.2 to 0.3 wt.% in grains of diameter 0.1 to 0.3 µm
requires a diffusion coefficient of 2.4 × 10–24 to 2.2 × 10–23 m2s–1 and takes 7 to 10 years. In contrast,
for a burn-up increment of 3% FIMA per annum (typical for the fuel pellet rim) the equilibrium
concentration is established in 2-3 years with a diffusion coefficient of 7.2 × 10–24 to 9.8 × 10–23 m2s–1.
It should be noted that these diffusion coefficients are the same order of magnitude as the
radiation-enhanced diffusion coefficient obtained with the equation of Turnbull [20]:
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DXe = (A·exp–35000/T) + (B· F& 0.5·exp–13800/T)

(2)

where the A and B are constants, F& is the fission rate in cm–3s–1 and T is the local temperature in K.
The constant A is 7.6 × 10–10 m2s–1 and B· F& 0.5 is 1.53 × 10–15 m2s–1 when the fission rate, F& , is
1013 cm–3s–1. The first term on the right represents the thermal contribution, whilst the second term
represents the radiation enhancement.
Summary and conclusions
With increase in rod burn-up from 50 to 100 MWd/kgU, fission gas release from the commercial
PWR fuels investigated increased by more than a factor of three from 8% to around 25%. Thermal
fission gas release from the central region of fuel pellets was apparently responsible for most of the
increase in release. In the outer region of the fuel, penetration of the high burn-up structure increased
markedly with burn-up, and at a pellet burn-up of 102 MWd/kgU it extended over a distance of
1.15 mm to about r/ro = 0.75. Porosity in high burn-up structure increased linearly with the local
burn-up, and in fuel pellets with burn-ups greater than 80 MWd/kgU the pores in the vicinity of the
pellet rim showed a distinct increase in size. Above a pellet burn-up of about 70 MWd/kgU
widespread formation of high burn-up structure caused the fuel swelling rate to increase from 1% to
1.5% per 10 MWd/kgU. The concentration of Xe retained in the grains of the high burn-up structure
did not increase with burn-up, but remained at a low level of around 0.25 wt.% over the whole burn-up
range studied.
Radiation-enhanced diffusion is responsible for the release of fission gas from the re-crystallised
grains of the high burn-up structure. There is no appreciable build-up of gas in the re-crystallised
grains with increase in local burn-up above 60 MWd/kgU, the approximate burn-up at which
transformation of the fuel microstructure occurs, because equilibrium exists between the rate at which
the gas atoms are produced by nuclear fission and the rate at which they diffuse to grain boundaries.
The diffusion coefficient required to obtain an equilibrium xenon concentration of 0.2-0.3 wt.% in
grains 0.1-0.3 µm in diameter is of the order of 10–24 to 10–22 m2s–1.
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Abstract
Fission gas release data were generated on 13 fuel elements from the two boiling water reactors
(BWRs) at the Tarapur Atomic Power Station (TAPS). The burn-up of these fuel elements varied from
3 000 to 24 000 MWd/t. The fuel elements were taken from fuel assemblies that were irradiated at
different core locations in single and multiple irradiation cycles. A new fission gas measuring set-up
was designed and fabricated to analyse fuel elements with low void volumes and low fission gas
releases. Fifteen experimental mixed oxide (MOX) fuel pins were fabricated and irradiated in the
pressurised water loop (PWL) of the CIRUS reactor to burn-ups ranging from 2 000 MWd/t to
16 000 MWd/t. The fission gas release from MOX fuels was predicted with the computer code
PROFESS using the fuel fabrication and irradiation data. The results from the fission gas release
measurements from some of the irradiated MOX fuel elements are compared with those predicted
using the code.
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Introduction
India has two boiling water reactors (BWRs) each with a capacity for the generation of 165 MWe
and nine pressurised heavy water reactors (PHWR) each with a capacity of 220 MWe. The BWRs use
enriched UO2 as the fuel and the PHWRs use natural UO2 as the fuel. The fuel utilised in PHWRs is
reprocessed to extract Pu. This Pu will be used in fast reactors, which is the second stage of the Indian
nuclear power programme. As a part of the Pu recycling programme, MOX (e.g. the mixed oxide of
Pu and natural U) will be used in the BWRs.
In order to evaluate performance of the MOX fuel, experimental fuel element clusters containing
MOX (4% PuO2 + 96% nat. UO2) were irradiated in the pressurised water loop (PWL) of the research
reactor CIRUS at Trombay, up to a burn-up of about 16 000 MWd/t.
Based on the successful irradiation of these test fuels, ten MOX bundles were loaded in the TAPS
BWRs. Four out of the ten bundles are discharged at the average burn-up of 16 000 MWd/t. The burn-up
limit of 16 000 MWd/t for the MOX fuel was fixed based on the irradiation experience of experimental
MOX fuel elements irradiated in CIRUS. Extension of burn-up of MOX fuel beyond this value will
depend on the results obtained from the post-irradiation examination of fuel elements from this bundle.
MOX fuel is proposed to be used in the PHWRs. The aim is to increase the average discharge burn-up
of the PHWR fuel from 6 000 MWd/t to around 14 000 MWd/t.
Gases Xe and Kr constitute 15% of the fission products from oxide fuels. These gases are
insoluble in the fuel and hence are contained in the fuel matrix in supersaturated state. They tend to
migrate at high temperatures and get released to the pores/voids in the fuel matrix. These gases, if
released, will decrease the thermal conductivity of the gap between the fuel and the zircaloy cladding.
This decreased thermal conductivity will increase the temperature of the fuel and thereby lead to more
release of the gases. These gases will also increase the internal pressure of the fuel element and
subsequent stressing of cladding. Hence, the feedback information on the fission gas release is being
generated to enhance the MOX fuel burn-up beyond 16 000 MWd/t. For these reasons, experimental
measurement of gas release and development of reliable computer codes for prediction of fission gas
release are very important. Work carried out in these areas is presented in this paper.
Experimental
Thirteen fuel elements removed from TAPS BWR were evaluated for fission gas release. Their
burn-up ranged from 3 000 MWd/t to 24 000 MWd/t. The experimental MOX fuel pins were fabricated
in the Radiometallurgy Division and irradiated in the PWL of CIRUS. The fabrication details are
given in [1].
A schematic diagram of the fission gas release measurement set-up is shown in Figure 1. Based on
the experience gained from the system used for fission gas release measurements from irradiated BWR
fuels, a new set-up was designed and fabricated to analyse fuel elements with low void volumes and
low fission gas releases, namely, PHWR fuels and experimental MOX fuel elements. The fission gas
collection and analysis system consists of the components discussed in the following sections.
Puncture chamber
Two types of puncture chambers were used. The one used for the BWR fuel element had a large
volume and could accommodate the plenum region of the fuel element. The one used for experimental
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MOX fuel has a very low internal volume. The drill is spring-loaded and has a neoprene shoe. This has
a low void volume and can be used in cases where the expected releases are less. The puncture
chamber is located inside the hot cell.
Fission gas collection system
The fission gas collection system used for BWR fuel was made of glass and had a large system
volume. It had a Tocpler pump to transfer the gases and was fitted with a mercury manometer to
measure the pressure of gases. The system also had three calibrated volumes connected to it. The one
used for MOX fuel fission gas release measurements was made of small diameter steel tubing and was
fitted with a capacitance diaphragm gauge to measure gas pressure. This system has two calibrated
volumes connected to it. A small diameter tube was used to connect the puncture chamber kept inside
the hot cell to the fission gas collection system.
Fission gas analysis system
A gas chromatograph was used to analyse the fission gas composition. He is used as the carrier
gas and a PC is used for its control and analysis of results. The gas chromatograph was calibrated
using Xe and Kr mixtures of known compositions, both at atmospheric pressures and at lower
pressures. In addition to the chromatograph, a quadrupole mass spectrometer is also available to obtain
the isotopic contents of the released gas.
The procedure used for the measurement of the volume of the gas, composition of the gas and the
void volume of the fuel element, and the composition of the gas is given in an earlier publication [2].
The quantity of fission gas generated in the fuel was estimated by the following equation:
VG = 30 W.B.
where W is the weight of the fuel in kg, B equals the fuel element burn-up in GWd/t, and VG equals the
volume of fission gas generated in the fuel in ml at STP.
The percentage of released fission gas is calculated by:
100 × 〈VR ÷ VG 〉

where VR is the volume of the fission gas released as estimated by the experiment.
Computer code PROFESS
A fuel performance analysis code, PROFESS, was developed for analysis and interpretation of
PIE results generated on irradiated fuel pins [3,4,5]. PROFESS is an axisymmetric one-dimensional
code. It considers in-pile fuel densification, solid fission product swelling, gaseous fission product
swelling, fuel restructuring, steady state fission gas release, transient fission gas release, fuel relocation
and cladding creep for prediction and analysis of fuel pin behaviour. PROFESS participated in the
IAEA D-Com Blind problem exercise held 1983-1985 and in the FUMEX exercise organised by
IAEA in 1992-1996.
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Prediction of fission gas release in MOX fuel pins
The early version of the PROFESS computer code was used to predict fuel centre temperature
and fission gas release in MOX fuel pins of the AC-2 cluster. Actual fuel pin data documented during
fabrication of the MOX fuel pins were used as input in the code. The values of fuel density, fuel pellet
diameter, fuel clad gap, cladding inner diameter and fuel grain size used for the calculations
correspond to the mid-fuel stack location. The power generation in the fuel pin was assumed to be
uniform along the length of the fuel pin.
Fission gas release modelling in PROFESS
Empirical models
PROFESS has five optional empirical fission gas release models incorporated in it for fission gas
release calculation. Out of these five models, two models have provided conservative release
compared to the other three models. One of these conservative models was used for the prediction of
the gas release. An empirical model for the transient fission gas release is also provided in the code.
A new advanced fission gas release model is under development and it is briefly described below.
Advanced fission gas release model
A microstructure dependent advanced fission gas release model is under development for UO2
and UO2-PuO2 mixed oxide fuel. An attempt is made in this model to include most of the important
physical processes involved in the fission gas release mechanism operating in the fuel during
irradiation. These processes include:
•

Diffusion of fission gas atoms through the fuel grain.

•

Sweeping of fission gases by the fuel grain boundary during grain growth.

•

Irradiation induced resolution of gas bubbles.

•

Accumulation of gas atoms on the fuel grain boundary.

•

Nucleation, growth and interlinkage of grain boundary bubbles.

•

Release of fission gases to the void space inside the fuel pin.

It is expected that the application of this model will lead to more realistic prediction of fission gas
release from the irradiated MOX fuels. This model will give grain size dependence of gas release,
which is not available in the empirical models. This model will be incorporated in the computer code
PROFESS.
Results
Table 1 displays the details of the fission gas release data obtained from the TAPS BWR fuel
elements. Out of the 13 fuel elements, eight are from Unit #1 and the rest are from Unit #2 of TAPS.
Their burn-ups ranged from 3 000-24 000 MWd/t. The majority of the elements had experienced either
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one or two fuel cycles except fuel elements TK 7685 and TM 2966. These two elements had
experienced the full five cycles of irradiation in the core. The centre temperatures given in the table
were estimated from the microstructural features observed in the high power region of the element [6,7].
The high power region was located by gamma scanning. The burn-up at this location was estimated by
radiochemical analysis. The measured fission gas release was in the range of 1% to 14%.
The results of fission gases released from the MOX fuel elements and their corresponding
burn-ups are given in Table 2. The table also gives the percentage fission gas release estimated using
the PROFESS code. Table 3 gives the list of the various performance parameters evaluated using the
PROFESS code for the MOX Cluster AC2 irradiated in CIRUS PWL.
The values given in Table 3 are for a fuel which contains unstable porosity and undergoes
densification during irradiation. For controlled porosity fuel pellets, the values of temperature and
fission gas release will be significantly lower. For example, calculations indicate that the centre
temperature in a stable and densification resistant fuel may be about 100°C lower than the above
values, which will result in considerably lower fission gas release.
A prediction of fission gas release was also made using all five empirical models for one of the
fuel pins (TP-1) to see the variation in the predicted values. The predicted gas release in this fuel pin
was found to be in the range 2.1%-11.4% where the higher value is from the conservative model.
Discussion
Fission gas release data from TAPS BWR
The fuel elements from TAPS reactors represent the standard fuel manufacturing practice in
vogue in the late sixties. The details of the pellet characteristics, particularly that of open porosity, is
not available for these fuel elements. The type of porosity of the sintered pellet will affect the quantity
of gases released. Since these fuel elements are a sample drawn from the regular lot of fuel elements
used in the nuclear reactors under actual operating conditions, the fission gas release data represent
what can be expected in a BWR of this type using a 6 × 6 fuel element geometry.
The per cent fission gas released from the TAPS fuels examined ranged from 1 to 14. The burn-ups
of the fuels ranged from 3 000 MWd/t to 24 000 MWd/t. Nine out of the 13 fuel elements examined
had released less than 5% of the fission gas generated in them. The four remaining elements had a
fission gas release in the range of 9% to 14%. The higher release in these fuel elements can be
attributed to one of the following factors:
•

High burn-up as in the case of the element TM 2966.

•

Gadolinia addition as in the case of fuel element GD1C 0072.

•

Proximity of the fuel pin to the control blade as in the case of the element KADB 44.

•

High operating power as in the case of the element ZA 0098.

Extension of burn-up of the MOX fuel currently under irradiation in TAPS BWRs beyond
16 000 MWd/t requires a demonstration of fission gas release in the same range as that for enriched
uranium fuel.
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Fission gas release data from experimental MOX fuel
The data given in Table 2 indicates that the percentage released measured on the MOX fuel
elements ranged from zero to 3.9%. AC4 M14 fuel pin indicated a high release at a burn-up of only
2 000 MWd/t. The chromatogram of the released gases showed an unexpected peak. Investigations are
being conducted to identify this component. The presence of this component in the cover gas could
have lead to a higher percentage of release in this fuel.
The fuel element AC4 M7 contained annular pellets and was filled with a mixture of He and Ar to
simulate the effects of lower gap conductance. However, the analysis of the released gas did not reveal
any Ar. In the chromatogram Xe and Kr peaks were not observed. At a burn-up of 2 000 MWd/t, a fuel
element with annular pellets is expected to retain all the fission gases generated within the matrix.
The fuel element AC4 M9 had released 3.9% of the gases generated. This pin has solid pellets.
Metallography is in progress to evaluate the reasons for the release of the gases at a low burn-up of
2 000 MWd/t.
The fuel elements AC2 TP4 and AC2 TP5 had a low release of fission gases. These pins were
irradiated at a low heat flux of 93 W/cm2. The filler gas used for these pins was He. Out of these, the
pin AC2 TP5 was positioned adjacent to a pin containing natural UO2 in the cluster. Because of this,
the pin would have operated at a higher heat flux than that for the pin AC2 TP4. A higher fission gas
release can be expected from this pin. This is confirmed by the 0.6% released measured for this pin as
compared to the 0.3% release measured for the pin AC2 TP4.
The minimum values of fission gas release predicted by the code PROFESS for the pins AC2 TP4
and AC2 TP5 are 1.7% and 2.5%, respectively. Though these values reflect the trend of the percentage
released measured for these fuel elements, the actual value for the releases are much lower, namely
0.3% and 0.6%. The code predicts the maximum fuel centre temperature in the region of 1 600°C.
However, the metallographic examination of the fuel cross-section indicates that the centre
temperatures tend to be less than 1 120°C, where interconnected grain boundary bubbles can be
observed. Hence, the gross overprediction of the fission gas release by the code can be attributed to the
overestimation of the fuel centre temperature by the code.
Conclusions
•

The fission gas release data of the reference UO2 fuel examined over a burn-up of
3 000 MWd/t to 24 000 MWd/t indicated a release of less than 15%.

•

The experimental MOX fuel irradiated up to a burn-up of 16 000 MWd/t at a heat flux of
93 W/cm2 had a low fission gas release of less than 1%.

•

The MOX fuel pin with annular pellets behaved as expected. No gas was released in the fuel
element at the operating heat flux of 110 W/cm2.
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Table 1. Fission gas release measured from TAPS BWR fuel elements

Fuel element
number

Element Number of
location in irradiation
the bundle
cycles

Unit #1
BD 2B0185
BD 3B0213
BD 3B0210
BF 1B0418
BD 2B0193
BD 2B0285
ZA 0098
ZC 0513
Unit #2
GD1 C0072
BD3 C0104
KA DB44
TK 7685
TM 2966

Element
burn-up
(MWd/t)

Centre
Volume of Percentage
temperature fission gases of fission
of the fuel released at
gases
(°C)
STP (ml)
released

A1
A6
F6
D3
A1
E6
B5
F6

1
1
1
1
1
1
2
2

6 600
6 600
7 300
7 100
8 900
9 700
11 100
12 700

–
<1 120
–
–
–
<1 120
1 250
1 200

8.6
16.6
8.4
20.9
27.1
61.1
189.6
62.1

1.0
1.9
0.9
2.2
2.3
4.7
12.7
3.7

B2
F1
F6
B5
A6

1
1
2
5
5

3 200
5 200
10 800
23 100
24 100

1 400
<1 120
–
1 230
<1 120

37.6
27.3
130
152
441.7

8.8
3.9
8.9
4.9
13.6

Table 2. Fission gas released measured from
experimental MOX fuel elements irradiated in CIRUS reactor

Pin
number

Burn-up
(MWd/t)

AC4 M9
AC4 M7
AC4 M14
AC2 TP4
AC2 TP5

2 000
2 000
2 000
16 000
16 000

Cluster
average
heat flux
(W/cm2)
110
110
110
93
93

Volume of
fission gases
released at
STP (ml)
1.3
Nil
11.7
0.9
1.6

Percentage
fission gas
released
3.9
Nil
*
0.3
0.6

Percentage fission gas
released as predicted
using PROFESS
Minimum Maximum
–
–
–
–
–
–
1.7
9.5
2.5
13.9

* There was an additional peak in the chromatogram. Hence, the release could be lower than this value.

Table 3. Prediction of temperature and fission gas release
in the fuel pins of MOX AC-2 cluster using PROFESS
Sl. no.
1
2
3
4
5

Performance parameter
Maximum fuel centre temperature (°C)
Maximum fission gas release (%)
Volume of fission gas released (ml, STP)
Internal gas pressure inside pin (psi, hot)
Internal gas pressure inside pin (psi, cold)
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Predicted range
1 586-1 674
9.5-13.9
28.0-41.8
414-574
181.5-239.2
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Figure 1. Schematic diagram of fission gas collection and measuring system
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Abstract
The paper describes the International Fuel Performance Experimental (IFPE) database on nuclear fuel
performance. The aim of the project is to provide a comprehensive and well-qualified database on Zr
clad UO2 fuel for model development and code validation in the public domain. The data encompass
both normal and off-normal operation and include prototypic commercial irradiations as well as
experiments performed in material testing reactors. To date, the database contains some 380 individual
cases, the majority of which provide data on FGR either from in-pile pressure measurements or PIE
techniques including puncturing, electron probe microanalysis (EPMA) and X-ray fluorescence (XRF)
measurements. The paper outlines parameters affecting fission gas release and highlights individual
datasets addressing these issues.
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Introduction
Data from PIE and in-pile measurement of rod internal pressure have shown that fractional
release is very dependent on fuel temperatures. Predictive models based on single gas atom diffusion
through the UO2 lattice, with a characteristic temperature dependent diffusion coefficient, have been very
successful for predicting data where the fractional release was equal to or greater than around 10%.
However, such models were poor at predicting low values of gas release and release values at low
irradiation temperatures or short times. In particular, PIE of modestly rated power reactor fuel showed
very small fission gas release (FGR) even after three-cycle irradiation and burn-up levels approaching
30 MWd/kg UO2. In this regime, an empirical relation of 0.7% release per 10 MWd/kg UO2 gave
satisfactory predictions for a wide range of fuel designs.
These observations lead to the concept of a “threshold” which distinguished between irradiation
histories resulting in either “low” or “high” fractional fission gas release, and the conditions that
resulted in a translation between the two regimes. With this approach, it is possible to reconcile the
data in terms of a low temperature burn-up dependent correlation, a criterion for the start of enhanced
release based on burn-up and temperature, and a high temperature diffusion-based release mechanism.
The perfection of in-pile instrumentation to measure fuel temperatures and rod internal pressure
during irradiation allowed investigators at the Halden Reactor Project [1] to determine the point and
conditions during irradiation when enhanced FGR commenced. From measured increases in pressure
they derived an empirical threshold between “low” (e.g. <1%) and “high” (e.g. >1%) FGR in terms of
fuel centreline temperature TF (°C) and burn-up BU (MWd/kg UO2) as follows:
BU = 0.005 × exp(9 800/TF)
Although derived from Halden experimental fuel rods, the correlation has been shown to work
with equal success for a variety of fuel manufactures and designs. Recent studies have shown that the
criterion can also be successfully applied to MOX fuel [2]. Theoretical explanations for the threshold
have been proposed in terms of the accumulation of gas atoms on grain boundaries by diffusion
tempered by irradiation re-solution [3].
With this general framework for FGR it is the purpose of the IFPE database to provide sufficient
information to allow modellers to develop individual models describing the several processes
contributing to release and also allow them to validate code predictions as a whole. At present, the
database comprises some 380 individual cases [4] and covers most of the parameters of interest for
FGR modelling. These can be broadly grouped under: rod design, vendor/manufacturing process and
irradiation history as elaborated in the following sub-sections, and are followed by a brief description
of the most appropriate datasets and the areas where they contribute.
Rod design
Under this heading may be considered the effect of fuel clad gap size, fill gas pressure and
composition, axial transport of released gases to the plenum and the difference between hollow and
solid pellets. The influence of gap size comes mainly through its effect on fuel temperatures where the
larger the gap, the higher the temperatures across the pellet radius. Later during irradiation, small or
closed gaps formed as a result of clad creep-down and fuel swelling also restricted axial transport of
released fission gases along the active fuel column. This leads to a “poisoning” of the gap thermal
conductivity and a positive feedback on FGR. This poisoning is reduced for high initial helium fill
pressures, and rod pressure is a variable addressed in several programs, e.g. the High Burn-up Effects
Program (HBEP).
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By removing the central part of a fuel pellet it was hoped to reduce centreline temperatures and
hence reduce FGR. Unfortunately this aim is confounded by the need for higher linear heat rates for
hollow compared to solid pellets in order to extract the same amount of power. However, there are
other perceived benefits for hollow pellets, namely in reducing pellet clad mechanical interaction
(PCMI). A comparison of performance can be obtained from within the HBEP and the Siemens
RE Ginna experiment datasets.
Vendor/manufacturing process
Even with identical rod design and irradiation conditions, fuel rods supplied by different vendors
will not behave identically, due to differences in pellet fabrication route and differences in clad
properties, particularly clad creep-down as indicated above. The major influences on FGR come from
UO2 grain size, as this affects the diffusion distance that a gas atom must cover before being released.
The effects of additions like gadolinia (Gd2O5) as a burnable poison or Nb2O5 or Cr2O3 as a grain
growth promoter can affect both the UO2 thermal conductivity and the gas atom diffusion coefficient.
Pellet density and dimensional stability affect the thermal behaviour of the pellet and therefore indirectly
the fission gas release. Regarding dimensional stability, pore size distribution and not just density is
the important parameter; for the same density, a distribution of large pores is more stable against
densification than a distribution of small pores and is therefore likely to show a lower FGR behaviour.
Irradiation history
Under this heading can be considered: normal operation, power transients, power cycling, loading
scheme and discharge burn-up. These are generic to any type of reactor; in addition, reactor type can
be added (PWR, BWR, CANDU, WWER, etc.) as each have different modes of operation. With the
single exception of power cycling, the IFPE database addresses all of these. It is hoped to add power
cycling in the future, but many experiments have shown that this mode of operation does not have a
specific influence on FGR. Although not addressed further in this paper, it is worth noting that the
database includes information on the escape of fission products from defected fuel under different
regimes of power including power cycling where the enhanced release of 131I becomes very important
from a reactor safety stand point.
IFPE datasets
This section gives a brief description of the datasets containing important information regarding
the fission gas release process and the parameters influencing it. The database is available to anyone
contacting the NEA in Paris and is supplied on a CD which includes all datafiles in ASCII format and
accompanying reference documents as PDF files.
High Burn-up Effects Programme
The HBEP was an international, group-sponsored programme managed by Battelle North West
Laboratories whose principal objective was to obtain well-characterised data on fission gas release for
typical LWR fuel irradiated to high burn-up levels. The program was organised into three tasks. Under
Task 2, 45 existing fuel rods – either at moderate burn-up levels or undergoing irradiation to higher
burn-up levels – were identified, acquired and subjected to PIE. Some rods were also subjected to
power-bumping irradiations. In Task 3, a series of fuel rods were built for irradiation in BR3 to high
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burn-up levels. Four design variations and three variations in operational history were used to study the
effect of design and operation parameters on high burn-up FGR. This program provides a substantial
amount of data on fission gas release and the variations observed with different vendors and
manufacturing routes, different reactor systems and different characteristics of the fuel. In the latter case
it is possible to quantify the different release between high and low internal pressure, hollow versus solid
pellets, as well as due to the effect of different grain sizes and adding gadolinia to the UO2 pellets.
A total of 45 rods were considered under Task 2 and 37 rods for Task 3, all of which have been included
in the database.
To investigate the relationship between fuel microstructure and local retention of fission products,
three special post-irradiation examinations were performed in addition to the standard post-irradiation
examinations (visual, rod puncture and gas analysis and ceramography). The special examinations
included electron probe microanalysis (EPMA) and X-ray fluorescence (XRF) for radial profiles of
retained fission products and scanning electron microscopy (SEM) to supplement the optical microscopy
examinations of the fuel microstructure. Using these techniques, fission gas atom depletion in the rim
region was detected and measured. Also, it has been assumed that grain size must be doubled in order
to obtain significant local FGR through grain boundary sweeping. No correlation between a doubling
of grain size and local FGR (as measured by EPMA and XRF) was discerned for the HBEP fuels.
This applied to both bumped and non-bumped fuel rods.
Risø Transient Fission Gas Release Project and the Third Risø Fission Gas Release Project
In the Risø Transient Fission Gas Release Project (Risø II), short lengths of irradiated fuel were
fitted with in-pile pressure transducers and ramped in the Risø DR3 reactor. The fuel used came from
either IFA-161 irradiated in the Halden reactor or from segments irradiated in the Millstone BWR. Using
this refabrication technique, it was possible to back-fill the test segment with a choice of gas and gas
pressure and to measure the time dependence of fission gas release by continuous monitoring of the
plenum pressure. The short length of the test segment was an advantage because, depending on where
along the original rod the section was taken, burn-up could be a chosen variable, and during the test the
fuel experienced a single power. Some segments were tested without refabrication. Here the fuel stack
was longer than in the case of the refabricated tests and hence the segments experienced a range of
powers during the ramp depending on axial position in the test reactor. These “unopened” segments were
used to confirm that refabrication did not affect the outcome of the tests. Extensive hot cell examination
compared the fuel dimensions and microstructure before and after the tests.
Some 17 tests were performed and all but one (which failed) have been included in the database and
provide valuable information on fission gas release during power transients at high burn-up as well as
clad diametral deformation and fuel swelling as a function of ramp power and hold time. Figure 1 shows
the evolution of fission gas release as a function of time during the power ramp for one of the tests using
fuel from IFA-161. At each step, the fractional gas release shows a square root dependence on time,
which is characteristic of release by a diffusion type process. The sudden increase in release at the end of
the test on decreasing power shows that towards the end of the hold time, there was contact between the
fuel and the cladding, thus causing a restriction to the axial communication to the plenum where the
pressure transducer was situated. This was confirmed by a comparison of diameter traces before and
after the test, which showed no significant diameter increase but a significant increase in permanent
ridge height. The database also includes diametral profiles of retained fission products measured by
EPMA and XRF. The radial position for the onset of release is clearly evident in Figure 2. It is argued
that the difference between the two types of measurements on retained xenon can be taken as the gas
residing on grain boundaries, e.g. the difference between the total gas content (XRF) and the gas residing
only in the matrix (EPMA).
120

The third and final Risø Project bump tested fuel re-instrumented with both pressure transducers
and fuel centreline thermocouples. The innovative technique employed for refabrication involved
freezing the fuel rod to hold the fuel fragments in position before cutting and drilling away the centre
part of the solid pellets to accommodate the new thermocouple. The fuel used in the project was from
IFA-161 irradiated in the Halden BWR between 13 and 46 MWd/kg UO2, GE BWR fuel irradiated in
Quad Cities 1 and Millstone 1 between 20 and 40 MWd/kg UO2 and ANF PWR fuel irradiated in
Biblis A to 38 MWd/kg UO2. The data from the project are particularly valuable because of the in-pile
fuel temperature and pressures measurements as well as extensive PIE. The database includes seven
cases with ANF PWR fuel, six cases with GE BWR fuel and two cases using fuel from IFA-161. Within
the test matrix it was demonstrated that the refabrication did not interfere with the outcome of the tests
and that there was a correspondence with the results of the previous project. FGR data are available in
both projects for the end of the pre-irradiation, during and after the ramp tests.
WWER data
Representing WWER-fuelled reactors, FGR data are available from two low burn-up
uninstrumented rods from the SOFIT 1.1 program. The database also includes data for two standard
pre-characterised WWER-440 fuel assemblies: FA-198 and FA-222, which were manufactured by the
Russian fuel vendor Elektrostal and irradiated in the Kola-3 reactor. These assemblies were the centre
of a program called Blind Calculations for the WWER-440 High Burn-up Fuel Cycles Validation,
initiated in spring 1994 with the objective of testing the predictive capabilities of several Russian
codes. The maximum linear heat generation rate (LHGR) of FA-198 was <31 kW/m at the beginning
of life and decreased to about 14 kW/m by the beginning of the fourth cycle and was 11 kW/m at the
end of life. In FA-222, peak LHGR values of 21 to 26 KW/m were experienced at the beginning of the
second cycle, followed by steady state operation at LHGR of 10 to 22 kW/m before gradually
decreasing to around 8 kW/m at the end of life. During the whole of the irradiation, both assemblies
were located remote from any control rods. Consequently, the irradiation conditions are considered
representative of base load operation for WWER-440 reactors.
The database contains details of 16 rods from each assembly; these are the corner rods 1, 7, 58,
69, 120 and 126 and rods along the diagonal are shown in Figure 3. As well as comprehensive
pre-characterisation, the data include detailed 10 zone irradiation histories and PIE observations of
dimensional changes and fission gas release. The measured gas release varied from ~0.5% for the
diagonal rods to ~1.2% for the FA-198 corner rods, and 1-1.6% for the diagonal rods to 2.3-3.7% for
the corner rods of the higher burn-up FA-222.
Halden Project instrumented fuel assemblies
The Halden irradiated IFA-432 was commissioned by the USNRC with the objective of
measuring fuel temperature response, fission gas release and mechanical interaction on BWR-type fuel
rods up to high burn-ups. The assembly featured several variations in rod design parameters, including
fuel type, fuel/cladding gap size, fill gas composition (He and Xe) and fuel stability. It comprised six
BWR-type fuel rods with fuel centreline thermocouples at two horizontal planes. Rods were also
equipped with pressure transducers and cladding extensometers. Data from five rods have been included
in the database providing in-pile and limited PIE data up to 46 MWd/kg UO2. From retained gas
measurements it was found that the lowest release (6%) occurred in the small gap rod 3, whilst a larger
amount of release was found in the large gap rods (24-35% in the 95% TD rod 2 and 46% in the
92% TD rod 5).
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IFA-429 consisted of PWR type fuel rods assembled in three axially separated clusters of six rods.
The 18 rod assembly had been designed to investigate gas absorption, fission gas release and thermal
behaviour of UO2 fuel during both steady state and a period of repeated rapid power transients. In order
to achieve the objectives, the assembly was instrumented with nine vanadium neutron detectors and
one cobalt detector. Two rods were instrumented with fuel centreline thermocouples and nine rods
were instrumented with null-balance gas pressure transducers monitoring rod internal gas pressure.
The database contains power histories for seven rods as well as the measured temperature history
for one of the middle cluster rods up to the burn-up level of 53 MWd/kg UO2 and the measured
internal pressure data for three upper and three lower cluster steady state irradiated fuel rods subjected
to two series of rapid power transients. Manually initiated gas pressure measurements were performed
during the testing sequence allowing comparison of FGR data at three different fuel densities (91% TD,
93% TD and 95% TD), at two different grain sizes (6 and 17 microns) and at two different
fuel-cladding gap sizes (200 and 360 microns). The parabolic form of release as a function of time at
power is indicative of release by a diffusion controlled process.
After twelve years of pre-irradiation, two fuel rods were re-instrumented with fuel centre
thermocouples and reloaded as IFA-533.2 into the reactor in order to investigate fuel thermal behaviour
at high burn-up. Also, four neighbouring rods were re-instrumented with pressure transducers and
ramp tested in IFA-535.5 (slow) and IFA-535.6 (fast), providing useful data about FGR at two
different ramp rates (Figure 4). As the irradiation history of IFA-533.2 in the first months was very
similar to the history of the ramp tests, the fuel temperature and FGR data measured in the different
IFAs complemented each other, although the fuel-cladding gap sizes were slightly different and due to
re-instrumentation the internal gas conditions were also dissimilar.
The Belgonucléaire TRIBULATION project
The objectives of the TRIBULATION program were twofold. It was primarily a demonstration
program aimed at assessing fuel rod behaviour at high burn-up when an earlier transient had occurred
in the power plant. The second objective was to investigate the behaviour of different fuel rod designs
and manufacturers when a steady state irradiation history was subjected to high burn-up.
The first objective was met by irradiating fuel rods under steady state conditions in the BR3
reactor and under transient conditions in BR2. The effect of the transient was determined by
comparing data from four identical rods tested as follows:
•

BR3 irradiation followed by PIE.

•

BR3 irradiation followed by BR2 transient then PIE.

•

BR3 irradiation followed by BR2 transient and re-irradiated in BR3 before PIE.

•

BR3 irradiation and continued BR3 irradiation to maximum burn-up before PIE.

The database contains data from 19 cases using rods fabricated by Belgonucléaire (BN) and
Brown Boveri Reactor GmbH (BBR). The matrix provides good data on clad creep-down and ovality
as a function of exposure as well as the effect of the different irradiation histories on fission gas
release. Values of FGR ranged between 1% and 12%, depending on irradiation history.
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Studsvik projects
The 87 PWR and BWR rods included from the Studsvik ramp tests are a sub-set of the total data
available on the failure propensity in power ramps by PCI and SCC. In all cases, the in-pile testing
was followed by an extensive PIE program including diameter changes before and after ramping, and
fission gas release measurements on unfailed rods. The rods were supplied by different fuel vendors
and embrace both PWR and BWR designs. The rods tested include variants such as gadolinia-doped
UO2, large grain UO2, fuel of different density and annular pellets.
CEA/EDF/FRAMATOME data
Data on prototypic commercial PWR fuel performance were obtained with agreement from EDF,
CEA and FRAMATOME. The data are for four full-length rods irradiated in EDF reactors. Rods K11
and J12 were irradiated for two cycles in Gravelines 3 and 5, respectively, to ~24 MWd/kgU. G07 was
irradiated for three cycles in Gravelines 3 to ~35 MWd/kg and rod H09 was irradiated in Cruas 2 for
four cycles to ~46 MWd/kgU. These rods were well-characterised prior to irradiation and subjected to
extensive PIE after irradiation. During PIE, measurements taken included the following: diameter
change, oxide thickness, hydrogen content of cladding, length change, fission gas release, pellet
density, radial distribution of fission products and actinides and metallography. Care was taken to
accurately reproduce the axial power profile when processing the data by constructing 18 axial zone
power histories reflecting the difference in power at and between the grids. FGR had a minimum value
of 0.2% for the two-cycle rod K11 and a maximum value for the four-cycle rod H09.
Sections of rods J12 and K11 were cut from span 5 and re-fabricated for ramp testing in the CEA
OSIRIS reactor at Saclay. Rodlet J12-5 was conditioned to 21 kW/m before ramping to 39.5 kW/m
without failure. Rodlet K11-5 was conditioned at 24 kW/m and ramped to 43.7 kW/m without failure.
Subsequent PIE provided measurements of clad diameter changes, fission gas release and metallography
of the fuel structure at different elevations. The FGR measured on these segments was 0.74% and
6.3% for J12-5 and K11-5, respectively.
The CONTACT series of experiments was a programme of in-pile tests conducted in the SILOE
reactor in Grenoble, France, funded jointly by CEA and FRAMATOME. They were short rods of Zr-4
clad UO2 pellets of typical PWR 17 × 17 design, irradiated under conditions designed to simulate
commercial PWR conditions. Each rod was equipped with a fuel centreline thermocouple, diameter
gauge, gas lines providing a flow of gas through the rod and internal pressure gauges to measure
pressure drop along the fuel stack. The gas flow entrained released fission gases that were measured
by a gamma detector installed in the out-of-reactor gas handling system. The experiment is unique in
that the rods operated under near constant powers for the majority of their lives. CONTACT 1
operated at a constant 40 kW/m up to a burn-up of ~22 MWd/kgU whilst CONTACT 2 and 2bis
operated at 25 kW/m to burn-up levels of 5.5 and 12.4 MWd/kgU, respectively. The data include
temperatures as a function of burn-up, clad diameter changes as a function of power and burn-up,
stable (85Kr) and radioactive fission gas release as a function of centre temperature and burn-up.
The kinetics of stable fission gas release as measured with the long half-life 85Kr are shown in
Figure 5. The release of the radioactive species are useful for developing and validating models for
calculating “gap inventories” of radiologically significant species like, for example, 131I.
Siemens PWR rods irradiated in the RE Ginna reactor
Under a co-operative agreement between Siemens Power Corporation, Empire State Electric
Energy Research Corporation (ESEERCO) and Rochester Gas and Electric Corporation (RG&E),
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14 × 14 demountable test assemblies (DTAs) were loaded into the RE Ginna reactor in 1985 and
irradiated for four cycles (42.5 MWd/kgU) with one LTA irradiated for a further cycle (52.1 MWd/kgU).
Two of the DTAs contained 11 segmented rods each. The segmented rods consisted of four segments,
the centre two of which were pre-characterised and examined in detail after irradiation. Three
combinations of pellet design (annular and solid) and cladding type (Zr-4 with sponge zirconium liner,
and through wall Zr-4) were used in the fabrication of the segmented rods. The fuel-to-clad gap was
another design variable with values of 160, 190 or 216 µm. The objective of the programme was to
develop a fuel design with increased margin to failure, increased high burn-up potential and to obtain
performance data up to high burn-up for use in fuel modelling. The power history during the 4-5 cycle
irradiation was quite onerous, averaging 20, 30, 25, 10 and 22 kW/m in Cycles 1-5, respectively.
The PIE included the usual measurements of dimensional changes, oxide thickness, fission gas
release and metallography, and data for 17 rodlets are included in the database. Fission gas release was
measured non-destructively at poolside by determining the 85Kr concentration in the plenum using
gamma spectrometry as well as by conventional puncturing and mass spectrometry. The highest FGR
measured was 2.36% for a five-cycle solid pellet rodlet (55N5), while the lowest FGR was 0.83% for a
five-cycle annular pellet rodlet (AZW5). These data confirmed the expectation that annular pellets
would lead to lower fission gas release and substantially lower final internal pressure.
IMC out-of-pile annealing data
The next dataset is the first departure in type of data from previous additions as it comprises a set
of measurements made of fission gas release during out-of-pile annealing experiments. Small samples
of UO2 fuel were extracted from CAGR fuel pins and annealed in helium at pre-defined temperatures
1 500 to 1 900°C for periods between 2 and 40 hours. The rate at which the final temperature was
attained varied from 0.1 to 8.0°C/s in order to determine whether or not the behaviour of intragranular
bubbles, present during and after irradiation, was sensitive to changes in temperature ramp rate within
this range. The fuel used for this study had a burn-up of ~17 MWd/kgU and a mean linear intercept
(mli) grain size of 6 or 18 µm. Fission gas release at the end of the base irradiation was low in both
cases, <0.1%, with no visible grain boundary porosity. Examples of the results are illustrated in
Figure 6. The figure shows the effect of grain size for a ramp rate of 0.5°C/s followed by a hold at
1 800°C for 6 hours. These experiments provide valuable data for developing models of fission gas
release during rapid high temperature transients where the effect of the irradiation conditions is small
compared to that of temperature and time. Note that the classical parabolic diffusion release kinetics
evident at short times changes to more linear behaviour at long times.
Conclusion
It should be noted that other datasets not discussed here are included in the database, e.g. for
CANDU type reactors, and the extent of the database is constantly being increased with the inclusion
of new data as they become available. Nevertheless, it is concluded that in its current state, the
database already contains much of the information required to develop and validate fission gas release
models for inclusion in fuel performance codes for application to any reactor system over a wide
spectrum of operational and transient conditions.
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Figure 1. Fission gas release as determined from rod internal pressure for test Risø-b
(Risø Transient Fission Gas Release Project) during the power ramp in the DR3 reactor

Figure 2. Comparison of EPMA and XRF retained xenon profiles
for test GEA of the Risø Transient Fission Gas Release Project
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Figure 3. Arrangement and numbering of rods in the WWER-440
assemblies FA-198 and FA-222 irradiated in the Kola-3 reactor

Figure 4. Fission gas release for the slow ramped IFA-535.5 and the fast ramped IFA-535.6
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Figure 5. 85Kr release as a function of burn-up
for the three CONTACT experiments 1, 2 and 2bis

Figure 6. Fractional release of 85Kr during IMC out-of-pile
annealing experiments showing the effect of different grain sizes
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Abstract
CEA (Commissariat à l’Énergie Atomique) is currently involved, along with its industrial partners
EDF (Electricité de France) and FRAMATOME, in the development of a mechanistic fission gas
behaviour model devoted to oxide fuels. The model treats a wide range of operating conditions and is
based on a comprehensive analysis of available post-irradiation examinations (PIEs). The first part of
the paper focuses on observations that have led to the modelling of a wide variety of microstructural
features such as intragranular bubble development, grain boundary gas diffusion, “rim” type
microstructural changes observed in high burn-up UO2 fuels (or low average burn-up MOX fuels),
grain boundary bubble development and interlinkage observed at high temperatures. The second part
of the paper describes the model proper, the basic assumptions that underlie the model and some of the
more important equations it solves. The paper also alludes to the numerical methods adopted to solve
the time and space dependent coupled equations and several relevant test cases are included to
illustrate the type of information the model is capable of generating.
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Introduction
Fission gases and their behaviour in oxide fuels have been the focus of great attention for many
years now because of their impact on the overall behaviour of the fuel rod. Fuel rod over-pressurisation,
a decrease in the fuel-cladding gap conductivity or fuel swelling which in turn leads to cladding
loading are examples of the possible adverse effects fission gases may have. Fission gas release is only
the final stage in an intricate string of interacting phenomena. The generally accepted scenario
involves an initial intragranular phase during which atomic diffusion of fission gases to the grain
boundary is hindered by nucleation of intragranular bubbles, which then act as sinks for diffusing
atoms; intragranular nucleation and growth itself being offset by re-solution of gas atoms from bubbles
into the oxide lattice. Eventually, the intragranular gas reaches the grain boundaries at which gas may
accumulate to a certain extent thus delaying actual release. Then, above a certain burn-up, in fact
probably concentration dependent temperature threshold, bubbles nucleate at grain boundaries and
grow until they connect up with each other. It is at this stage that venting of fission gases to the
plenum occurs. To understand and predict gas release and swelling over as wide a range of irradiation
conditions as possible, it appears necessary to devise a model that will account for all the stages
involved in the process, e.g. flux of gas atoms or bubbles to the grain boundary and then build-up and
eventual release to the open plenum. Our aim here is to derive a mechanistic and, it is assumed,
predictive model to simulate the in-pile behaviour of fission gases in homogeneous UO2 fuels or
heterogeneous mixed oxide (MOX) fuels. It is aimed at being incorporated into standard fuel
behaviour codes that describe normal and off-normal operating conditions.
In the first part of this paper we draw from an extensive and comprehensive set of data generated
through industry-sponsored PIE programmes carried out in hot cells at CEA or abroad, and focus on
the more original observations that serve to highlight for which phenomena a mechanistic fission gas
behaviour model should account. The paper then goes on to give a detailed description of how the model
operates and what physical values it computes. Test cases are also presented in order to illustrate this.
Experimental evidence
Behaviour at low and intermediate burn-up and relatively low temperatures
Irradiation-induced volume diffusion of fission gas atoms is thought to occur at all temperatures,
although above ~1 200°C, irradiation enhanced diffusion predominates [1]. Migration to grain
boundaries whence fission gas release is possible is hindered however by the fact that fission gas
atoms may cluster together to form bubbles since they have no chemical affinity with other lattice
atoms. As a result, intragranular bubble precipitation occurs inside the grain from an early stage and
affects both the apparent release rate and fuel swelling. The mechanisms involved in bubble nucleation
are generally considered to be either heterogeneous or homogeneous. Heterogeneous nucleation
alludes to the precipitation of fission gas atoms in a fission fragment track, as a result of a local
super-saturation of vacancies. Such a mechanism leads to the observation of small lined-up bubbles as
reported in [2], albeit under fast breeder reactor (FBR) conditions. Homogeneous nucleation occurs
when two diffusing gas atoms meet and form a nucleus to which other gas atoms may bind
themselves. Kashibe, et al. [3] provide an interesting set of data pertaining to intragranular bubble
concentrations and sizes as a function of burn-up and temperature, as estimated from transmission
electron microscope (TEM) observations of fuel irradiated at temperatures below 800°C. These reveal,
along with other observations performed at lower burn-ups (1-23 GWd/Mt), the presence of a high
density (between ~1023m–3 and ~1024m–3) of small nanometric bubbles (1 nm-2 nm in diameter),
irrespective of temperature in the 400°C-1 600°C range. At higher burn-ups, observations indicate a
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decrease in bubble population and a corresponding increase in size (e.g. ~4 nm and 7 × 1023 m–3 at
44 GWd/Mt). Thomas’ energy dispersive X-ray spectrometry (EDS) examinations [4] of nanometric
bubbles indicate the presence of highly pressurised, near solid Xe.
Another assumed consequence of the passage of a fission fragment is the transfer of gas precipitated
in bubbles back to the oxide lattice. This is usually termed re-solution and is thought to occur when
sufficient energy is transferred from the fission fragment to individual gas atoms contained in a
bubble. Gas atoms can then be re-implanted outside the bubble at a distance sufficient to guarantee
that they are not immediately recaptured. A variation on this theme involves wholesale destruction of
small bubbles. Clear experimental evidence of either of these mechanisms is hard to establish and
fission gas behaviour models usually introduce a parameter, b, which is the probability per second that
a gas atom inside a bubble be subject to re-solution. Single gas atoms therefore eventually reach the
grain boundary where intergranular bubbles may nucleate. Figure 1 is an optical micrograph of an ion
etched relatively low burn-up (~25 GWd/Mt) UO2 sample, which clearly shows intergranular bubbles
approximately 0.3 µm in diameter (maximum local temperature ~1 200°C). For temperatures slightly
above 800°C, intergranular bubble sizes are in the 0.1-1 µm range. Typical concentrations, as
estimated from Figure 1, are in the 5-6 × 1012m–2 range.
Effect of increased temperature and grain boundary bubble interlinkage
As temperatures are increased typically above the 1 200°C-1 300°C threshold, bubble growth
occurs as a consequence of either fission gas or vacancy diffusion to existing bubbles (as shown in [3]).
Intergranular bubbles are particularly liable to grow because of the supply of vacancies at the grain
boundary and the increased flux of gas atoms from inside the grain, until they touch each other and
begin to coalesce. At this stage a tunnel-like structure appears on the grain face. These microstructural
changes are also important to describe because they constitute the final stage before the onset of
massive fission gas release. Work performed at CEA [5,6] involved annealing irradiated UO2 pellets
and studying the resulting microstructure. Figure 2, taken from [5], shows a SEM image of a fractured
10 GWd/Mt sample (irradiated at relatively low temperature), annealed for 15 minutes at 1 600°C.
The figure indicates the presence of both lenticular and lobe-shaped cavities simultaneously (0.2-0.5 µm
in width) on different faces of the same grain. This observation can be interpreted by the fact that as
bubbles coarsen and they touch each other, the resulting cavity will either assume a lobe shape or
remain lenticular according to whether surface diffusion proceeds at a rate great enough to guarantee
that the resulting cavity has time to take on its lenticular shape before it has coalesced with another
bubble. The rate at which surface diffusion proceeds is itself dependent on the material surface tension
and would therefore explain the above-mentioned observation.
High temperatures can also bring about coalescence through movement of bubbles either by
random or biased (temperature gradient induced) motion.
Effect of burn-up on the fuel microstructure
Burn-up affects both intra and intergranular bubble populations. Kashibe [3] reports an increase
in bubble size with burn-up and the presence of a bimodal intragranular bubble distribution in his
83 GWd/Mt sample, with a second population of larger bubbles appearing in the 10 nm to 20 nm
diameter range. Figure 3 shows an optical micrograph of an as-polished high burn-up (~64 GWd/Mt)
UO2 sample taken from the central part of the pellet. It reveals the development of a much coarser
intergranular bubble population than in Figure 1 (despite the ionic etching of the former sample).
Bubble sizes have increased from 0.2-2 µm to ~2-4 µm.
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However the most spectacular effect of burn-up is the radical change in the microstructure of
oxide fuels, which accompanies what is known as the RIM effect. This change comes about in the
periphery of PWR fuel pellets as a result of an increase in the local burn-up due to epithermal neutron
captures of 238U. Interest has been generated mainly because of worries about additional fission gas
release at high burn-ups, along with swelling and porosity-induced conductivity degradation of the
affected area. There are conflicting reports about how fission gas release is affected by these
microstructural changes. Certainly, when attempting to validate fuel behaviour codes against a set of
data relating to fuels rods irradiated under a wide range of different conditions, modellers tend to
invoke these microstructural changes to explain the generally observed increase fission gas release for
average burn-ups of ~45 GWd/Mt and up. Attempts have been and are still being made to answer the
question by analysing the isotopic composition of released fission gas atoms [7].
A huge quantity of experimental data has been reported since the phenomenon was first observed
and much speculation has gone on about the causes and consequences of these apparent dramatic
changes. What is known, however, is that rim-type microstructures are characterised by a decrease in
the original grain size from ~10 µm to 0.1-0.3 µm (in the low temperature periphery of UO2 PWR
fuels) as the local burn-up reaches ~60 GWd/Mt, and a coarsening of fission gas bubbles, the diameter
of which reaches micrometric values. Recent High Burn-up Rim Project (HBRP) results [8] suggest
that at 450°C the first signs of grain subdivision are seen at 55 GWd/Mt, and that complete subdivision
is reached at a burn-up of 82 GWd/Mt. Figure 4 shows a SEM image of a polished UO2 pellet that has
reached an average burn-up of ~62 GWd/Mt and reveals evidence of changes in bubble sizes. Figure 5
also shows a SEM image but of a fractured specimen from the periphery of a pellet irradiated to
approximately the same burn-up and which is an illustration of grain subdivision.
Today a consensus appears to be growing to ascribe the onset of fuel restructuring at high burn-up
to the generation of point and linear defects in the fuel matrix, but also to the increase in the local
fission product concentration. The elastic energy stored in the crystal, be it in the form of point
defects, dislocations, or fission products, increases until eventually some form of dislocation
movement leads to fuel restructuring. The mechanism invoked is either wholesale re-crystallisation [9]
or simply a rearrangement of dislocations known as polygonisation [10]. It is interesting to note
Widersich’s [11] comment pertaining to the relative efficiency as sinks of dislocations and grain
boundaries. Grains need to be in the sub-micronic range to have sink efficiencies equivalent to that of
a 4-5 × 1014 m/m3 dislocation density. These figures are remarkably close to those reported in regions
that are just about to undergo restructuring 5-6 × 1014 m/m3 from Ref. [12]. Indeed Nogita reports the
presence of adjacent regions that have undergone restructuring, for which the grain size has fallen to
~0.2 µm and for which the dislocation density is low. In other words, so long as the grain size remains
at its initial value (~10 µm), the efficiency of grain boundaries as sinks is low and irradiation damage
may proceed unhindered. The grain size then appears to reduce (through a complex rearrangement
mechanism) to a value that makes the crystalline structure stable, e.g. interstitials anneal at grain
boundaries but no longer contribute to the development of dislocation loops.
Evidence from MOX fuels is also interesting to look at. Figure 6 shows a fractography of a MOX
cluster which has reached a local burn-up of approximately 150 GWd/Mt. The restructured grains
appear to be bigger (~1 µm) than in the peripheral restructured regions of UO2 fuels. Furthermore,
above a maximum temperature of ~1 000°C, restructuring of this sort is not seen in clusters even for
regions where the local burn-up has reached 150 GWd/Mt. Both observations are consistent with the
scenario alluded to above. Above a certain temperature point defect accumulation in the form of
dislocation loops is not possible, since they are annealed. Gaseous fission products which also no
doubt contribute to the elastic energy stored in the lattice diffuse to grain boundaries or precipitate
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more readily. The larger restructured grain size at 1 000°C is consistent with a re-crystallisation
mechanism: in re-crystallisation processes, the greater the degree of cold work, the lower the
re-crystallisation temperature and the smaller the final grain size.
Grain boundary gas diffusion
Figure 6 reveals no intergranular bubbles in the U-rich phase of the oxide fuel while at the same
time EPMA results point to a clear loss in xenon detection in the central to mid-radius regions of the
pellet above an estimated temperature of ~1 000°C. This was initially interpreted as a possible
indication of intergranular gas diffusion. Evidence from more homogenous COCA fuels appears to
confirm this. Figure 7 is an X-ray map of xenon in the central part (3.1 mm from the pellet periphery)
of a MOX COCA pellet irradiated to approximately 46 GWd/Mt. The figure shows a distinct depletion
of xenon over a two micron distance either side of the grain boundaries. The question then arises as to
where the xenon has gone. A fractography of this area (Figure 8) reveals that grain fracture is
essentially intragranular, which would indicate little fission product or bubble build-up at grain
boundaries, let alone tunnel formation. Indeed Figure 8 reveals the presence of a sparse population of
relatively small intergranular bubbles, despite the presence of metallic precipitates. No indication of
bubble coalescence, interlinkage and tunnel formation, which could lead to the 2.3% measured fission
gas release, is seen. These observations, which are not generally seen in UO2 fuels, at least not on this
scale, are consistent with the interpretation whereby bubbles nucleate at the grain boundary above a
certain intergranular gas concentration. Whether this critical concentration is reached is then a
question of balance between the rate at which gas atoms migrate along the grain boundary to the open
plenum and the rate at which gas atoms arrive at the grain boundary and bubbles nucleate. In UO2
fuels, it is assumed that grain boundary diffusion of fission gases does not occur at a fast enough rate
to prevent bubble nucleation. Microprobe depletion of xenon at the grain boundary is in this case
assumed to be a consequence of associated bubble precipitation. Furthermore, indirect evidence to
corroborate this assumption can be found in the intergranular (inter)diffusion of Pu in U-Pu-O2, which
a recent study [13] has shown could be 4 to 2 orders of magnitude greater than cationic intergranular
diffusion coefficients in UO2, in the 1 000°C-1 700°C temperature range. This evidence stands in so
far as Pu and fission gas atoms are thought to occupy similar crystallographic sites.
Modelling
Representation
Inevitably, the fission gas model being developed describes most of the microstructural
observations alluded to above. The model is built on a slightly modified version of the equivalent
sphere concept. At each calculation point in the pellet, the intra and intergranular problems are solved
within a sphere, the radius of which corresponds to the average distance at this point in the fuel a
fission gas atom has to travel to reach a free surface. Release to the plenum occurs either as a result of
atomic diffusion along grain boundaries to the equivalent sphere surface or, if the threshold for
interlinkage of bubbles at grain boundaries is reached as a result of percolation through the porous
medium. The sphere is assumed to be made up of a given number of identical spherical grains: the
equations solved are relevant to an elementary fuel volume of a given phase. The model may therefore
be applied wholesale to any homogeneous fuel or phase of a heterogeneous fuel. Application of the
model to whole pellets containing heterogeneities such as Pu-rich clusters in MOX MIMAS fuels, is in
progress. It currently operates as an independent programme but will in the near future be coupled to
the METEOR fuel performance application.
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The three states of the fuel
It is assumed that the oxide phase can take on three distinct configurations. The first one is termed
“as-fabricated” and is the default configuration. It refers to the microstructure the fuel is in just prior to
loading. The fuel remains in this state so long as neither intergranular bubble interlinking or high
burn-up restructuring have occurred. The second configuration is termed “interlinked” and describes
the fuel when intergranular bubbles have connected up. Gas release can then proceed via a percolation
process through the porous medium. The situation where intergranular bubbles and tunnels coexist is
not described and this constitutes the most important simplifying assumption. An interconnected
network of tunnels covering the edges and the faces of the grains is assumed to appear. Finally, the
“restructured state” refers to state the fuel is in when original oxide structure comprising large grains
(~10 µm) has begun to breakdown and is replaced by one in which grains are smaller (~0.15 µm) and
intergranular micrometric bubbles appear. This population of cavities is referred to as the “rim bubble”
population hereafter. A specific set of equations and variables is used to describe each fuel state.
The mechanisms pertaining to the “as-fabricated” state
The default configuration is described in more detail below since the other basic configurations
are derived from it. It should be noted that the model also encompasses the behaviour of inter and
intragranular as-fabricated pores both because of their importance with respect to fuel densification
and because they constitute sinks that can trap diffusing gas atoms. Fourteen independent variables
and coupled equations make up the model and are used to describe the intra and intergranular bubble
and pore populations, the dissolved intragranular gas atoms and the individual gas atoms at the grain
boundary.
Intragranular model
Gas may be present within the grain both in substitutional lattice sites or within either fission gas
bubbles or intragranular pores. A transient diffusion equation is used to describe the migration of gas
atoms from inside the grain to the grain boundary. Gas present in this form is characterised by the gas
atom concentration (moles per unit volume of fuel), which is a function of time of course but also of
the radial position within the grain. As fission gas atoms are created and diffused they can be trapped
by fission gas bubbles or pores. Re-solution from these bubbles or pores, be it in the form of atomic
re-solution or wholesale size dependent bubble destruction, is also accounted for and counteracts the
effect of trapping.
Two kinetic equations describe the change with time in the bubble and pore concentrations.
A source term relative to homogeneous and heterogeneous nucleation (in the wake of fission
fragments or on crystal imperfections such as dislocations) is considered from the start. Because only a
single size bubble population is described, the nucleation and growth processes proceed together until
fission gas bubbles reach a critical size, at which stage growth alone is considered. The bubble and
pore concentrations can also decrease as a result of random or directed mobility. Cavities then
coalesce and migrate to the grain boundary but also sweep up migrating gas atoms in the process.
Two kinetic equations govern the volume changes of individual bubbles and pores and are
incorporated in the model. These equations are based on the idea that cavities will grow either because
of capture of diffusing atoms or, for a given fission gas content, as a result of a vacancy flux to the
bubble surface. The vacancy flux is caused by the vacancy concentration gradient that appears
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between the bubble surface and the average defect concentration within the grain. The value this
component to bubble growth takes on is extremely dependent on the computed hydrostatic stress in the
fuel when the bubble size reaches ~20 nm.
Intergranular phenomena and transfer of gas to the grain boundaries
Most of the mechanisms that are relevant inside the grain are applied to the intergranular model.
Again gas atoms are modelled as being present either in bubbles or pores, or as individual gas atoms in
which case diffusion along the grain boundary and trapping of migrating gas in intergranular bubbles
or pores whence re-solution back into the grain is possible are all mechanisms that are accounted for.
The intergranular atomic gas concentration (expressed in moles of gas per unit volume of fuel) is, as
for intragranular gas atoms, governed by a time dependent diffusion equation and therefore is a
function of time and radial position in the equivalent sphere.
Motion of intergranular bubbles whilst remaining at the grain boundary leads to bubble
coalescence, sweep up of intergranular gas atoms and eventual trapping of bubbles by immobile pores.
Transfer of gas from within the grain to the grain boundary occurs primarily because of the
concentration gradient at the grain surface, which the intragranular model calculates. However, if the
local temperature or temperature gradient are sufficient to make intragranular cavities mobile, then
these are modelled as migrating at a certain rate to the grain boundary, thus contributing to the
increase in gas inventory there. Again, because a single size bubble or pore population is computed,
the problem arises of what to do with intragranular cavities that reach the grain boundary. Treatment
of such an occurrence depends on the intragranular cavity. If it is similar in size to intergranular
bubbles already present, then it contributes to the increase in bubble population. If it is much smaller
then the gas content and volume of the bubble are distributed amongst the bubbles already present.
The above-described scenario applies to bubbles. Regarding as-fabricated intragranular pores, their
volume and gas contents are distributed amongst grain boundary pores irrespective of their size.
Finally, a grain boundary re-solution parameter is used to describe the transfer of gas atoms from
the grain boundary back inside the grain.
High burn-up modelling
Fuel restructuring at high burn-up begins when the dislocation density reaches a critical value. An
empirical first order differential equation is used to calculate the dislocation density and its evolution
with burn-up and temperature:
•
dρ d
= A F ,T  ⋅ ρ d


dt

where function A comprises two competing positive and negative terms. The first is proportional to the
fission rate and, it is thought, the defect production rate. The second is temperature dependent and is
such that above 800°C, it predominates and A is negative, and below 800°C it becomes negligible in
comparison to the fission rate dependent term. The net result is that dislocations anneal out above
800°C and build-up below this temperature. Equation parameters have been fitted to reproduce the
dislocation density measurement results from [12]. Restructuring is, as mentioned above, characterised
by a breakdown of the original fuel microstructure and a decrease in the original grain size. The model
at this stage ceases to describe the behaviour of gases on the scale of individual grains and equivalent
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spheres are treated as a homogeneous medium, containing large rim-type bubbles and as-fabricated
intergranular pores. Gas within this sphere is treated in terms of production, diffusion, trapping and
re-solution. Only an enhanced apparent volume diffusion coefficient for xenon is used. This diffusion
coefficient is a weighted function such that before restructuring begins it is equal to the volume
diffusion coefficient and as restructuring proceeds it gradually increases to reach a limit equivalent to
the intergranular diffusion coefficient. In switching from an “as-fabricated” to a “restructured” state,
the “rim bubble” concentration is fixed to match experimental observations. The total amount of gas
contained in intra and intergranular bubbles is transferred to the new bubble population and swelling is
conserved. The same principles are applied to “as-fabricated” pores.
High temperature modelling
At the point when intergranular bubbles interlink, the intergranular bubble concentration is
replaced as a variable by the tunnel length per unit volume of fuel, which is assumed to remain
constant. The tunnel radius changes however as the amount of gas it contains changes, and therefore
pressure varies. The gas contained in intergranular bubbles is transferred to tunnels and their volumes
are set equal, as are their solid/gas interface areas. Percolation kinetics is used to model the transfer of
gas from grain face tunnels to pores and from the pores to the open plenum.
Gas release and swelling
The amount of gas released at the point in the pellet where the calculation is performed is given
by summing the total quantity of gas reaching the surface of the equivalent sphere at that point, be it as
a consequence of the diffusion of gas atoms along grain boundaries or the assumed percolation
process.
Swelling due to the presence of “as-fabricated” pores or bubbles is simply computed by summing
the volume change of the intra and intergranular pore and bubble populations.
Model variables and numerical schemes
The equations describing the gas behaviour are non-linear and coupled. Most of them are simple
first order ODEs. However the space dependent equations, e.g. intra and intergranular diffusion
equations require a particular treatment. A finite element scheme was chosen here and two grids
consisting of Ng and Nes points are introduced to solve the intra and intergranular diffusion equations,
respectively. It is at these points within the grain or equivalent sphere that the intra and intergranular
gas concentrations are calculated. The problem then reduces to a coupled set of first order ODEs
(e.g. Y′ = f(Y,t), where Y is the unknown vector) in which Ng + Nes unknowns and corresponding
equations are introduced. The final system has Ng + Nes + 12 time-dependant equations. A gear-type
method [14,15] is implemented to solve the system.
Model application
Assessment of the model is in progress, and the results presented in this section are relevant to the
intragranular behaviour in the “as-fabricated” state alone. Three types of tests are discussed, a purely
numerical test, an in-pile test at a given fission rate but for different constant temperatures, and an
out-of-pile annealing test. The results of both latter tests compare favourably with available
experimental data.
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Comparison with an analytical solution to the diffusion equation
For this test case, the as-fabricated pore concentration and size remain constant and make up the
only trapping site for xenon atoms (bubbles are not modelled). The intragranular xenon diffusion
equation can be written as follows:
∂C Xe (rg ,t )
=
∂t

β{c

productionrate

+1
D4
Xe ∆C Xe − (4πR por D Xe )C por C Xe = β c + D Xe ∆C Xe − gC Xe
24
3 14442444
3
diffusion term

trapping by int ragranular pores

where Cxe is the intragranular xenon concentration, Cpor and Rpor the intragranular pore concentration
and radius, Dxe the xenon diffusion coefficient. Initial conditions are determined by the fact that no
xenon is present at t = 0, and the two boundary conditions are as follows: Cxe = 0 at the grain boundary
∂C Xe (0,t )
and
= 0 at all times. The analytical solution to this equation may be written as follows:
∂t

C Xe (rg ,t ) = −2β c ⋅

∞

∑
n =1


rg
sin  nπ
A
(− 1) (1 − exp(− p t )) 
g
n
r
pn
g
nπ
Ag
n






n2π2
. Both the analytical and numerical solutions are
Ag2
shown in Figure 9 for a five and nine-point grain grid.

where Ag is the grain radius and pn = g + D Xe

In-pile modelling at constant temperature and fission rate
The model uses a large number of parameters and physical values, an estimation of which can
usually be found in the literature but with large uncertainties. Complete model assessment will
probably require a statistical approach to highlight the influence of each parameter thus eventually
providing a set of optimised parameters. For the moment, however, it is possible to ascertain whether
model calculations provide a reasonable estimation of available experimental data. The complete
intragranular model is therefore applied to yield gas, bubble and pore information as a function of
burn-up and temperature. The grain grid comprises five nodes, which yields a total of 11 coupled
differential equations (five for gas atoms, three for the bubble population, three for the pore
population).
Several test cases at different temperatures were run for burn-ups ranging from 0 to 90 GWd/Mt.
Irradiation conditions are specified in Table 1. The results pertaining to the total amount of gas
retained within the grain are shown in Figure 10 and reveal that most of the gas remains trapped in
fission gas bubbles (the atomic gas concentration never exceeds 120 mol/m3 at any given temperature).
At 60 GWd/Mt and 1 200°C, half the gas produced has reached the grain boundary, which compares
quite favourably with EPMA results. Bubble movement starts above a 1 400°C temperature threshold.
Above this threshold, the gas contained in moving bubbles is efficiently transferred to the grain
boundary. At 60 GWd/Mt, 0.36 mol/m3 is transferred via bubble movement as compared with
373 mol/m3 transferred via gas atom diffusion. The figures at 1 400°C are 77 mol/m3 and 577 mol/m3,
respectively. This would suggest that it is equally important to describe bubble and gas atom
behaviour.
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Calculated changes in bubble concentration and size are shown in Figures 11 and 12 and can be
compared to available TEM data [3]. Calculation results and experimental data are summarised in
Table 2.
At a given burn-up, the bubble size increases with increasing temperatures whereas the bubble
concentration decreases. Because the modelled phenomena are purely athermal in the 450-600°C
temperature range, no difference is seen in the monitored parameters at these temperatures. Above
600°C, however, steady state is reached increasingly quickly as temperature is increased. At 1 600°C,
for instance, steady state is reached at a burn-up of ~2.5 GWd/Mt, at which point most of the gas
reaches the grain boundary, three-fourths of it via gas atom diffusion and the remaining amount via
bubble migration. Figure 13 also shows that the model can be used to estimate the contributions of
different phenomena to the rate at which bubble concentrations vary. Pores appear to have next to no
influence on the intragranular gas distribution, since they trap less than 0.1% of the total intragranular
gas inventory. They may shrink however by emitting vacancies in order that their internal pressure
may balance the hydrostatic constraint imposed on the fuel. The intragranular swelling rate above
30 GWd/Mt stabilises at 0.8%/10 GWd/Mt at 1 200°C (Figure 14).
Out-of-pile annealing conditions
The out-of-pile annealing experiment reported by Kashibe [3] was also calculated to assess the
model. The samples were taken from a pellet irradiated to 23 GWd/Mt at a temperature of
approximately 800°C. They were then heated up to 1 800°C in a furnace at a ramp rate of 1.7°C/s.
Calculations were performed by setting the temperature gradient and fission rate to zero and the
hydrostatic pressure to 105 Pa. Post-annealing TEM observations of the samples revealed that in the
region close to the grain boundary bubbles were notably larger than in the central part of the grain.
Model calculations are reported in Table 3 and show that predictions, as far as bubble size is
concerned, lie at a value intermediate between the large and small bubble populations observed.
Bubble concentrations are also reasonably well predicted.
Conclusions
A mechanistic fission gas behaviour model is currently being developed based on many of the
phenomena thought to be relevant under PWR conditions. The program currently runs independently
and assessment of the intragranular model is ongoing. Both testing the intergranular model, integration
and full validation in CEA’s fuel behaviour code METEOR are planned shortly. It is notable that, as
far as the intragranular model is concerned, most of the parameters and physical constants or functions
have been derived from values taken from the open literature. Despite the fact that little or no
adjustments have been made to the model, it generates results which are very close to reported
experimental values. This is extremely encouraging and gives strength to the mechanistic approach
adopted. It also demonstrates the usefulness of the model as a tool for understanding since it is possible
to estimate the contribution to the overall behaviour of the pellet of a given microscopic mechanism.
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Figure 1. Ion etched micrograph of the central part of a fuel pellet irradiated to ~25 GWd/Mt
DMT/LECI

Figure 2. Bubble growth and tunnel formation

DEC/LAMA

Figure 3. Micrograph of an unetched high burn-up UO2 pellet
DEC/LECA
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Figure 4. SEM image of the peripheral part of a high burn-up
UO2 sample showing the porosity increase at the pellet rim
DEC/LECA

Figure 5. SEM image of fractured specimen showing an RIM type microstructure
DEC/LECA

Figure 6. SEM image at the interface between a
high burn-up Pu-rich cluster and the U-rich matrix
DEC/LECI
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Figure 7. Xenon map of a 46 GWd/Mt MOX COCA fuel
DEC/LECA

DEC/LECA

20 µm
Figure 8. SEM image of an intergranular fracture in a MOX COCA specimen

DEC/LECA
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Figure 9. Comparison of analytical and numerical solution for diffusion and trapping test

Figure 10. Intragranular gas retention
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Figure 11. Intragranular bubbles concentration

Figure 12. Intragranular bubble size

145

Figure 13. Analysis of the phenomena involved in intragranular bubble concentration variation

Figure 14. Intragranular swelling at 1 200°C
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Figure 15. Intragranular bubble concentration
and size during a 5 hour annealing test at 1 800°C

Table 1. Main data for calculations at constant temperature
Test case temperatures (°C)
Fission rate (fiss/m3/s)
Hydrostatic pressure (Pa)
Temperature gradient (K/m)
Fission yield for Xe and Kr
As fabricated intragranular porosity
Initial intragranular pore density (pores/m3)
Initial intragranular pore size (m)
Grain radius (m)
Relative radii of grid nodes (rg/Ag)

450/600/800/1 000/1 200/1 400/1 600
1019
15 × 106
4 × 104
0.301
0.025
3.82 × 1017
500 × 10–9
5 × 10–6
0.25, 0.5, 0.7, 0.9, 0.95

Table 2. Comparison of the calculated bubble concentrations and
sizes at 800°C with the measures performed by Kashibe, et al. [3]
Burn-up at
800°C
Calculated
Measured

23 GWd/tM
Size
Cb
(nm)
(bubbles/m3)
3.1
5.3 × 1023
2.2
9.0 × 1023

44 GWd/tM
Size
Cb
(nm)
(bubbles/m3)
3.8
6.0 × 1023
3.9
6.7 × 1023
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83 GWd/tM
Size
Cb
(nm)
(bubbles/m3)
4.6
6.8 × 1023
4.7
4.4 × 1023

Table 3. Comparison of the calculated bubble concentrations and sizes with the
measures performed by Kashibe, et al. [3] after a 5 hour annealing test at 1 800°C

Calculated
Measured

Bubble concentration Cb
(bubbles /m3)
3.9 × 1020
Near the grain
Inside the grain
boundary
4.9 × 1020
19
3.2 × 10

Bubble size
(nm)
87.0
Near the grain
Inside the grain
boundary
55
164
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MODELLING THE INFLUENCE OF THE ATHERMAL
OPEN POROSITY ON FISSION GAS RELEASE IN LWR FUEL

Paul Van Uffelen
Reactor Materials Research Department, SCK•CEN, Belgium

Abstract
When fuel temperatures remain low there is still a fraction of the grain boundary surface which is in
contact with the free volume of the fuel rod. This so-called open porosity results directly from the
fabrication process and from grain edge tunnels that appear over the course of irradiation, and affects
athermal fission gas release. The present paper presents a mechanistic model for fission gas release
which accounts for this fraction of athermal open porosity at the grain boundaries. The model is under
validation. In view of the interrelationship with other phenomena, it is necessary to couple the model
with a general fuel performance code. To this end, we have used the COMETHE-IV code from
Belgonucléaire to provide as input the radial distribution of temperature, power and burn-up in the
pellets. The simulation of the Halden threshold for the onset of fission gas release as well as the
assessment of a simplified FUMEX case is discussed.
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Introduction
The present paper describes the further developments of a mechanistic model for fission gas
release (FGR) in light water reactor (LWR) fuel. Our previous results indicated that the model
slightly overpredicted the release threshold at high burn-up [1,2]. Several codes have introduced a
burn-up-dependent diffusion coefficient [3,4], or they considered an empirical dependence of the
athermal-released fraction on the burn-up [5,6] in order to explain the decrease of the release threshold
at high burn-up values. Turnbull [7] has also considered the resolution probability at the grain
boundary bubbles to decrease with burn-up. In our previous paper we invoked complementary
explanations, among which the negligence of the so-called athermal open porosity fraction.
The open surface of the fuel provides an easy escape route for the gas atoms. It is generally
accepted that at high temperatures release mainly occurs through an open tunnel network along grain
boundaries resulting from the precipitation, growth and interconnection of gas filled bubbles. At low
temperatures such bubbles are absent, hence athermal release takes place at the open surface resulting,
for example, from the fabrication process [8,9,10]. In addition, fine channels may appear along the
grain edges above certain burn-up values, even when lenticular grain face bubbles are absent [11].
A certain fraction of the grain boundary surface may thus be in contact with the open void at low
temperatures, although gas-filled grain boundary bubbles are not yet established. This portion of the
grain boundary will be referred to as the athermal open porosity fraction.
Several fuel performance codes for LWR fuel account for the initial porosity distribution in their
fission gas release models empirically [4,5,6,8]. Tayal, et al. [12] introduced an empirical relationship
for the fraction of the grain boundary bordering on the grain edge tunnels – assumed to be connected
to the open void – as a function of burn-up in CANDU fuel. The present paper describes how we
account for this athermal open porosity fraction in our mechanistic model for fission gas release in
LWR fuel. The model is under validation. In view of the interrelationship with other phenomena, it is
necessary to couple the model with a general fuel performance code. To this end, we have used the
COMETHE-IV code from Belgonucléaire to provide as input the radial distribution of temperature,
power and burn-up in the pellets. The simulations of the Halden threshold for the onset of FGR as well
as the assessment of a simplified FUMEX case are presented.
Model description
Implementation of athermal open porosity
The model treats the migration of the fission gas atoms in two coupled phases [1,2]. The first
module treats the behaviour of the fission gas atoms in spherical grains with a distribution of grain
sizes. This module considers single atom diffusion, trapping and fission-induced re-solution of gas
atoms associated with intragranular bubbles, and re-solution from the grain boundary into a few layers
adjacent to the grain face. The first module determines the flux of gas atoms reaching the grain face
(J1). The second module considers the transport of the fission gas atoms along the grain boundaries in
presence of secondary phases and grain face bubbles. The gas atoms are considered to exist in two
phases at the grain boundary: one fraction is dissolved in the grain boundary volume (Cgbv) whereas
the other part is accumulated in bubbles (Cgbb). Four mechanisms are incorporated: diffusion controlled
precipitation of gas atoms into bubbles (J′2), grain boundary bubble sweeping associated to bubble
growth (J″2), re-solution of gas atoms into the adjacent grains (J′3 and J″3), and gas flow through open
porosity when grain boundary bubbles are interconnected (J4). The intergranular module results in the
following system of ordinary differential equations:
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At present we have added the contribution of the athermal open porosity fraction to the
intergranular module; in other words, we consider two independent types of cavities. On one hand, we
have the gas-filled bubbles resulting from fission gas precipitation and characterised by an average
radius of curvature (ρbl). On the other hand, we have the athermal open porosity fraction resulting
from the fabrication process and the grain edge tunnel formation, characterised by their aerial fraction
(φa). A part of the gas atoms arriving at the grain boundary are released directly when impinging on
this athermal open porosity (φaJ1). Another fraction is accommodated in the gas-filled bubbles (φbJ1),
and the remainder is dissolved in the grain boundary [(1 – φb – φa)J1].
Rather than introducing another type of cavity at the grain boundary we could have determined an
initial radius of the gas-filled bubbles as a function of the initial porosity fraction. However, in this
case there will only be release when the temperature is high enough for gas atoms to form
interconnected grain boundary bubbles, because only then are they assumed to be in contact with the
open volume in the rod. The introduction of φa enables gas atoms to be released, irrespective of the
fact that gas-filled bubbles are created along grain boundaries. As a result, gas atoms can be released
during a very low temperature irradiation with low-density fuel, that is with a large initial open
porosity fraction [9,10].
Evolution of the athermal open porosity
Athermal open porosity in fresh fuel
The fabrication process determines the open porosity in fresh fuel pellets. This porosity is mainly
situated at the pellet periphery. Nevertheless, we assume it to be uniformly distributed in the pellet
since the latter will crack after the first start up, entailing the opening of a fraction of the initially
closed porosity in the pellet [13]. Moreover, the open pores can be associated with flake-like pores,
observed in plane microstructures by means of a scanning electron microscope, which extend longer
into the interior of the pellet [14].
In order to infer an order of magnitude for the portion of the grain boundary surface occupied by
the initial open porosity (φi0) from the corresponding volume fraction (∆V/V)open, we refer to a model
for the open porosity in the sintering process of crystalline solids [15,16]. According to this approach,
the individual grains are assumed to possess a uniform average size and shape. The grain is represented
by a polyhedron tetrakaidecahedron because it has the smallest interfacial area in a polycrystalline
compact for a given grain size. The features of the open pore phase structure are that a continuous
cylinder along the three-grain edges of the polyhedrons may approximate the pores. The aerial fraction
of the grain boundary occupied by the tunnel network can therefore be written in terms of the
corresponding volume:
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φi0

(2)

 ∆V 
 ∆V 
= 1.0574 
− 0.6190 


 V  open
 V  open

where we have accounted for the fact that three adjacent grains each share grain edge tunnel.
The influence of densification
The contribution of as-fabricated open porosity is expected to be less important with increasing
burn-up because in-pile densification reduces the total porosity and therefore also the open porosity [8].
The experimental investigation of Freshley, et al. [17] revealed the different factors affecting
densification: temperature, burn-up, fission rate as well as a combination of the initial density, pore
size distribution and grain size. The ideal situation is thus to have a fundamental model for densification
covering a wide range of fuel operating conditions and fuel characteristics. Assman, et al. [18] and
Suk, et al. [19] proposed four densification zones with different mechanisms for each. However,
values for the parameters involved are not always well known. Therefore, many code developers have
implemented empirical expressions for the fraction of the original porosity that has annealed out (fdens)
as a function of local burn-up, absolute local temperature and grain radius [8,20,21]. We have applied a
modified version of the empirical relationship suggested by Jackson, et al. [21] for LWR fuel:
f dens (T ,bu , R gr ) = α[1 − β exp( − a1bu) − (1 − β )exp(− a 2 bu )]

(3)

where a2 = 1.5 × 10–3 (MWd/kgUO2)–1, a1 = 100a2, α = 2exp[(T – 773)/300]/Rgr (µm)–1 and finally
β = 5.12exp(-5 100/T)/α.
Athermal open porosity in high burn-up fuel
For the time being we have no systematic measurements available of the athermal open porosity
fraction due to the grain edge tunnel development as a function of burn-up in LWR fuel. There are
only experimental indications that above 550°C for burn-up values in excess of 22 MWd/kg and up to
1 250°C for burn-up values in excess of 10 MWd/kg fine grain edge channels with a diameter less than
a few tenths of a µm can be observed in LWR fuel [11].
Hering [8] described the burn-up dependence of fission gas release due to tunnel formation at
grain edges empirically as a function of burn-up for various temperatures. Tayal and co-workers [12]
also suggested an empirical increase of the open porosity with the burn-up in CANDU fuel. Dehaudt
and co-workers attributed the development of fine grain edge channels to segregated atoms in the grain
boundaries. In line with their assumption, we will consider a linear increase of φt with the
concentration of fission products dissolved in the grain boundary (Cgbv):
φ a (T ,bu , R gr ,φ i 0 ) = φ i + φ t

φ (1 − f dens ) + α ⋅ Ĉ gbv
=  i0
φ i 0 (1 − f dens )

(T ≥ 600°C)
(T < 600°C)

(4)

We account for the fact that grain edge tunnel development has not been observed below
600°C [11], whereas densification has been observed even at temperatures as low as 400°C [17].
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Test case description
The first simplified FUMEX case
Our main objective is to assess the influence of the athermal open porosity fraction on the
predicted fission gas release. In order to emphasise the contribution of φa, we simulate the first
simplified FUMEX case in which a fuel rod is hypothetically irradiated at a constant power level of
20 kW/m to a final burn-up of 50 MWd/kgUO2 [9]. Given the absence of experimental data, this case
enables an intercomparison with other model predictions along with testing sensitivity to changes in
experimental variables as well as stability of the calculation.
The open porosity volume fractions considered are 0.1%, 0.5%, 1% and 3.66%. The largest value
of (∆V/V)open corresponds to the experimental value in the first (real) FUMEX case where the fuel
density was 94.1% TD, and the total initial porosity fraction contained 62% open porosity. The fission
rate, along with the temperature and the burn-up distribution in a pellet are provided by the integral
fuel performance code COMETHE-IV in all our calculations. The main variables applied in the
calculations for the first simplified FUMEX case are summarised in the second column of Table 1:
Table 1. Main parameters for the code calculations
Parameter
Pellet inside diameter
Pellet outside diameter
Cladding inside diameter
Cladding outside diameter
Pellet height
Pellet chamfer width
Pellet chamfer length
Dishing
Fuel column length
Fuel density
Enrichment U235
Grain radius
Fuel surface roughness
Clad surface roughness
Fill gas
Fill gas pressure

FUMEX case value
0
10.67
10.90
12.78
10.0
–
–
–
20
95
10
11.78
3
1
He
5

FGR threshold value
0
10.36
10.56
12.28
10.3
0.33
0.23
–
27.81
95.5
4.94
8
3.5
1.5
He
5

Unit
mm
mm
mm
mm
mm
mm
mm
–
cm
% TD
%
µm
µm
µm
–
bar

The threshold for fission gas release
We will verify the influence of φa on the empirical threshold for the onset of fission gas release.
To this end we determine the central temperature along with the average burn-up in the rod when the
fraction of the released gases reaches 1% during an irradiation at constant linear heat rate (20 kW/m,
24 kW/m, 27.5 kW/m, 30 kW/m, 35 kW/m and 40 kW/m). The main fuel rod parameters used in the
calculation are indicated in the third column of Table 1. The initial open porosity fraction [(∆V/V)open]
varies between 0.1% and 1%. For the other important parameters, we have applied so-called reference
values: the average grain size Rgr = 8 µm, the resolution rate constant for fission gas atoms in the grain
boundaries at 20 kW/m B *gb = 10–5 s–1, and the hydrostatic pressure Ph = 0 Mpa.
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Results and discussion
The first simplified FUMEX case
The released fraction of fission gases at end-of-life for the various values of (∆V/V)open are
summarised in Table 2. The central temperature at the end of the irradiation was 951°C. In the case
with (∆V/V)open = 3.66% we also increased and decreased the linear heat generating rate by 5%, entailing
a central temperature of 894°C and 1 011°C, respectively. At end-of-life the mean central temperature
prediction of the 19 codes in the FUMEX exercise was 980°C with a standard deviation of 110°C.
Table 2. Fission gas release fractions at end-of-life in the first simplified FUMEX case
(∆V/V)open
FGREOL (LHR -5%)
FGREOL (nominal LHR)
FGREOL (LHR +5%)

0.1%
–
0.74%
–

0.5%
–
0.93%
–

1%
–
1.08%
–

3.66%
1.35%
1.51%
1.85%

The fission gas release predictions at the end-of-life were typically less than 3% in the FUMEX
exercise, with many codes predicting a release of less than 1% [9]. Our code also predicts a modest
fraction of fission gas release. It should be emphasised that we limit the FGR calculation to a single
fuel pellet, e.g. we consider a uniform axial power profile in the fuel rod whereas the code calculations
consider the entire fuel rod. Given the low temperatures during the entire irradiation history there is
mainly an athermal contribution to the release, depending primarily on the athermal open porosity
fraction. In addition, the densification [Eq. (3)] is limited due to the low temperatures. Consequently,
the release is strongly affected by (∆V/V)open or φi0, as reflected in Table 2. The results also highlight
the good convergence of the program.
The threshold for fission gas release
The influence of the initial open porosity fraction on the threshold for fission gas release is
summarised in Figures 1, 5, 6 and 7. In the discussion we should bear in mind that the empirical
Halden threshold corresponds to a correlation between small and large gas releases – taken to be 0.5%
to 2% – with the peak fuel centre temperature. This is important when comparing our results for a
single pellet (e.g. we consider a uniform axial power profile) with that of a whole fuel rod. In view
of this our results are very satisfactory and reflect the decline of the release threshold at high
burn-up [7,10,22].
As indicated in Figure 1, the influence of the initial open porosity fraction on the threshold for
FGR is most manifest at high burn-up and low temperature, that is where athermal release (~φaJ1)
predominates.
Figure 2 reveals that the release at 20 kW/m increases gradually below 1%. The release mechanism
is mainly athermal. There is only a sudden increase of the release (change in slope) due to a so-called
thermal component of release in the pellet centre, e.g. when gas-filled bubbles cover a sufficient aerial
fraction of the grain boundary.
The growing importance of the athermal release contribution with burn-up therefore could
provide an alternative explanation for the reduction of the threshold. It does not require an increase of
the bulk diffusion coefficient [3,4], and/or a reduction of the resolution rate at the grain boundaries [7]
with burn-up.
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Figure 1. Influence of (∆V/V)open on the threshold for 1% fission gas release
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Figure 2. Evolution of FGR during irradiation at 20 kW/m for different values of (∆V/V)open
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At low burn-up values we have φa ≈ φi0(1 - fdens). Accordingly, the athermal release can only
contribute at low burn-up when φi0 is significant and the densification (or the local temperature)
remains moderate (see Results and discussion, The first simplified FUMEX case). This can be inferred
from the radial distributions of the FGR, φa and φb, at the onset of fission gas release in the case of an
irradiation at a constant linear heat rate of 40 kW/m with different values of φi0.
Figure 3. Radial distribution of the FGR (%), φa (%) and φb (%) in the pellet at the onset
of FGR during an irradiation at 40 kW/m with (∆V/V)open = 0.1% at beginning-of-life
10

25

9

FGR (%)

20

Athermal open porosity
Bubble surface fraction

7
6

15

5
4

10

3
2

5

1
0

0
0.0

0.2

0.4

0.6

Relative pellet radius

157

0.8

1.0

Surface fraction (%)

FGR

8

Figure 4. Radial distribution of the FGR (%), φa (%) and φb (%) in the pellet at the onset
of FGR during an irradiation at 40 kW/m with (∆V/V)open= 0.5% at beginning-of-life
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Since the release is mainly thermally driven, the fraction of FGR is closely related to the aerial
fraction of the gas filled bubbles (φb). The radial gradient of the athermal open porosity fraction (φa)
reflects the densification, which is strongly temperature dependent.
Finally, it should be noted that we have not incorporated the influence of cracking along grain
boundaries in the evolution of φa. Cracking occurs mainly during abrupt temperature
variations [10,24,25,26]. Accordingly, it does not give rise to a gradual increase of the athermal open
porosity as described in Eq. (4). Instead, cracking entails the sudden opening of a fraction of the grain
boundaries with the instantaneous venting of the corresponding fraction of accumulated gas atoms.
Ideally, this would require the precise knowledge of the local conditions (e.g. stress, temperature, etc.).
Given the uncertainties pertaining to some of those parameters, most authors accounted for the
cracking phenomenon in an empirical manner [8,12,27,28].
Summary and conclusions
Our previous model results indicated a slight overprediction of the empirical release threshold at
high burn-up and low temperatures. Furthermore, we did not account for the open porosity resulting
from the fabrication process. Therefore, we have included an athermal release process in our
mechanistic model for fission gas release and assessed its influence.
According to our present model, the threshold for 1% FGR is determined by two different
components – an athermal and a thermal release component. The former is determined by the athermal
open porosity fraction, which in turn has two different contributions. First of all it depends on the
initial open porosity fraction resulting from the fabrication process, which is modified by the in-pile
densification. Secondly, it is assumed to increase due to grain edge tunnel formation [11].
The athermal open porosity fraction enables release at low temperature where fission gas-filled
bubbles at grain boundaries, resulting from diffusion controlled precipitation, are not yet developed.
Consequently, this can provide an alternative explanation for the decrease of the release threshold at
high burn-up, rather than introducing an increase of the bulk diffusion coefficient, or a reduction of the
resolution rate at the grain boundaries.
Nevertheless, before drawing definite conclusions there is a need to obtain more data on the athermal
open porosity fraction in the fuel as a function of burn-up and local temperature. This should enable us
to verify the results presented by Dehaudt, et al. [11]. In addition, the densification process requires
further experimental investigation as it bears important consequences on the athermal open porosity.
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Abstract
The present paper summarises recent studies by the author in which the removal of intragranular
fission gas to grain boundaries during post-irradiation annealing of high burn-up UO2 has been
modelled in terms of known bubble behaviour. The difficulties of matching random bubble migration
to experimental results and the fundamental difficulties of using simple gas atom diffusion have been
avoided by utilising the strong “directed” bubble migration that must occur in the vacancy gradient
induced between the grain boundary and overpressurised bubble concentrations within a grain during
annealing. The present paper summarises the approach used to simulate these processes, leading to
quantitative predictions and providing information on the parameters of importance. Comparison with
experimental data from the literature shows excellent agreement with the main trends, particularly the
increase in release fraction with burn-up.
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Introduction
In the area of post-irradiation annealing of high burn-up UO2, one problem that has received
particular attention concerns the mechanism controlling the transfer of intragranular fission gas atoms
to grain boundaries in the diffusive release phase. Although from the many observations of bubble
precipitation in UO2 bubble diffusion might have been expected to play a dominant role in this
process, several papers [1-5] point to the difficulty that in practice the build-up of gas levels at
boundaries (with subsequent gas release to the surface) is considerably faster than might be predicted
from experimental values of bubble migration. This situation is shown in Figure 1, which compares
experimental bubble diffusion data [6,7,8] (based on random diffusion) with a typical determination [9]
of an effective fission gas diffusion coefficient during post-irradiation annealing of UO2 fuel. There is
no argument that simple Brownian motion of bubbles provides diffusivity values several orders of
magnitude too low to match the experimental values. It is therefore easy to understand why random
bubble migration has been rejected as a mechanism of moving fission gas to grain boundaries. There
are no reasons to change this view.
Figure 1. Experimental values of bubble diffusion as a function of bubble radius, together
with a typical effective diffusion coefficient measured on annealed UO2 fuel (dashed line)
See text for references
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The explanations put forward in the past to understand the situation summarised in Figure 1 have
included models involving simple gas atom diffusion, with bubbles playing no obvious part; recent
examples are given in Refs. [10,11]. However, even in early work, where the release of fission gases
was studied in UO2 subjected to very low irradiation doses (some 105 orders of magnitude smaller than
in reactor fuels), the effects of trapping were recognised [1]. Extrapolation of simple models to reactor
doses where gas bubble precipitation occurs (thus introducing a major sink for gas atoms) would thus
seem extremely unlikely.
For the above reason, some variants of gas atom diffusion models recognise the expected
presence of bubble populations. A discussion of these is included in the recent review of Lösönen [12]
on intragranular fission gas behaviour. As in the literature [13,14,15], some emphasis is placed on
thermal resolution of gas atoms from bubbles and its part in bubble coarsening via Ostwald ripening
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(although it is pointed out that evidence for this process is indirect). Resolution might also provide a
source term for subsequent gas atom migration to grain boundaries but this does not seem to have been
quantified. However, all models using simple gas atom diffusion have to be judged against the
considerable evidence for fission gas precipitation as bubbles thus indicating, as recognised in early
work [16,17], the extreme insolubility of the fission gases. This view has been borne out subsequently
by calculations of solution energies of the heavier rare gases in UO2, effectively showing that they are
insoluble [18,19] with solution energies above 9 eV. The driving force for precipitation is therefore
very high and makes it hard to sustain any models that either slow down precipitation or allow
subsequent escape of gas atoms or gas atom complexes from bubbles in post-irradiation experiments.
Although this conclusion is evident in hindsight, the climate in the early 1990s suggested that
it was worth trying to validate the idea of thermal resolution of gas from bubbles. To this end, an
experiment using thermal desorption and transmission electron microscopy (TEM) on Kr ion implanted
UO2 [20] was specifically designed to detect any thermal resolution of krypton from bubbles. It is
worth mentioning that the methodology of the experimental approach had been tested on helium
bubbles in implanted silicon where there had been no difficulty in demonstrating helium thermal
resolution and release from bubbles [21]. However, in the UO2 case it was significant that in desorption
spectra there was no release of krypton that might have been associated with single gas atom diffusion.
Instead the results showed that the release temperature of krypton at nearby surfaces during annealing
coincided with bubble movement observed by electron microscopy.
From the above discussion and experimental result, it is very difficult to see how models
involving simple gas atom diffusion could have any part to play in the movement of intragranular gas
to grain boundaries during post-irradiation annealing.
Background to model based on directed bubble diffusion to grain boundaries
The previous sections repeat the accepted view that random gas bubble migration cannot explain
the dynamics of fission gas accumulation at grain boundaries, but also add arguments why models
based on gas atom diffusion are unacceptable. In the paper mentioned above on TEM and thermal
desorption of implanted Kr from UO2 [20], some unexpected observations of bimodal bubble size
distributions led to the suggestion that one way out of this conundrum was to investigate the role of
grain boundary thermal vacancies on bubble motion. In subsequent papers this role has been explored
in detail [22-25] and the difficulties outlined above attacked by combining the following two
well-known aspects of vacancies and bubble behaviour in solids:
1. Grain boundaries (and/or surfaces) are dominant vacancy sources during high temperature
annealing.
2. Cavities will move up vacancy gradients.
These concepts will be discussed in turn.
Grain boundaries and surfaces as vacancy sources and relevance to UO2
The early work of Barnes and co-authors [26,27] demonstrated that bubble coarsening during the
high temperature annealing of various metals containing inert gas atoms was seemingly always
initiated near surfaces or grain boundaries. Evidence consistent with this phenomenon has come more
recently from studies using TEM [28,29,30] to examine metals implanted with inert gas ions and
163

then annealed. The annealing gives rise to bimodal bubble size distributions, but as described by
Chernikov [30], there is no doubt that these distributions arise as the different bubble regions
(e.g. original small bubbles and coarsened bubbles adjacent to grain boundaries and surfaces) are
superimposed along the electron beam direction. Of particular interest are the cross-sectional TEM
observations of Marachov, et al. [31] on helium implanted into nickel who were able to make images
along the whole helium range and follow the subsequent spatial effects during high temperature
annealing. The near-surface coarsening effect was clearly demonstrated, with the bubble coarsening
gradually spreading into the whole of the gas region.
Without exception, all of the above observations have been interpreted in terms of vacancy flow
from the grain boundary or surface sources toward nearby bubble populations, bringing these bubbles
to equilibrium and allowing coarsening processes to be initiated. The question of why potential
vacancy sources inside grains, such as dislocations, do not operate was recognised by Barnes [27].
He concluded that such sources were being poisoned by being effectively locked in by the trapping of
inert gas atoms, a view recently discussed in more detail by Chernikov [30].
With regard to UO2, it is clearly important to ask whether the near grain boundary bubble
behaviour seen in metals is applicable. In fact, there is little doubt that this is the case. Evidence is
present in annealed Kr-implanted material [20], but more relevantly it is observed in scanning electron
microscopy (SEM) examination of high burn-up fuel after post-irradiation annealing [14,32,33].
The work of Kashibe, et al. [14] is particularly worth emphasising since their Figure 3 very convincingly
illustrates this effect.
Cavity movement up vacancy gradients
The migration of voids and bubbles up a vacancy gradient has long been known and is supported
by theory [34,35] and experiments, both in metals [36] and more relevantly here, in UO2 [37,38].
Although the quoted references for UO2 refer to migration in vacancy gradients induced by
temperature, the theory is quite clear that the operating parameters are due to the vacancy gradient
itself. The bubble movement is a simple and inevitable consequence of the increased vacancy arrival
rate at one side of the bubble relative to the other. As deduced by Geguzin and Krivoglas [39], bubbles
will move with a velocity of -2Dm × dCv/dx (independent of bubble size) where Dm is the vacancy
diffusivity and dCv/dx is the local vacancy gradient. The reservations of Tiwari [40] on this matter
have no basis theoretically or experimentally [41].
Description of model
In the model, the two components of vacancy/bubble behaviour described above are combined in
a very straightforward manner. During the annealing of polycrystalline UO2 containing fission gas
bubbles, thermal vacancy production at the grain boundaries must lead to a vacancy gradient between
the boundary and the unequilibrated bubbles within the grain. This gradient must then impose, via the
velocity relation already quoted, a directed bubble diffusion toward the boundary. For a spherical
grain, the process is outlined for a quadrant cross-section in Figure 2, with the vacancy variations with
depth indicated beneath. In 2(a), the initial situation is shown with a grain filled with a uniform
concentration of fission gas in the form of small nano-sized bubbles characteristic of high burn-up
material [12]. Although the thermal vacancy concentration is Cv at the grain boundary, R = Rg, a
vacancy gradient has yet to be set up. After a certain time [2(b)], the gas bubbles near the grain
boundary have coarsened by migration and coalescence processes to leave a shell of large equilibrium
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Figure 2. Grain quadrant with schematic of annealing model
a) Start, b) Intermediate, c) End
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bubbles, radii rb, having pressures given by P = 2γ/rb, where γ is the surface energy. Although the final
bubble size is an important parameter, the growth route is not part of the modelling. It is worth noting
that the picture in 2(b) exactly matches the experimental result seen by Kashibe, et al. [14].
The important point now is that the large bubbles lie in a vacancy gradient and, as indicated by the
open arrows, must move towards the grain boundary.
Although the vacancies fed into the grain from the boundary play an essential role in allowing the
coalesced bubbles to equilibrate, the rate of accumulation of vacancies in the bubbles is controlled by
the overall gas concentration and the bubble size. This in turn controls the rate at which the interface
between the equilibrated large bubbles and the original bubble population, seen at Ri in 2(b), moves
into the grain. The filled arrows indicate this movement. The rate of movement is crucial since it
controls the time available for the equilibrated bubbles in the vacancy gradient to move toward the
grain boundary for gas release at the boundary. The interface eventually reaches the grain centre, 2(c),
at which stage the thermal vacancy level is uniform, all bubbles have reached equilibrium and no
further release at the grain boundary can take place.
Quantitative modelling
To see whether any proposed mechanism is relevant in practice, it is important to identify the
controlling parameters, obtain quantitative predictions and validate the modelling by comparison
with experimental trends and results. Here we give a very brief outline of the approach used; a full
description is given elsewhere [24]. Two basic equations are used in the spherical geometry.
The first describes the rate of inward movement of the interface at Ri in terms of the grain radius, Rg,
the UO2 self-diffusion coefficient, Dv, and the local swelling, S, due to the equilibrium bubbles:
dRi/dt = -Dv Rg/[S Ri(Rg - Ri)]

(1)

The second is the velocity towards the grain boundary of an equilibrium bubble lying at a
radius r:
Vb = 2Dv Ri Rg/[r2(Rg - Ri)]
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(2)

This equation is the spherical geometry equivalent of the linear expression quoted earlier.
The interaction between these two equations as applied to the Figure 2 situation meant that, except at
early times and at the end of the release process (see below), there was no easy analytical path to
obtain quantitative data. The above equations were therefore incorporated into a computer model
allowing the Figure 2 processes to be followed. Essentially this was done by assuming the grain to be
made up of a large number of thin concentric gas bubble shells whose vacancy content (e.g. swelling, S)
and position could be continually monitored. In this way, the position of the interface at Ri between
original and coarsened bubbles was always known and the arrival rate of gas layers at the grain surface
could be followed, hence giving the fission gas release rate at the grain boundary.
Using the above methodology, programs were set up to simulate both isochronal and isothermal
studies, initially to study the general features of the release process including the influence of the
input parameters, and later to simulate particular experimental results in the literature.
Parameters of importance
As was already evident from Eqs. (1) and (2), the results showed that the whole gas release process
was effectively controlled by only two parameters. The self-diffusion, Dv, dominated the kinetics, with
an additional contribution from the local swelling, S, in the layer of coarsened bubbles, and there was a
small effect of grain size. The S parameter was important in controlling the overall fraction of gas
released by the end of the process, and also the value of intragranular swelling. With regard to the
value for Dv, the present author has consistently used the expression:
Dv = 0.3 exp(-4.5 eV/kT) cm2/s

(3)

based on the bubble diffusion work of Gulden [6]. For the value of local swelling, the bubbles are
conveniently large enough to use the ideal gas law. Thus, together with G, the starting fission gas
concentration, and the equilibrium bubble equation, it is easy to show [24] that the fractional swelling,
S, is given by the following relation (with units as marked):
S = 1.7 × 10–6 G(%).rb(nm).T(K)/γ(J/m2)

(4)

Results and predictions
General results
Several results that have emerged from this work, which we believe validate the general
approach, used:
•

The magnitude of measured diffusion coefficients.

•

The values of reported gas release fractions.

•

The increase in these fractions with initial gas content, i.e. with burn-up.

•

The intimate relation between gas release and grain swelling.

•

The mechanism provides an explanation for accelerated gas release under oxidising conditions.

These results can be discussed in more detail together with comparisons from the literature.
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Measured diffusion coefficients
In discussing this first point, it is relevant that early time kinetics can be shown analytically [24]
to follow the Booth model in which the fractional (F) release during isothermal annealing satisfies the
relation, F ∝ (Dt)½ at early times. However, the proportionality constant is different, with a slight
dependence on the value of local swelling, S. Using a reasonable range of values for this parameter
showed that applying the Booth approach should give effective diffusion coefficient values some 60%
to 70% below that of the self-diffusion coefficient, Dv, for UO2. At 1 800 K, this would imply a
diffusion coefficient of ~10–13 cm2/s, remarkably close to the Figure 1 value from Baker and Killeen [9].
Similar comparisons with other data have been made in previous papers [22,23]. Thus, there is no
difficulty in using the proposed model to predict effective diffusivity values in the experimental range,
thereby providing a firm basis to understand Figure 1 results.
Gas release
The predictions can be discussed together. As already stated, the gas release fraction is directly
dependent on the value of S. Although complete gas release curves can be generated (see below), it
was particularly useful that the total gas release fraction could be closely predicted by a simple relation
in which the total release, Gtotal , was given by:
Gtotal (%) ≈ 100/(1 + (2 S)–1)

(5)

This is in some ways a very surprising result. While the amount of gas released would be
expected to increase with the starting fission gas level, an increase in the fraction released is not
exactly an intuitive one. This is probably the most important result to validate the present modelling
since this result is exactly that found in the literature [14,32,42,43,44]. Furthermore, although such
gas release data must be affected by burst release and the setting up of pathways to the surface, the
experimental gas release percentages are in the range indicated in Figure 3.

Calculated gas release (%)

Figure 3. Model results giving calculated total gas release fraction as a function of burn-up
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To demonstrate the experimental rise of gas release fraction with UO2 burn-up, we plot in
Figure 4(a) fission gas release curves taken from the work of Une, et al. [44] for different burn-up fuel
obtained during isothermal annealing at 2 073 K. In addition, the computer modelling approach
already described is illustrated in Figure 4(b) utilising data generated for the same initial gas levels,
assuming a self-diffusion coefficient as already given, a value of 1 J/m2 for surface energy, and a
bubble radius of 150 nm [14,44] in all cases.
167

Figure 4. Experimental fission gas release curves (a) from the
work of Une, et al. [44] compared with simulated model curves in (b)
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Although the computer data gives a smoother rise in data with increase in burn-up, the general
quantitative agreement in Figure 4 is very satisfying; not only is the range of integrated fractional
release accurately matched but the time scale is also a reasonable fit. With regard to timescale, it is
worth noting that in the proposed model, the time taken for the completion of gas release, e.g. for the
release process to reach Figure 2(c), is given by the exact relation:
tfinal = S.Rg2/(6 Dv)

(6)

Using the Figure 3 input parameters, results using Eq. (6) [with S from Eq. (1)] are shown in a
plot of time against temperature, Figure 5, for two different gas levels, 0.25% and 2%, corresponding
to burn-up values of 10 and 80 GWd/t. Clearly this is a useful guide to predicted gas release kinetics
and demonstrates the rapid drop in release time with increase in anneal temperature.

Time for gas release (s)

Figure 5. Calculated gas release time as a function of temperature plot for two burn-up values
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Intragranular swelling
In the present model, simple geometry shows that the grain swelling Sg at the end of the gas
release process is given in terms of the total gas release as:
Sg (%) = S {100 – Gtotal (%)}
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(7)

It was thus very easy to construct model swelling vs. burn-up curves using the Gtotal values
calculated for the gas release versus burn-up curves shown in Figure 3. The results are given in
Figure 6.
Figure 6. Predicted intragranular swelling as a function of burn-up
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The increase in swelling with burn-up is very clear but of particular importance is the intimate
connection between gas release and swelling. In the open literature, experimental data on swelling
seems rather limited but both Kashibe, et al. [14] and Zacharie, et al. [10] have very clearly shown this
exact result. As another example between experimental data and model results, we repeat here plots
given previously [45] comparing the experimental results of [10] with computer simulations, first for
gas release at different anneal temperatures as a function of annealing time, Figure 7(a), and second,
for the simultaneous changes in intragranular swelling, Figure 7(b). The same expression for Dv as
before has been used. In the present case (see [10,45]), the grain size was taken as 9.3µm, the gas
concentration as 0.57% and the equilibrium bubble radius as 50 nm. No claim is made that the
calculated curves exactly match the experimental curves but general trends are very well simulated.
Experimental measurements on irradiated UO2 are not trivial and their variability is seen even in the
data presented, e.g. at 1 715°C. In the swelling results, the experimental data is obtained indirectly and
may have large error bars.
Figure 7. A comparison of experimental and modelling
data: (a) gas release and (b) intragranular swelling
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Annealing in oxidising atmospheres
The dramatic acceleration of fission gas release when post-irradiation annealing is carried out in
oxidising atmospheres is well known [46,47,48]. Here we propose a straightforward explanation for
this behaviour in terms of the model described in this paper. It is already clear that a key element in the
model is the production of thermal vacancies at the grain boundary. However, under oxidation
conditions, a mechanism exists to enhance this vacancy population. This arises from the apparently
easy penetration of oxygen along boundaries [49] leading to internal oxidation at boundary sites, and
then the production of uranium vacancies via the oxidation reaction:
UO2 + ½O2 = UO2 + Uv + Oi

(8)

The resulting populations of vacancies can greatly exceed thermal concentrations [50,51] so that
the potential effects were clearly worth investigating. This was done using the same modelling
approach as given in the present paper and the results have been reported in [25]. Simulation of both
isochronal and isothermal anneals were carried out. Although the modelling was parameter sensitive,
particularly to the formation energy of the Schottky trio, the predicted effects were rather large.
For isochronal anneals, peak release temperatures fell by hundreds of degrees while for isothermal
simulations, even in the case of moderate hyperstoichiometry, the gas release rate was accelerated
some 500 times faster than that expected on the basis of thermal vacancies alone. This number is of
the same order as seen in experimental results [46].
Conclusions
This paper has described a model for the removal of intragranular fission gas to grain boundaries
in UO2 fuel during post-irradiation annealing. The model avoids the difficulties of using single gas
atom diffusion in situations where gas solubility is effectively zero but in contrast is based on the
minimum of assumptions. It uses well-documented gas bubble behaviour in solids, for example the
role of boundaries in thermal vacancy production during annealing, validated for UO2 by experimental
observations, and the movement of bubbles up vacancy gradients, validated both theoretically and
experimentally. All the major experimental results are adequately explained including the magnitude
of measured effective diffusion coefficients, the increase in fission gas release fraction with burn-up,
the simultaneous grain swelling and its magnitude, the timescale of release, and the large possible
acceleration of fission gas release under oxidising conditions. Although it must be recognised that the
model only examines one step in the gas release process, the step is an important one. The generally
good agreement with the experimental results and trends must strongly support the model.
It is worth discussing the conditions under which the model might not or does not operate.
Certainly at low burn-ups, there will be little or no gas release with the mechanism since the low gas
levels will allow thermal vacancies to rapidly reach equilibrium across a grain. One consideration is
the application at very high temperatures. Analogous with the behaviour of helium in nickel for
annealing above 0.7 of the melting point [52], there could well be a temperature in UO2 where the
effect preventing vacancy production at dislocations might be deactivated. In this case, the mechanism
would not operate; however, at high temperatures, other effects such as grain boundary movement and
sweeping might anyway dominate any fundamental processes.
In view of the very few parameters in the model, namely temperature, gas concentration, UO2
self-diffusion coefficient, surface energy value, grain size and the radius of the equilibrium bubbles, it
should be relatively straightforward to incorporate the ideas into numerical codes for gas release
during post-irradiation annealing. It is worth noting that since only the bubble size appears in the
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model, the problem of modelling the gas bubble growth [12] might be avoided. Finally, although the
model has no application for in-pile gas behaviour where irradiation-induced resolution is dominant, it
is quite possible that the model could apply to in-pile transient anneals. Here the results on the time for
gas release given in Figure 5 would be a useful guide.

REFERENCES

[1]

Hj. Matzke, Radiation Effects, 53, 219 (1980).

[2]

E.Ya. Mikhlin, V.F. Chkuaseli, J. Nucl. Mater., 105, 223 (1982).

[3]

I.R. Brearley, D.A. MacInnes, J. Nucl. Mater., 118, 68 (1983).

[4]

C. Ronchi, J. Nucl. Mater. 148, 316 (1987).

[5]

J. Rest, J. Nucl. Mater., 168, 243 (1989).

[6]

M.E. Gulden, J. Nucl. Mater., 23, 30 (1967).

[7]

R.M. Cornell, G.H. Bannister, Proc. Brit. Ceramic Soc., 7, 35 (1967).

[8]

C. Baker, J. Nucl. Mater., 71, 117 (1977).

[9]

C. Baker, J.C. Killeen, Proc. Int. Conf. on Materials for Nuclear Reactor Core Applications,
BNES, p. 153, Bristol, UK (1987).

[10] I. Zacharie, S.Lansiart, P. Combette, M. Trotabas, M. Coster, M. Groos, J. Nucl Mater., 255, 85
(1998).
[11] N. Kourti, I. Shepherd, J. Nucl. Mater., 277, 37 (2000).
[12] P. Lösönen, J. Nucl. Mater., 280, 56 (2000).
[13] D.A. MacInnes, I.R. Brearley, J. Nucl. Mater., 107, 123 (1982).
[14] S. Kashibe, K.Une, K. Nogita, J.Nucl. Mater., 206, 22 (1993).
[15] P.A. Jackson, J.A. Turnbull, R.J. White, Nucl. Energy, 29, 107 (1990).
[16] B.L.Eyre, R. Bullough, J. Nucl. Mater., 26, 249 (1968).
[17] R.M. Cornell, Phil. Mag., 19, 539 (1969).
[18] R.W. Grimes, Proc. NATO Workshop on Fundamental Aspects of Inert Gases in Solids, Bonas,
France 1990, S.E. Donnelly and J.H. Evans, eds., Plenum Publishing, New York, p. 415 (1991).
171

[19] R.W. Grimes, C.R.A. Catlow, Phil. Trans. Royal Society, A335, 609 (1991).
[20] J.H. Evans, A. Van Veen, K.T. Westerduin, J. Nucl. Mater., 195, 250 (1992).
[21] C.C. Griffioen, J.H. Evans, P.C.de Jong, A. Van Veen, Nucl. Instr. & Methods, B27, 417 (1987).
[22] J.H. Evans, J. Nucl. Mater., 210, 21 (1994).
[23] J.H. Evans, J. Nucl. Mater., 225, 302 (1995).
[24] J.H. Evans, J. Nucl. Mater., 238, 1975 (1996).
[25] J.H. Evans, J. Nucl. Mater., 246, 121 (1997).
[26] R.S. Barnes, G.B. Redding, A.H. Cottrell, Phil. Mag., 3, 97 (1958).
[27] R.S. Barnes, Phil. Mag., 5, 635 (1960).
[28] V.N. Chernikov, H. Trinkaus, P. Jung, H. Ullmaier, J. Nucl. Mater., 170, 31 (1990).
[29] V.N. Chernikov, P.R. Kazansky, H. Trinkaus, P. Jung, H. Ullmaier, Fundamental Aspects of Inert
Gases in Solids, S.E. Donnelly and J.H. Evans, eds., Plenum Publishing, New York, p. 329
(1991).
[30] V.N. Chernikov, J. Nucl. Mater., 195, 29 (1992).
[31] N. Marachov, L.J. Perryman, P.J. Goodhew, J. Nucl. Mater., 149, 296 (1987).
[32] F. Sontheimer, R. Manzel, H. Stehle, J. Nucl. Mater., 124, 33 (1984).
[33] G.J. Small, Thesis, University of Birmingham, UK, 1989; Proc. ANS Topical Meeting on LWR
Fuel Performance, Williamsburg, p. 278, April 1988.
[34] F.A. Nichols, J. Nucl. Mater., 30, 143 (1969).
[35] C.DeW. Van Siclen, Phil. Mag., Letters, 72, 41 (1995).
[36] R.S. Barnes, D.J. Mazey, Proc. Roy. Soc., A275, 47 (1963).
[37] R.S. Barnes, D.J. Mazey, Proc. 3rd European Regional Conference on Electron Microscopy,
Czechoslovak Academy of Sciences, p. 197, Prague (1964).
[38] B.J. Buescher, R.O. Meyer, J. Nucl. Mater., 48, 143 (1973).
[39] Ya.E. Geguzin, M.A. Krivoglas, Migration of Macroscopic Inclusions in Solids, Consultants
Bureau, New York and London (1973).
[40] G.P. Tiwari, J. Nucl. Mater., 232, 119 (1996).
[41] J.H. Evans, A. Van Veen, J. Nucl. Mater. 252, 156 (1998).
[42] M.E. Cunningham, M.D. Freshley, D.D. Lanning, J. Nucl. Mater., 200, 24 (1993).
172

[43] J. Burbach, H. Zimmermann, PNS-Nr 893/85, Kfz Karlsruhe (1985).
[44] K. Une, K. Nogita, S. Kashibe, M. Imamura, J.Nucl. Mater., 188, 65 (1992).
[45] J.H. Evans, J. Nucl. Mater., 275, 108 (1999).
[46] J.C. Killeen, J.A. Turnbull, Proc. Symp. on Chemical Reactivity of Oxide Fuel and Fission
Product Release, Berkeley, UK, p. 387 (1987).
[47] I. Johnson, C.E. Johnson, J. Nucl. Mater., 154, 67 (1988).
[48] K. Une, M. Amaya, M. Imamura, Y. Korei, J. Nucl. Mater., 226, 323 (1995).
[49] L.E. Thomas, R.E. Einziger, R.E. Woodley, J. Nucl. Mater., 166, 243 (1989).
[50] A.B. Lidiard, J. Nucl. Mater., 19, 106 (1966).
[51] J.M. Griesmeyer, N.M. Ghoniem, J. Nucl. Mater., 80, 88 (1979).
[52] V.N. Chernikov, H. Trinkaus, H. Ullmaier, J. Nucl. Mater., 250, 103 (1997).

173

THE ROLE OF GRAIN BOUNDARY FISSION GASES IN HIGH BURN-UP
FUEL UNDER REACTIVITY INITIATED ACCIDENT CONDITIONS
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Abstract
In the frame of reactivity-initiated accidents (RIA) studies, the CABRI REP-Na programme is
currently performed, focused on high burn-up UO2 and MOX fuel behaviour. From 1993 to 1998,
seven tests were performed with UO2 fuel and three with MOX fuel. In all these tests, particular
attention has been devoted to the role of fission gases in transient fuel behaviour and in clad loading
mechanisms. From the analysis of experimental results, some basic phenomena were identified and a
better understanding of the transient fission gas behaviour was obtained in relation to the fuel and clad
thermo-mechanical evolution in RIA, but also to the initial state of the fuel before the transient. A high
burn-up effect linked to the increasing part of grain boundary gases is clearly evidenced in the final
gas release, which would also significantly contribute to the clad loading mechanisms.
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Introduction
With the evolution of fuel management, such as the increase of the UO2 fuel discharge burn-up
and the introduction of MOX fuel in French pressurised water reactors (PWRs), the behaviour of such
fuel under reactivity initiated accident (RIA) must be studied. The lack of an experimental database in
this field and the need to define new safety criteria for higher burn-up fuel has led the Institut de
Protection et de Sûreté Nucléaire (IPSN) to initiate an experimental programme in the CABRI facility.
The CABRI REP-Na programme, performed with the collaboration of Electricité de France (EDF) and
supported by the Nuclear Regulatory Commission (NRC) intends to simulate an RIA starting from hot
standby conditions. With the use of sodium as a liquid coolant, it is mainly focused on the study and
consequences of burn-up increase (fuel and clad evolution) in the early phase of RIA transient during
which severe pellet clad mechanical interaction (PCMI) takes place before the cladding temperature
increases by thermal conduction.
Indeed, the later phase, with cladding heat-up and significant overheating if the boiling crisis is
reached in reactor conditions, cannot be directly studied by the CABRI REP-Na programme due to the
better clad-coolant heat exchange with sodium. Nevertheless, beyond the early loading phase, some
important data have been provided by the CABRI tests, which are specific to the high burn-up UO2
and MOX fuel and are of high interest for a first assessment of fuel rod behaviour under RIA
conditions and for an improvement in the modelling of transient fuel rod behaviour with the
SCANAIR code [1,2]. Furthermore, complementary information is issued from the results of RIA tests
performed in the nuclear safety research reactor (NSRR) in Japan using different coolant conditions
(stagnant water – 0.1 MPa, 20°C), which lead to early and sustained film boiling conditions and so to
high clad temperatures.
From the various experimental results, briefly recalled in the first part of this paper, the role of
grain boundary fission gases (gas outside the fuel grains) in an RIA transient clearly appears. So, in the
second part, a rough assessment of the grain boundary (GB) fission gases (content and repartition) in
the highly irradiated UO2 and MOX fuel is performed. Finally, some basic mechanisms are postulated
that are characteristics of high burn-up fuel behaviour (with a high GB gas content) under fast
energetic transient.
Overview of test results
In Table 1, we give the main experimental conditions and results of the REP-Na tests using
industrial PWR rods. In addition to fuel burn-up and transient energy deposition, other parameters
considered in the test matrix are [3]: clad corrosion without or with more or less spalling, pulse width,
and fuel type. Presently, ten tests have been performed, seven with UO2 fuel (five of them with high
burn-up fuel ≥ 60 GWd/t) and three tests with MOX fuel (MIMAS/AUC type). The main phenomena
that have been identified from on-line in-pile diagnostics and from post-test examinations (PTE) are
the following:
•

Fuel rod failure has been observed during the early phase of the transient with UO2 fuel only
for segments with clad oxide spalling and at enthalpy ranging from 30 to 80 cal/g.

•

Fuel rod failure has been also observed in the four-cycle MOX fuel rod (55 GWd/t) with
sound cladding (corrosion thickness of 40 µm), at 120 cal/g, and before the end of the fast
energy injection.
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Table 1. Characteristics and results of CABRI REP-Na tests (flowing sodium at 0.5 MPa and 280°C)

•

Depending on the tests, clad ruptures can lead to gas ejection and fuel ejection with further
fuel-coolant interaction.

•

Fission gas release increases with burn-up and fuel enthalpy level and is issued in major part
from porosities and grain boundary bubbles (called “grain boundary gases” in the following)
in most tests, with a limited contribution of intragranular migration above 450 J/g.

•

In addition to xenon and krypton, a significant helium release is observed.

•

Clad straining increases with fuel enthalpy level in the non-failure tests.

Moreover, destructive examinations have revealed some specific microstructural changes:
•

Fuel fragmentation in UO2 fuel (mainly in outer zones) and in the MOX fuel matrix with the
grain boundary opening increasing with energy deposition and clad deformation.

•

Fuel radial micro-cracks in the outer zones as a result of the quick cooling-down.

•

Free volume evolution by opening of the closed porosities in correlation with clad deformation
and final fission gas release.

•

Intragranular bubbles precipitation in the most energetic tests, which contribute to clad
straining.

Similar features are observed in NSRR tests with industrial PWR fuel rods. Cladding failure
occurs also at a relatively low enthalpy level (60-86 cal/g), during fuel heat-up, with high burn-up fuel
(44-50 GWd/t) and the most corroded claddings (without spalling). But additionally, in the case of
non-failure tests, important fuel swelling and correlated clad straining (up to ~25% locally) are
observed with extensive fuel grain separation, even at medium burn-up (~40 GWd/t) and moderate fuel
enthalpy level (~125 cal/g), which is nevertheless sufficient to induce high clad temperature (>600°C).
All these features show that the behaviours of irradiated fuel and of the cladding are tightly linked
and interdependent. Separate effect programmes have been launched in order to obtain a better
understanding of the integral test results. Relevant information on cladding response in RIA transient
has already been obtained from the out-of-pile test programme PROMETRA [4]. This programme
demonstrates that one of the causes of the clad failure in the REP-Na1, Na8 and Na10 is the cladding
embrittlement induced by blister formation (hydride accumulation) under reactor irradiation after
oxide spalling. This conclusion is consistent with the absence of failure in other high burn-up tests
(REP-Na4 and Na5) with moderate corrosion (up to 80 µm). In the NSRR case, the brittle behaviour
of the cladding is enhanced by the cold initial state. Nevertheless, the clad failure also depends on the
loading from irradiated fuel, which could be significantly enhanced by the high fission gas content in
the rim porosities of high burn-up UO2 fuel [5,6]. A more clear suggestion of the fission gas
contribution to clad loading is given by the MOX test REP-Na7 with the failure of a sound
cladding [7]. In all cases, the cladding failure occurs during a fast heating rate, at a fuel enthalpy level
ranging from 30 cal/g to 120 cal/g, that corresponds to maximum fuel temperatures from 800 to
1 950 K. At these temperature levels and under such high heating rates, there is no activation of
diffusion phenomena that could lead to bubble swelling. Consequently, we can conclude that the
fission gas contribution to the early clad loading comes from grain boundary (GB) gases by
mechanical effects as a result of important bubble over-pressurisation, which leads to grain boundary
cracking, prompt solid fuel pressurisation and swelling in the case of high GB gas content. A more
detailed description of these mechanisms will be presented later.
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Fuel evolution under irradiation conditions – grain boundary gases quantification
The previous analysis underlines the importance of GB gases in RIA transient as well in clad
loading effects as in the final release. The GB gas fraction increases with burn-up, first probably in
correlation with the overall gas release, but mainly with the formation of very high burn-up regions in
each fuel type; for example, in the rim of high burn-up UO2 fuel due to the Pu build-up and in the
UPuO2 clusters of MOX fuel that concentrate initially all the fissile material. Above a local burn-up of
~70-80 GWd/t, a typical microstructure is observed, which is characteristic of a high burn-up in
relatively cold zones (a sub-grain formation and a high porosity with a high gas content on the form of
large over-pressurised micrometer size pores). In UO2 fuel, this microstructure change occurs at an
average burn-up of ~40 GWd/t, and is well-established on a width of 100 µm (local burn-up of
100-120 GWd/t) at an average burn-up of 60-65 GWd/t. In MOX fuel, it is clearly observed earlier,
above a burn-up of ~30 GWd/t [11], with a local burn-up in the UPuO2 agglomerates of 100-160 GWd/t,
depending on initial enrichment. Nevertheless, only agglomerates of a significant size (higher than the
recoil distance of fission gas atoms, or 7-8 µm) are concerned by this microstructural change.
Some estimation of the GB gas content in irradiated UO2 and MOX fuel can be made based on
the few microprobe results presently available and taking into account the local gas release. In spite of
a large scattering observed in the results (Figure 1), it appears clearly that, at similar burn-up level, the
GB gas concentration is much higher in MOX fuel than in UO2 fuel, mainly in the range of low and
medium burn-up. The relative difference decreases in the high burn-up range due to the decreasing
influence of clusters in MOX fuel and the increasing rim formation in UO2 fuel. The major part of this
GB gas content is contained in the large porosities of the irradiated fuel due to as-fabricated pores or
irradiation with a strong contribution of the high burn-up zones (the rim zone in high burn-up UO2 fuel
contains ~50% of GB gases at high pressure (50-100 MPa) which represents ~8-10% of the total
retention). But a small part is also contained in the small intergranular bubbles located on the grain
faces, in a limited quantity due to the specific area of the fuel grains, but with a higher gas pressure
(~1 GPa).

Grain boundary gas concentration (cm3/g)

Figure 1. Estimation of the grain boundary gas concentration in UO2 and MOX fuel

Burn-up (GWd/t)

RIA transient behaviour – postulated mechanisms and present understanding
Fission gas driven fuel fragmentation
Extensive fuel fragmentation (grains separation) has been observed in most of the REP-Na tests
(Figure 2) and also in the NSRR tests [8]. This phenomenon is understood as a result of the high
over-pressure, which is developed in small intergranular bubbles during fast heating rates and which
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Figure 2. Micrograph of high burn-up UO2 fuel
(REP-Na5) and MOX fuel (REP-Na6) after RIA test
REP-Na5
Left: rim, Right: ~0.95 R

REP-Na6
Left: ~0.98 R, Right: ~0.95 R

induces high stress fields between the grains, leading to the grain boundaries cracking if the rupture
stress is exceeded [9]. Indeed, even if the fuel is macroscopically in compression due to the fuel-cladding
gap closure, the high gas pressure (≈1 GPa for nanometer sized bubbles) can stress the grain boundaries
in tension.
The condition for grain boundary rupture can be obtained from a force balance normal to the
grain boundary [10]:
(1 – f) σr = (Pb – Ps) f – PH
where f is the grain surface coverage fraction by intergranular bubbles, σr is the fuel fracture stress, Pb
is the bubble pressure, Ps is the pressure due to the surface tension of the fuel and PH is the hydrostatic
pressure (in SCANAIR modelling [1,2] the locally minimum compressive stress is used).
Assuming bubble mechanical equilibrium with solid fuel under end of life (EOL) conditions
(Pb0 = PH0 + Ps), and considering the linear increase of bubble pressure with temperature, we obtain the
following relation between the relative temperature increase between EOL (T0) and transient
conditions (T) and the coverage fraction as a necessary condition for fuel fragmentation:
∆T/T0 = ((1 – f) σr + PH – PH0 f)/Pb0f
With a lower bound equal at PH0 for the compressive stress in the fuel (no additional constraint
due to transient) and an upper bound of 80 MPa deduced from the ultimate tensile strength (UTS) of
the irradiated clad in the low temperature domain [4], the fragmentation limit thus obtained is plotted
on Figure 3 with PH0 = 14 MPa and using different values for rb (1 and 10 nm) and σr (140 and
50 MPa). The different curves give the limits between the regions where fuel fragmentation occurs
(above) and the stable zones (below), for each set of parameters. They clearly show that this limit for
small bubbles of 1 nm (rim zone) is not very sensitive to the fuel-clad restraint, and if the coverage
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Figure 3. Fuel fragmentation threshold in terms of relative fuel temperature increase

fraction approaches the bubble interlinkage value, a small temperature increase can cause fracture.
Thus, in the rim zone where the temperature quickly exceeds the EOL conditions, grain boundary
cracking can occur very early in the transient as already postulated [5,6,9], at ~1 000 K or even less.
Associated phenomena – fuel pressurisation and swelling
The instantaneous consequences of this grain boundary rupture are a grain boundary separation
but with a limited opening due to the high clad strength and the strong contact pressure (~30 MPa), a
degradation of fuel mechanical properties (leading to loss of fuel mechanical restraint and an
hydrostatic fuel behaviour) and a prompt availability of all the GB gases including the high gas
content from the high burn-up regions. Depending on this last one, the associated driving pressure can
lead to internal solid fuel pressurisation and swelling, resulting in a strong clad loading with the
associated risk of an early clad failure in the event of brittle cladding or if the ultimate elongation (UE)
is reached. This last mechanism seems the more likely to explain the clad failure in REP-Na7.
Grain boundary opening
The strong influence of the fuel-clad constraint on the effective grain boundary opening can be
illustrated by the following simple calculation. The grain boundary width δ can be obtained from:
δ = (Vge/Vc)/(3/2rg)
where Vge is the volume of grain boundaries calculated from reduced Van Der Waals equation. Also,
as a function of Cge, PH and T, ge is the intergranular gas concentration (grain faces) estimated from
EOL conditions, Vc is the fuel volume and rg is the equivalent grain radius. The results obtained for
different fuel pressures and temperatures of 1 000 and 2 000 K are given in Table 2, considering the
upper bounds of intergranular gas concentration (Cge) in the outer part of the fuel, and inside and
outside the rim region (rb ≅ 1 and 10 nm). These results clearly show that no significant grain
boundary opening can occur during the PCMI phase, with a strong contact pressure (~30 MPa).
Solid fuel swelling and clad loading: the SCANAIR modelling
The grain boundary separation, even limited, leads to a degradation of fuel mechanical properties,
which allows for the over-pressurised porosities of the gas-rich regions to expand. If the fuel has
totally lost its mechanical strength, it behaves as a hydrostatic body and significant fission gas induced
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Table 2. Estimation of grain boundary opening after grain boundary cracking (without gas flow)
Intergranular gas
concentration
Grain radius
RIM 5 cycles
Cge = 0.2 cm3/g
Rg = 0.1 µm
Outside RIM
Cge = 0.02 cm3/g
Rg = 5 µm

Hydrostatic stress PH (MPa)

Temperature
(K)

30*
δ
2 nm
3.8 nm
δ
10 nm
19 nm

1 000
2 000
1 000
2 000

10
δ
5.5 nm
10.7 nm
δ
28 nm
54 nm

2**
δ
26.2 nm
52 nm
δ
131 nm
261 nm

* Order of magnitude of contact pressure during PCMI phase.
** Order of magnitude of plenum pressure after test (cold state).

fuel swelling and clad loading can be obtained, depending on gas pressure and cladding strength.
In the SCANAIR code [1,2,3], the rim behaviour in a high burn-up UO2 fuel is modelled according to
these physical phenomena and illustrated in Figure 4. Starting from initial state deduced from EOL
conditions: small grains of 0.1 µm in radius, small grain face intergranular bubbles (1 nm) in
mechanical equilibrium with fuel in hot EOL state and large over-pressurised pores (≈1 µm)
containing the major part of the retained gas (≈85% of the creation) and increasing the local porosity
(10-20%), the fast heating rate leads to an early fuel fragmentation according to the grain boundary
rupture criterion previously established. After that, instantaneous equilibrium is assumed between
grain face gas and large pores and the fragmented fuel behaves as a hydrostatic body with a pressure
that balances the gas pressure in the porosity. Obviously, the resulting pressure is also depending on
the mechanical equilibrium with cladding.
Figure 4. Rim behaviour in RIA transient and modelling with SCANAIR code
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Finally, the consequences of this modelling, linked to the high grain boundary gas content in the
rim, are a prompt and significant contact pressure increase (≈20-30 MPa) and a fast increase of the
clad deformation (≈0.2-0.3%), which is purely elastic in this early phase of transient. These features
are correlated to porosity increase and fuel swelling of the rim region. The results are clearly sensitive
to the rim porosity (almost a factor 2 for the contact pressure and the fuel expansion increase between
the 10% and 20% cases) and to the pulse width (between 15% and 40% more for the calculated
contact pressure increase in a narrow pulse depending on initial rim porosity).
Later consequences – grain boundary gas expansion and fission gas release
Grain boundary gas expansion
At a later stage, the effective grain boundary opening becomes possible during the fuel
cooling-down phase, when the stress decreases (see Table 2) and if the gas pressure is still available
(depending on gas flow). Furthermore, all the GB gases liberated as a consequence of the fuel
fragmentation can expand if the gas pressure (which depends on fuel temperature, gas flow and possibly
intragranular migration) is higher than the fuel-clad restraint, leading to fuel swelling. In REP-Na tests,
the high clad to coolant heat exchanges lead to low clad temperatures and so high clad strength and
contact pressure during the PCMI phase (see example in Figure 5). Consequently, apart from the early
phase of GB gas expansion correlated to the fuel fragmentation in the case of high GB gas content, no
other significant GB gas expansion is possible, due to the high level of confinement by the cladding,
even in hot state where the gas pressure is the highest.
Figure 5. Fuel enthalpy, clad temperature, clad strain and contact
pressure evolutions in REP-Na tests (SCANAIR calculation)

This situation is clearly different in the NSRR tests, in which early DNB and sustained film
boiling conditions lead to high clad temperatures and low clad strength, allowing important GB gas
expansion and fuel swelling, as already observed in TK1 in spite of the medium burn-up and the
moderate enthalpy level (38 GWd/t and 126 cal/g). The resulting clad straining is 10% on average and
up to 25% locally (correlated to the clad temperature evolution), which is much higher than in
REP-Na3 (maximum ~2%) with similar enthalpy level and higher fuel burn-up Table 3). In a general
manner, higher clad deformations are obtained in NSRR conditions at similar and relatively low
enthalpy level (<130 cal/g so with a limited contribution of intragranular swelling) and generally lower
burn-up, which cannot be due to thermal dilation alone, and which result from the GB gas expansion
in correlation with high clad temperatures. Obviously, these high cladding strains also result from the
absence of coolant pressure.
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Table 3. Comparison between REP-Na3 and TK1 test conditions and results

Initial enrichment (% U5)
Fuel burn-up (GWd/t)
Oxide thickness (µm)
Stack length (mm)
Filling pressure (MPa He)
Coolant conditions
Pulse width (ms)
Peak fuel enthalpy (cal/g)
Max. outer clad T (°C)
(duration)
Max. mean hoop strain (%)
Fission gas release (%)

REP-Na3
4.5
53
40
440
0.31
Flowing sodium
(0.5 MPa, 280°C)
9.5
125
380
(<0.1 s)
2 (average 1.3)
13.7

TK1
4.1
37.8
7
130
0.1
Stagnant water
(0.1 MPa, 20°C)
~4.2
126
>600
(~0.25 to 1 s)
25 (average 10)
20

Fission gas release
The fuel fragmentation and the subsequent grain separation also have consequences on fission gas
release. The gas transport inside fuel depends on driving gas pressure and fuel permeability, which are
linked to grain boundary opening and macroscopic cracks and, consequently, to fuel enthalpy level,
pulse width and cladding strain. Furthermore, if the cladding’s permanent strain offers additional free
volume sufficient to induce a significant grain boundary opening during the cooling process, an
important interconnected porosity network is created that includes the initially closed porosity, leads to
a significant increase of the free volume and allows the GB gases to be released during the after test
pin puncturing operation. Such phenomena explain the correlations observed between the measured
gas release, the free volume evolution and the cladding strain in REP-Na tests, as shown on Table 4.
Table 4. Correlation between fission gas release and microstructural change in REP-Na tests

Free volume before test (cm3)
Mean clad deformation along fissile length (%)
Free volume after test (without fuel evolution) (cm3)
Intragranular swelling (SCANAIR calculation) (cm3)
Theoretical free volume after test (cm3)
Theoretical free volume after test + closed porosities (cm3)
(with additional porosity in PuO2 clusters of MOX1)
Measured free volume after test (cm3)
Undetected fission gases with EPMA (end of life)
Intragranular migration (SCANAIR calculation)
Measured fission gas release (%)
1
2

REPNa4
2.261
0.17
2.4
0
2.4
3.79

REPNa5
2.426
0.754
3.026
0.237
2.79
4.31

REPNa6
2.815
∼1.45
3.949
1.05
2.9
5.42

REPNa9
2.502
∼4.7
6.28
2.45
3.83
5.86

2.3±1.6
15-25%
0

4.7±1.5
15-25%
≅0

5.4±1.6
25-40%
3%

6.4±0.5
20-30%
13%

8.3

15.1

21.6

(∼342)

40% in 50% of agglomerates for three cycles, 30% in 50% of agglomerates for two cycles.
To be confirmed.
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Already observed in tests with UO2 fuel [9] for which free volume measurement after test have
been performed (REP-Na4, REP-Na5), they can also be deduced from the test results with MOX fuel
(REP-Na6, REP-Na9). The theoretical free volume after test can be calculated from the initial volume,
the mean clad deformation obtained along the fissile length and the intragranular gas swelling
(calculated by SCANAIR), with additional possible contributions of the initially closed porosity, and
compared with the measurement. In the same way, the measured gas release can be compared with the
amount of grain boundary gas estimated from the EOL state (from undetected gases with EPMA, see
Figure 1) and from the intragranular migration (calculated by SCANAIR). From the results of Table 4
and especially by comparison between the calculated and measured free volumes after tests, it appears
(in spite of relatively high uncertainties) that:
•

In the case of low clad deformation (REP-Na4), there is no significant opening of the closed
porosities and only partial release of grain boundary gases occurs (probably from the rim zone).

•

In case of significant clad deformation, most of the closed porosities are opened and the
corresponding part of grain boundary gas is liberated.

These mechanisms are clearly enhanced in the NSRR conditions, where higher cladding strain
and important GB gas expansion result in higher gas release, for example, 20% in TK1 which can be
compared to 14% in REP-Na3 at higher burn-up and similar enthalpy level. The released gas
corresponds to the gas present in all free volumes in the pin, including the gas present in the
interconnected porosity inside the fuel. Furthermore, the important cladding strain and the final fuel
state observed on PTE (important grain separation and porosity) suggest that most of the measured gas
release was still inside the fuel during the phase of GB gas expansion and has contributed to fuel
swelling and clad loading with a limited axial gas transport at this time scale.
Correlation between GB gas induced fuel swelling and fission gas release is a common feature,
and has also been observed and quantified in out-of-pile annealing tests under externally restrained
conditions [12]. Even if, in this case, the formation process of interconnected porosity is different and
linked to grain boundary bubble growth by diffusion mechanism, it is interesting to notice that in both
cases, an important GB gas swelling and a general interconnected porosity network are necessary to
obtain the quasi-totality of the GB gas release.
Conclusion
The analysis of the REP-Na tests, together with some striking results of NSRR tests performed in
different conditions, has allowed for the improvement of understanding of fuel rod behaviour under
RIA transient in relation with the fission gas effects. The strong influence of GB gases is clearly
underlined on the clad loading and on the final gas release, and these effects are tightly coupled with
the clad mechanical behaviour. The GB gas concentration increases with burn-up mainly due to the
formation of high burn-up zones with high gas content such as the rim zone in UO2 fuel and the
UPuO2 clusters in MOX fuel (MIMAS/AUC type). In the range of the explored burn-up (<65 GWd/t),
this quantity is more important with MOX fuel at similar burn-up level.
Under fast heating conditions, this high gas content provides a driving force, which can contribute
significantly to clad loading by two different mechanisms:
•

In the early phase of transient, high gas pressure leads to fuel fragmentation and prompt GB
gas availability, resulting in fuel pressurisation and swelling with associated clad loading.
Such driving pressure can contribute to an early clad failure in high burn-up UO2 fuel with
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very brittle cladding. However, it is not sufficient to induce clad failure in a sound cladding
(without hydride blisters) below an enthalpy level of 120 cal/g. On the contrary, the higher
potential effect from GB gases in a high burn-up MOX fuel (55 GWd/t) may lead to clad
failure in a sound cladding at an enthalpy level of 120 cal/g during this fast heating phase.
•

In the later phase, GB gases can expand and contribute significantly to cladding strain if the
gas pressure overpasses the clad strength, which decreases significantly with clad temperature
increase. This phase is presently not correctly simulated by the ongoing integral RIA tests.
In the REP-Na conditions, the fast clad cooling down with sodium underestimates the GB gas
effect, in the NSRR conditions, the absence of coolant pressure enhances the GB gas effect.

Further information on the loading mechanisms from GB fission gas in the early phase of
transient and on the gas release mechanisms are necessary and are awaited for the future in-pile
SILENE experiments. Finally, the future CABRI Water Loop programme will enable the study of RIA
transient in PWR representative conditions.
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THE DEVELOPMENT OF GRAIN FACE POROSITY IN IRRADIATED OXIDE FUEL

Rodney J. White
British Nuclear Fuels, R&T, Sellafield, Cumbria, UK

Abstract
The predominant mode of fission gas release occurs through atomic diffusion to the grain boundaries.
In oxide fuels the fission gases initially precipitate as an array of small lenticular bubbles. The arrival
of additional gas and vacancies causes these bubbles to grow and coalesce into fewer, larger bubbles.
Depending on the irradiation conditions and temperature, these bubbles may develop either as circular
lenticular pores or as extended multi-lobed pores. Eventually the pores may intersect the grain edges
where pathways may be formed, which enable the gases to migrate to the outer geometry of the fuel
and hence to the gap and the pin-free volume. Recent extensive PIE campaigns on irradiated fuels
have provided a large database of intergranular porosity development and, from these, models of
bubble growth, coalescence, morphological relaxation and venting have been developed.
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Introduction
The generation of the fission gases, xenon and krypton, in irradiated fuel presents a number of
problems to reactor operators. If the gases remain within the fuel matrix they may produce large
transient swelling under adverse operational conditions. Alternatively, release to the pin-free volume
can lead to deterioration of the fuel thermal performance, escalating release and possible rod
over-pressure events. In order that proper safety assessments may be made, it is essential that the
processes that determine the release or retention of fission gases be properly understood.
Probably the key factor in this is the kinetics of grain face bubble development. Observations of
lightly irradiated fuel reveal large numbers of small, discrete, lenticular bubbles on the planar
boundaries (faces). With further irradiation, the size of the bubbles increase and their numbers
decrease. At some stage the bubbles may depart from pure circular projection, become elongated
and frequently multi-lobal. During this period the bubbles remain closed cavities and act to retain
the fission gases on the boundaries thereby contributing to large swellings. The development of
elongated pores eventually results in the bubbles making contact with the grain edges (where three
grains meet) and this can lead to the development of continuous pathways to the fuel exterior
through which the gases may be vented. The final stage in the process is the interconnection of all
the porosity on grain faces to the grain edges and from this point, all gas arriving at the boundaries
will be released.
In this paper an analysis of recent PIE information is performed and models for the growth,
coalescence, morphological relaxation and venting of grain face bubbles are proposed.
The swelling database
1
Experiments conducted by British Energy [1], British Nuclear Fuels [2] and the IMC [3] have
been directed at providing a better understanding of the processes contributing to fuel swelling in
irradiated oxide fuels. The British Energy programme involved the ramping of advanced gas-cooled
reactor fuel (CAGR) in the Halden Reactor while the BNFL programme focused on SBR-MOX fuel
in the Callisto Experiment. The fuel was returned to Magnox Electric’s Shielded Electron Optics
Suite at Berkeley (UK) where extensive scanning electron microscopy was performed to study both
intragranular and intergranular swellings. Details of the tests are shown in Table 1 below.

The area, perimeter and number of lobes to each bubble were measured using image analysis
software. Post-processing of the data provided the following information for each boundary: grain
face area, number of discrete pores, bubble density (number per unit area), fractional coverage,
volumetric swelling, mean projected bubble radius (not radius of curvature), mean projected bubble
body length, mean number of lobes (= 2 for circles and bi-lobes) and vented fraction (fraction
vented to grain edges). Apart from the out-of-pile tests where the temperature was measured, the
temperatures of the 70 separate SEM locations were obtained from ENIGMA [4] calculations and
ranged from 1 200°C to 1 920°C.
General behaviour
Typical micrographs showing the early and advanced stages of grain face porosity development
are shown in Figure 1.
1

British Energy was formerly Nuclear Electric and the IMC is the Industry Management Committee of the
United Kingdom Health and Safety Executive. The IMC directs research funded by British Energy and British
Nuclear Fuels Limited (BNFL).
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Table 1. Details of PIE/SEM performed

Burn-up
Expt. Type
(MWd/kgU)
UO2
UO2
UO2
UO2
UO2
UO2
UO2
UO2
MOX

A
B
C
D
E
F
G
H
I

9.3
9.3
12.6
12.6
19.8
21.0
21.0
21.0
27.0

Test

Peak rating
(kW/m)

Slow ramp
Out-of-pile
Slow ramp
Fast ramp
Cycled
Slow ramp
Fast ramp
Out-of-pile
Base+ramp

42
T = 1 600-1 900°C
40
40
18-26
43
39
T = 1 600-1 900°C
40

No. of
No. of
Temperature
grain
Hold-time
bubbles
zones
boundaries
measured
measured
–
–
–
2 min.
115 × 4 hr
2-30 min.
0-60 min.

5
4
4
5
12
5
16
10
9

43
26
47
37
103
63
127
58
92

2 818
2 415
12 031
10 596
6 070
6 712
18 965
7 022
6 998

70

596

73 627

Figure 1. Examples of early and advanced stages of grain face porosity development
The swelling in the left-hand micrograph is around 0.15% while in the right-hand trace it is nearly 5%.
Note examples of newly coalesced bubbles, extended pores and vented porosity.

From the detailed examination of the database a number of observations may be made. These are:
•

The number density of grain face pores falls as the bubble size increases.

•

The fractional coverage of the grain boundaries by bubbles increases to a limiting value of
around 50%.

•

The degree of lobality, that is, the mean length to radius (L/R) ratio of the bubbles increases
with fractional coverage, sometimes exceeding values of 30.

•

The fraction of vented pores is a function of the mean bubble length.

The understanding of the grain face swelling phenomenon requires explanations of the observations
reported above.
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The physical basis of grain face swelling
The phenomenon of grain face swelling may be conveniently subdivided into the following effects:
•

The nucleation rate of grain face cavities/pores/bubbles.

•

The growth of two-fold symmetric cavities on planar grain boundaries (faces) through the
collection of fission gas atoms and vacancies.

•

The rate at which cavities interact through coalescence leading to larger but fewer cavities.

•

The change of shape of the newly coalesced cavities under the influence of capillarity.

•

The kinetics of the venting of grain face porosity to the grain edges.

Cavity nucleation
2
The bubble densities observed ranged from in excess of 40 to less than 0.04 bubbles per µm of
grain boundary. Since the upper figure was associated with lower temperatures and lower ratings, it is
assumed that this reflects the early stages of gas release and that the nucleation density is also of this
order. It is known that very small intragranular pores of diameter around one nanometre are observed
23
24
–3
in irradiated UO2 with concentrations of typically 10 -10 m [5]. Assuming uniform distribution, a
fraction of these will be nucleated within one bubble radius of the grain boundary. Any slight growth
will result in their intersecting the boundary and from this point the bubbles grow as grain face
cavities. The intragranular concentrations are therefore consistent with something between 50 and
2
500 bubbles per µm of grain boundary. The proximity of the lower estimate with the upper value of
the observed bubble numbers suggests that this is the origin of the grain face cavities.

Cavity growth
Fission gas atoms diffuse to the grain boundaries and are rapidly absorbed into the bubble nuclei
that have formed. It is assumed that the gas retention capacity of the grain boundaries is a result of the
presence of the bubbles. Calculations of bubble growth require accurate estimates of fission gas arrival
rates and for this purpose the fission gas release model in the ENIGMA fuel modelling code has been
used [5]. Mechanical equilibrium requires that the pressure of the gas in the cavity be balanced by the
bubble capillarity, that is P = 2γfs/R where γfs is the UO2/gas specific surface energy and R is the
principal radius of curvature of the spherical caps, which constitute the bubble interfaces. This surface
energy differs from that of a UO2/UO2 interface and this results in lenticular bubbles with a
semi-dihedral angle of approximately 50° [5].
In general, the grain face cavities are over-pressurised and mechanical equilibrium can only be
restored if the cavities can absorb vacancies. The Speight and Beere [6] model is a refinement of that
originally proposed by Hull and Rimmer [7] who demonstrated how cavity growth (and shrinkage)
proceeds by absorption of vacancies generated on the grain boundaries. The vacancy absorption/
emission rate at a lenticular cavity is given by:
2 γ sinθ 
d nv 2π D g δ g 

 σ + P − fs
=

dt
kT S 
R p 
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(1)

where nv is the number of vacancies, Dg is the grain boundary diffusivity, δg is the thickness of the
diffusion layer on the boundary and σ is an externally applied stress. The radius, Rp, given in Eq. (1) is
the projected radius of the cavity on the grain boundary and is related to the radius of curvature of the
cavity through the sine of the semi-dihedral angle, θ. The term, S, is a function of the geometry and
boundary conditions of the planar diffusion cell of the cavity. P is the internal pressure in the cavity
and for a Van der Waal’s gas is given by:
P=

kT
Ωε

(2)

where ε is the number of vacancies per fission gas atom in the cavity, Ω is the atomic (vacancy)
volume and kT is the thermal energy.
When considering cavity growth in irradiated UO2 it is important to note that the number of
cavities is decreasing so any particular bubble observed during PIE will be the result of the growth
and coalescence of many other smaller bubbles. Taking the extreme example cited above with a
2
bubble density of 0.04 per µm , the originally nucleated state consisted of perhaps 40 bubbles per
2
µm so every bubble consists of 1 000 of the originally nucleated seed bubbles.
Coalescence
This is a geometric phenomenon. If the starting point consisted of 40 bubbles per µm2 it is
inevitable that bubble growth eventually leads to a point where mechanical interference is
unavoidable and coalescence commences. Given that each bubble consists of gas atoms and
vacancies, the coalescence event must conserve the volume of the interacting bubbles unless the
event takes place near the grain edge where venting may occur. Since each grain face has a finite
area, each bubble is limited to a fraction of that area before mechanical interference occurs. The key
parameter in coalescence is therefore the projected bubble area rather than the volumetric swelling.
The bubbles are assumed to be randomly distributed at a density N per unit area of grain face.
Each bubble will be surrounded by an area of, on average, four times its own area, A, in which no
other bubble centres can reside. Any bubble centre located in this exclusion zone would find its
perimeter within the perimeter of the parent bubble and coalescence would occur. Any further
growth of the projected area of the parent bubble by an amount dA, effectively increases the area of
the exclusion zone by an amount 4 dA and opens the possibility that 4 NdA bubble centres may be
swept out. In that event the bubble perimeters will interact and coalescence occurs. Considering
each bubble in turn, the total rate of loss of bubbles by coalescence following an increase in area is
given by:
dN
= −2N 2
dA

(3)

where the factor of 4 is reduced to 2 to avoid counting each interaction twice. Eq. 3 may be
integrated to yield:
N=

N0
1 + 2 N o ( A − A0 )
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(4)

where N0 and A0 are the initial density and projected area of the newly nucleated bubble population.
Since the fractional coverage is equal to NA, it can be seen that the coalescence model predicts
a saturatio of the fractional coverage at a value of 50%, very close to the observed value.
The predictions of this simple model are shown in Figure 2.
Figure 2. Measured values of bubble density from 596 grain boundaries plotted as a function of
the mean bubble area per boundary compared with predictions of the simple coalescence model

10

A - 9 .3 G - S lo w R a m p
B - 9 .3 G - O u t-o f-P ile
C - 1 2 .6 G - S lo w R a m p
D - 1 2 .6 G - F a s t R a m p
E - 1 9 .8 G - C y c le d
F - 2 1 G - S lo w R a m p
G - 21G - Fast R am p
H - 2 1 G - O u t-o f-P ile
I - 2 7 G - C a llis to ( M O X )
C o a le s c e n c e - N 0 =
20

1

C o a le s c e n c e - N 0 =
50
C o a le s c e n c e - N 0 = 1 0 0

2

Bubble Density (number/micron )

100

0 .1

0 .0 1
0 .0 0 1

0 .0 1

0 .1

1

10

100

A v e ra g e b u b b le a re a (m ic ro n s 2 )

The participating bubbles coalesce and form a new bubble, which will invariably be elongated,
that is, two semi-lenticular end caps joined by a prismatic body. Given sufficient time this extended
pore would minimise its free energy and relax to a circular projection with smaller projected area
but identical volume. However, for larger bubble sizes, further coalescence may take place before
equilibration is achieved. The predictions based on continued non-relaxing lobalisation are shown in
Figure 3.
Figure 3. Average bubble length to radius ratios for each of
596 grain boundaries plotted as a function of fractional coverage
Calculations based on coalescence with un-relaxed lobalisation are shown indicating an insensitivity to initial bubble density
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Morphological relaxation
It can be seen from Figure 3 that without morphological relaxation the bubbles would grow
indefinitely as extended pores. In reality there is a strong tendency for the bubbles to attempt to
minimise their free surface energy by reducing their surface areas. The minimum energy configuration
is that of a lenticular bubble of circular projection but this is seldom achieved except for the smallest
bubble sizes. The process by which equilibrium is reached is usually one of capillarity-driven surface
diffusion, that is, material flows from regions of high curvature to regions of low curvature. The Nichols
and Mullins [8] equation can be used to model this process for cavities formed as surfaces of
revolution. This equation describes the rate of normal displacement n along a surface of revolution
defined by the curvature κ and is as follows:
dn
B ∂  ∂κ 
y

=−
dt
y ∂ s  ∂ s 

where B =

Ds γ fs Ω 4 / 3
kT

(5)

In this equation, y is the height of the surface element in the vertical direction and s is the surface
length vector. Dsγfs is the product of the surface diffusion coefficient and the free surface energy. Ω is
the atomic volume of the diffusing species.
The shape of the porosity is determined by the rate at which elongated pores relax by surface
diffusion. The evolution of this process is shown in Figure 4.
Figure 4. Evolution of the projected shape of an elongated bubble with time
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The case modelled in Figure 4 has been repeated for a range of bubble lengths and the overall
time dependence is extremely complicated. However, the important factor for fuel modelling is the
initial relaxation of the length to radius ratio (L/R) following coalescence and this is approximately
linear in all cases. To a good approximation the initial shrinkage kinetics may be described as follows:
L L0
L 
=
− 7 .6  0 
R R0
 R0 

1/ 2

Ds γ fs Ω 4 / 3 t
k T R04
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(6)

Grain face venting
The fraction of the grain face porosity that is vented to the grain edges was measured for all
complete grain boundaries (316 of the 596). There is a strong dependence between this fraction and
the mean bubble length and this might be expected on simple statistical grounds since longer bubbles
stand a greater chance of intersecting a grain edge.
If we consider the grain face pores to be either vented, mv, or non-vented, mnv, the total number at
any one instant is constant. The boundary is assumed circular with radius c and the length and radius
of each pore is l and r, respectively. The conversion rate from non-vented to vented depends on the
number within a distance r of the grain edge, that is, the perimeter of the circle of radius c. A small
change in bubble length l will cause venting at a rate of:
2mnv
d mv 2 π(c − r )
m nv ≈
=
2
dl
c
πc

(7)

The vented fraction F = mv/(mv + mnv), so, substituting in Eq. (7) and integrating yields:
Fv = 1 − e

−

2l
c

(8)

The vented fraction data are plotted below in Figure 5.
Figure 5. The fraction of vented porosity as a function of the ratio
of the mean bubble length and the equivalent grain face radius
for each grain of the 316 complete grain boundaries in the study
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The vented fraction data are reasonably well-described by a trend of the form of Eq. (8) with
slightly different coefficient of proportionality. Given the crude assumptions made in its derivation
this is reasonable.
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The integrated swelling model
The models derived from the database and the finite difference simulations have been coded into
a grain face-swelling model and used in conjunction with the ENIGMA fission gas release model.
The predictions of the model for the four key areas of bubble radius, bubble length, bubble density and
volumetric swelling are summarised in the figures below.
Figure 6. Comparison of measured values of bubble radius, bubble
length, bubble density and volumetric swelling with predictions
of the fission gas release and swelling model for in-pile UO2 data
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Conclusions
A number of separate studies in the UK have provided a large database of information on grain
boundary swelling. The key parameters of bubble radius, length and general morphology in
conjunction with bubble densities and total swelling on 596 separate grain boundaries of which 316
were complete, have enabled a thorough systematic study of the swelling phenomenon in UO2 as well
2
as a preliminary study in SBR-MOX fuel. In addition, the power histories of the test rods were
sufficiently well-defined to enable ENIGMA calculations to be performed, yielding temperature and
rating histories for the locations from which SEM specimens were obtained.
2

SBR-MOX is the single binderless route MOX manufactured by BNFL plc.
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A model for grain boundary swelling has been developed based on five separate features. These are:
1. Initial one-off nucleation at a fixed density.
2. Bubble growth through fission gas atom collection and vacancy absorption based on the
Speight/Beere model.
3. Coalescence of bubbles according to a simple random interference model.
4. Morphological relaxation through capillarity-induced surface diffusion.
5. Venting through a phenomenological treatment of bubble-length/grain-edge intersection
probability.
The model has been coded into the ENIGMA stand-alone fission gas release model and used to
model the separate experiments from which the models were developed. In the critical areas of bubble
morphology, bubble density and volumetric swelling, the model performs well.
Further work is planned to extend the model for use with MOX fuel and early studies indicate that
SBR-MOX behaves in a similar fashion to UO2.
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INFLUENCE OF GRAIN GROWTH KINETICS ON FISSION GAS RELEASE
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Abstract
In the present paper it is assumed that the fission gas release kinetics from an irradiated uranium
dioxide fuel for high temperature is determined by the kinetics of grain growth. It is also assumed that
the re-crystallisation temperature of uranium dioxide decreases with burn-up. Two opposing effects of
enhancement and inhibition of irradiation damage introduced by fission effect on grain growth are
described. It is assumed that the Vitanza curve presents the re-crystallisation temperature of uranium
dioxide grains as a function of burn-up. A mathematical model of fission gas release from the UO2
fuel affected by grain growth is presented. The defect trap model of fission gas behaviour described in
earlier papers is supplemented with the model. Calculations of fission gas release as a function of time,
temperature, burn-up and initial grain size are obtained. Theoretical results are compared qualitatively
with the experimental data.
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Introduction
The microstructure of the fuel following irradiation to high burn-up consists of several typical
zones [1]. Very near the fuel surface is a zone with a typical thickness of 100-200 µm where very
small grains of less than 1-2 µm diameter exist. Proceeding further into the interior of the fuel, a
second zone follows with a morphology very similar to the original structure at which temperature
does not cross the threshold temperature of about 1 100°C [2] for burn-up higher than 30 MWd/kgU.
Further towards the centre of the fuel, another zone exists, characterised by grain growth. This zone is
not, however, always formed.
For fixed burn-up the radial grain size distribution in the pre-irradiated fuel is a continuous
function [3]. The fuel grain size increases as the fuel rod centre is approached.
Since the zone characterised by grain growth is not always formed and the grain size distribution
is a continuous function, it is inferred that there must be a threshold temperature for which the grain
growth occurs. If the grain growth does not occur in the base irradiation [2], this suggests that the
threshold temperature will be not crossed over.
On the other hand, we have noticed that the radial distribution of concentration of retained fission
gas in the fuel is in very close correlation with the radial grain size distribution. It is roughly the mirror
reflection. Thus an obvious correlation exists between the grain size, temperature, burn-up and
retained fission gas in the fuel.
It is assumed that the Vitanza curve is the threshold temperature change of uranium dioxide
re-crystallisation temperature with burn-up. This is a well-founded assumption.
Out-of-pile experiments show that during annealing of the irradiated UO2 samples, bursts of
fission gas release occur [4]. After a small burst release at relatively low temperature, a large burst
release appears at high temperature. The critical temperature for high temperature burst release is
about 1 800°C for low burn-up (about 7 MWd/kgU) and decreases to about 1 500°C for high burn-up
(30 MWd/kgU).
The point defects induced by radiation begin to recover at 450-650°C and are almost completely
recovered above 850°C, while defect clusters of dislocations and small intragrannular bubbles require
1 150-1 450°C [5].
Thermal recovery of radiation defects and microstructure change in irradiated UO2 fuel studied by
X-ray diffraction and transmission electron microscopy lead to the conclusion that the gas release
kinetics from irradiated UO2 is determined by the kinetics of thermal recovery of the radiation induced
defects.
If the point defects, defect clusters of dislocation and small intragranular bubbles are thermally
recovered at the temperatures below 1 450°C, a natural question concerns the nature of forces which
immobilise the noble gases. Hence an additional trapping process of inert gas atoms with the uranium
dioxide material is suspected to occur.
The process of strong binding of the fission gas fragments with the irradiation defects is described
in the literature as a process of chemical interaction with UO2 [6]. It is further assumed that the
vicinity of the fission fragment trajectory is the place of intensive irradiation induced chemical
interaction of the fission gas products with UO2 [6].
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We can further assume that above a limiting value of fission fluency a more intensive process of
irradiation induced chemical interaction occurs. A significant portion of fission gas products is thus
expected to be chemically bound in the matrix of UO2.
Additionally, it is expected that the gas can be released only in the process of re-crystallisation.
The higher the burn-up, the higher the amount of gas that should be released and the lower the
re-crystallisation temperature that should be observed. Out-of-pile experiments [4] support this
assumption since the critical temperature of fission gas burst during annealing decreases with burn-up.
The critical temperature decrease with burn-up suggests that the re-crystallisation temperature of
UO2 is changed by the process of chemical interaction. It is clear that during irradiation the grain
growth should be observed above the re-crystallisation temperature and grain subdivision below the
temperature should be observed when saturation of fission damage is obtained. This also means that
the re-crystallised region and the appearance of interface between the two regions will be determined
by the re-crystallisation temperature. It can also be expected that in the re-crystallised grains the
defects are swept out. It further seems to be natural that the chemically bound fission gas atoms
replacing the uranium atoms in the crystallographic lattice will increase the fission gas product release.
Thus the process of grain growth is the process of purging the contaminated lattice.
Another seemingly natural process is the chemically bound fission gas atoms substituting, for
example, a uranium atom in the crystallographic lattice and forming weak facets. At certain saturation
conditions subdivision of the grains can occur and the increase in fission gas products release may be
expected. So it can be stated that either re-crystallisation or subdivision have to occur in the saturation
circumstances.
The fact that the process of grain subdivision for high burn-up (70-80 MWd/kgU) forms an
extremely fine structure to temperatures as high as 1 100°C and the decrease in fission gas
concentration in the fuel [7] support this concept.
Moreover, the re-crystallised grain region is found to be adjacent to the subdivided grain region
and in the re-crystallised grain region no defects or bubbles are observed [8]. This means that we can
treat the re-crystallised volume of uranium dioxide as a fresh fuel where all the processes connected
with irradiation start from the beginning. Thus the process of grain growth is the process of purging
the contaminated lattice.
The decrease in critical temperature to about 1 100°C for over 1% fractional fission gas release
from the fuel and for high burn-up, reported by Vitanza, et al. [9] correlates well with the
experiments [4,7] mentioned above. That the limiting grain size begins to increase practically at the
temperature about 1 000-1 100°C for high burn-up (40 MWd/kgU) [3] supports the concept that the
threshold temperature for UO2 for high burn-up is about 1 000°C where above the threshold temperature
the re-crystallisation takes place and below the threshold temperature the grain subdivision can occur
under the condition of irradiation damage saturation. This also provides evidence for the concept of
chemical interaction of the fission gas atoms with the atoms of the fuel.
In the following paper, we further assume that all the retained gas atoms in the lattice are released
from the volume of re-crystallised grains.
Grain growth kinetics
The above assumptions lead to the conclusion that the gas release kinetics from irradiated UO2
fuel for high temperature are determined by the kinetics of grain growth.
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It is well known [10] that the irradiation damages introduced by fission events have two opposing
effects on grain growth. The large concentration of fission gas atoms in the lattice introduced in fission
spikes enhances the transfer of atoms across a boundary, increasing the rate of growth. This means that
the higher the burn-up the quicker the process of grain growth – the stable state is obtained more
rapidly. Conversely, the impurities introduced by fission events inhibit grain growth by limiting the
grain size.
Assuming that the Vitanza curve [9] describes the change of uranium dioxide re-crystallisation
temperature we can say that the grain growth rate depends on the burn-up in the way given by the best
fit of the grain size change with the curve [11].
To obtain this we have modified the grain growth model of Ainscough, et al. [12], which is
generally considered to be the best one available in the open literature.
These assumptions enable us to evaluate the change of grain growth as a function of fuel burn-up.
With the help of this assumption we have been able to modify the coefficient k which is responsible
for the grain growth rate.
According to the experimental data presented by Bagger, et al. [3] much smaller values for the
limiting grain size must be assumed at higher burn-up than in the Ainscough model. The experimental
results show that while decreasing the temperature the limiting grain size for burn-up of 40 MWd/kgU
decreases asymptotically to 5 µm and practically reaches the value at the temperature of about 1 000°C.
Extrapolating the limiting grain size curve of irradiated fuel for low temperature we can see that
the limiting grain size is not smaller than 5 µm, while for the un-irradiated fuel the limiting grain size
tends to zero. Thus, the limiting grain size as a function of temperature for the burn-up range
0-40 MWd/kgU lies between these two curves.
Taking into account these assumptions we finally obtained the modified differential equation of
Ainscough [12] of grain growth, which describes the grain growth kinetics:
dD
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with:

where D is grain size (µm), Dm is limiting grain size (µm), B is burn-up in MWd/tU, T is fuel
temperature (K) and t is time (h).
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Eq. (3) can be extended for higher burn-ups than 40 MWd/kgU since correlating the limiting
grain size with the Vitanza curve we can see that for burn-ups equal to 40 MWd/kgU the stable state is
reached.
Figure 1, which presents the grain growth as a function of time for several values of fuel burn-up
at an initial grain size of 6 µm and constant temperature of 1 300°C, very well demonstrates the kinetics
of grain growth depending on burn-up. The effect of enhancement caused by the impurities introduced
by fission events is clearly seen in the first stage of grain growth, while the inhibition is seen in the
later stage of grain growth. The higher the burn-up the higher the effect of enhancement – the quicker
the stable state is obtained and the higher the effect of inhibition – the smaller is the limiting grain size.
Influence of grain growth on fission gas release
It is generally accepted that most of the insoluble inert gas atoms of xenon and krypton produced
during fissioning are retained in the fuel irradiated at a temperature lower than the threshold [13-20].
We assumed that most of the gas atoms are retained in the matrix of grains being immobilised there or
are precipitated into small fission gas bubbles. We further assume that the retained gas atoms in the
fuel are released from the volume of the re-crystallised grains. It is well known that the grain growth in
polycrystalline materials is caused by a preferential shrinkage of smaller grains due to their relatively
smaller radii of curvature.
An average number of grains (No) in a unit volume is:
p
100
No =
3
4  Do 
π

3  2 
1−

(4)

where p is porosity in per cent and D0 is the initial grain diameter.
At elevated temperatures the number of grains, N, in the unit volume is fixed by the limiting grain
size, Dm:
p
100
N=
3
4  Dm 
π

3  2 
1−

(5)

The initial grain size, D0, is easily measurable while the limiting grain size after the grain growth,
Dm, is determined by Eq. (3) at which grain growth ceases. The fractional release was determined
as [21]:
D 
Fr = 1 −  o 
 Dm 

3

(6)

The modified Eq. (1) for the grain growth process combined with the fractional gas release
presented in Eq. (6) is solved numerically using the modified Runge-Kutta method. We can obtain the
steady-state fractional release using Eq. (6). To calculate the time dependent fractional release, the
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limiting grain size, Dm, should be replaced by the instantaneous grain size obtained from Eq. (1).
The defect trap model of fission gas behaviour in UO2 fuel [13,21-24] should be supplemented by the
description of the grain growth . In order to complete the set of differential equations of the defect trap
model of fission gas behaviour, the release rate of re-soluted gas and trapped in bubbles is to be
determined. Multiplying the volume rate of grain by the concentration of re-soluted gas atoms in the
matrix, Mr, and trapped gas atoms in the bubbles, Mtr, we obtain the release from one grain, Rgo:
R go =

dD
1
π(M r + M tr )D 2
dt
2

(7)

where dD/dt is determined from the Ainscough’s modified differential equation.
The product of release rate from one grain, Rgo, and the number of grains, N, at elevated
temperature, defined by Eq. (5) determines the release rate from a unit volume.
The defect trap model presented previously [13,21-24] was supplemented with the description of
fission gas behaviour due to grain growth process, according to the aforementioned assumptions.
It is also assumed that the total surface area versus burn-up does not change during the process of
grain growth. The coupled equations of the defect trap model supplemented with the algorithms of
fission gas behaviour due to re-crystallisation of uranium dioxide grains are solved numerically using
the modified Runge-Kutta method and the explicit finite-difference technique (Crank-Nicholson
scheme).
Calculations
In general we have limited the computations to the cases when the steady state of irradiation to
accumulate a desired burn-up is performed below the temperature of re-crystallisation and then the
subsequent rapid temperature increase follows.
The theoretical change of gas concentration in lattice and grain growth as a function of time when
temperature is increased from 820°C to 1 160°C at a constant fission rate of 2.3 × 1013 fission/cm3 s
for an initial grain size of 5 µm and accumulated burn-up of 7 GWd/tU is an example of such a
calculation (Figure 2). It is clearly seen that the concentration of fission gas in the lattice decreases
drastically while the grain growth goes on and after a certain time the concentration starts to increase
again.
Experimental observations show [1,3,25,26] that during transient tests, burst releases of two types
occur. The main difference between these two types of fission gas release is that they refer to the range
of about 0.1% to 1% fractional release for the first type, and to the range of about 1% to 95%
fractional release for the second type.
We have considered two kinds of step temperature increase for different burn-ups:
•

The final temperature of the step increase is still below the re-crystallisation temperature.

•

The final temperature after the step increase is above the re-crystallisation temperature.

Calculations show that bursts of fission gas are predicted for the same step function of temperature
both when the initial grain size is below and above the limiting grain size. The release rate of gas
liberated for the final temperature above the re-crystallisation temperature is much higher than for the
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final temperature below the re-crystallisation temperature. The time required for the burst to subside is
longer due to grain growth rather than due to diffusion of bubbles and knock-out release.
The duration of the burst when the final temperature crosses the re-crystallisation temperature is
dependent on burn-up. The higher the burn-up the shorter the release burst.
Calculations show also that the maximal release rate of the burst generally increases with burn-up
except the initial grain size is very close to the limiting grain size. When the grain growth vanishes, the
gas release vanishes as well.
In Figure 3 several curves of the fractional fission gas release for accumulated burn-up equal to
40 GWd/tU as a function of fuel temperature for different initial grain sizes are presented. Comparing
the curves with the experimental results copied from Ref. [27] we can see that the experimental data fit
very well for the curve with the parameter of initial grain size equal to 5.7 µm. This value of initial
grain size lies in the range of 4-7 µm for WWER-440 fuel [28].
Figure 4 presents the theoretical fission gas release as a function of time for four different
burn-ups. We can see that the higher the burn-up the quicker the release and the quicker the steady
state is obtained. In this figure it is clearly seen how the irradiation damages introduced by the fission
events have two opposing effects on grain growth. Directly after the increase in temperature the
fractional release rate is the highest one for the highest burn-up. But a little bit later the fractional
release is inhibited.
In the literature there exist experimental data concerning the radial distribution of retained Xe in
UO2 following steady-state irradiation to obtain a certain burn-up and subsequent transient tests for
increased temperature (increased power) [1,3].
We have considered two cases for the WWER-440 type fuel rod:
a) Steady-state irradiation to accumulate desired burn-up was performed below the temperature
of re-crystallisation for the whole rod.
b) Steady-state irradiation to accumulate desired burn-up was performed so that only part of the
fuel rod is below the re-crystallisation temperature.
Since in the fuel rod operating the temperature is spatially varying, the rod was divided into
annular parts 0.0205 cm thick and 1 cm high. In the result, we obtained 3 630 elementary volumes of
which each was considered isothermal, being in the constant irradiation field of fission rate. On the
basis of these simplifying assumptions, the temperature for each elementary volume was obtained by
means of suitable equations presented in Refs. [29,30].
Calculations referring to Case (a) show that the concentration of fission gas decreases
substantially in the central region of the fuel rod following a transient test with a 37 h hold time at
increased temperatures for three different transient test powers. The higher the power the smaller the
range of high concentration obtained. We have also found that the fission gas retention does not
decrease substantially when the hold time of transient testing is several times longer than in the
experiment above.
In Figure 5 referring to Case (b) we can see that the fission gas retention increased in the central
region of the rod in comparison with the retention in the intermediate radial position.
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These calculations explain qualitatively the experimental data of radial distribution of retained Xe
in UO2 following steady-state irradiation and subsequent transient tests at increased temperature
presented in Refs. [1,3].
Conclusions
Improvement of the defect trap model of fission gas behaviour by including a description of the
grain growth process makes it possible to give the experimental results described in the literature
regarding the burst release, the radial distribution of grain size and retained fission gas in irradiated
UO2 fuel rods, a satisfactory qualitative interpretation.
It is very important to underline that the improved defect trap model explains simultaneously
most of the peculiarities of fission gas behaviour for low, intermediate and high temperatures.
In particular it supports the assumptions that the Vitanza curve presents the re-crystallisation
temperature of uranium dioxide grains and that the gas release kinetics from irradiated UO2 fuel for
high temperature is determined by the kinetics of grain growth.
There is no doubt that during the process of grain growth the fission gas products retained in the
matrix of uranium dioxide being immobilised there are released.
The model provides theoretical results which need to be verified since these sorts of experimental
data are not all found in the available literature.
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Figure 1. Theoretical grain size change as a function of time for several values
of burn-ups at initial grain size of 6 µm and constant temperature of 1 300°C
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Figure 2. Theoretical change of gas concentration in the lattice as a
function of time due to grain growth at a constant fission rate of
2.3 × 1013 fissions/cm3⋅s, burn-up of 7 MWd/kgU and initial grain size of 5 µm
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Figure 3. Fractional fission gas release as a function
of fuel temperature (experimental data copied from [27])
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Figure 4. Theoretical fractional fission gas release as a function of time
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Figure 5. Theoretical radial distribution of retained 135Xe in WWER-440
type fuel rod following steady-state irradiation at power 1 375 MW
to 30 GWd/tU and subsequent transient test at power 1 675 MW
Hold time 63 min, initial grain size 5 µm
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Abstract
The outer zone (the rim) of high burn-up UO2 fuel is characterised by the formation of a fine-grained
structure with a high gas content contained mainly inside micrometer-sized over-pressurised bubbles.
The high over-pressure which occurs during fast power transient in these bubbles can induce a
dynamic fuel swelling with associated consequences on cladding loading.
In order to quantify the dynamic response of the retained gases to the fast temperature increase, a new
model based on a micro-mechanical description of the events occurring at pore scale under
non-equilibrium conditions and in absence of diffusion effect was developed.
In the case of a rapid power pulse, a dynamic effect that emphasises the instantaneous solicitation of
the cladding is clearly predicted by the model, and thus this effect could be not negligible for highly
irradiated fuel for which the cladding is strongly embrittled.

211

Introduction
In view of the future burn-up increase of French pressurised water reactors (PWRs), an
experimental programme is in progress at the CABRI test reactor of the Institut de Protection et de
Sûreté Nucléaire (IPSN) in order to evaluate high burn-up fuel behaviour in accidental conditions.
The CABRI REPNa programme is devoted to the study of high burn-up fuel (UO2 and MOX
fuels) behaviour under reactivity-initiated accident (RIA) conditions, such as control rod bundle
ejection. This type of accident, when initiated from hot zero power conditions, can produce an energy
injection of a duration of several tens of milliseconds in the fuel rods close to the ejected control rod
assembly and thus can induce a rapid and significant increase of fuel enthalpy. The CABRI REPNa
programme is aimed at investigating the thermo-mechanical behaviour of highly irradiated fuel
subjected to a fast energetic transient and at understanding the phenomena which may lead to a
cladding failure and in-reactor fuel dispersion. In parallel, IPSN has developed the simulation
computer code SCANAIR with the final aim of translating the CABRI REPNa programme results to
nuclear plant scale.
Experimental results have clearly shown that very high burn-up UO2 fuel and highly corroded
cladding with spallation lead to a severe reduction in the cladding failure enthalpy threshold as
compared to fresh and low burn-up fuel. The results obtained in the first test of this programme
(REPNa1) have shown an early rod failure with brittle cladding at a low enthalpy level (~30 cal/g)
when no diffusion processes leading to gas swelling or gas release can be activated.
This work is focused on the study of fission gas behaviour retained in the outermost region of the
irradiated fuel during the early phase of RIA transient and particularly concerns the over-pressurised
micrometer-sized bubble behaviour in the rim zone of high burn-up UO2 fuel. Current models are
based on diffusion processes (vacancy diffusion into over-pressurised bubbles) which are thermally
activated. Therefore, swelling and/or fission gas release can only be observed when high temperatures
are reached during a fast power transient and cannot contribute to cladding loading and rod failure at
low enthalpy level conditions.
A new approach is presented here with the development of a dynamic micro-mechanical model in
order to predict large pore behaviour during the early stage of a fast power increase.
RIA transient – understanding early transient phase phenomena
Different phases can be considered in transient development for which the role of fission gas is
clearly identified [1]. But it is not the purpose of this paper to present these considerations inferred
from the French experimental programme. This work is focused on the phenomena that are assumed to
take place in the early stage of the transient, such as fuel cracking and swelling, and their impact on
pellet cladding mechanical interaction (PCMI) loading.
Grain boundary cracking was clearly observed in most of the RIA tests. This fuel fragmentation is
understood as the result of the rapid increase of fuel temperature, in quasi-adiabatic conditions, which
characterises the early stage of the accident. As the thermal level is rapidly surpassing the end-of-life
fuel temperatures (with a radial temperature profile inside the fuel pellet very close to the radial power
profile) the relative temperature increase is more important in the outermost part of the pellet. This fast
heating induces an important over-pressurisation inside fission gas bubbles, and especially in small grain
face bubbles, leading to a high stress field between the grains in a still brittle fuel. Fuel fragmentation
(or grain boundary cracking) occurs when the fracture stress is exceeded.
212

The consequence of this fuel fragmentation at the granular scale is a fast liberation of the gaseous
energy stored in the bubbles and pores, which becomes immediately available as a driving force for
the cladding loading with associated consequences. Via a mechanism different from the classical one
(vacancy diffusion into over-pressurised bubbles), fission gases may induce significant fuel swelling
and cladding loading in a high burn-up fuel rod in the case of high gas content.
Especially the typical microstructure, which is observed in the peripheral region of highly
irradiated UO2 fuels (referred to as the rim), characterised by an extremely fine-grained structure and
an increased porosity containing the major part of the created fission gases with high pressures
(~50 MPa), may increase this effect.
At the same time in high burn-up fuel the risk of failure is also largely enhanced by the cladding
embrittlement due to the possibility of hydrogen accumulation and local hydride spot formation after
oxide spalling (if any).
Transient modelling of the rim zone – the SCANAIR code modelling
On the basis of the physical knowledge obtained through the CABRI REPNa programme and
other experiments, IPSN is developing the SCANAIR [2] code with the aim to predict fuel rod
behaviour under RIA transients in reactor conditions.
In addition to the classical fission gas induced swelling modelling (vacancy diffusion mechanism
into over-pressurised bubbles), the effect of grain boundary gas after fuel fragmentation on fuel
swelling and cladding constraint is modelled in SCANAIR. After fuel fragmentation, instantaneous
equilibrium is assumed between grain face gas and large pores and the fragmented fuel behaves as a
hydrostatic body with a pressure that balances the gas pressure in the porosity. Obviously, the
resulting pressure also depends on the mechanical equilibrium with cladding.
The driving force from grain boundary gas results [3] in a prompt and significant contact pressure
increase and in a fast increase in cladding deformation, which is purely elastic in this early phase of
transient and which is correlated to porosity increase in the rim region. By means of this simplified
modelling it is possible to simulate an instantaneous fuel expansion in equilibrium conditions. This
approach leads to fission gas induced swelling, even at a low enthalpy level when diffusion phenomena
are not operating (and so cannot induce fuel swelling).
Furthermore, the high gas pressure in the rim pores can lead to additional phenomena correlated
to inertia effects, which may induce a dynamic expansion similar to “hot spot” behaviour. Thus, it is
important to quantify these effects, which are neglected when an instantaneous expansion is modelled,
in order to check if this approach should or should not be included in SCANAIR.
Micro-mechanical modelling of the dynamic effect induced by fission gases
To describe the dynamic expansion of the over-pressurised fission gas pores after grain boundary
fragmentation, a new model is proposed, based on a micro-mechanical description of the events
occurring at pore scale under non-equilibrium conditions. This type of model has been used recently in
a micro-mechanical approach to some problems that occur during fast transient conditions in solid
porous explosives [4,5].
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Basic assumptions for modelling
This model considers one isolated bubble and studies the dynamic expansion of this bubble under
transient conditions. Here, the diffusion mechanism can be neglected because of the relatively low
temperature level and the time scale of the transient. The model intends to simulate the dynamic
behaviour of a gaseous volume, which is highly over-pressurised in comparison to the equilibrium
conditions in the fuel matrix. In this approach, the driving force is the over-pressurisation developed in
the bubble in relation to the initial state and the rapid increase of the fuel temperatures.
The configuration used to simulate the dynamic response of the bubble to the temperature pulse is
a hollow sphere surrounded by a spherical ring of condensed phase where a(t) is the inner fuel ring
radius and b(t) the outer one. The initial radius of the void, a0, is representative of the average bubble
radius. This void is assumed to contain gas at initial pressure, pg0, and temperature, Tg0. The initial
radius, b0, is given by the initial porosity corresponding to the multiple pores distributed randomly
throughout the fuel.
Thus, the porosity and the radii are defined as:
φ=

Vg
a
= 
V g +Vc
b

3

where Vg is the gaseous phase volume and Vc is the condensed phase volume.
A schematic view of the problem is shown in Figure 1.
Figure 1. Schematic representation of the problem
Mechanics of continuum
media
Pext
Pext

b
Pg
Tg

r
a
Interface
Pext

Pext

Gas dynamics

The general set of governing equations is obtained from the conservation equations of the solid
phase (due to the mechanics of continuum media) and the gaseous phase (due to gas dynamics).
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The following basic assumptions are made:
•

The model is treated as a one-dimensional, spherical and symmetrical problem.

•

The condensed phase is incompressible.

•

The solid phase behaves as an elastic material.

•

The specific heat and thermal conductivity of both phases are supposed to be a constant.

•

At the gas-solid interface, all the conservation equations are derived, assuming there is no
mass transfer at this interface.

A partial differential system of equations, for each phase and the gas-solid interface, is then
obtained. As an integro-differential system is preferred to a partial differential one, these two systems
of partial differential equations are then combined and integrated with the help of interface conditions
and yield to an integro-differential system.
Dynamic non-equilibrium model – the final set of equations
The final set of equations has been established following the integration procedure of Kang, et al.
With this integro-differential system, space integration and coupling with interface conditions are done
analytically using Leibnitz’s rule. We then get an ordinary differential equation system, which is easier
to solve.
Interface motion
To obtain the equation governing the interface motion, the momentum conservation equation for
the solid phase is combined with the mass conservation equation, coupled with the gas dynamics
equations taking into account the interface conditions, and integrated up to the external boundary with
the appropriate boundary condition. Its expression is:
a&&=

(

)


1
2γ 1
2E  u r ,b u r ,a 
4
1
Pg − Pext − − ρ c a& 2 3 + φ 3 − 4 φ 3 +
−



1
(1+ν )  b a 
a 2
ρc a 1 − φ 3 

(

)

where a&& is the radial component of the interface acceleration vector, a& is the radial component of the
interface velocity vector, a is the inner fuel ring radius, b is the outer fuel ring radius, Pg is the gaseous
phase pressure, Pext is the radial component of the stress tensor applying over the outer fuel ring radius,
ur,a and ur,b are the total displacement of the inner and outer radii, respectively, ρc is the condensed
phase density, φ is the fuel porosity, γ is the surface tension of UO2, E is Young’s modulus and ν is
Poisson’s modulus.
Outer radius motion
The outer radius motion is obtained using the mass conservation equation of the solid phase and
the corresponding interface condition. Its expression is:
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2

a
u c ,b = b& =   a&
b

where uc,b is the radial component of the outer fuel ring velocity.
Mass conservation equation of gaseous phase
The mass conservation equation of the gaseous phase is integrated with the help of Leibnitz’s rule
and that of the divergence theorem. We then get an equation which provides the average density of the
1
ρ g dV . Its expression is:
gaseous phase, defined as ρ g =
V V(t )

∫

∂ρg
3
= − ρ g a&
a
∂t

Energy conservation of gaseous phase
The energy conservation equation of the gaseous phase is integrated with the help of Leibnitz’s
rule and the divergence theorem. By using the mass interface condition and the mass conservation
equation, we obtain the following expression:
d Tg
3
=
dt
a ρ g C v ,g

 ∂Tg
k g
 ∂ r

r =a


− Pg a& 


where Tg is the average temperature of the gaseous phase, C v ,g is the average specific heat of the
gaseous phase at constant volume, and kg is the thermal conductivity of the gaseous phase.
Closing laws of the set of equations
•

Energy conservation equation of solid phase. The energy conservation equation of the solid
phase has not been modified because it is important to determine the heat flux passing from
the solid to the gaseous phase, and so, the temperature profile in the condensed phase is
necessary.
∂T  1 ∂ 
∂Tc 
 ∂T
ρ c C pc  c + u c c  = 2
 kc r 2
 + φ c + q3
∂r  r ∂r 
∂r 
 ∂t

where Cpc is the specific heat at constant pressure of the condensed phase, Tc is the condensed
phase temperature, kc is thermal conductivity of the condensed phase, φc is the energy
dissipation term and q3 is the energy production term.
•

Temperature profile in the gaseous phase. Assuming a parabolic temperature profile in the
gaseous phase, and using the temperature boundary condition and the definition of the
average temperature, we get:
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2


r
(
)
5 Ti − Tg   + (5 Tg − 3 Ti )


a
where Ti is the gaseous phase temperature at the interface and Tg is the average temperature
of the gaseous phase.

1
Tg ( r ) =
2

We also deduce the term
•

∂Tg
∂r


 , necessary for the resolution of the system.
 r=a

Equation of state for the gaseous pressure. For low and medium pressures (< 500 MPa), the
Van der Waals’ equation of state is retained:
2 

 Pb + n a  (Vb −nb ) = n R T g

V 2 


where Pb is gaseous pressure, Vb is bubble volume, n is gas moles contained in the bubble,
R is gases constant, Tg is gaseous phase temperature, a is constant depending on the nature of
the gas and accounts for the attractive forces between molecules in the gas, b is co-volume of
Van der Waals, also depending on the nature of the gas, and accounts for the strong short
range repulsive forces between molecules.
Finally, we propose a change of variable ( ξ = a& ) in order to get a first order differential system of
equation, more suitable for numerical resolution, and solved with a fourth order integration scheme.
Application of this model to RIA conditions
In the considered scenario of cladding loading from the rim zone in an RIA transient, the grain
boundary cracking is the necessary condition for the fast liberation of energy stored in large bubbles of
the outermost part of the pellets. Once grain fragmentation occurred, the movement of the large
micrometer-sized over-pressurised pores is considered, assuming a hydrostatic behaviour of the fuel.
Indeed, a preliminary study has shown that the over-pressure developed in these bubbles is not
sufficient to induce a dynamic motion in the case of an elastic fuel.
Hence the equation giving the interface motion can be simplified to take into account the
hydrostatic fuel behaviour as follows:

(

)

dξ
1
1
4
1 

2
=
 Pg − Phyd − ρ c ξ 3 + φ 3 − 4 φ 3 
1
3
dt
2
a ρ c 1−φ 


(

)

where initial conditions such as stress field and grain boundary failure time are given by the integral
code SCANAIR. Phyd is the fuel hydrostatic stress and is defined as Phyd = tr(σ)/3, where σ equals the
stress tensor (Phyd is equal to the SCANAIR’s value at the grain boundary fragmentation time).
In this modelling, the dynamic hydrostatic stress field induced by the dynamic porosity evolution is
never recalculated. Indeed, taking into account fuel response to dynamic solicitation would imply the
coupling of the dynamic non-equilibrium model with dynamic mechanics computer code. Such a
coupling could not have been realised with SCANAIR because the mechanics equations are stationary.
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Results of the modelling
Data set
RIA test conditions
The chosen test for the evaluation of the modelling is the REPNa1 test, which is the first one of
the REPNa programme simulating an RIA, with conditions representative of a high burn-up UO2 fuel
rod (60-65 GWd/tM) submitted to fast RIA transient. The fuel rod was re-fabricated from the span 5 of
a PWR fuel rod irradiated during five cycles to an average burn-up of 59 GWd/tM, with 80 µm oxide
thickness and spallation (standard zircaloy-4 cladding). It was filled with a helium-xenon mixture,
which corresponds to the fuel rod gaseous composition at the end of life (83.3% helium and 16.7%
xenon) but it was not pressurised (0.1% MPa). The re-fabricated fuel rod had a fissile length of
569.4 mm and its average burn-up was about 63 GWd/tM. It was subjected to a power transient with a
width at half height of 9.5 ms and at mid-plane the total energy deposition was 460 J/g at 0.4 s.
An early fuel rod failure occurred (~74 ms) when the deposited energy was low (~63 J/g), leading to a
fuel enthalpy of about 125 J/g.
Initial boundary conditions
Taking into account the uncertainties of rim characteristics (fuel porosity and gaseous pressure,
fragmentation time in relation to small grain face bubble characteristics, and fuel rupture stress),
several calculations have been performed. In all the cases presented here, the hottest mesh of the rim
region at the mid-plane has been considered.
One case with the following initial conditions has been considered as the reference case:
•

Fuel porosity of 20%.

•

Fragmentation time corresponding to the fuel rod failure (74 ms), which leads to a fuel
temperature of about 825 K and a hydrostatic pressure of about 22 MPa.

•

Reduced Van der Waals’ equation of state for gaseous pressure (used also in SCANAIR).

To evaluate the influence of some parameters which can have an impact on the driving force from
fission gases and the dynamic expansion of over-pressurised bubbles, the following parametric studies
have been performed:
•

Influence of initial fuel porosity with a decrease from 20% to 10%.

•

Influence of fragmentation time with a delayed fragmentation (arbitrarily chosen), which
leads to a higher fuel temperature (about 1 400 K) and a higher fuel hydrostatic pressure.

•

Influence of equation of state – complete Van der Waals’ equation instead of reduced
Van der Waals’ equation.

Furthermore, the influence of the ramp rate has also been investigated with a pulse width of
80 ms (REPNa4 case).
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Results
Reference case
Figures 2 and 3 present the dynamic porosity oscillation (inertial phenomena) and the evolution
of the porosity until the equilibrium position is reached.
Figure 2. Dynamic porosity oscillations

Figure 3. “Long range” dynamic evolution of the porosity

The analysis of the dynamic non-equilibrium model results shows that the equilibrium position,
reached after 10–5 s, is about 31.96% and the maximum amplitude is about 35.5%. So, the relative
dynamic effect1 with respect to the pore volume increase is 29.6% until the equilibrium point is
reached. The equilibrium position is very close to the one determined by the SCANAIR computer code
(~32.24%) for similar conditions and with instantaneous equilibrium assumptions. Thus, it can be
concluded that the relative dynamic effect is not negligible but is, however, moderate.
Parametric studies
The respective influences of the various investigated parameters are summarised in Table2 1 and 2.

1

The relative dynamic effect in comparison with porosity increase is defined as follows:
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POR max imum − POR equilibrium
POR equilibrium − POR initial

.

Table 1. Results of parametric studies with an initial porosity of 20%

SCANAIR
1

REFERENCE CASE
Grain boundary
fragmentation at the REPNa1
experimental failure time
Hydrostatic pressure: 21.88 MPa
INFLUENCE OF
FRAGMENTATION TIME
Grain boundary fragmentation at
fuel temperatures ~1 400 K
Hydrostatic pressure: 77.5 MPa
1

Fuel temperature (K)
Bubble pressure (MPa)
Equilibrium position (%)
Maximum amplitude (%)
Relative dynamic effect (%)
Fuel temperature (K)
Bubble pressure (MPa)
Equilibrium position (%)
Maximum amplitude (%)
Relative dynamic effect (%)

824
32.24

1 417
24.56

Dynamic model
Dynamic model
(reduced
(Van der Waals
Van der Waals
equation)
equation)
833
833
46.6
36.08
31.96
28.83
35.46
30.82
29.3
22.5
1 454
1 454
81.3
70.8
27.91
26.11
30.03
27.51
26.8
22.9

For the fragmentation time and initial porosity.

Table 2. Results of parametric studies with an initial porosity of 10%

2

REFERENCE CASE
Grain boundary
fragmentation at the REPNa1
experimental failure time
Hydrostatic pressure: 32.22 MPa
INFLUENCE OF
FRAGMENTATION TIME
Grain boundary fragmentation
at fuel temperatures ~1 400 K
hydrostatic pressure: 51.78 MPa
2

Fuel temperature (K)
Bubble pressure (MPa)
Equilibrium position (%)
Maximum amplitude (%)
Relative dynamic effect (%)
Fuel temperature (K)
Bubble pressure (MPa)
Equilibrium position (%)
Maximum amplitude (%)
Relative dynamic effect (%)

Dynamic model
(reduced
SCANAIR
Van der Waals
equation)
842
861
146.8
23.23
23.59
28.47
35.9
1 402
1 454
247.9
27.18
25.5
30.55
32.6

Dynamic model
(Van der Waals
equation)
861
104.9
20.57
23.54
28.1
1 454
207
23.79
27.73
28.6

For the fragmentation time only.

The tables demonstrate that:
•

As the initial fuel porosity decreases from 20% to 10% without modifying the gaseous
concentration, the pore volume increases until the equilibrium position and the absolute
dynamic effect with respect to this equilibrium point increase significantly.

•

The gaseous pressure increase induced by the postponed grain boundary fragmentation is
counterbalanced by the significant increase in hydrostatic fuel pressure, which occurs
simultaneously. Therefore, the effect of a delayed fragmentation time on the equilibrium
position and on the absolute dynamic effect is moderate and even opposite to the expected one.

•

As similar initial conditions are considered, and whatever the initial porosity and the
fragmentation time may be, both the equilibrium position and the absolute effect are more
significant when the retained equation of state is the reduced Van der Waals’ equation.
Moreover, this difference is all the more significant since the initial porosity is small. This can
be attributed to the fact that the gaseous driving pressure is higher using the reduced
Van der Waals’ equation.
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In all these parametric studies, the relative dynamic effect with respect to the pore volume
increases until a new equilibrium point is reached, varying between 22% and 36%. The comparison of
the absolute dynamic effect to the equilibrium position scatter shows that:
•

For a 20% initial porosity, the pore volume increases until the equilibrium position varies
between 6.11% and 11.96%, whereas the absolute dynamic effect varies between 1.4% and
3.5% (see Table 1).

•

For a 10% initial porosity, the pore volume increases until the equilibrium position varies
between 10.57% and 15.5% whereas the absolute dynamic effect varies between 2.97% and
5.05% (see Table 2).

Thus the dynamic effect seems less important than the scatter associated with the uncertainties of
the rim characteristics. Nevertheless, this effect leads to an additional cladding loading, which induces
a total increase in the rim porosity, locally up to 18.5% (if initiated at REPNa1 failure time) in a very
short time and, consequently, a very high strain rate for the cladding.
Influence of the pulse width
The influence of the transient power rate has also been studied with a width at half height of
80 ms, a total energy deposition of 405 J/g (at 1.2 s) and the following initial boundary conditions:
•

The initial fuel porosity is 20%.

•

The fuel temperature at the fragmentation time is 819 K (obtained by SCANAIR with the
same rim characteristics as for the reference case in the fast pulse study).

•

The fuel hydrostatic pressure is about 19.5 MPa (SCANAIR result).

•

The retained equation of state is the reduced Van der Waals’ equation.

In these conditions, the equilibrium position is about 34% and the maximum amplitude is 38%.
These results are therefore similar to those obtained with fast pulse, and the relative dynamic effect is
of the same order of magnitude (~29%).
This is probably due to the fact that the grain boundary cracking occurs early in the transient, with
a low influence of the pulse width on the conditions at the onset of fuel fragmentation (fuel temperature
and stress field). So the driving pressure from over-pressurised bubbles which depends on fuel
temperature and fuel hydrostatic pressure is hardly modified. This conclusion remains valid as long as
the pulse width increase and the injected energy do not modify the conditions when grain boundary
fragmentation occurs.
Conclusions
A dynamic approach has been developed to study the behaviour of over-pressurised fission gas
bubbles from the rim region during fast power transients such as RIA. The results show that inertial
effects lead to a very fast increase of porosity with dynamic oscillations before reaching the
equilibrium position, which is similar to the one calculated by the fuel rod behaviour code SCANAIR
assuming equilibrium conditions.
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Parametric studies have been performed, taking into account the lack of precise knowledge on rim
characteristics. They show that the results are sensitive, not only to the gas pressure, but also to the
stress field in the fuel rod. Thus, the effects are probably overestimated since they are determined with
the stress field calculated by SCANAIR in equilibrium conditions, e.g. without taking into account the
mechanical response of the fuel and the cladding to this dynamic solicitation. Nevertheless, in these
conditions, the dynamic modelling leads to an absolute increase of the porosity from 1.4% to 5% in
addition to the equilibrium position whereas the porosity increase to this equilibrium point varies
between 6% and 15.5%. But even if this dynamic effect is in the range of uncertainty of the
equilibrium position porosity, it is an additional effect that increases the cladding loading.
Furthermore, there is no significant influence of the power pulse width as long as the conditions at the
fragmentation time (fuel temperature and stress field) are similar.
Finally, by comparison to the SCANAIR results, the modelling of dynamic effects gives a relative
increase of the porosity of about 30% more than the equilibrium value with a high oscillation
frequency. It has also shown that the total porosity increase is very rapid, and so might induce a very
high cladding loading rate. As this quasi-instantaneous porosity increase is correlated to the grain
boundary cracking and the resulting loss of fuel mechanical properties, the global effect from the rim
on the cladding loading under RIA conditions will depend on the coherence of fuel fragmentation in
the rim region, which is presently a field of research. Consequently, further investigations are
necessary to identify the need of such modelling in a transient fuel rod behaviour code.
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Abstract
Within the framework of co-operation between EDF, FRAMATOME and the CEA, we have
compared the isotopic composition of the fission gases released from 3.1% and 4.5% 235U enriched
fuel irradiated from one to five cycles to radial neutronic calculations. We showed the contribution of
the rim structure to overall fission gas release in the case of the 3.1% enriched fuel. In the case of the
4.5% 235U enriched fuel, this contribution seems to be masked by the higher central thermally-induced
release. This comparison was also performed in the RIA case and showed that the participation of the
rim to the gas released during the studied tests is not high enough to have a detectable influence on its
isotopic composition.
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Introduction
In UO2 fuel, at high burn-up, the rim effect structure or high burn-up structure (HBS) appears
while, at the centre of the pellet, gas precipitation leads to intragranular and intergranular bubbles.
Meanwhile, there is a clear increase of the released gas fraction.
While it has been shown that most of the EPMA unmeasured HBS gas remains in the HBS [1-4]
the participation of the rim to the overall gas release was never, to our knowledge, clearly identified.
To this purpose, following the publication of [5] and above all [6], within the framework of EDF,
FRAMATOME and CEA co-operation, the isotopic composition of released fission gas was compared
to radial neutronic calculations. Indeed, the higher Pu content at the rim of the pellets at high burn-up
leads to some differences in the fission product yields between the periphery and the centre of the
pellets. It also leads to some differences between the isotopic composition of the fission products and
among them, the gases. The isotopic composition of the released fission gases must provide some
information from their radial origin.
In the CEA hot labs dealing with industrial irradiated PWR fuel (LECA-STAR and LECI), the
fission gas release rate is obtained by rod puncturing [7]. The extracted gas is analysed by mass
spectrometry in order to distinguish xenon and krypton from the filling and α-decay gas and from all
the device gases. The fission gas release and the volume it occupied are the main results expected, but
the information of the isotopic compositions can also be used.
For this study, we were able to use the results of rod puncturing for two different groups
irradiated from one to five cycles with two different 235U enrichments and ranges of power history.
In order to have a theoretical reference of the expected presence of the different isotopes as a
function of the burn-up and of the radial position in the rod, neutronic calculations were conducted
with the DARWIN package [8].
This comparison will be discussed in this paper, starting with the presentation of the rods used for
the comparison and the way the neutronic calculations were performed, followed by the principles of
the comparison and its results. Finally, the RIA release case will be discussed.
The database
This study is based on:
•

Thirty-eight rods with 235U enrichments between 3.1% and 3.27%, irradiated from 9 to
56 GWd/tU, during one to five cycles, in the French 900 MWe power plants Bugey,
Fessenheim, Chinon, Cruas and Gravelines.

•

Twenty-seven rods with 235U enrichments between 4.48% and 4.5%, irradiated from 11.8 to
58 GWd/tU, during one to five cycles, in the French 900 MWe power plants Gravelines
(mostly) and Cruas.

The rods had different power histories, but the differences are mainly between the rods from the
two sets. The mean powers of the 4.5% enriched rods are higher than those of the 3.25% enriched rods
(Figures 1 and 2). The consequence was a difference between the fission gas release as seen in
Figure 3. The fission gas release of the 4.5% 235U enriched fuel is clearly higher than in the 3.1% case
from the third cycle (~35 GWd/tU) and the difference becomes more and more marked.
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Figure 1. Maximum of the mean power of most of
the rods from the two sets during each cycle (W/cm)
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Figure 2. Examples of power history from the two sets of rods
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Figure 3. Fission gas release rate for the rods of the two sets
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On the basis of EPMA data, after five cycles of irradiation, the main difference comes from the
centre of the pellet, where much more gas is undetected for the “hot” 4.5% 235U enriched fuel than for
the “cold” 3.1% fuel (Figure 4). Not all the undetected gas has been released (otherwise the released
rate would be much higher in both case), but there is precipitation in bubbles large enough for the gas
to be released from the analysed volume (~1 µm thick) during the sample polishing. The rim area, on the
other hand, exhibits a very similar profile for the two kinds of rods. The examinations (ceramography,
SEM and EPMA) of the two types of fuel in this area did not demonstrate any difference.
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Figure 4. Five cycles of EPMA Xe measurements
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Neutronic calculations
The aim of these calculations was establish, as precisely as possible, the creation and evolution of
the different isotopes of the fission gases in the rods as well as in complementary zones from the
centre of the rod to the outer part of it, focusing on the rim area.
The calculation was performed in two steps:
•

The APOLLO2 code calculated the evolution of the assembly rod by rod, using a CEA 172
energy group library, the spectrum being calculated with constant powers (37.8 W/g and
560°C for the 3.1% rods and 40 W/g and 600°C for the 4.5% rods).

•

The results of the APOLLO2 calculations for each zone were used by the PEPIN2 module to
calculate the evolution of the concentrations. PEPIN2 was then used a detailed irradiation
history and its own evolution chains. In particular, the differences of power history between
the zones were taken into account.

This calculation was only performed for one rod of each set. The chosen rods were those for
which power histories are given on Figure 2 and which underwent destructive examinations such as
EPMA (Figure 4). Calculation results were extracted for each cycle of irradiation up to a burn-up of
80 GWd/tU after a prolongation of the power histories.
The areas (Figure 5) involved in these calculations are (R being the pellet radius):
A The entire rod.
B1 The central area up to 0.88 r/R (where the Pu concentration is almost constant on a section).
B2 A zone between 0.88 and 0.975 r/R.
B3 A first rim zone, 52 µm wide, between 0.975 and 0.987 r/R.
B4 The last 52 µm of the extreme rim between 0.987 and 1 r/R.
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Figure 5. Localisation of the different calculated zones

These areas have been chosen because in B1 the Pu content is almost constant. B2, B3 and B4
cover the EPMA rim area of a French five-cycle fuel. B3 and B4 fit with the zone where the
undetected Xe is the highest. This rim area has been separated into B3 and B4 because of the
important gradient in the Pu content of this area.
The comparison method
As previously discussed, the principle of this study is to compare the isotopic composition of the
released gas to the calculated isotopic composition in the rim and in the rest of the pellet. In this
process some difficulties arise.
Indeed, the comparison is only possible if:
•

There is no major movement of the fission products. Indeed, the neutronic calculations use the
hypothesis that the fission products stay where they are created for their evolution. For fission
gases this is not actually the case.

•

The fission gas release does not affect too much, by decreasing the amount of fission gases in
the fuel itself, the isotopic composition of the retained gas, so that it is still well described by
the neutronic calculations. These two assumptions are reasonable thanks to the low release
rate that we observe in those fuels (<3%).

•

The release occurs at the end of the irradiation with fission gases having the calculated
isotopic composition. This is obviously not the case. The fission gas measured after
puncturing is a mixture of gases released from the beginning of irradiation to its end. That is
to say that its composition does not only reflect a combination of the gases coming from the
different areas as calculated at the end of irradiation, but also the history of the release.
However, it should be pointed out that, because of the increase of the fission gas release rate,
most of the released gas during the irradiation was actually released during the last cycle
(Figure 3).
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•

The gas being released at a certain stage of irradiation has the same isotopic composition as
the gas present in this part of the fuel at this stage of irradiation. Even this is not so sure as a
previously created gas atom already precipitated in a bubble may be more stable than a newly
created atom.

•

The burn-up is the same all along the fissile column. This is not the case, and thus axial
considerations may also lead to some problems in the interpretation.

Those remarks show the caution with which the results of the comparison should be considered.
In the RIA case, on the contrary, most of these problems do not exist. During the fabrication of
the short rods used for the tests, the released fission gases are removed and replaced by pressurised
helium. Therefore the gas measured after the test is only the gas released during the test itself. That is
to say that they can be directly compared with the calculations. The release occurs during a very short
instant and the questions of neutronic evolution, modification of the initial content by the release and
history of the release have no importance. Moreover, the fuel column has an almost constant burn-up
so that axial considerations are not a problem.
Like in [6], the comparisons have been performed using two ratios:
83

Kr + 84 Kr
and
86
Kr

131

Xe + 132 Xe
134
Xe

Indeed, the comparisons must be performed using ratios and combinations of isotopes calculated
and measured with a good accuracy. They must also be sensitive to the Pu/U fission ratio. Moreover
they must be the least sensitive possible to the differences between the conditions of irradiation of the
rods coming from the same set, that is to say that the isotopes influencing the chosen combinations
must have small neutron cross-sections.
The results
The results of the comparisons are presented in Figures 6-9. On these graphs, the burn-up is the
rod mean burn-up, and the ratio is the atomic percentage ratio. The lines are the results of the
neutronic computations and the spots are the measured values in the released gas, with the evaluated
uncertainties.
The thermal release coming from the centre of the pellet should give a gas composition close to the
line B1. The ejection coming from all the free surfaces should more or less fit with A. A contribution
of the rim should pull the results towards B4 then B3.
For the krypton ratio of the burn-ups under 35 GWd/tU, the measured values are more or less
consistent with the calculated values for the centre of the rod (B1) or the whole rod (A). Over
35 GWd/tU, the measured values move away from the mean or central values towards the peripheral
values for the 3.1% enriched fuel (B3 and B4), whereas this evolution does not appear in the 4.5%
enriched case.
For the xenon ratio, the calculated values at low burn-up do not fit properly with the measurements.
This must be a result of the uncertainties in the method listed previously. The discrepancy is more
marked for the 3.1% enriched fuel than for the 4.5% enriched fuel. Yet, the evolution after 35 GWd/tU
is close to what is observed on the krypton ratio, with a step in the measured values at this level for the
3.1% enriched fuel.
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Figure 6. (83Kr + 84Kr)/86Kr atomic ratio for 3.1% 235U fuel
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Figure 7. (83Kr + 84Kr)/86Kr atomic ratio for 4.5% 235U fuel
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Figure 8. (131Xe + 132Xe/134Xe) atomic ratio for 3.1 235U fuel
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Figure 9. (131Xe + 132Xe/134Xe) atomic ratio for 4.5 235U fuel
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As concerns the rim, the ceramographic EPMA and SEM examinations could detect no difference
between the two kinds of fuel at the same high burn-up. Therefore, we see no reason why they would
lead to a different rim fission gas release. On the contrary, the irradiation effect on the centre of those
two kinds of fuel at high burn-up clearly led to a higher thermal fission gas release in the 4.5% 235U
enriched case. It is thus possible that the same amount of gas released from the rim can be detected in
a low overall release situation and becomes undetectable in the higher release cases of the other set.
It is then possible to attempt to break down the release process.
First of all, there is the athermic release coming from both fission recoil and knockout. This release
rate increases with burn-up as the amount of gas present available to be knocked out of the fuel
increases. In our case it seems to be 6.5·10–3 × burn-up (GWd/tU), which is to say about 0.37% of the
created gas for the five-cycle rods.
Then, the gas released from the rim can be estimated roughly at five cycles around one-third of
the released gas in the case of the 3.1% 235U enriched fuel (Figures 6,8), that is to say about 0.36% of
the created gas of the five cycles fuels. In the 4.5% 235U case this amount of gas is only 14% of the
overall released gas.
The rest of the gas released would then come from the central part of the rods, with thermal
mechanisms being much higher in the hot case (4.5%) than in the cold (3.1%) one: about 1.85% and
0.37% of the creation, respectively. This difference is consistent with the differences in the EPMA
central measurements where 10.4% of the total created gas and 2.6% of it are respectively missing.
These contributions to the overall fission gas release are plotted, as functions of the burn-up, on
Figure 10.
Figure 10. Decomposition of the fission gas release
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For the five-cycle rods, if we consider that the estimated 0.36% of the created gas released by the
rim comes from the B3 and B4 zones, as the gas creation in this area is about 7% of the total creation,
the mean release in these zones is about 5% of the local creation. Of course it may be higher in B4
than in B3.
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CABRI RIA case
Within the framework of the reactivity induced accident (RIA) CABRI programme, some high
burn-up UO2 fuel (4.5% 235U enriched) were submitted to severe power ramps. These ramps led to
important gas release and it was possible to analyse these gases for three tests [9,10].
Because this gas must be available for quick release, the question of the origin of the released gas
during these rapid power transient tests is important for safety assessments. The rim area with its
special structure was a good candidate because of the possible large amount of gas in the HBS
bubbles.
As previously explained, the analysis of these results is much more simple and direct, without all
the method difficulties we exposed previously.
The corresponding results are given in Figure 11 (triangles) where they are compared to those
obtained for the base-irradiated rods:
Figure 11. RIA case ▲
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Though it is not possible to say that the first 100 µm of the rim does not participate in the overall
release during the tests, is shows that most of the gas probably comes from the rest of the rod. Indeed,
the gas proportion coming from B3 and B4 is not high enough to have a major influence on the
isotopic ratio. The high fission gas release is probably mainly intergranular gas released from the areas
where a high grain boundary opening is observed [10], without any major involvement of the rim.
Conclusion
The following comparisons were made:
•

The isotopic compositions of the fission gas released, measured after puncturing, on two sets
of rods with different 235U enrichments irradiated from one to six cycles.

•

Neutronic calculations on complementary zones from the centre of the rod to its outer part
focusing on the rim area.
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They showed that after 35 GWd/tU of rod mean burn-up, a part of the release comes from the
peripheral part of the pellet. This participation of the rim is low enough to be noticeable only when the
thermal central release is not too high. Otherwise, this peripheral release is masked.
This comparison method, applied to the CABRI RIA test programme, showed that, up to now, the
participation of the first 100 µm of the rim to the gas released during the tests is not high enough to
have a detectable influence on its isotopic composition. Other examinations (Adagio [11]) are foreseen
in order to obtain more precision regarding this result.
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INFLUENCE OF SURFACE REARRANGEMENT ON FISSION GASES DIFFUSION:
HOW CAN ROUND GRAINS CONTRIBUTE TO FISSION GAS DEPLETION IN THE RIM?

L. Desgranges, N. Lozano, J. Noirot, B. Pasquet, G. Eminet
CEA/DRN/DEC/SECI/LECMI Centre de Cadarache
F-13108 Saint-Paul-lez-Durance, France

Abstract
The relationship between high burn-up structure (HBS) and fission gas release is discussed for high
burn-up UO2 fuel in France. The influence of round sub-grains is emphasised. Their morphology is
characterised with SEM and their gas content is measured with EPMA. It is clearly evidenced that the
xenon has escaped the round sub-grains. A surface diffusion mechanism is proposed to explain the
formation of round sub-grains, which should induce a release of fission gases. The consequences of
such a mechanism are discussed.
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Introduction
The actual release of fission gases in the high burn-up structure (HBS) of PWR fuel, also called
“rim” structure, is still a question under discussion. The concept of HBS has existed for years and has
been extensively studied by optical ceramography and electron probe micro analysis (EPMA); it is
characterised by an increase of porosity [1], a decrease of the concentration of xenon as seen by
EPMA [2] and a subdivision of the initial grain (whose size is about 10 µm) into much smaller
sub-grains (whose size is about 0.5 µm) [3].
Recently, however, a study using high magnification SEM [4] provided a new insight into the rim
phenomenon, showing that two types of sub-grains should be considered and not only one as had been
previously thought. This examination indeed evidenced the coexistence of already observed polyhedral
sub-grains (0.5-0.8 µm) and round sub-grains (0.1 m) which were identified for the first time. Round
sub-grains were shown to appear on free surfaces, especially inside pores and not only in the HBS [4].
It has been suggested that the apparition of round sub-grains could be the consequence of the
instability of the free surface of irradiated UO2 grains [5].
This hypothesis focuses on the role of the surface of the grains at high burn-up. To our knowledge,
this subject has not been taken into consideration up to now. We therefore reinvestigated some French
high burn-up UO2 fuel in order to make closer observations of the grain surfaces and evaluate the
influence of this new morphology on the fission gas release.
Experimental
The UO2 samples, with nominal enrichment of 4.5% of 235U, were taken from two PWR fuel rods,
J07 and J12 (already studied in [4]), with zircaloy cladding, irradiated in the same EDF power reactor
for five and four cycles respectively.
Sampling was taken 800 and 936 mm from the bottom of the fissile column for J07, and 2 870 mm
from the bottom of the fissile column for J12. Two slices (at 800 mm of J07 and at 2 870 mm of J12)
were polished up to a surface roughness of about 1 µm. The samples were embedded in metallic alloy
with a low melting point, as is the usual procedure for electron probe micro-analysis (EPMA). The last
slice was used for the preparation of fractured samples using an ultrasonic drilling tool. These samples
were analysed with a JEOL SEM.
Electron probe micro-analysis (EPMA) was performed with a shielded CAMEBAX on the J12
sample to study fission product concentration on open surfaces inside the pores. This measure is
performed in non-standard conditions for EPMA quantitative measurements and will be discussed in
detail with the obtained results.
Results
X-ray mapping
The xenon concentration has been measured by EPMA on a radius of the J07 sample [4]. A xenon
depletion is evidenced in the centre and at the edge of the pellet. These depletions, consistent with
other published works [2], are commonly attributed to thermal diffusion in the pellet centre and to the
high burn-up structure in the pellet edge (this latter sometimes being called the EPMA rim). In order to
obtain a more detailed description of these depletions, mappings of xenon, oxygen and molybdenum
were performed using EPMA at two radial positions on J07. These mappings are shown in Figure 1.
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The cladding is located in the bottom of the image at the pellet edge. Opposite to it, the inner corrosion layer is visible as a brighter strip in the oxygen mapping.

Figure 1. EPMA concentration mapping of oxygen, xenon and molybdenum in the centre and at the edge of the pellet

The mappings of oxygen, xenon and molybdenum are performed in the same areas, so that it is
possible to compare their concentration at a same point in the three mappings. The oxygen distribution
is considered homogeneous in the UO2 ceramic, so the oxygen mapping mainly enlightens porosity
and the border with internal corrosion layer on the inner cladding.
In the centre of the pellet, xenon mapping evidences homogeneously distributed xenon, and
bubbles are observed as white dots. A slight xenon depletion at the grain boundaries can also be
distinguished. In this area, metallic molybdenum precipitates are also evidenced at the grain’s
boundaries. These results are consistent with the high level of temperature calculated in the centre of
the pellet, which leads to the thermal diffusion of fission gases and other fission products.
At the edge of the pellet, the xenon mapping also evidences xenon depletion but with different
characteristics compared to the pellet centre. A uniform area with a low level of xenon concentration
is observed in the HBS area, characterised by a high porosity, where no bubbles are observed. Some
bubbles are observed in the internal corrosion layer and sparsely in the ceramic out of the low-level
area. In the internal corrosion layer, bubbles can be interpreted as the consequence of the implantation
of xenon fission recoils. In the upper part of this mapping, xenon depletion is located along lines
which are likely to be grains boundaries, and in spots inside the grain bulk. The oxygen mapping also
evidenced some porosity of the grain boundaries co-localised with xenon depletion. Molybdenum
concentration is rather different; some molybdenum precipitates are observed mainly in the area with a
high porosity. Very few precipitates are observed out of the HBS.
SEM
So as to better characterise the pores evidenced on the grain boundaries by EPMA mapping, a
fractured surface of J07 was observed with SEM. All the images were taken at approximately 200 µm
from the pellet edge, outside of the area of high porosity, in the area where xenon depletion was
observed on the grain’s boundaries with EPMA.
In the centre of Figure 2, a grain boundary is decorated with pores. The size of the pores is about
1 µm in diameter, their shape is more or less spherical and their surfaces are covered with round
sub-grains. This figure confirms the formation of pores occurs on the grain boundaries.
In Figure 3 it is possible to observe a grain surface with some pores on it. This surface was not a
free surface during irradiation. Free surfaces were studied on the surface of fabrication pores in [4],
and at the radial position of Figure 4, the pore surface is covered by round sub-grains creating a more
or less organised pattern. The surface observed in Figure 4 is considered as a grain boundary, which
was opened during the sample preparation. The pores seen on this surface present two specific
characteristics: they are stick like, aligned along two directions, and they are surrounded by white
zones with darker lines which look like the beginning of surface subdivision and round sub-grains
formation.
EPMA
SEM observations confirm the existence of pores at the grain’s boundaries. They also evidence
the existence of round sub-grains on the surface of these pores. Because EPMA mapping shows a
xenon depletion associated with pores at the grain boundaries, it was wondered whether round
sub-grains around these pores were xenon depleted or not. EPMA measurements were performed on
round sub-grains located in fabrication pores and in pores on grain boundaries.
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Figure 2. SEM image of a grain boundary decorated by some round pores
The pores are covered by round sub-grains

Figure 3. SEM image of a grain boundary covered with specific linear defects
These defects can be compared to the acicular types defects already
mentioned in the literature [6] and are covered by round sub-grains

Figure 4. Secondary electron image of a pore at 90 µm from the pellet edge
Quantitative EPMA measurements were performed on the points labelled by a number
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EPMA measurements were performed in a fabrication pore located 90 µm from the pellet edge.
The positions where measurements were performed are shown in the photo in Figure 4 and labelled by
a number. Points 1 and 2 are located in the bulk of a grain. Points 3 and 4 are located at the edge of the
grain. Points 5 and 6 are located on grain faces where round sub-grains are observed.
In UO2 the electron beam used in our EPMA measurements irradiates a pear-shaped volume of
approximately 1 µm3. The X-rays are produced in this volume and must escape out of the oxide
ceramic to be detected. The measured signal is a function of the distribution of the measured element
in the analysed volume and of the shape of this volume. This is why flat surfaces perpendicular to the
electron beam are preferred for quantitative analysis of material in which a homogeneous
concentration of the measured element is supposed. In the case of Points 3-6 these conditions are not
fulfilled. That is why it was chosen to normalise the intensity of the measured element to the intensity
of uranium whose concentration was considered to be constant, equal to the one measured in standard
EPMA conditions at Points 1 and 2 or A and B. This normalisation is only possible for the elements
which are measured on the same spectrometer as the uranium because the shape of the sample is
different seen from another spectrometer.
The mass concentration of xenon, molybdenum and ruthenium are plotted in Figure 5 as a
function of the point number. Figure 5 clearly exhibits that the xenon concentration is lower on the
surfaces where round sub-grains are formed than in the bulk of the grains. On the contrary, the
concentration of metallic fission products is higher on the surfaces with round sub-grains. However,
these quantitative results must be taken as an average of the distribution of the measured element in
the analysed volume. In our case this volume consists of round grains over the original grain bulk and
the behaviour of each type of chemical element has to be considered to know where it can move
within with volume.
Figure 5. Evolution of the mass concentration of xenon,
molybdenum and ruthenium as a function of their position in Figure 4
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For example, the rare gases can escape the UO2 grains and fill the pore in which round sub-grains
are created. But during the sample preparation, the gas contained in the pore analysed in Figure 4 is
released in the atmosphere when the pore is opened by polishing. That is why the xenon concentration
determined by EPMA corresponds to the remaining gas and is a weighted average of the signal
coming from the round sub-grains and the signal coming through from the bulk. The quantity of xenon
in round sub-grains will be discussed later on.
Metallic fission products can also escape the UO2 matrix, but they remain in the sample as
metallic precipitates. Such metallic precipitates are observed in the EPMA mapping. The measured
concentration for metallic fission products is then a weighted average of the bulk, the round sub-grains
and the precipitates concentration. The signal emitted from the precipitate is not attenuated by the UO2
matrix, because they lie over it. As a consequence the signal emitted from the precipitates is higher
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than the one emitted from the UO2 matrix for the same concentration. As a result, the increase of
molybdenum and ruthenium concentration can be interpreted as the consequence of metallic
precipitates formation over the surface of the UO2 matrix, rather than an increase of the concentration
in the bulk and in the round sub-grains.
In our EPMA caesium was not be measured with the same spectrometer as uranium and it was not
possible to normalise it safely to uranium. However in Figure 6 it was possible to estimate how its
concentration evolves with round sub-grains formation.
Figure 6. Secondary electron image of grain boundaries revealed
by the preparation of the sample at 320 µm from the pellet edge
Quantitative EPMA measurements were performed on the points labelled by a letter
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EPMA measurements were also performed on a grain boundary opened by the sample
preparation. The positions where measurements were performed are labelled by letter in Figure 6.
Points A and B are located in the bulk of a grain. Points C, D and G are located on grain boundary
where no round sub-grains are observed. Points E and F are located on grain boundary faces where
round sub-grains are observed.
The quantitative results, normalised to the intensity of uranium, are presented in Figure 7.
The same features as in Figure 5 were observed: a decrease of xenon signal and an increased signal of
the metallic fission products on the surface with round sub-grains.
Figure 7. Evolution of the mass concentration of xenon,
molybdenum and ruthenium as a function of their position on Figure 4
The values for caesium are in arbitrary units
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Points C, D, E, F and G are located on the same grain face and the signal measured for caesium
on these points can be compared qualitatively because the measurement geometry is the same.
The concentration of caesium is higher on round sub-grains (Points E and F) than on the grain
boundary where no round sub-grains are formed (Points C, D and G). This can be interpreted as
caesium release in the same manner as for metallic fission products.
Discussion
Our new results demonstrate that the free surface of a highly irradiated grain is unstable, whatever
the origin of this free surface is (crack, fabrication pore or pore formed in the high burn-up structure).
This unstable surface modifies its morphology and its chemical composition as was demonstrated with
SEM and EPMA results, respectively. In the following the influence of diffusion mechanism will be
discussed for the formation of round sub-grains, and consequences for the HBS will be deduced.
Evidence of surface diffusion
In order to obtain a surface with round sub-grains, a diffusion mechanism is required. The formation
of a rounded surface from a nearly flat one indeed requires some displacements of material and hence
diffusion. In the case of irradiated UO2, bulk diffusion is expected to be very low at the operating
temperature where round sub-grains are observed. However diffusion on a free surface is known to be
much higher than bulk diffusion and even than on a grain boundary. Moreover athermal diffusion due
to fission recoils must not be neglected, especially on a free surface where the flux of fission products
is no more isotropic. Thus the following hypothesis develops: that surface diffusion is the actual
mechanism that allows the formation of round sub-grains because these latter are only formed on a
free surface [4].
The surface diffusion also modifies the behaviour of the fission products. As is observed at high
temperatures when bulk diffusion is activated, all fission products, thermodynamically unstable with
UO2, can diffuse out of the round sub-grains. This would explain the segregation of metallic fission
products observed on the round sub-grains and also the depletion of xenon. The difference of the
behaviour of the fission products would depend on their chemical state. The metallic fission products
are expected to form precipitates which would stay on the round sub-grains, while the xenon gas
would go in the pore opposite to the round sub-grains. The enrichment or the depletion of the round
sub-grains in fission products can then be correlated to the surface diffusion process previously
proposed. It is noteworthy to mention that the segregation effects are greater on the round sub-grains
than on the grain boundaries and than in the grain bulks which are consistent with a higher diffusion
coefficient on the surface than on the grain boundaries and in the bulk.
The release of caesium can only be supposed to interpret our results but it has already been
observed in detail using XPS. Surface segregation has indeed also been observed on CANDU fuel by
X-ray photo-electron spectroscopy (XPS) [7]. According to Hocking, et al., CANDU fuel routinely
exhibited segregation of caesium, ruthenium, tellurium and barium on its surface. In this study it was
also shown that surface segregation of caesium is localised on a very thin, 1 nm thick layer on the
grain surface. However it was not possible to distinguish between grain boundaries and grain free
surfaces, and also not possible to isolate the contribution of faces with round sub-grains because a
fractured surface of the order of 1 mm² was analysed. However, SEM images of this CANDU fuel
clearly exhibit surfaces with round sub-grains. Making the hypothesis that the segregation observed in
the CANDU and in our fuel are of the same origin, it is then possible to associate the formation of
round sub-grains with the segregation of all the fission products which are known to escape the fuel
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ceramic at high temperature: metallic FPs (molybdenum, ruthenium, technetium, rubidium and
palladium), volatile FPs (caesium) and gaseous FPs (xenon and krypton). The quantitative differences
between the two sets of results can come from the depth of material seen by XPS (1 nm) and EPMA
(1 µm).
Our results indicate the existence of a surface diffusion process which allows to discuss more
precisely some features of the previously proposed mechanisms. Three main features can be
underlined and will be discussed in the following:
•

The xenon depletion is associated with pore formation.

•

The fission gas release in the HBS could be only due to surface diffusion.

•

At least a part of the HBS could result from surface diffusion on plate shaped defects.

Xenon depletion and pore formation
The EPMA mappings evidence that xenon depletion in the HBS begins on the grain boundaries
and in intragranular porosity. A xenon depletion can be observed with EPMA only if the gas has
escaped the sample, and two cases must be considered: either the gas was released during the fuel rod
irradiation and contributed to the fission gas release or it was released during the sample preparation,
if it was trapped in a pore open by preparation for example. If the xenon depletion were due to some
gas release out of the oxide ceramic, a diffusion mechanism on the grain boundaries would be
necessary. If this mechanism was active in the HBS, it should also be effective in the intermediate area
of the pellet because diffusion coefficients are supposed to increase with the temperature. This does
not seem to be the case because the xenon concentration measured by EPMA is almost equal to the
created value in the intermediate area. On the other hand, our SEM observations evidence that some
pores were located on grain boundaries, SEM observation of [1] evidenced that some pores were also
located in the bulk of the original grains. So the xenon depletion measured with EPMA should be
associated to the formation of pores in which the gas is trapped.
Fission gas release in the HBS
The residual concentration of xenon in the round sub-grains is nearly equal to the xenon
concentration measured in the rim [1,4].
The quantity of xenon in the rim released by surface diffusion can be estimated by estimating the
free surface inside the pores created in the HBS. Taking a HBS with 10% of porosity and with
spherical pores of 1 µm diameter, the volume affected by surface subdivision would be approximately
one-third of the total volume if it is assumed that subdivision is effective in a layer of 1 µm depth.
This value does not fit with the xenon concentration measured by EPMA, which corresponds to
depletion of more than three-quarters of the xenon. The mismatch between these two figures can have
two different origins – a physical and an experimental one. From a physical point of view, some
release form the polyhedral grains may occur. From an experimental point of view, it is not very easy
to obtain a good polishing of the HBS structure, as SEM images tend to prove (Figure 10 in [4]).
This would imply that the surfaces observed by EPMA in the HBS structure are fractured surfaces
where bubbles are likely to be over-represented due to their poor mechanical behaviour. The EPMA
measurement would be a measurement of surfaces mostly covered with round grains and would not
provide a good measurement of the Xe concentration in the whole HBS. The quantity of gas released
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out of the fuel ceramic could be lower that the one predicted by EPMA. The released gas is not
expected to leave the pore in which it was formed by surface diffusion. This explanation is consistent
with already published X-ray fluorescence results [8], in which the quantity of gas remaining in the
HBS is estimated around 80%.
Pore formation and plate-shaped defects
In the bulk of the grains, acicular pores as seen in Figure 4 can have the same kind of effects as
the grain boundaries. These specific pores were interpreted [6] as plate-like gas-filled defects, which
means the apparition of two free surfaces in the bulk. Round sub-grains are likely to appear on these
free surfaces as can be deduced from the photo in Figure 4. And it is possible to imagine that the round
sub-grains formation will change the defect shape. According to us, the accumulation of acicular
defects associated with the formation of round sub-grains is likely to create the porosity observed in
the HBS. Because the plate-shaped defects are formed in the bulk of the grains, the resulting pore is a
closed pore, with the effect that the fission gas it contains can not be easily released out of the UO2
ceramics.
Conclusion
The results presented in this paper clearly indicate that the free surfaces of nuclear fuel are
unstable, they become rounded and lose some fission products. This experimental evidence can help to
clarify the mechanism of HBS formation. It was indeed argued that surface diffusion can explain all
the features observed in the HBS concerning the behaviour of fission gases. The fact that the xenon
released out of the UO2 grain can be trapped in the bubbles, where round sub-grains are created, is the
main difference compared to the previously proposed mechanisms based on xenon diffusion either
athermal or enhanced by dislocations. The fission gas release out of the HBS can stop when no more
bubbles are created, to the contrary of other mechanisms which imply that this release goes on until
the gas concentration in the HBS has reached a low threshold. The results of [8], showing a low
release of fission gases in the HBS (around 20%) are consistent with the assumption of surface
diffusion.
Surface diffusion can explain the gas behaviour in the HBS but it leaves unsolved the questions of
grain subdivision and bubble formation. To unravel these mysteries, some investigations are still
needed as concerns polyhedral sub-grains, and the manner in which they are formed. According to the
authors’ opinion, the plate-shaped pores which were observed associated to round sub-grains may be a
key to improve our knowledge of the HBS, and as such they should be paid more attention.
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Abstract
In high burn-up LWR nuclear fuel an increase of the Xe-mobility is observed in the rim region according
to EPMA. This often coincides with an increase of the local porosity and the grain subdivision of the
material in regions around the pores. The restructuring does not always imply disappearance of the
prior grain boundaries. This seems to occur in a final step. Micro-XRD studies also show a contraction
of the fuel lattice in the rim zone, reflecting mainly the release of accumulated stresses during
irradiation, via reordering of defects and defect complexes, including sub-grain formation and
displacement of Xe traps. The lattice contraction is not measurable when the fraction of restructured
areas is low and the prior grain structure still remains. Nevertheless, in such a case, even the Xe signal
by EPMA is observed to decrease, anticipating the displacement of Xe inside the grains, probably
towards cavities. However, the quantitative proportion of Xe in matrix and pores can not be given by
EPMA. This is confirmed by TEM examinations, showing still plenty of gas bubbles inside restructured
grains, in spite of the low Xe signal detected by EPMA. An alternative determination therefore
appears necessary.
The fission gas release (FGR) behaviour of the rim zone seems then to depend basically on the
efficiency of gas retention in its porosity. The closed character of these pores and the low percolation
probability derived from the high pore to grain size ratio anticipate a low incidence of open porosity.
Also, mechanical tests suggest a low pore interconnection probability by microcracking. However, at
very high local burn-ups (>150 GWd/tM), too high porosity values are determined compared to the
values derived from immersion density and solid swelling, suggesting the potential existence of open
channels. Also, abnormally high porosity values by quantitative metallography might arise from grain
pullout during sample preparation. Here, a rough estimation of the release fraction from the rim zone
is made, considering the persistence of all prior grain boundaries and the interconnection of all pores
near these boundaries in a range of one pore radius. In this mostly improbable case, a maximum
release of about 15% is estimated. For a precise FGR characterisation of the rim zone, quantitative
determinations of the pore connectivity and of the real ratio: Xe in matrix/Xe in pores still seem to be
lacking.
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Introduction
High burn-up extension of LWR fuel is progressing to reduce the total process flow and
eventually the costs of the nuclear fuel cycle. However, a particular fuel restructuring appearing at
high burn-ups at the periphery of LWR UO2 fuel pellets [1], but also in the Pu-rich clusters of the
MOX fuels [2] and to some extent in FBR fuels [3], motivates concern due to its possible contribution
to the total fission gas release (FGR). The structure modifications of the fuel in this so-called rim zone
are characterised by a considerable increase of the local porosity and a subdivision of the original
matrix grains [4,5,6]. Both effects are assumed to negatively impact the FGR behaviour of the fuel, the
first through an undeniable elevation of the fuel temperatures through deterioration of the thermal
conductivity [7] and the second by a potential enhancement of the gas out-channelling through the
newly created boundaries [8].
An enhanced Xe mobility in the rim region, where a priori only athermal diffusion applies
(Trim ~400°C) [9,10], is deduced from EPMA determinations showing progressive depletion of the
matrix retained Xe as the rim structure develops [8]. On the other hand, X-ray fluorescence (XRF)
analysis which are less sensitive to the presence of porosity in the material, otherwise a limitation of
the EPMA technique when the beam size becomes comparable to the pore size and the pore-to-pore
distance (~1 µm), suggest retention of Xe in the rim porosity [11]. Also, isotopic analysis of the gas in
the plenum (Xe/Kr ratio) permit to infer none or very low participation of the fuel periphery in the
released fraction [12] (also see papers by S. Bremier, et al. [13] and J. Noirot, et al. [14]). From these
last two facts it might be deduced that despite previous concern, the gas retention in the rim material
should remain high.
However, looking at a burn-up extension strategy under the safest margins, the questions remain
for fuel designers and licensing authorities: What would be the participation of the fuel periphery to
the average FGR if the restructured zone penetrates more extensively into the fuel? And what would
be the behaviour of this material in case of abnormal operation conditions, for instance during RIA
transients? The answers to these questions depend of course on a better knowledge of the formation
process(es) and the material properties of the zone in question. In the following we try to draw major
conclusions on the knowledge accumulated over the last 15 years of investigations, focusing
particularly on structure properties and formation aspects, and we further attempt to provide some
elements that feed the discussion.
Structure features of high burn-up fuel pellets
In most cases four radial zones can be distinguished in the ceramographic cross-section of a high
burn-up fuel pellet, namely:
a) The central part that is operated at temperatures higher than 1 150°C, where a large portion of
the fission gases has been released. The longer the time at temperatures over 1 150°C the
higher the FGR fraction. In this case most of the gases move towards the grain boundaries,
causing large pores at the triple boundary locations and smaller pores along the grain surfaces.
The grains themselves are often free of porosity [Figure 1(a)].
b) The so-called intermediate FGR zone which has operated at temperatures between 1 000 and
1 150°C and exhibits a dark appearance on the ceramography. This zone is not always visible
and may also depend on the irradiation history. The dark aspect is due to the presence of
dense intergranular fine porosity (<1 µm), which is revealed by etching. Superimposed to the
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radial Xe profile (EPMA), this zone corresponds to the transition between the high release
zone in the fuel centre and the region with maximum Xe retention, before the transition and
depleted zones appear in the fuel periphery.
c) The third zone often called the “under rim” or “transition” zone, where the largest
“as-fabricated” pores remain. The thin initial porosity has disappeared due to fission activated
densification during the first irradiation cycles and traces of the high burn-up structure are
visible on prior grain boundaries [Figure 1(b)]. This last observation bestows the name
“transition” zone on this region, just adjacent to the proper rim zone, which can extend quite
considerably into the fuel.
d) Finally the outermost 200 to 500 µm thick region called the “rim zone”, which sometimes
exhibits the intact “as-fabricated” microstructure and in addition shows a dense intragranular
porosity, similar to that of the second zone (~1 µm), as long as the local burn-up exceeds the
range 55-70 GWd/tM. The origin of this zone is the neutron self-shielding effect of 238U
which causes the burn-up profiles to become very steep at the fuel periphery (up to ~200 µm
from the pellet edge), with pellet edge burn-ups even higher than twice the average pellet
burn-up. Typical of this structure, also called the “high burn-up structure” (HBS), is a grain
subdivision of the original matrix [Figure 1(c)], which at large magnifications and/or in
isolated transformed areas is seen to affect preferentially the pore surroundings [Figure 1(d)].
Radial porosity profiles and rim pores aspect
Systematic porosity and pore size-density determinations by image analysis (quantitative
metallography) have been performed for some years on LWR fuels with moderate to high average
burn-ups (<70 GWd/M) [4,5] and have been extended more recently to highly exposed LWR fuels
(80-100 GWd/tM) [6,15].
The main drawback of the image analysis technique is that it is operator dependent, e.g. in the
apparatus setting (detection threshold, grey scale, etc.) or in the features selection (e.g. what is a real
pore or what is cavity due to grain pullout, etc.). The magnification also plays a role and it implies a
compromise between precision (high magnification) and true representation of the measurement
(low magnification). The technique, however, is the best available for direct visualisation of porosity
gradients. The error band of such porosity measurements is estimated to be ±2-3% (volume fraction).
Figure 2 shows a synthesis of the radial porosity evolution of standard LWR UO2 fuels in the
average burn-up range 40-98 GWd/tM. Line boundaries are sketched in the figure, showing the
approximate size variation of the three important zones described in the first section, namely the rim,
the transition and the central zones. It is remarkable that while the pellet-edge porosity remains below
15% at average burn-ups <80 GWd/tM, it increases up to 20-24% in the range 90-98 GWd/tM
(Figure 2), though this is limited to the outermost fuel region (rim) with a small volume fraction
participation. However, the same qualitative jump is observed in the mean pellet porosity, basically in
the transition and central zones (>90% of the pellet volume), which remains relatively low (~4%) at
burn-ups ≤70 GWd/tM, but reaches 10-12% at >80 GWd/tM. The marked extension of the transition
zone at >80 GWd/tM, including the increase of its average porosity to almost the double value and the
corresponding potential deterioration of its thermal conductivity by this amount, are expected to have
an influence in the global FGR at the highest burn-ups. Indeed, since most of the gas in the central
zone is released in the initial irradiation cycles, the main contribution to FGR at high burn-ups is
expected to stem from the transition zone, where thermal and athermal processes may co-operate.
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At the bottom of Figure 2 two ceramographies are compared, showing the penetration of the rim
porosity into the fuel as the irradiation progresses. The rim pores appear basically isolated up to
~70 GWd/tM. At very high burn-ups, however, a trend to pore coalescence and incipient pore channel
formation is evidenced, though restricted to the first tens of µm at the pellet edge. In this high burn-up
range, apart from the contribution of the transition zone, some small contribution to the FGR from the
pure rim zone is then not to be excluded.
Integrated porosity vs. immersion density
In Figure 3, the relative pellet densities arising from consideration of the total porosity fraction
(area-integration of the radial profiles of Figure 2) and the total matrix swelling (1%/10 GWd/tM [16]),
are compared vs. burn-up with immersion density values taken from Refs. [6,14]. At 40 GWd/tM the
results show only a difference of 2% (volume fraction), which is within the error band of porosity
measurements by quantitative metallography (see section entitled Radial porosity profiles and rim
pores aspect). However, at higher average pellet burn-ups, the relative densities calculated from
porosity and matrix swelling tend to be increasingly below the measured immersion density.
The discrepancies of values in Figure 3 may be explained as follows:
1) The image analysis overestimates the porosity (grain pullout?).
2) The immersion density underestimates the contribution of the porous rim. Parts of the rim
remain attached to the cladding and are not included in the fuel sampling. This effect becomes
however less important at the higher burn-ups when larger rim zones are available.
3) The assumed matrix swelling (gaseous contribution) may be excessive. At the highest burn-ups
the Xe which is depleted from the matrix must be subtracted from the gas swelling [18].
4) Part of the porosity could be interconnected. The immersion density does not account for
open pores.
With respect to the FGR, mainly the last point, e.g. the potential existence of some open channels
at very high burn-ups (also coincident with presumptions in previous sections), may be the most
important and requires further determination.
Mechanical behaviour of the rim zone
Although the mechanical properties of the fuel seem to have their larger impact on the PCI
behaviour of the rod, its fracture behaviour is also related to the FGR because it indicates the
probability of the material to form channels (e.g. bridging of pores and bubbles) by microcracking.
In Figure 4 the main results of microindentation tests in high burn-up LWR fuels [4,19] are resumed,
showing essentially the fracture toughness increase of the fuel (e.g. its higher resistance to crack
propagation) as the high burn-up structure develops. Additionally, the micrographs shown in the figure
clearly indicate the trend to crack arrest of the material in the fuel periphery. In contrast, the crack
extension in the central zone appears comparatively quite large. From the former it is to be deduced
that at least under normal operation conditions, a grain (sub-grain) de-cohesion of the high burn-up
structure, or a massive gas channelling through fracture, is not to be expected.
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Rim formation steps observations
A particular LWR UO2 test fuel, irradiated in the Belgium BR3 reactor up of 68 GWd/tM under
representative conditions of a LWR power reactor, has been analysed in detail due to the observed
delayed formation of the rim structure [17]. Compared to standard LWR fuels, particularities of this
fuel had been the large 235U enrichment (8.65%) and the large initial grain size of UO2 (~20 µm).
Other parameters were similar to a normal LWR fuel. Figure 5 shows the obtained Xe-Nd (EPMA)
and porosity profiles, as well as some microstructure details in the outermost region. As seen in the
figure, this BR3 fuel (68 GWd/tM) showed a typical (although thin) rim region in terms of porosity
growth and Xe depletion, but showed absence of widespread grain subdivision even at the pellet edge.
Only some incipient grain subdivision around the pores near the interface with the cladding was
observed (Figure 5) [17]. Thus, independent of the reasons causing the delayed grain restructuring, the
following conclusions of the rim formation steps can be extracted from this sample:
•

Step 1. A decrease of the matrix-xenon signal is detected by EPMA for burn-ups around
70 GWd/tM and above.

•

Step 2. Coincident with Step 1 or somewhat shifted to higher local burn-ups, the onset of the
porosity growth is detected, with the newly created pores not necessarily nucleated on prior
grain boundaries.

•

Step 3. Even at higher local burn-ups, e.g. closer to the pellet edge in the fuel, the local grain
subdivision around the pores with equiaxed-sharp shaped sub-grains is unambiguously
detected.

•

Step 4. Loss of the original grain structure (boundaries) appears to occur in a last step after
accumulation of numerous locally restructured areas in the grains. In the studied BR3 fuel,
this occurred only in regions very near the pellet edge.

Related to the above process steps, one of the most important aspects to be remarked is that Xe
depletion can apparently take place (and be detected) before any widespread grain subdivision occurs
and when the prior grain boundaries are still predominant. Therefore, this gas movement does not
imply immediate release to the exterior, but probably only recapture of the gas in voids.
Micro-XRD studies: What they reveal about fuel temperatures and the restructuring process
High precision micro-XRD studies of high burn-up LWR UO2 fuels (full pellet cross-sections)
commenced after the development of an adequate micro-beam collimator was completed, allowing
focusing of the incident beam in regions not larger than 20 µm on the pellet surface [15]. Results of
these measurements in two LWR UO2 fuels with 67 and 80 GWd/tM, and also on the BR3 fuel
(68 GWd/tM) described in this section, are summarised in Figures 6-8.
Figure 6 shows that when examined along the pellet radius, the fuel lattice constant exhibits a
rather flat maximum (plateau), whose limit towards the pellet edge coincides roughly with the onset
(or end) of the rim zone, as can be seen from the complementary porosity and microhardness profiles
(Figure 6). At the other extreme towards the fuel centre, the end of this maximum-plateau seems to
coincide with the outer limit of the annealed fuel region, where temperatures before discharge had
been higher than the defect healing threshold (~800°C [20]) (Figure 6). Since the local burn-up is
constant in this zone (Figure 6) and the fuel is assumed to remain stoichiometric [21], the corresponding
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decrease of the lattice is mainly attributed to the thermal annealing of irradiation defects [20].
Congruently, Figure 6 shows smaller radii of this “thermal” region as the average burn-up increases,
which is coincident with the decrease of the linear power as the number of irradiation cycles
increases [6].
On the other hand, the decrease of the fuel lattice constant in the “athermal” rim region (Figure 6)
indicates a damage recovery during restructuring (a kind of athermal recovery activated by fission
spike energy). This can be also deduced from Figure 7, where all available data of LWR fuel lattice
constants for T < 800°C, as well as for fuels with low and medium average burn-ups (literature
data) [15], are plotted versus local burn-up. The figure shows in a first step a progressive lattice
expansion in the range 0-70 GWd/tM, which can be attributed to the accumulation of defects and
defect complexes during irradiation (Frenkel pairs, dislocations loops, etc.) [15] which saturates at
about 70 GWd/tM. Above this critical local burn-up, an abrupt lattice contraction takes places which is
about ten times larger than the contraction rate expected due to dissolution of fission products
(chemical effects of burn-up) (Figure 7). Thus, since chemical effects are excluded from the rim
transformation, the lattice contraction in the rim zone is thought to mainly reflect the recovery of
accumulated strains during irradiation, via reordering of defects and defect-complexes, including
sub-grain formation.
To particularly elucidate the role of sub-grain formation in the lattice contraction appearing in the
rim zone, the lattice parameter profiles of two fuels with similar burn-ups, one with and the other
without widespread grain subdivision, were compared. The obtained lattice constant profiles and the
corresponding structure details are shown in Figures 8 and 9, respectively, for standard LWR fuel
[(67 GWd/tM) also shown in Figure 6 (top)] and for BR3 fuel [(68 GWd/tM) described in this
section]. As shown in Figure 9, the noticeable lack of lattice contraction in the periphery of the BR3
fuel seems to coincide with the lack of (widespread) grain subdivision in this fuel. Congruently, for the
compared standard LWR fuel (67 GWd/tM), both marked grain subdivision and lattice contraction
were present (Figure 8), supporting the correlation between these two effects. The matrix Xe depletion
(e.g. displacement of Xe from matrix traps), which in the case of the BR3 fuel was unambiguously
detected by EPMA (this section), seems not to contribute strongly to the lattice contraction (strain
release). Further investigations are however necessary to confirm these trends.
Are the restructured grains fully depleted in Xe?
As mentioned in the introduction the Xe depletion of the rim restructured material is obviously
seen with concern with respect to FGR, because of the potentiality of the depleted gas, assumedly stored
in the pores, to get channelled to the outside under certain conditions, e.g. by pore interconnection.
An analysis of the probability of this pore interconnection is given in the section below.
However, it is interesting to remark that even though EPMA analysis indicates only a small
retention of the fission gas in the restructured grains [8,13], TEM examinations of fully transformed
material still show a large amount of gas bubbles within the restructured grains. Indeed, as shown in
Figure 10, many gas bubbles are observed within the small grains (0.15-0.3 µm), with more abundant
precipitation in these bubbles at the grain interiors (including dislocation lines) than on grain boundaries.
Also, as seen in Figure 10, these features can remain at burn-ups far beyond the rim transformation
threshold (e.g. at >80 GWd/tM). Because of this, an alternative quantitative determination of the
amount of Xe in the matrix in the high burn-up zones, as for example those recently obtained by
dissolution of the fuel in molten salts [22], appears necessary.
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What percolation analysis anticipates regarding the rim-pore interconnection
A bond percolation analysis had been applied in the past by Ronchi to calculate the fission gas
escape probability by pore interconnection in MX-type nuclear fuels [23] and LWR fuels [24]. Ronchi
proposed an idealised cellular structure of the fuel [23,24], similar to the cellular description of the rim
zone provided in [5], in which the elemental fuel material cells (spheres or cubes) are centred in the
pores. The cell dimension is fixed by the minimum pore-to-pore distance in the material, as it results
from the 3-D treatment of quantitative image analysis [5]. To calculate the pore interlinkage probability,
Ronchi [23,24] defines a macroscopic parameter P, which is interpreted as the average number of
bonds per core (pore). This parameter is dependent on the co-ordination number of the geometrical
arrangement of pores (Np) (e.g. cubic, fcc, etc.), the fractional porosity (p) and the grain to pore size
ratio (s = rg/rs). The expression for P is the following [23]:
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According to mathematical calculations of the percolation probability of such an arrangement of
bonds, the percolation threshold (full connectivity) of the system is achieved when the parameter, P,
equals the value 1.569 [23,24,25].
Figure 11 shows the variation of the parameter, P, as a function of the grain to pore size ratio for
different values of the porosity fraction and for two types of pore-cell arrangements, namely an fcc
arrangement (co-ordination no. 12) and a simple cubic arrangement (co-ordination no. 6) [24,25,26].
Very interesting to remark is that for grain-to-pore size ratios typical of the fuel centre (7-10) the
percolation threshold is achieved in all cases (Figure 11). In such cases, as is seen in the real fuel, the
probability of gas escape to the outside is high. In contrast, for values of the grain-to-pore size ratio
more typical of the rim zone (~0.3), the probability of pore interconnection remains almost zero.
Only for the case of very high porosities (~30%), for instance as at the fuel edge at very high average
burn-ups, some probability of pore channel formation would be present (Figure 11). Although these
calculations are very idealised, they reinforce the presumption that quite a large gas retention would
occur in the rim zone.
Role of prior grain boundaries and estimation of the maximum FGR fraction under its influence
Isotopic analysis conducted by Noirot, et al. [14], evaluate however a participation of the rim
material to the overall fission gas release at a level of 5%. Mogensen and Walker [26] have recently
reanalysed the data provided by the High Burn-up Effect Programme (1979-1988) [1]. Comparing the
EPMA xenon profiles representative of the xenon distribution in the fuel matrix (about 1 µm
penetration), and the X-ray fluorescence profiles performed in the Risø laboratories (about 60 µm
penetration), the amounts of gas trapped and released have been estimated. This analysis confirms that
most of the gases are still retained in the fuel up to a local burn-up of 70 GWd/tM, but also that a
sudden release of about 15 to 20% occurs above this threshold.
These observations are consistent with more recent works performed within the HBRP Project.
Using the KNUDSEN cell technique on high burn-up fuel disks samples, a 20% fission gas release
during irradiation was deduced for the highest burn-up samples (92 GWd/tM) from the difference
between the theoretical inventory and the total amount of fission gas released during the annealing
test.

253

How, then, is this 15% to 20% release to be explained? In order to provide arguments for the
discussion we performed a very rough calculation of the possible release fraction, assuming a uniform
distribution of pores in the rim material, with 80% of the gas inventory stored in their volume. Since it
has been shown that during the grain subdivision phase of the rim process mainly sub-grains are
formed around 1 µm-sized pores, it is assumed that these pores remain as very efficient traps for the
gas of the surrounding area, with no communication to the external surfaces. Nevertheless, assuming
that still channels may remain on the prior grain boundaries, the only pores which could probably be in
communication with the exterior are those located close to the original grain boundaries, provided that
they become interconnected. For the calculation, we assume that all pores being at a distance of the
grain boundary equal or less than the average pore radius are potentially in communication with the
exterior via the prior grain boundaries.
Assuming a spherical grain with an average radius, Rg, and a peripheral affected zone of the grain
within a distance, e, to the grain boundary, the relative volume of pores in this zone is proportional to
the corresponding surface ratio, e.g.:
∆V gbpore ∆S e ⋅ (2 R g − e )
=
=
pore
Vtotal
S
R g2

Then, if the fraction of gas in the pores is Fpores, the fraction of gas in the grain boundaries, Fgb, is
expressed as:
Fgb =

∆Vgbpore
⋅ Fpores
pore
Vtotal

From these formulations, we have made a parametric calculation for different grain sizes, assuming
an average pore size of 1 µm and a fraction of gas in the pores of 80%. The results are given in Table 1.
Table 1
Grain boundary width: 0.50 µm (average pore radius)
Gas fraction within the pores: 80%

Rg
(µm)
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20

∆S/S
0.19
0.16
0.14
0.12
0.11
0.10
0.09
0.08
0.08
0.07
0.07
0.06
0.06
0.05
0.05
0.05
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FGR
(%)
15.20
12.78
11.02
09.69
08.64
07.80
07.11
06.53
06.04
05.61
05.24
04.92
04.64
04.38
04.16
03.95

Thus, it is seen that if all the gas on the grain boundaries is released to the fuel rod void volume,
for an average grain size of 8 µm and a medium pore size of 1 µm, this gives a release rate of about
10%. Then, if the rim region is assumed to reach about 5% of the fuel volume (100 µm width for a
pellet radius of 4 mm), the rim zone participates with a value of 0.5% to the total release rate. For an
average pore size of 1.4 µm, the same values become nearly 14% for the fractional release of the rim
zone, with a participation of 0.7% to the total release.
Conclusions
Since the first observations of the rim effect in the eighties, many works and programmes have
been performed providing researchers with a large database. However, many controversies still exist
regarding the origin and the kinetic of the process.
As analysed in the present work, the FGR behaviour of the rim zone seems to depend basically on
the efficiency of gas retention in its porosity. The closed character of the rim pores and the low
percolation probability derived from the high pore to grain size ratio anticipate a low incidence of
open porosity. Also, mechanical tests suggest a low trend of the rim material to pore interconnection
by microcracking. Only at the outermost fuel periphery at very high burn-ups (e.g. local burn-ups
>150 GWd/tM), some pore coalescence and incipient pore channelling seem to appear, whose
eventual influence in the open porosity would be necessary to prove experimentally.
A rough estimation of the release fraction from the rim zone has also been made, considering the
persistence of all prior grain boundaries and the interconnection of all pores near these boundaries in a
range of one pore radius. In this mostly improbable case, a maximum release of 15% is estimated for
the rim zone, although with a contribution <1% to the total gas release, for a moderate rim width of
~100 µm. Nevertheless, for a precise FGR characterisation of the rim zone, quantitative determinations
of the pore connectivity and of the real ratio: Xe in matrix/Xe in pores seems still to be needed.

Acknowledgements
The authors wish to thank Motoyasu Kinoshita, Hans Joachim Matzke, Philippe Dehaudt,
Philippe Garcia and Yannick Guerin for the useful discussions over the years.

255

REFERENCES

[1]

J.O. Barner, M.E. Cunningham, M.S. Freshley, D.D. Lanning, “High Burn-up Effects Program –
Final Report”, DOE/NE/34046-1, HBEP61(3P27), April 1990.

[2]

C.T. Walker, W. Goll, T. Matsumura, J. Nucl. Mater., 228, 8,1996.

[3]

Ian Ray, ITU-Annual Report 1995, EUR 16368, 64, 1995.

[4]

J. Spino, D. Baron and M. Coquerelle, “Microstructure and Fracture Toughness Characterisation
of Irradiated PWR Fuels in the Burn-up Range 40-67 GWd/tU”, IAEA TCM on Advances in
Pellet Technology for Improved Performance at High Burn-ups, Tokyo, Japan, Paper No. 3/5
28 October-1 November 1996.

[5]

J. Spino, K. Vennix, M. Coquerelle, J. Nucl. Mater., 231, 179, 1996.

[6]

R. Manzel, C.T. Walker, ANS International Topical Meeting on LWR Fuel Performance,
Park City, Utah, USA, 10-13 April 2000.

[7]

W. Wiesenack, T. Tverberg, ANS International Topical Meeting on LWR Fuel Performance,
Park City, Utah, USA, 10-13 April 2000.

[8]

C.T. Walker, J. Nucl. Mater., 275, 56, 1999.

[9]

J.A. Turnbull, et al., J. Nucl. Mater., 107, 168, 1982.

[10] Hj. Matzke, Proc. Workshop on FGR Behaviour in Nuclear Fuels, Karlsrue, EUR 6600,
26-27 October 1978.
[11] M. Cunningham, M. Freshley, D. Lanning, J. Nucl. Mater., 19, 1992.
[12] D. Schrire, I. Matsson, B. Grapengiesser, ANS International Topical Meeting on LWR Fuel
Performance, Portland, Oregon, USA, 104, 2-6 March 1997.
[13] S. Bremier, C.T. Walker, R.Manzel, “Fission Gas Release and Fuel Swelling at Burn-ups
Higher than 50 MWd/kgU”, these proceedings.
[14] J. Noirot, L. Desgranges, P. Marimbeau, “Contribution of the RIM to the Overall FGR: What do
Isotopic Analysis Reveal?”, these proceedings.
[15] J. Spino, D. Papaioannou, J. Nucl. Mater., 281, 146, 2000.
[16] H. Assmann, R.Manzel, J. Nucl. Mater., 68, 360, 1977.
[17] J. Spino, D. Baron, M. Coquerelle, A.D. Stalios, J. Nucl. Mater., 256, 189, 1998.
256

[18] OECD Document, Specific Issues in Fuel Behaviour, January 1995.
[19] J. Spino, F. Rousseau, “Mechanical Properties of High Burn-up Fuels by Microindentation”, to
be published in J. Nucl. Mater.
[20] K. Nogita, K. Une, J. Nucl. Sci. & Tech., 31, 929, 1994.
[21] Hj. Matzke, J. Nucl. Mater., 223, 1, 1995.
[22] B. Sätmark, J.P. Glatz, R. Malmbeck, C.T. Walker, NRC5 5th International Conference on
Nuclear and Radiochemistry, Pontresina, Switzerland, 247, 3-8 September 2000.
[23] C. Ronchi, J. Nucl. Mater., 84, 55, 1979.
[24] C. Ronchi, LWR Safety Program, ANL-75-72, 1975.
[25] K. Maschke, H. Overhof, P. Thomas, Phys. Stat. Sol. (b), 60, 563, 1973.
[26] M. Mogensen, J.H. Pearce, C.T. Walker, J. Nucl. Mater., 264, 99, 1998.

257

Figure 1. SEM micrographs of representative fuel zones in a LWR fuel with 67 GWd/tM
A) r/ro = 0.798, B) Transition zone: r/ro = 0.93, C) Rim zone: r/ro = 0.98, D) Transition zone: r/ro = 0.88
(Details of restructuring localisation around pores)
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Figure 2. Porosity evolution with radial position and burn-up
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Figure 3. LWR fuels: integrated porosity vs. immersion density

Possible reasons for results discrepancy:
1. Image analysis overestimates the porosity (grey level, grain pull-out)
2. Density measurements partially underestimate rim zone contribution
Very high burn-up effects:

3. Substantial amount of matrix gas is re-trapped in pore cavities;
the matrix-gas swelling necessarily diminishes
4. Part of the porosity could be open (interconnected); the immersion
density does not account for this effect
( INFLUENCE ON FGR ?! )
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Figure 4. Fracture toughness of irradiated UO2 fuels
Determination by the Vickers method
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Figure 5. BR3 fuel (8.65% 235U – 68 GWd/tM)
EMPA (Xe,Nd) profiles – Porosity profile – Microstructure
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Figure 6. Micro-XRD: lattice parameter measurements of irradiated LWR fuels
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Figure 7. Lattice parameter of irradiated fuels vs. local burn-up (T < 800°C)
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Microstructure, micro-hardness and lattice parameter variations in the rim zone

Figure 8. LWR fuel (67 GWd/tM), initial enrichment: 4.2% 235U
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Microstructure, micro-hardness and lattice parameter variations in the rim zone

Figure 9. BR3 fuel (68 GWd/tM), initial enrichment: 8.65% 235U
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Figure 10. TEM micrographs of high burn-up fuels
Gas bubbles in restructured grains

55 GWd/tM

82 GWd/tM
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Figure 11. Percolation conditions in porous UO2 fuel matrix
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release through open channels)
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Abstract
The atomic behaviour of helium and krypton in uranium dioxide has been studied using an ab initio
simulation technique. Incorporation energies and solution energies of these two rare gases have been
calculated. Krypton atoms are found to be insoluble in this nuclear fuel whatever the trap considered
and their presence in the lattice induces swelling when they are located in interstitial sites or in oxygen
vacancies. Due to its small atomic size, the predicted helium behaviour is very different. Indeed,
helium is found to be soluble in stoichiometric and hyperstoichiometric uranium dioxide in the
presence of uranium vacancies or divacancies constituted by one uranium and one oxygen vacancy.
Moreover helium atoms induce a lattice parameter contraction except in interstitial sites where a slight
expansion is calculated.
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Introduction
Xenon and krypton are produced in nuclear fuels by fission. It is well established that these two
elements precipitate to form intra and intergranular bubbles. They also diffuse to be released partly in
the pellet-clad gap. Therefore, during reactor operation, the behaviour of these two inert gases has a
direct influence on fuel swelling and more generally on mechanical properties. On the other hand,
after irradiation, at low temperatures such as the ones foreseen for intermediate storage, due to their
low mobility and to their chemical inertness, xenon and krypton are of less interest from a safety point
of view.
Helium is created by α-decay of heavy elements such as minor actinides and for a negligible part
by ternary fission. This rare gas is also used as the filling gas of the fuel rods. During operation,
helium behaviour is supposed to be equivalent to that of xenon and krypton. However, the production
of helium does not stop at the end of irradiation. In the case of mixed oxide (MOX) fuel this
production is even much larger after fuel download. Thus, during intermediate storage, helium release
will play a prominent role in the evolution of MOX rod pressure.
The experimental study of krypton and helium in uranium dioxide is quite difficult. For instance,
it is impossible to directly determine their atomic position by channelling techniques [1,2] because of
their low mass compared to that of uranium. Computer simulation therefore provides a good means of
investigating this question, leading to a proposal of an elementary mechanism for diffusion of these
species.
After a brief presentation of the calculation method, the results predicted for incorporation and
solution energies of helium and krypton in uranium dioxide are compared to preceding studies using
the Mott-Littleton simulation technique [3-6]. The swelling due to the insertion of rare gas atoms in
nuclear fuel is also evaluated. In the case of helium, it is compared to the lattice parameter evolution
due to α-irradiation damage. Considering the data obtained by this ab initio approach, the
interpretation of basic phenomena is proposed. This method could be very useful in order to develop
more mechanistic models included in nuclear fuel performance codes.
Calculations
The technique used is based on the local density approximation (LDA) applied to the density
functional theory (DFT). The calculations have been performed in the framework of the linear
muffin tin orbital (LMTO) method in the atomic sphere approximation (ASA). This method is detailed
elsewhere [7,8]. It has recently been applied to the case of uranium dioxide in order to study point
defects and fission product stability [9,10,11].
The calculations are performed under periodic boundary conditions. This implies that the
elementary cell containing or not a point defect is reproduced all over the space. Then a supercell has
to be taken as large as possible in order to minimise the interaction between a defect and its image.
Considering time calculation, which is an important factor in this type of study, a supercell constituted
by 24 atoms and eight empty spheres was used (Figure 1). Empty spheres are added in all the
unoccupied octahedral sites of the fluorite structure (space group Fm3m) adopted by uranium dioxide.
They permit the improvement of accuracy in the description of the electron charge density by
diminishing the overlap between the atomic spheres.
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Figure 1. Perfect supercell of uranium dioxide
The white and grey spheres represent oxygen and uranium atoms, respectively.
For the sake of clarity, empty spheres occupying all the octahedral sites are not reproduced.

The co-ordinates of the atoms are always those of the perfect lattice. However, in each case, the
minimum energy is determined as a function of the cell volume. Consequently, the swelling of
uranium dioxide in the presence of inert gas atoms can be estimated for all the configurations studied
(Figure 2).
The basis set contained 7s, 6p, 6d and 5f orbitals for uranium, 2s, 2p, 3d and 4f for oxygen, 1s,
2p, 3d and 4f for helium and 4s, 4p, 4d and 4f for krypton. In the case of calculations including
krypton, the conditions imposed on the atomic sphere radii are RKr = 1.05, RU = 1.155, RO = 1.155, RES
where RKr, RU, RO, and RES are the krypton, uranium, oxygen and empty sphere radii respectively.
In the case of helium, these conditions are RU = 1.25, RHe = 1.1, RO = 1.1, RES where RHe is the helium
radius. All the summations over the irreducible part of the Brillouin zone involve 63 k points.
Results and discussion
Incorporation energies
In order to study the stability of krypton and helium atoms in uranium dioxide, the incorporation
energies of inert gas atoms in each trap considered in Figure 2 have been calculated. The results are
reported in Table 1 and compared to a preceding study [4] using a different simulation technique.
The definition of incorporation energy provided by Grimes, et al. [3,4,12] is given by:
Incorporation energy = Fission product substitution energy – Energy of empty trap site
This definition implies that there are always much more available trap sites than rare gas atoms.
So, strictly speaking it can be used when the concentration of fission products is very small, e.g. at very
low burn-up. However, in our opinion, during irradiation or intermediate storage at low temperature,
nuclear fuels are not at equilibrium from a thermodynamic point of view. Indeed, if they were it would
be possible to detect stable fission product compounds such as caesium iodide or oxide precipitates [13]
in irradiated pressurised water reactor fuels. Thus, due to irradiation, point defect concentrations could
be much higher than calculated at equilibrium. For this reason it is worth obtaining data on incorporation
energies in order to compare the stability of different fission products in uranium dioxide.
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Figure 2. Supercells used for the determination of incorporation energies
The white, grey and black spheres represent oxygen, uranium and rare gas atoms, respectively.
The white squares represent oxygen vacancies. The inert gas atom is respectively in: a) an interstitial position,
b) substitution of a uranium atom, c) substitution of an oxygen atom, d) a divacancy, e), f) and g) a trivacancy.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

272

Table 1. Calculated incorporation energies (Ein) of helium and krypton atoms in uranium dioxide
He
Rare gas atom
position
Interstitial
Oxygen vacancy
Uranium vacancy
Divacancy
Neutral trivacancy

Incorporation
energy (eV)
(this work)
-1.3
-2.2
-7.4
-6.6
-6.0 < Ein < -5.9

Kr
Incorporation
energy (eV)
[4]
-0.13
-0.12
-0.05
-0.09
-0.08

Incorporation
energy (eV)
(this work)
14.2
08.0
03.0
02.4
1.4 < Ein < 2.2

Incorporation
energy (eV)
[4]
13.3
09.9
03.8
02.4
01.1

All the values concerning krypton are positive. This means that some energy has to be given to
incorporate this element in uranium dioxide. More precisely the minimum energy is found for neutral
trivacancy occupancy. This is a consequence of the chemical inertness and of the large atomic size of
krypton. Indeed, the Schottky trio defect constituted by one uranium and two oxygen vacancies is the
largest trap considered in this study. The agreement with preceding results [4] is very good concerning
krypton. However, there are strong differences in the case of helium. Indeed, the calculations
performed by Grimes [4] would imply that helium position does not play an important role in the
system equilibrium. Moreover incorporation energies are practically identical and always slightly
negative. In the present study, the incorporation of helium atoms is exothermal only when they are
associated with isolated uranium vacancies or with defect clusters containing uranium vacancies.
The most stable trap for helium is the uranium vacancy, while Grimes [4] predicted the occupancy of
interstitials. It is quite difficult to explain this major disagreement because the simulation techniques
used are based on very different theoretical approaches. However, unlike krypton and xenon the
limited influence of the helium position in previous studies [4,5] is quite puzzling because it implies
that helium behaviour would not be affected by its local environment.
Solution energies
By definition, incorporation energy is insensitive to fuel stoichiometry. Moreover, incorporation
energy does not correspond to equilibrium between trap sites. In order to include these parameters in
the present study solution energies were calculated. They correspond to a theoretical thermodynamic
equilibrium state of the fuel. The results for krypton and helium are summarised in Tables 2 and 3,
respectively. Again we took advantage of the definition provided by Grimes, et al. [3,4,12]:
Solution energy = Incorporation energy – Equilibrium trap formation energy
Table 2. Calculated solution energies (eV) of krypton in uranium dioxide
Rare gas
atom position
Interstitial
Oxygen vacancy
Uranium vacancy
Divacancy
Neutral trivacancy

UO2-x

UO2

UO2+x

14.2
08.0
16.3
12.5
09.8

14.2
11.4
09.5
09.1
09.8

14.2
14.8
02.7
05.7
09.8
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Table 3. Calculated solution energies (eV) of helium in uranium dioxide
Rare gas
atom position
Interstitial
Oxygen vacancy
Uranium vacancy
Divacancy
Neutral trivacancy

UO2-x

UO2

UO2+x

1.3
2.2
5.9
3.5
2.4

-1.3
-5.6
-0.9
-0.1
-2.4

-1.3
-9.0
-2.9
-3.3
-2.4

Trap site formation energies were not calculated ab initio. The values obtained by Grimes and
Catlow [3] were used. In practice, they are added to the ab initio incorporation energies resulting in
hybrid ab initio/pair potential values [12] presented below.
The positive values for krypton lead to the prediction of the insolubility of this element in
uranium dioxide whatever the trap and the stoichiometry considered. This is in perfect agreement with
previous theoretical studies [3,4]. Experimentally, this conclusion is confirmed by the usual observation
of fission gas precipitation in intragranular and/or intergranular bubbles. The driven force of krypton
release has its origin in the krypton insolubility. For the stoichiometric and hyperstoichiometric
uranium dioxide that are of interest in nuclear industry the most favourable trap site is the divacancy
and the uranium vacancy respectively. No experimental data are available on this subject. Only studies
on radon [1,2] have been carried out. By analogy based on the similar chemical behaviour of inert
gases, Matzke [2] expects xenon to be trapped in defect clusters such as neutral trivacancies in
stoichiometric uranium dioxide. Our prediction of krypton trapping in divacancies is in good agreement
with this experimental tendency. The slight difference with xenon behaviour could be explained by the
smaller atomic size of krypton. This conclusion has to be moderated by the fact that results for
uranium vacancies, divacancies and neutral trivacancies are very close in the case of stoichiometric
uranium dioxide.
Results presented in Table 3 are quite different. First, helium is soluble in stoichiometric and
hyperstoichiometric uranium dioxide. Two different trap sites are energetically favourable: uranium
vacancy and divacancy. The most stable trap is the uranium vacancy in stoichiometric uranium and the
divacancy in hyperstoichiometric uranium dioxide. Let us note that these results are exactly the
reverse of those obtained for krypton. The lower atomic size of helium could explain its different
behaviour. Considering the three rare gases of interest in nuclear fuel, it could be concluded that the
larger the atom the larger the trap.
Swelling
All the results presented above have been obtained after simulating supercell volume relaxation.
The lattice parameter evolution due to the presence of rare gas atoms can then be evaluated as a
function of occupied trap. The results are reported in Table 4.
From the results presented, helium atoms would occupy uranium vacancies in stoichiometric
uranium dioxide and divacancies in hyperstoichiometric uranium dioxide. These configurations lead to
a calculated contraction of the lattice. At first sight, this result could appear surprising. Indeed, it is
known that uranium dioxide lattice parameter increases under α-irradiation [14,15]. However, Weber
attributes this swelling to residual point defects created by irradiation damage and not to the helium
presence. Present calculations are consistent with this interpretation.
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Table 4. Calculated variation of uranium dioxide lattice
parameter in the presence of helium and krypton atoms
∆a/a0 (%)
Rare gas atom position
Interstitial
Oxygen vacancy
Uranium vacancy
Divacancy
Neutral trivacancy

He
0.25
-0.25
-1.5
-1.3
-1.3

Kr
2.3
1.7
<0.25
<0.25
<0.25

The most stable traps for krypton atoms would be divacancies in stoichiometric uranium dioxide,
uranium vacancies in hyperstoichiometric uranium dioxide and neutral trivacancies (incorporation
energy). It appears from Table 4 that in these configurations the calculated variation of lattice
parameter would be negligible.
Conclusion
The present electronic structure calculations suggest that, when point defect concentration is
much higher than rare gas concentration, uranium vacancies and neutral trivacancies provide the most
stable traps for helium and krypton atoms respectively. At equilibrium, the hybrid ab initio/pair
potential values obtained lead to a different conclusion. Indeed, in stoichiometric uranium dioxide,
results predict the occupancy of divacancies and uranium vacancies for helium and krypton
respectively. The insolubility of krypton in uranium dioxide is confirmed. On the other hand helium
should be soluble in stoichiometric and hyperstoichiometric uranium dioxide in the presence of
divacancies and uranium vacancies. The results also show that nuclear fuel swelling would not be
caused by isolated rare gas atoms but rather by point defects created during irradiation or by
precipitation of gases into bubbles. Calculations on volatile fission products in uranium dioxide are in
progress and we plan to extend our study to plutonium dioxide in the near future.
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DIFFUSION OF VOLATILE FISSION PRODUCTS IN OXIDE
FUELS TREATED AS POLYCRYSTALLINE MATERIALS
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Abstract
Based on the continuity properties of the grain boundary, a method to calculate the diffusion of volatile
fission products in oxide fuels treated as polycrystalline UO2 (considering both the diffusion properties
of the matrix and of the grain boundary) along with the grain growth is proposed. The method has
been applied to a diffusion problem with thermo-dynamic resolution at the grain boundary and initial
uniform concentration of the diffusing species into an infinite slab from the polycrystalline material
bounded by two parallel planes. The solutions were used to evaluate the diffusion parameters of some
fission products using the experimental results of volatile fission products releasing from UO2 plates
during out-of-pile annealing tests.
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Introduction
In connection with the steady-state release of fission products from nuclear fuels during irradiation,
an analysis of simultaneous lattice and grain boundary diffusion has been made in [2]. A domain of
diffusion parameters and simple correlations has been derived by fitting the theoretical model to the
experimental data for the rare gases 131I, 133I and 132Te. The model however strictly applies only to
those fission products at which a steady state is established within a time ~2/λ, where λ is the decay
constant [2]. An attempt to improve the model is provided in [3], where the flux across the grain to the
boundary is considered.
The weaknesses of the model presented in [2] consist in extension of the diffusion properties of
grain boundary to the whole volume of the fuel samples, by neglecting the volume occupied by the
fuel grains. A partial improvement of the model is given in [3].
Based on a very detailed description of the diffusion models in polycrystalline materials and their
limits of applicability, Olander [4] defined the two paths of diffusion in polycrystalline specimens
(along the grain boundaries and across the grains) as series and direct diffusion. He converted the flux
in grain boundary to an equivalent flux per unit area of the macroscopic solid (series path) and the
direct flux from grains as the gradient across the sample thickness of the average grain concentration
(direct path). Both definitions refer to macroscopic fluxes and they are similar to the definitions given
in the model of Levine and MacCallum [1]. The Olander model is not as easy to apply to particular
situations, because simultaneous solution to coupled equations with variable coefficients is generally
required [4].
The present paper sets up the possibility of treating the diffusion of fission products both for a fixed
fuel grain volume microstructure and simultaneously for a moving grain boundary one. The formalism
presented can be applied to those polycrystalline materials whose boundaries can be virtually extended
by continuity to the outer surfaces. In such cases, for a diffusion coefficient along the grain boundary
of the same order of magnitude as the lattice diffusion coefficient, the relative errors are smaller than
10–4 [11,13].
Statement of the problem
The most important property of the composite aspect of a polycrystalline material is the continuity
of the grain boundary in every isolated volume, which conserves the granular structure. Thus, we will
define an elementary volume as the volume of the material that is bounded everywhere by its
corresponding grain boundary as is presented in Figure 1 [13]. The diffusing species will leave the
elementary volume, V, arbitrarily chosen, by only the grain boundary.
Because the thickness of the grain boundary is very small, the diffusion in every elementary
volume at which the Fick’s second law must be applied can be also divided into two distinct regions
governed by different diffusion parameters:
a) A diffusion process along the grain boundary just as in porous systems with a generation rate
given by the solute balance from.
b) A diffusion process as a result of the solute balance inside the average volume grain that is
controlled by the concentration of solute from the grain boundary all the time.
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Figure 1. The “arbitrary volumes” at which Fick’s second law is applied for a diffusion
system described by assumptions (a) and (b) and a fixed grain volume distribution function

From assumption (a) it follows:
∇D gb ∇C + β(C ) =

∂
(qC )
∂t

(1)

where C(z,t) is the concentration along the grain boundary and β(C) is the generation rate according to
assumption (b).
Based on the above-mentioned continuity property of the grain boundary, the diffusion properties
along the grain boundary have been extended to any arbitrary volume defined by assumptions (a) and
(b) using a “porosity coefficient”, q. That means that Fick’s second law can not be arbitrary applied.
To this aim, the diffusion regions are chosen so that the grain volume distribution function is the same
for any “arbitrary volume” where the mass balance of the diffusing species is applied. But the grain
sizes will change in time as result of grain growth. All the theories regarding the normal grain growth
use the assumption that in the last stage of growth the grains grow so that the volume of any region of
the material characterised by a grain volume distribution function does not change significantly in
time [6,7]. The change in time of the mass of the diffusing species inside the grain boundaries as a
result of the grain growth for such regions is:
dM
d
=
dt
dt



dq

∫ qCdV = ∫  C dt + q

V

V

dC 
 dV
dt 

(2)

From assumption (b) the term β(C) results from the mass balance of the solute arrived at the grain
boundary by both sweeping and diffusion from the grains. It can be calculated for an arbitrary grain
volume distribution function, g(Vg), and the boundary volume Vf corresponding to an arbitrary grain
taking:
q=

∞

∞
Vf
g (V g )dV g , QT = 1 ⋅ n0 , N 1 (t ) = QT − N g (t )g (V g )dV g
Vg
0
0

∫

∫

where QT is the total amount from the initial solute inside the unit volume of the material, and Ng(t) is
the total amount of the solute inside an arbitrary grain, at the time, t, that results by solving the
diffusion equation associated to this grain. In the system of the boundary velocity, va, the diffusion
equation becomes:
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∇DL ∇K − K∇v a =

∂K
∂t

(3)

where K is the concentration of the solute inside the grain. It can be easily solved using the formalism
presented in [8]. The term N1(t) is the total amount of the solute arrived at the grain boundary by both
the diffusion and sweeping processes. Based on the formalism presented in [9], it can be proved that
for a polycrystalline material in which the average surface of the grains is closer to the surface of the
average volume grains, the source term in Eq. (1) becomes:
β(t ) = −

(4)

d Ng
dt V g

where N g is the total amount of solute atoms from the average volume grain Vg . This is equivalent to
using the assumption of a fixed number of spheres of the same volume as the average volume grain
and it will be used in the following.
By definition, the porosity coefficient q is the volume of the grain boundary, Vf, from the unit
volume of the material:
q=

Vf
Vf
=
⋅
V f + Vg Vg

Vf  Vf
1
1 −
≅
V f V g  V g
1+
Vg

 Vf
≅
 V
g


(5)

Let δ be the thickness of the boundary and a the radius of the equivalent sphere of the average
volume grain. Then, for a fixed number of spheres of the same volume as the average volume grain,
the porosity coefficient is given by the fraction of the boundary corresponding to the average volume
grain:
δ

a +  − a3
Vf 
δ  3 3δ
δ 2  3δ
2
=
=
+
+
q≅

≅
a3
2  a 2a 2 4 a 3  2 a
Vg
3

(6)

Application
The formalism presented above has been used to obtain analytical solutions of diffusion in both
fixed and time-dependent evolving microstructures from [5]. The solutions were used to evaluate some
diffusion parameters inside plate samples from UO2.0, UO2.08 and UO2.2, annealed at various
temperatures after irradiation. In the UO2+x samples, the grain growth was significant and a parabolic
grain growth law of time exponent 3 was used to fit the observed microstructure changes:
a 3 − a 03 = k ⋅ t

(7)

To evaluate the results of the out-of-pile experiments, we will present below an application of the
formalism presented above to an infinite slab from a polycrystalline material bounded by two parallel
planes. For an arbitrary isotope of decay constant λ, Eqs. (1) and (3) keep the same form as for a stable
one, if the following function changes are made:
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C ( z ,t ) ⋅ e λ t → C ( z ,t )
 K (r ,t ) ⋅ e λ t → K (r ,t )

λt
 N g ( z , t ) ⋅ e → N g ( z ,t )

d Ng
λt
β(C ) ⋅ e → β(C ) = −
dt V g


(8)

where z is the axial co-ordinate of the infinite sheet and r is the radial co-ordinate inside the grain.
Thus, taking into account Euler’s formula [8]:
∇v a =

1 dJ (t )
J (t ) dt

(9)

where J(t) is the Jacobian of the transformation of the time dependent co-ordinate system to a fixed
one (for a spherical symmetry J(t) = a3(t), a(t) is the component of the moving law in time of the grain
boundary along radial position). To simplify the form of Eq. (3), we used Eq. (9) and the following
notations:
u’( x0 ,t ) = K ( x ,t )J ( t )

D’L = a −1 D L a −1


(10)

where x and x0 are the radial co-ordinates in the time dependent system and respectively in the unit
radius sphere system [x = x0/a(t)]. Then Eqs. (1) and (3) become:
Dgb

∂ 2C
∂
+ β(C ) = (qC )
2
∂z
∂t

DL ∂  2 ∂u’  ∂u’
 x0
=
x 02 ∂ x 0  ∂x 0  ∂t

(11)

(12)

To take into account the grain growth, the time interval is divided in grain growth controlled time
steps of constant size grain and for a such case the initial and boundary conditions becomes:
C (0 ,t ) = C (l ,t ) = 0

C ( z ,t i ) = C ( z ,t i −1 )
 C ( z ,0 ) = n0 , q = q 0 at t 0 = 0

(11a)

and respectively:
u’ (1,t ) = γC ( z ,t )

u’ ( x ,t i ) = u’ (x ,t i −1 )
u’ ( x ,t 0 ) = n0 at t 0 = 0

(12a)

The significance of the γ parameter is the same as that introduced by Turnbull and Friskney [2] to
take into account an eventual binding effect of the diffusing species at the grain boundary. Using the
function change, u(x0,t) = u′(x0,t) - C(z,t)J(t), Eq. (12) and Eq. (12a) become:
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γ d
1 ∂  2 ∂u 
 x 0
 −
[C (z , t ) ⋅ J (t )] = 1 ∂u
2
x 0 ∂x 0  ∂x 0  D’L dt
D’L ∂t

(13)

u (1,t i ) = u (1,t i −1 ); u (x ,0 ) = n0 J 0 (1 − γ )

(13a)

The term N g (t ) from Eq. (8) can be evaluated as follows:
N g (t ) =

∫( K) (x ,t )dV = ∫ u(x ,t )dV
0

Vg t

0

+ C ( z ,t ) ⋅ V g (t )

(14)

Vg0

Now, to solve the system of Eqs. (11) and (13) let us write:
C ( z ,t ) =

∑ ϕ (z )T (t ); u(x ,t ) = ∑ ψ (x )K (t )
k

k

0

n

k ≥1

0

(15)

n

n ≥1

After multiplying with the eigenfunctions ϕk(z), ψn(x), integration on the corresponding volumes
and variable change D L’ ∆t → τ where ∆t = tI - tI-1., Eqs. (11) and (13) become:
(16)

l

− ω k Tk + ϕ k (z ) ⋅ β(z , τ )dz =

d
(qTk )
d
τ
0
k
d 3
(a Tk ) = dK n
− λ n K nk (t ) − γu n
dτ
dτ
2
D gb
2 a
ω k = [(2k − 1)π] 2
l DL

∫

For a spherical symmetry, un = 8π/λn [λn = (nπ)2] and V g = 4πa 3 / 3 so that, multiplying the second
equation in the system (16) with un, and using the notation X nk (t ) = u n K nk (t ) , the system of Eq. (16)
becomes:
l

− ω k Tk + ϕ k (z ) ⋅ β(z )dz =

∫
0

d
(qTk ), − λ n X nk (t ) − 6γ d (Tk V g ) = dX nk
dτ
λ n dτ
dτ

(17)

To provide analytical solutions to Eq. (17) for the case of diffusion simultaneous with the grain
growth, the only possibility is to apply the Laplace transform versus the dimensionless time
τ ≅ D’L ∆t . After arrangement of terms in Eq. (17) and using the notations:
η k (t 0 ) = (q 0 + γ )Tk (t 0 ) +

1
Vg0

∑ X (t ),
nk

0

µ kn (t 0 ) =

n ≥1

Ak ( p ) = q ⋅ p + ω k + γ ⋅ p[1 − pK ( p )],

6
γV g 0 Tk (t 0 ) + X nk (t 0 )
λn

K ( p) =

∑ λ (p + λ )
6p

n ≥1
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n

n

The Laplace images of Eq. (17), corresponding to an arbitrary time step ∆t are:
1

1
µ kn (t 0 ) Fkn2 ( p )
Tk ( p ) = η k (t 0 ) Fk ( p ) − V
g n ≥1





 X ( p ) = µ (t )[G 1 ( p ) + γG 2 ( p )] − γ η (t )V G 3 ( p ) − µ (t )G k ( p )
kn
n
kn
kn
nm
0
0
 k 0 g kn

 nk
m ≥1



m≠n

∑

(18)

∑

1
p
; Fkn2 ( p ) =
( p + λn ) Ak ( p )
Ak ( p )

(18a)

1
6 p2
; G kn2 ( p ) =
2
p + λn
λn ( p + λn ) Ak ( p )

(18b)

6p2
6p2
k
; G nm
( p) =
λn ( p + λn )Ak ( p )
( p + λn )( p + λm ) Ak ( p )

(18c)

Fk1 ( p ) =

G n1 ( p ) =

G kn3 ( p ) =

The originals of the functions defined above were also calculated. The rate of release from the
unit surface of fuel samples is:
D gb
dn
= −2
dτ
D’L

 ∂C 


 ∂z  z =0

(19)

meaning that:
a 2 Dgb
n(t ) = 2 2l 2
l DL

τ

(20)

∑ [(2k − 1)π]∫ T (τ’)dτ’
k

k ≥1

0

where n(t) is the total released from the unit surface of the sample. From the condition of constant size
grain on the time step, the Laplace image of Eq. (20) is:
n( p ) = 2 2l

Tk ( p )
p

∑ [(2k − 1)π]
k ≥1

2 2⋅l

1

or, taking into account that

a 2 D gb
l 2 DL

∫ ϕ (z )dz = (2k − 1)π , it will result in:
k

0

n( p ) = 8n0 l ⋅

a 2 D gb
l 2 DL


F ( p) 1
F ( p) 
∑  η (t ) p − V ∑ µ (t ) p 
1
k

k

2
kn

0

kn

k ≥1

g

(21)

0

n ≥1

The fractional release of a diffusing species from an infinite solid bounded by two parallel planes
is the ratio between the total release from the unit surface and the initial content in the thickness of the
unit surface of the solid (n0l). Thus, at any time the fractional release from the plate sample is:
f rel =

n(t )
n0 l
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(22)

Using Eqs. (17) and (18) along with the conditions (12a) and (13a) to evaluate the parameters
ηk(t0) and µkn(t0), then Eq. (22) can be evaluated at any time step. The accuracy of the method is a
function of the dimensionless time τ. At lower temperatures (<1 300°C) and short times (<1 h), as
resulted from the annealing tests given in [5], the method is rather difficult to use because of the large
number of eigenfunctions requested for an accurate convergence of the solutions. For a fast computing
device the method becomes powerful because of its high accuracy. A simpler method has been derived
from the above formalism, using only one time step for grain growth and the errors were ~10% versus
the previous one. The use of only one time step for grain growth involves the following form of the
parameters ηk(t0) and µkn(t0):
µ kn (t 0 ) ≡ µ kn (0 ) =

6
2n 2 ⋅ l
Tk (0 ); η k (t 0 ) ≡ η k (0 ) = (1 + q 0 )Tk (0 ); Tk (0 ) = n0 ϕ k ( z )dz = 0
(2k − 1)π
λn
0
l

∫

(23)

and the Laplace image of the eigenfunction Tk(t) can be written as:
Tk ( p ) =

V g0  1
V g 0 1  1
2n0 2 ⋅ l 
1 − pK ( p )
H k ( p ); H k ( p ) =
1 + q 0 −
 Fk ( p ) +
(2k − 1)π 
Vg 
Vg
Ak ( p )


(24)

According to Eqs. (21), (23) and (24), the fractional release is given by:
~
a 2 D gb
f rel ( p ) = 8 2
l DL
Fk1 ( p ) =



∑ 1 + q
k ≥1



0

−


Vg0  1
V g0
⋅ H k1 ( p )
 ⋅ Fk ( p ) +
Vg 
Vg


(25)

1
H 1 ( p ) 1 − pK ( p )
Fk1 ( p )
=
=
; H k1 ( p ) = k
p
pAk ( p )
p
pAk ( p )

(26)

To evaluate the originals of Eqs. (25) and (26) the short and long time approximations were
respectively used. The case of short times involve cth p ≅ 1 such that:

(

p[1 − pK ( p )] = 3

) (

p ⋅ cth p − 1 ≅ 3

)

p −1

Ak ( p ) = q ⋅ p + ω k + γ ⋅ p[1 − pK ( p )] ≅ q ⋅ p + 3γ p + ω k − 3γ = q

(

p + z1

)(

p + z2

)

(27)

and the zeros of Eq. (27) are:
z1,2 = −

(

)

a 2 D gb 
2δ 
a⋅γ
2
1± ∆ ; ∆ =1+
1 − [(2k − 1)π]

δ
3γ ⋅ l 2 D L 
a⋅γ 

As can be seen from Eq. (27) the zeros of Ak can be both real and complex. Consequently the
originals of the functions defined using Eqs. (18a,b,c) and (24,25,26) have two forms. They were all
calculated, but only the results obtained for Eqs. (24,25,26) will be given in the following. It should be
noted that xi = z i τ ,i = 1, 2; z1 , z 2 ∈ R and z i = a ± Ib , I = − 1 ; z1 , z 2 ∈ C . This results in:
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 x1e x12 erfc( x1 ) − x 2 e x22 erfc( x 2 )
;
z1 , z 2 ∈ R

(
q
x
1
1 − x2 )
Fk (τ ) = 
 (bA − aQ )sin (2abτ ) − (aA + bQ )cos(2abτ ) ; z1 , z 2 ∈ C

q ⋅b

2e − b τ
2

A=

π

b τ

∫

2e − b τ
2

e y cos(2abτ )dy ;

Q=

2

π

0

(

)(

b τ

∫e

y2

sin (2abτ )dy − e (a

2 −b2

(28)

( )

)⋅τ erfc a τ

(29)

0

) (

)(

)

2

 τ + x1 ⋅ 1 − e x12 erfc( x1 )
τ + x 2 ⋅ 1 − e x2 erfc(x 2 ) 
3τ
−


 ; z1 , z 2 ∈ R
 q( x − x 2 ) 
x1
x2

H k1 (τ ) =  1
2
2
2
2
 3 ⋅ {[ A(a + a + b ) − bQ ]cos(2abτ ) + [ Ab + Q(a + a + b )]sin (2abτ ) − b} ; z , z ∈ C
1
2

q ⋅ b ⋅ (a 2 + b 2 )

(30)

The integrals defined by Eq. (29) can be calculated using the methods given in [10].
Note that P1 = b[a2 (3 + 2a) + b2 (2a −1)]; P2 = a4 + a3 − 3ab2 − b4 , then analogously:
 τ  x2 e x erfc( x1 ) − x1e x erfc( x2 ) 

1 +
; z1 , z2 ∈ R
( x1 − x2 )
 qx1 x2 
1

Fk (τ ) = 
(
)
(
)
τ
sin(
2
)
cos(
2abτ )
b
−
bA
+
aQ
ab
−
aA
−
bQ

; z1 , z2 ∈ C
2
2

b(a + b )

2
1

(

2
2

)

(

)

3

2
 τ + x1 
τ + x2 
2 x1
2 x2


x12
x22
 3τ
+ x12  −
+ x 22 ; z1 , z 2 ∈ R
1 − e erfc( x1 ) −
1 − e erfc( x 2 ) −
3
 q ( x − x )  x 3
x
π
π




2 
1
2
 1
2
2
2

2τ
 2b − 2a 2b + a (3 + 2a ) 4 b + a (2 + a ) τ
H k1 (τ ) = 
+
− 2
+
2
2 2
2
2 3
π
a
+ b2
a
b
a
b
+
+

 2[( AP + P Q ) sin(2abτ ) + ( AP − P Q ) cos(2abτ )]
1
2
2
1
+
; z1 , z 2 ∈ C
3

b a2 + b2


(

[

] [

)

(

(

)

(31)

(32)

]

)

To apply the long time approximations, the zeros of the functions defined by Eqs. (18a,b,c) and
(24,25,26) can be evaluated using the substitution p = -θ2. For Eqs. (24,25,26) this will result in:
F (τ ) = 6
1
k

θ 2m k e

− θ 2m k τ

∑ A (θ )
m ≥1

, H (τ ) = 6
1
k

∑
m ≥1

mk

(ω

k

− qθ 2m k )e

2
− θm
k

γA (θ m k )

(

−θ τ
(ω k − qθ 2m k )1 − e
1 − e mk
F (τ ) = 6
, H k1 (τ ) = 6
γθ 2m k A (θ m k )
m ≥1
m ≥1 A (θ m k )
1
k

A (θ m k ) =

∑

2

∑

(33)

2
− θm
k

)

1
(A1θ 4m k + A2 γθ 2m k + A3 ), A1 = q 2 , A2 = 9γ(γ + q ), A3 = ω k (ω k − 3)
2
6γθ m k
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(34)

(35)



3γθ m k
 + mπ, θ m k ≠
θ m k = arctg  2

 qθ m k − ω k + 3γ 

ω k − 3γ
q

For an infinite sheet with zero boundary conditions, ϕ k ( z ) =

(36)

(2k − 1)π ⋅ z .
2
sin
l
l

Using Eqs. (28-36), the grain boundary concentration of solute across the plate sample and the
fractional release from the sample can be evaluated at any time as follows:
C ( z , t ) = 4 n0

∑
k ≥1

(2k − 1)π ⋅ z 1 + q − Vg0  F 1 ( p ) + V g0 H 1 ( p )
1
sin
0


k
 k
(2k − 1)π
l
Vg 
Vg



f rel (t ) = 8

a 2 Dgb
l 2 DL



∑ 1 + q
k ≥1



0

−


Vg0  1
Vg0
⋅ H k1 (t )
 ⋅ Fk (t ) +
Vg 
Vg


(37)

(38)

If the grains do not grow in time, Eqs. (37,38) become:
C ( z , t ) = 4n 0

∑ (2k − 1)π sin
1

(2k − 1)π ⋅ z {q
l

k ≥1

f rel (τ ) = 8

a 2 D gb
l 2 DL

0

⋅ Fk1 (t ) + H k1 (t )}

∑ {q F (τ) + H (τ)}
0

1
k

1
k

(39)

(40)

k ≥1

We used the above function changes defined by Eq. (8). Thus, the functions of interest, C(z,t) and
frel, corresponding to a radioactive isotope of decay constant λ result from Eqs. (37,38) by simply
taking:
C ( z ,t ) = C ( z , τ )e − λt ; f rel (t ) = f rel (τ )e − λt

(41)

Discussion
As a first attempt to make the best fit of the diffusion parameters, only the experimental results
for UO2.00 where no grain growth has been observed were chosen [5]. Additionally, the grain boundary
resolution parameter has been set at γ = 1. The fitted values for Te and I are the following:
 440 (KJ/mol) 
2
D LTe = 1.82 ⋅ 10 −6 exp −
 (m s )
R ⋅T


 391.3 (KJ/mol) 
2
D LI = 7.06 ⋅ 10 −9 exp  −
 (m s )
⋅
R
T


382
(KJ/mol)


Te
2
= 8.47 ⋅ 10 − 2 exp −
D gb
 (m s )
R ⋅T


 383.3 (KJ/mol) 
2
D gbI = 1.38 ⋅ 10 − 2 exp  −
 (m s )
R ⋅T
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(42)

The fractional releases calculated using the diffusion parameters mentioned above versus the
experimental ones are given in Table 1.
Table 1. Fractional releases of Te and I from UO2.00 measured [5] and calculated using Eq. (40)
Exp.
no.

Temp.
(ºC)

1
4
5
6
7
8
9
10
11
12

1 400
1 550
1 550
1 550
1 600
1 600
1 650
1 650
1 650
1 700

Spec.
thickness
(mm)
1.53
0.86
1.23
1.64
0.88
1.50
0.74
1.05
1.43
1.43

Te
measured

Te
calculated

I
measured

I
calculated

0.027(.003)
0.083(.002)
0.065(.005)
0.073(.007)
0.125(.000)
0.112(.001)
0.185(.003)
0.178(.007)
0.140(.004)
0.233(.005)

0.007
0.083
0.073
0.062
0.124
0.104
0.186
0.176
0.161
0.233

–
0.017(.001)
0.018(.003)
0.011( - )
0.040(.003)
0.030(.009)
0.052(.005)
0.066(.000)
0.046(.004)
0.049(.006)

–
0.022
0.018
0.014
0.034
0.026
0.053
0.048
0.041
0.062

It was not possible to make a good fit to the diffusion parameters of the isotopes of Mo and Ru
measured in [5], mainly because of the large spread of the experimental results. Analyses of the effect
of the γ parameter associated with the thermo-dynamic resolution for values between 0.1-3 did not
improve the fitted values of these isotopes.
To illustrate the grain growth effect on diffusion, Eq. (7) was used to fit the experimental results
regarding grain growth and the following rate constants were obtained:

 412.5 
10
 , x = 0.08
5.4 ⋅ 10 exp −
Q


RT 
2+ x

3
K 2 + x [µm / s ] = K 2 + x exp −
=
 RT  1.06 ⋅ 10 8 exp − 301.6  , x = 0.20
 RT 


(43)

The influence of the various kinetics of diffusion in polycrystalline materials was qualitatively
studied. The time dependence of the concentration of Te inside the grain boundary with and without
the sweeping effect is shown in Figures 2-4.
All the results were evaluated for a plate sample of 1.43 mm thickness annealed at 1 650°C for
ten hours [5]. The thermo-dynamic resolution parameter of the solute atom at the grain boundary has
been taken again γ = 1. As is shown in Figure 2, in the event of an artificial increasing of the fitted
lattice diffusion coefficient by three orders of magnitude in a fixed microstructure, the distribution of
solute concentration along the plate thickness will significantly increase. However, the fractional
release is significantly lower than a similar experiment but with simultaneous grain growth. The latter
has the lowest distribution of solute concentration in Figure 2. The result can also be followed in
Figure 3, where the time evolution of the fractional release of Te is depicted using the same diffusion
parameters, with and without the grain growth effect, as in Figure 2. To see the kinetics of diffusion
during the grain growth, the distribution of the atom of solute along the grain boundary is shown in
Figure 4. The distribution of the ratio between the actual and the initial concentrations across the plate
thickness are shown after 1 h, 2 h and 3 h annealing time, respectively.
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Figure 2. The distribution of concentration of Te along a plate sample of 1.43 mm
thickness after 10 hours annealing at 1 650°C as a result various diffusion mechanisms
0 .7
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Figure 3 Fractional releases from a plate sample of 1.43 mm thickness after
10 hours annealing at 1 650°C as a result various diffusion mechanisms
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Figure 4. Time evolution of the distribution of the ratio between the actual Cgb(t) and
the initial Cgb(0), concentrations at grain boundary of Te, considering the simultaneous
grain growth in high stoichiometric UO2.2 plates at 1 650 °C annealing temperature
C
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It can be seen that, as a result of the sweeping effect, the concentration of solute at the grain
boundary attains very early a greater value than initial, but during the time it slowly goes down to
zero. Consequently, the fractional release increases to the maximum value.

288

As is mentioned in [2], a unique value of Dgb cannot be found without a knowledge of the
magnitude and sign of the interaction energy of the solute atom at the grain boundary. Actually, by
adding the thermo-dynamic parameter γ to the unknown diffusion parameters, a larger spread of the
fitted results versus the experiments will be obtained. This will make the fitting process difficult, and it
will be more useful to have, along with specific results from polycrystalline samples, a large database
for various samples from single-crystals in which some parameters (such as the lattice diffusion
coefficient dependence of the fuel stoichiometry) can be independently fitted.
The model described above was used to fit the experimental results regarding the diffusion along
with grain growth in high stoichiometry samples annealed in an inert atmosphere, described in [5].
This first attempt consisted of running of a program containing the model and the using all available
information regarding the samples geometry, initial grain size, the grain growth data, the annealing
conditions, etc., as input data. As an initial guess of the diffusion parameters, we started with the
diffusion coefficients fitted for Te and I, and changed them on a large scale to give the measured
fractional release. Only the results involving the same diffusion parameters at the same temperatures
for all the samples dimensions were kept for a final fitting of the results at the following Arhenius
forms:
 Q 
0
D Li (UO2+ x ) = D L0 exp - L  = , D gb
(UO2+ x ) = Dgb0 exp - Qgb , γ i (UO2+ x ) = exp - Qγ 
 RT 
 RT 
 RT 

where i is the chemical element I, Te, Mo or Ru.
In Table 2, the activation energies are given in kJ/mole and the diffusion coefficients are
calculated in m2/s:
Table 2. The fitted values of the diffusion parameters in UO2+x

DL
0

I
Te
Mo
Ru

DL
2.9E9
2.9E11
0.1
1.1E6

QL
899
921
421
738

UO2.08
Dgb
0
D gb
1.5E-7
9.9E-3
0.1
4.0E-4

Qgb
274
399
384
323

Qγ
Qγ
8.4
11.5
5.5
11.0

DL
0

DL
1.2E-7
9.5
4.3E-6
9.4E-3

QL
316
571
359
535

UO2.20
Dgb
0
D gb
2.9E-5
8.3E-3
2.9E-5
1.0E-3

Qgb
339
396
339
372

Qγ
Qγ
13.0
9.9
16.0
10.7

The fitted coefficients, however, have a large statistical error (<60%), mainly because of the
unknown interaction energy of the solute atom at the grain boundary.
Two other possible sources of the large spread of the experimental data versus the model
predictions can also be identified. First, the samples shape is a disk form whose ratio a/h (h equals the
disk thickness) varied between ~3-11 [5]. This can influence the accuracy of the results at lower
temperatures where the fractional release is also lower, because of an increased contribution of the
disk’s edges to the total release. Second, the information about an eventual evaporation of the material
at higher temperatures for both UO2.00 and UO2+x samples from [5] is given only in connection with
the volatile fission products release during oxidation in steam as ambient gas. It is not clear in [5] if
similar corrections were made to the annealing tests in inert atmospheres, the subject of the fitting
results from this paper. It is possible for some of the surface layers of the UO2 specimens to sublime
during anneal. Thus, the lower level of the sublimation temperature noted in [12] was between
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1 450-1 470°C and the temperature at which the vaporisation component could eventually supersede
the diffusion was ~1 600°C. This effect becomes more dramatic at high stoichiometry specimens of
UO2 [12]. The break of the Arrhenius plot for all elements analysed at temperatures between
1 400-1 500°C and the existence of two parallel release mechanisms that operate independently have
been already pointed out in [5]. Some hypotheses were also advanced, but there is no information
about the correction of the results because of an eventual material evaporation during the annealing
tests in inert atmospheres for hyperstoichiometric UO2.
Conclusions
A new method of calculating the diffusion in polycrystalline materials has been proposed.
The method considers both the diffusion and grain growth phenomena involved in migration of an
impurity from the inside to the outside of a polycrystalline sample with simple geometry.
The exact solution of fractional release and the concentration distribution across a plate sample
has been obtained for a fixed microstructure. At 1 460°C, the results are in the domains of values of
diffusion parameters of Te and I given in [2]. There is no conclusive dependence of fractional release
on the sample thickness for Mo, Ru and Xe from experimental results given in [5] for UO2.00, as results
from the model analyses [13]. Thus, we could not provide a good fit of the diffusion parameters
corresponding to these elements.
Analytical approximations have been derived to take into account the simultaneous grain growth
during the annealing out-of-pile tests. The fitted values using the solutions derived are however
affected by errors because of an insufficient knowledge of the release mechanisms from the
experiments described in [5]. An eventual evaporation of the material at higher temperatures for both
UO2.08 and UO2.2 samples is possible. So, this or another release mechanism, along with the inherent
spreading of the predicted data, can be a cause of the unusual values of the activation energy of lattice
diffusion which resulted for some of the chemical elements analysed.
The purpose of this paper consisted mainly of providing a mathematical formalism for a complete
evaluation of diffusion simultaneously with the grain growth in polycrystalline materials. Further
analyses of the model predictions versus various experimental results are necessary.
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Abstract
A fuel oxidation model is proposed for operating defective nuclear fuel rods. The present model is
based on adsorption theory and accounts for high pressure effects. This model is in agreement with the
fuel oxidation kinetics observed in high temperature annealing experiments conducted at 1 473 to
1 623 K in steam over a range of pressure from 0.001 to 0.1 MPa. Using a Freundlich adsorption
isotherm, the current model is also consistent with recent experiments conducted at a higher pressure
of 7 MPa.
The model also considers radiolytic effects as a consequence of fission fragment bombardment in the
fuel-to-clad gap. This treatment suggests that radiolysis-assisted oxidation is insignificant in operating
defective rods (as compared to thermal effects), as supported by limited in-reactor data. The effects of
diffusion of the interstitial oxygen ions in the solid in the operating rod is further discussed.
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Introduction
The release behaviour of fission products from defective rods will depend directly on the fuel
oxidation state. More mechanistic theoretical treatments are currently being developed to predict the
fuel oxidation kinetics at high pressure during normal defect operation [1,2]. Fuel oxidation will occur
with the presence of steam in the fuel-to-clad gap due to coolant entry through the defect site.
The UO2 oxidation rate in steam-hydrogen mixtures at high temperature has been extensively
studied in out-of-pile experiments, and the data interpreted by simple surface exchange models in
which the kinetics are constrained by equilibrium thermodynamics [1]. Unfortunately, all of these
experiments are confined to atmospheric or sub-atmospheric pressures, and may not be pertinent to
normal defect operation where the pressures are typically two orders of magnitude greater
(e.g. approximately 10 MPa). With operating fuel, there is also a radiation field present where fuel
oxidation may result from reaction with highly reactive hydrogen peroxide produced in the gap due to
radiolysis of steam by fission fragment bombardment [3,4,5]. Moreover, a temperature gradient also
arises in operating fuel in contrast to a uniform temperature profile in annealing experiments, which
can further affect the stoichiometry distribution in the solid fuel matrix.
With the lack of experimental data, theoretical models based on mechanistic theory can be used to
assess these effects. The high-pressure oxidation of the fuel by steam is treated in this work by
adsorption theory. Radiolysis-assisted oxidation is also modelled considering limited experimental
observations and energy deposition calculations in the fuel-to-clad gap. Diffusional transport of
oxygen ions in the solid fuel is further investigated in this work.
Model development
High pressure steam oxidation
The fuel oxidation process has been extensively studied at atmospheric pressure where it has been
shown that the kinetics are controlled by a reaction at the solid/gas interface and not by the solid-state
diffusion of oxygen. In this case, the fuel oxidation kinetics are described by the phenomenological
model [6]:
 V  dx
cU  
= cU α{x e − x(t )}
 S  fuel dt

(1)

where cU is the molar density of uranium (= 4.0 × 104 mol of uranium m–3), α is a surface exchange
coefficient (= 0.365 exp{-23 500/T(K)} m s–1), xe is the equilibrium stoichiometry deviation and
(V/S)fuel is the volume-to-surface area ratio of the fuel (m). The value of xe in Eq. (1) is obtained by
equating the oxygen potential (e.g. oxygen partial pressure) in the fuel to that in the atmosphere (see
Appendix A) [7,8].
As previously mentioned, the model in Eq. (1) is only specifically valid at atmospheric pressure
(since α is fitted to the fuel oxidation experiments at this pressure). Therefore, this model cannot
necessarily be extrapolated to the high pressure situation which exists during normal defect operation.
In this case, one must appeal to a more mechanistic treatment for extrapolation, such as the Langmuir
adsorption theory [1,2,9]:
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A(T )PH 2O
 V  dx
cU  
= n s k a’
1 + A(T )PH 2O
 S  fuel dt


q(x ) 
1 −

 PH 2O / PH 2 

(2)

Here ns = 1.66 × 10–6 mol m–2 is the density of adsorption sites which assumes a monolayer coverage
of 1018 molecules m–2. In Eq. (2), the oxygen activity q(x) for a gas-solid equilibrium is defined as:
q(x ) =

PO2 ( x )

(3)

K H 2O

For the H2O decomposition reaction:
(4)

K H 2O

H 2 O ⇔ H 2 + 12 O 2

The equilibrium constant in Eq. (3) is evaluated at temperature T (in K) from:

K H 2O =

PH 2 PO2
PH 2O

28 820 

= exp0.9794lnT − 1.1125 −

T 


(5)

In Eq. (2), PH 2O and PH 2 are the partial pressures (in atm) of steam and hydrogen in the gap

atmosphere after dissociation. In fact, using Eqs. (4) and (5), the quantity q( x ) / (PH 2O / PH 2 ) in Eq. (2)
equals

PO2 (x ) / PO2 where PO2 (x ) pertains to the oxygen partial pressure in the fuel, and PO2 refers to

the oxygen partial pressure in the gap atmosphere (see Appendix A). The parameter A(T) (atm–1) is
defined as:
A(T ) = 1.0135 × 10 5

s

(6)

n s k a 2πRTM H 2O

where T is the temperature (in K), R = 8.314 J mol–1 K–1 and M H 2O = 18 × 10–3 kg mol–1. The desorption
rate constant, ka, the steam dissociation rate constant, k a′ , and the sticking probability s in the model
are obtained with a fitting of Eq. (2) to the predictions of Eq. (1) (at one atmosphere). It is acceptable
to use Eq. (1) as a representation of the fuel oxidation experience since it has been validated against
numerous experiments at the Chalk River Laboratories (CRL) that were conducted in steam at
atmospheric pressure [6]. The resultant kinetics for the models are shown in Figure 1, using a
Runge-Kutta method to solve for x(t) in Eqs. (1) and (2). For the current analysis, the Blackburn model
was used to evaluate the oxygen partial pressure in the fuel. An (S/V)fuel ratio of 329 m–1, typical of a
CANDU fuel rod, was also assumed in the calculation. The parameters resulting from this fitting are:
ka = 1013 exp{-21 557/T} s–1, k a′ = 2.48 × 1010 exp{-28 105/T} s–1 and s = 0.023. This result is
comparable with other fittings of Eq. (2) to the available fuel oxidation data [1,2,9]. The fitted value of
the desorption rate constant is also consistent for that of a surface bound species. For instance, the
fitted value of the activation energy for ka (e.g. ∼180 kJ mol–1) is typical of that expected for a
chemisorption process for H2O [10]; e.g. this type of process is expected in light of the requirement for
a strong adsorbate-substrate bond at high temperatures. The pre-exponential factor of 1013 s–1 for ka is
also a physically accepted value for the vibration frequency of an adsorbed molecule. In addition, the
assumption of a single monolayer coverage for ns is reasonable considering that a monolayer is not
normally exceeded with chemisorption.
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Figure 1. Comparison of the fuel oxidation kinetics at a pressure of 0.1 MPa (1 atm)
in a pure steam and steam-1%H2 atmosphere at 1 500 and 1 700 K
The fuel oxidation kinetics are based on a solution of the phenomenological
model of Cox et al. in Eq. (1) and the Langmuir adsorption treatment of Eq. (2).
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Without existing data for high pressure fuel oxidation, one cannot rule out the possibility of a
Freundlich isotherm in the adsorption model for the oxidation kinetics [2]. In particular, the surface
coverage term for Langmuir adsorption in Eq. (2), e.g.:
θ=

A(T )PH 2O
1 + A(T )PH 2O

(7)

can be replaced by the corresponding Freundlich isotherm [10].
θ = c1 PH 2O

1 / c2

(8)

in which c2 = 2 in the present situation. Thus, a similar fitting yields:

q (x ) 
 V  dx
cU  
= n s k a′ PH 2O 1 −

 S  fuel dt
 PH 2O / PH 2 

(9)

where k a′ = 1.04 × 109 exp{-23 690/T} s–1. As expected, the latter activation energy for k a′
(e.g. 23 690 K) is similar to that for the surface exchange coefficient, α, in Eq. (1) (e.g. 23 500 K).
As shown in Figure 2, both of the adsorption models are in good agreement with the
phenomenological model of Eq. (1) (which is relevant to atmospheric pressure conditions).
Moreover, both of the adsorption models are also able to reproduce the observed oxidation
kinetics over the lower pressure range of 0.01 to 1 atm, where a roughly square root dependence on the
pressure is observed [1,6,9]. For instance, a square root dependence on the steam pressure is directly
observed in Eq. (9) for the Freundlich isotherm. The pressure dependence for the Langmuir model also
arises from the surface coverage term in Eq. (7). Thus, in the H2O/Ar experiments of Albrefah, et al.
(for steam pressures of 0.25 to 1 atm at 1 623 K) [11], Eq. (6) yields a value of A = 2.11 atm–1, and
Eq. (7) subsequently predicts a reduction factor for the lower pressure oxidation kinetics of:
2.11(1)/[2.11(1) + 1] ÷ 2.11(0.25)/[2.11(0.25) + 1] = 2.0. This value is in excellent agreement with an
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Figure 2. Comparison of the adsorption isotherm models (Langmuir and Freundlich)
versus the phenomenological model of Cox, et al. for fuel oxidation in pure steam
at a pressure of 0.1 MPa (1 atm) and temperatures of 1 500 and 1 700 K
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observed square root dependence of (1/0.25)1/2 = 2.0. Similarly, for the CEA He/H2O experiments
(e.g. for steam pressures of 0.01 to 0.03 atm at 1 473 K) [6], with A = 8.56, a ratio of
{8.56(.03)/[8.56(.03) + 1]} ÷ {8.56(.01)/[8.56(.01) + 1]} = 2.59 is obtained. This value is also in good
agreement with an observed ratio of 18.2/8.2 = 2.22 in Figure 6 of Ref. [6].
Thus, at atmospheric pressure, all of the models are in relative agreement since they are obtained
from a fitting to the available fuel oxidation data at this pressure (see Figures 1 and 2). In addition, the
two adsorption models are able to explain the low pressure kinetics. However, on extrapolation to high
pressure, e.g. relevant to defective fuel operation (e.g. 100 atm), a significant deviation occurs (see
Figure 3). For instance, at 1 500 K in pure steam, A = 6.5 so that θ ∼ 1 for a steam pressure of 1 and
100 atm, and hence there is little effect of pressure in Eq. (7).
Therefore, as shown in Figure 3, both the phenomenological model and the Langmuir model are
comparable (e.g. only the equilibrium value of the stoichiometry deviation is slightly affected in these
models). On the other hand, there is a direct PH 2O dependence for the Freundlich isotherm in Eq. (9),
resulting in enhanced kinetics by an order of magnitude (e.g. 100 ) (see Figure 3). In fact, enhanced
oxidation kinetics have been observed in experiments at 870 K at a high pressure of 7 and 70 atm,
where a square root dependence on the steam pressure is observed in agreement with the prediction of
the Freundlich model [12].
Radiolysis-assisted fuel oxidation
Since the dose rate due to energy deposition from fission fragments in the steam-filled gap is two
orders of magnitude higher than that from fast neutrons or gamma rays, the fission fragments can be
considered as the major contributor of steam radiolysis in the gap of defective rods [4]. Although
many free radical intermediates are produced, the overall radiolytic reactions are [5]:
2 H 2 O → H 2 O2 + H 2

(10a)

2 H 2 O → O2 + 2 H 2

(10b)
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Figure 3. Comparison of the adsorption isotherm models (Langmuir and Freundlich)
versus the phenomenological model of Cox, et al. for fuel oxidation in pure
steam at a high pressure of 10 MPa (100 atm) and temperature of 1 500 K
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The radiolysis products of steam (e.g. H2O2 and perhaps O2) can oxidise the fuel. In particular, the
formation of hydrogen peroxide, oxygen and hydrogen greatly exceeds their radically–induced
recombination rate because of the strong fission fragment radiation field, and therefore the reactions in
Eq. (10) do not reach thermodynamic equilibrium [5,13,14,15]. The highly reactive hydrogen peroxide
molecule, however, can equilibrate with the fuel and oxidise it even in the presence of a large excess
of hydrogen [5,13,14,15]. Although a significant portion of the hydrogen that is liberated in the
reactions of Eq. (10) may result in clad hydriding, it is not clear, however, if this other major radiolysis
product could neutralise the tendency of its oxidising counterparts to increase the stoichiometry of the
fuel. Furthermore, as the temperature is raised, radiolytic effects should become insignificant to
thermal effects as the thermal reactions and the recombination of transient species become faster [4].
Eventually, at a sufficiently high temperature, the thermal reactions will control the process of fuel
oxidation.
Within the current level of uncertainty for the complex radiation chemistry of water vapour, the
radiolysis effect can be modelled as a production of equal amounts of H2O2 and H2 in accordance with
Eq. (10a) [5]. Since experiments show that H2O2 rapidly oxidises UO2 even in excess H2 [16], it can be
conservatively assumed that all of the H2O2 produced by steam radiolysis is consumed by the fuel
oxidation reaction [5].
Radiolysis production rate
The volumetric rate of production Qrad (mol m–3 s–1) of the radiolytic products is derived as
follows. In the fission process, 88Br and 135I can be considered as typical fragments, which obtain
101.5 and 66.5 MeV of the available fission energy at their point of birth in the fuel [17]. As they
traverse through the fuel, their energy is lost by electronic and nuclear processes. The average energy
of these fragments leaving the UO2 fuel (of density 10.7 g cm–3) can be determined from their
energy-range relationships [see Figure 4(a)] using the SRIM 2000 (Stopping and Range of Ions in
Matter) code, which is based on a Monte Carlo treatment [18]. As shown in Figure 4(a), the energy
loss, dE/dx, can be reasonably approximated as a linear function of distance x:
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dE
 2E
≈ − o
dx
 r

 x
 1 − 
 r 

(11a)

2

(11b)

 x
⇒ E ( x ) = E o 1 − 
 r

where r is the fission fragment range and Eo is the initial fission fragment energy (e.g. 101.5
for bromine and 66.5 MeV for iodine). Eq. (11b) follows on integration of Eq. (11a) with the
condition E( x= 0) = Eo. As shown in Figure 4(a), a more accurate representation is obtained if the
average range plus its straggling is used in Eq. (11a) (e.g. rBr-88 = 8.70 + 0.68 µm = 9.38 µm and
rI-135 = 6.43 + 0.76 µm = 7.19 µm) instead of just the average range itself [18]. The same relationship
in Eq. (11b) has been proposed in [4]. Thus, the average energy <E> of the fission fragments leaving
the UO2 is simply obtained on use of Eq. (11b) where by definition:
r

r

E = E ( x )dx

∫

∫ dx =

0

0

Eo
3

(12)

Therefore, a fragment with an initial energy Eo will be reduced by a factor of 3 (on average)
as it enters into the fuel-to-clad gap. The high-energy fission fragments subsequently traverse through
the thin annular gap of thickness h ∼ 12.5 µm (e.g. for CANDU fuel) with a mean chord length
z = 2h =25 µm [17]. As shown in Figure 4(b), with the gap filled with steam at a density of
0.035 g cm–3, only a small amount of energy loss occurs as the fragments eventually embed themselves
in the adjacent clad wall. Although the gap size in operating LWR fuel rods is ~4 times larger (since the
clad is free standing), the released fission fragments are similarly embedded in the adjacent clad wall.
Hence, the rate of production Q rad
(mol m–3 s–1) due to steam radiolysis of molecule j (e.g. hydrogen
j
or hydrogen peroxide) per unit volume in the gap is given by:

Q

rad
j

qH OG j z
1

= 2
ri SF& LETi
N AvV gap i = I ,Br  4


∑

(13)

The quantity in square brackets is the familiar recoil release rate of fission fragments from a solid
fuel body [3]. Here NAv is Avogadro’s number (= 6.022 × 1023 molecule mol–1), z is the path length in
the gap (m), ri is the fission fragment range in the fuel (= 9.38 × 104 Å for 88Br and 7.19 × 104 Å for
135
I), S is the surface area of the fuel (m2), Vgap is the gap volume (m3), F& is the fission rate density
(fission m–3 s–1) and LET is the fission fragment linear energy transfer (eV/Å). As a conservative
calculation for the radiolysis analysis, the energy loss by bremsstrahlung radiation can be neglected so
that the energy absorbed in the steam is equal to the energy loss in the gap [19]. Therefore, in Eq. (13),
LET = (dE/dx)loss, where the average energy loss in the gap over the given path length z is evaluated
Br −88
I −135
from Figure 4(b) as (dE / dx )loss ≈ 15.7 eV/Å and (dE / dx )loss ≈ 12.8 eV/Å. The parameter Gj is the
G-value for the radiation yield of molecule j produced per 100 eV of ionising energy deposited by
the fission fragments in the water vapour molecules of the gas mixture. Here, the gas mixture in the
gap has a steam mole fraction q H 2O . Boyd and Miller studied fission fragment radiolysis of water
vapour with and without various additives as a function of temperature (170-365°C) and density
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Figure 4. Energy loss of fission fragments 88Br and 135I in the (a) UO2 fuel
and (b) steam-filled fuel-to-clad gap. A linear energy loss approximation
for the slowing down of the fission fragments in the UO2 is also shown.
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(1-50 mg mL–1) [20]. Based on this work, McCracken suggested a G-value ≈ 6.5/100 eV for oxidising
or reducing equivalents in water vapour in order to reflect the probable occurrence of impurity
(uranium) species in the gap and possible reactions with the inner clad surface [4]. This value is also
supported by the recent experimental work of Olander, et al., where G ~ 8.5/100 eV for the H2
radiolysis product with α-particle radiation in pure saturated steam at 70 atm [5,16]. Thus, in the
present analysis, in accordance with Eq. (10a), it can be assumed that G H 2 = G H 2O2 = G ≈ 6.5/100 eV.
Since the experiments show that H2O2 rapidly oxidises the UO2, even in the presence of excess
H2, it can be assumed that all of the H2O2 produced by radiolysis is consumed in the fuel oxidation
process. Thus, by neglecting gas phase recombination reactions involving H2O2 and the loss of this
species by cladding corrosion, this assumption will yield an upper limit of the radiolytically-driven
fuel oxidation rate. Hence, the rate at which the H2O2 is consumed per unit surface area of fuel is given
by R Hox2O2 (in mol m–2 s–1):
R Hox2O2 = h Q rad =

q H 2O G z F&
4 N Av

  dE 

∑ r  dx 

i = I ,Br
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loss  i

(14)

Fuel oxidation kinetics
The rate at which the fuel oxidises is governed by the difference between the rates of oxidation by
steam and hydrogen peroxide, and reduction by hydrogen. The thermodynamic model of Eqs. (1), (2)
or (9) accounts for the fuel oxidation and reduction reaction rates in the presence of a gaseous mixture
of hydrogen and steam. This process is limited by a thermodynamic constraint that stops the reaction
when the equilibrium stoichiometry deviation is reached (see Figures 1-3). In contrast, the (maximum)
radiolytically-driven fuel oxidation rate in Eq. (14) is not thermodynamically limited. Hence, the
conservation equation for the oxygen balance in the fuel is [5,16]:
 V  dx
cU  
= R Hox2O2 + R Hox2O − R Hred2
S
dt
  fuel

(15)

where:

{

R Hox2O − R Hred2 = f (T , PH 2O ) 1 − PO2 (x ) / PO2

}

(16)

Here the function f (T , PH 2O ) depends on the choice of the adsorption isotherm:
A(T )PH 2O

 n s k a′
1 + A(T )PH 2O
f (T , PH 2O ) = 
n s k a′ PH 2O


(Langmuir ) 

(17)



(Freundlich )

Alternatively, at atmospheric pressure, Eq. (1) can also be used for R Hox2O − R Hred2 . For the oxygen
balance of Eq. (15), it has been implicitly assumed that the rate of fuel oxidation by hydrogen peroxide
gas results from the reaction [16]:
H 2 O2 ( g ) → O(s ) + H 2 O (g )

(18)

where O(s) represents oxygen in the solid fuel above the normal O/U ratio of two. The quantities of
PO2 (x ) and PO2 in Eq. (16) are evaluated with the models in Appendix A, considering the initial
quantities of H2O and H2 in the gap atmosphere prior to dissociation.
Eq. (15) can be used to assess the fuel oxidation kinetics in the CRL experiment, FFO-103,
where a CANDU-size fuel rod was machined with 23 slits along the entire length of the cladding [3].
This experiment was designed to minimise the hold-up of fission products in the fuel-to-clad gap, and
to permit unrestricted coolant entry so as to maximise the fuel oxidation. The defected fuel rod operated
in-reactor at a linear power of ~50 kW/m (e.g. a fission density rate of 1.35 × 1019 fission m–3 s–1) in a
pressurised water loop at 10 MPa. Based on an analysis with the ELESIM fuel performance code
(using the MATPRO.11 thermal conductivity correlation for hyperstoichiometric fuel), the experimental
rod had an average fuel temperature of ~1 550 K (see also the discussion in the section entitled
Oxygen transport in the solid fuel) [21]. In this analysis, it can be assumed that the gap is essentially
filled with pure steam, implying an oxygen partial pressure of 3.23 × 10–3 atm (see Appendix A).
The solution of the fuel oxidation model in Eqs. (14), (15) and (16) (with the two adsorption
isotherms) is shown in Figure 5, with and without radiolysis-assisted fuel oxidation. When coolant
radiolysis is taken into consideration with the Langmuir adsorption isotherm, the kinetics are more rapid
and a slightly higher equilibrium stoichiometry deviation results. However, as previously discussed,
the Freundlich isotherm is more appropriate to describe the high pressure fuel oxidation behaviour and
in this case radiolysis does not significantly enhance the oxidation kinetics.
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Figure 5. Comparison of the predicted fuel oxidation kinetics (with and
without radiolysis-assisted oxidation) with experiment FFO-103
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An equilibrium stoichiometry deviation of 0.276 was measured by gravimetric analysis after 15 d
of operation in experiment FFO-103 (see Figure 5) [3]. This measured value is in reasonable agreement
with that predicted by equilibrium thermodynamics (using the Blackburn model in Appendix A) for
steam oxidation (e.g. 0.24). Interestingly, the oxidation/reduction in Eq. (16) actually limits the overall
equilibrium stoichiometry deviation in Eq. (15). Here, the increased PO2 (x ) is eventually higher
than the value of the atmospheric PO2 (for pure steam) in Eq. (16) so that a reduction actually occurs
(e.g. R Hox2O − R Hred2 < 0 ). Thus, this resulting negative term is eventually balanced by the radiolysis term
in Eq. (15) so that an equilibrium oxidation situation is established. This equilibrium situation is rapidly
reached as shown in Figure 5. The Freundlich model prediction is also consistent with the observed
fission product release behaviour, where a relatively constant release rate was quickly achieved over
the course of the experiment for those isotopes that had reached radioactive equilibrium [3].
For typical defective rods, where the coolant entry is more limited, hydrogen liberated in the
oxidation reactions will reduce the oxygen potential in the gap and hence the amount of fuel oxidation.
The steam must also diffuse into the gap as a source from the defect site. Thus, under normal defect
occurrences, the PO2 in Eq. (16) must be evaluated for the relevant hydrogen/steam mixture in the gap [2].
Oxygen transport in the solid fuel
In most high temperature annealing experiments, the fuel is heated in a furnace producing a
constant temperature across the pellet. This out-of-pile heating method will yield a uniform oxygen
concentration distribution in the solid fuel. On the other hand, during in-reactor operation, a temperature
profile develops due to the internal fission heating. As such, if the steam delivery is only to the
external surface of the pellet via gap transport, the surface temperature of the pellet is too low during
normal operation to provide sufficiently rapid kinetics to yield the oxidation state that is normally
observed in defective rods [12]. However, the gas present in the gap can penetrate through cracks in
the pellet by gas phase transport and react with the fuel at temperatures much higher than the fuel
surface temperature [21]. Consequently, an oxygen profile will develop in the fuel pellet since the
thermodynamics of the oxidation reaction is temperature dependent. In particular, Olander, et al. have
proposed a complicated delivery mechanism involving a two-zone transport/reaction model for fuel
oxidation in which the H2O/H2 gas mixture in the gap diffuses radially through a network of cracks to
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a central reaction zone where the kinetically-limited oxidation of the fuel occurs [12]. The reaction
products that consist of H2 in the gas in the cracks and interstitial oxygen ions in the solid fuel are then
transported by diffusion in their respective phases back to the pellet periphery. The outer pellet surface
however is assumed to remain stoichiometric in the model.
In reality, transport in the gas phase is much more rapid than that of solid state diffusion so that it
can be assumed that the cracks in the fuel act as a continuous supply of H2O/H2 from the gap [21].
However, as a result of the temperature profile in the fuel, an oxygen concentration profile will
develop that can lead to a redistribution of the interstitial oxygen ions up the temperature gradient via
radial diffusion. In this situation, the kinetic model of Eq. (1) can be modified, where from a mass
balance for the cylindrical fuel pellet of radius a:
cU

dx
c ∂ 
∂x 
1/ 2  S 
= cU α(PH 2O )   {xe − x(t )} + U   Dr 
dt
r  ∂r 
∂r 
 V  fuel

(19)

where D is the solid state diffusion coefficient for the interstitial oxygen transport in the solid fuel.
The simple phenomenological model of Eq. (1) has been assumed in Eq. (19), however a factor of
PH 2O has been added to account for high pressure in accordance with the Freundlich adsorption theory
(see the section entitled High pressure steam oxidation). Eq. (19) is subject to the following initial and
boundary conditions. The fuel pellet is initially assumed to be stoichiometric:
x = 0, 0 ≤ r ≤ a , t = 0

(20a)

A reflexive boundary condition follows at the centre of the pellet (r = 0) due to symmetry:
∂x
= 0, r = 0 , t > 0
∂r

(20b)

At the surface of the pellet, the stoichiometry x(r = a) is set equal to the value of x which is
established as a result of an equilibrium between the solid fuel and the gap atmosphere, where on
solution of Eq. (1) (accounting for high pressure effects):

 S
x = xe 1 − exp −
 V



PH 2O α t  , r = a , t > 0


(20c)

In fact, due to the lower temperature at the fuel surface, the fuel essentially remains stoichiometric
at this location (e.g. x ≈ 0 at r = 0, t > 0).
The diffusion coefficient for oxygen in Eq. (19) should correspond to that for chemical diffusion
rather than for self-diffusion since it determines the movement of oxygen ions in the presence of an
oxygen concentration gradient as opposed to that of self-diffusion which applies to simple random
Brownian motion for a fuel sample with a homogeneous stoichiometry [22]. The chemical diffusion
coefficient is much less dependent on stoichiometry and can be represented by the simple Arrhenius
form [22]:
 16 400 
D = 2.5 × 10 −4 exp −
 m 2 s -1
T 
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(21a)

Eq. (21a) is an average over the stoichiometry range 10–5 ≤ x ≤ 10–1 and is specifically valid for a
temperature range of 700 ≤ T ≤ 1 800 K [22]. By comparison, the diffusion coefficient for oxygen
self-diffusion in hyperstoichiometric uranium dioxide is given by a best fit equation to all available
data as [22]:
1/ 2
 
 26 700    16 500 
2
D = 3.82 × 10  x +  x + 0.464exp −
 exp −
 m 2 s -1
T
T




 
 

(21b)

−5

which is valid for the same temperature range and a stoichiometry range of 0 to 0.2. Over typical fuel
operating temperatures and stoichiometries, Eq. (21a) yields larger values compared to that of
Eq. (21b).
For a solution to Eq. (19), the temperature profile must also be known as follows from a solution
of the steady-state heat conduction equation [23]:
1 d  dT 
 rk
+H =0
r dr  dr 

(22)

Here k is the thermal conductivity, which is a function of both temperature and the fuel
stoichiometry, and consequently depends on the radial position r. The parameter H is the volumetric
heat generation rate which, for the purposes of this analysis, can be taken to be constant throughout the
pellet and equated to the linear power P such that H = P/(πa2). Similarly, Eq. (22) is subject to the
boundary conditions [23]:
dT
= 0, r = 0
dr

(23a)

T = Ts , r = a

(23b)

and:

where Ts is the fuel surface temperature.
The thermal conductivity k can be represented by the expression [24]:
k=

1
A(x ) + B( x )T

(24a)

kW m -1 K -1

where:

( )

A(x ) = 14 − 10.763 x − 2381.4 x + 12 819.86 x − 14 000 x 3
3

(24b)

and:

( )

0.2218 + 0.2562 x − 0.64 x − 3.6764 x 3
B (x ) = 
, x < 0.155
 0 , x ≥ 0.155
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(24c)

The parameter A in Eq. (24b) has been slightly modified from the original analysis in Ref. [24] in
order to predict the central melting that was observed in the lower part of the fuel rod in experiment
FFO-103 at a linear power rating of 52 kW/m (see the following discussion and Figure 8) [25].
However, as shown in Figure 6(a), the correlation in Eq. (24b) is in good agreement with other
available data. As suggested in Ref. [24], the correlation for B in Eq. (24c) is only allowed to take on
positive values and is in good agreement with the literature data as shown in Figure 6(b). Thus, as
suggested by experiment, k is reduced with increased stoichiometry and becomes independent of
temperature at higher stoichiometry.
Figure 6. Variation of the parameters (a) A in Eq. (24b)
and (b) B in Eq. (24c) with fuel stoichiometry
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Eqs. (19) to (24) are solved numerically in an interactive fashion using a finite difference
approach. As an example, Figures 7(a) and 7(b) show the temperature and stoichiometry deviation
profile for a defective CANDU-size fuel rod with an (S/V)fuel ratio of 329 m–1. This analysis is
representative of experiment FFO-103 where the bottom section of the defective rod operated at a
maximum linear rating of 52 kW/m with a surface fuel temperature of 870 K [21]. It is also assumed
that there is a pure steam atmosphere in the gap since the rod had 23 machined slits along the entire
length of the cladding. Consequently, the fuel thermal conductivity was degraded due to significant
fuel oxidation which led to central fuel melting as predicted in Figure 7(a) and observed in Figure 8.
The current analysis in fact predicts a much greater degradation in the fuel conductivity than that
simulated with the MATPRO.11 correlation in the analysis of Ref. [21]. Also in agreement with
experiment, no central melting is predicted in Figure 7(a) at the mid-plane section of the rod that had
operated at 48 kW/m. As shown in Figure 7(b), a volumetrically averaged O/U ratio of 2.18 is
calculated for one day of irradiation (e.g. where the curves in Figure 7 have already reached a
steady-state distribution in this period of time). This theoretical result is comparable to a reported
value of 2.276 as determined by gravimetric analysis at the mid-plane section of the rod following the
15 day test. This slight discrepancy in the O/U ratio may be somewhat attributed to the neglecting of
radiolysis effects in the fuel oxidation calculation (see the section entitled Fuel oxidation kinetics), the
uncertainty in the Blackburn thermochemical model and gravimetric measurement technique, and the
possible air oxidation of the defective fuel rod during the post-test examination in the hot cell.
It can been seen in Figure 7(b) that oxygen diffusion does not significantly affect the stoichiometry
deviation profile except towards the surface of the pellet where it tends to flatten out. In fact, the shape
of the stoichiometry deviation profile in Figure 7(b), in which oxygen diffusion is considered in the
model, is similar to that predicted with the more complex treatment of Olander in Ref. [12]. On the
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Figure 7. (a) Predicted fuel temperature profile and (b) stoichiometry
deviation profile with and without diffusion of oxygen in the solid at various times
The development of the temperature profile in (a) depends specifically on the stoichiometry profile in (b) (e.g. thermal
conductivity in the solid) as depicted after 30 s and 1 d of irradiation. The calculations in (b) correspond to a defective
CANDU fuel rod operating at a linear power of 52 kW/m in which pure steam is present in the gap atmosphere.
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other hand, as shown in Ref. [21] and depicted in Figure 7(b) for the curve in which oxygen diffusion
is neglected, the resultant simple thermodynamic model is able to predict the occurrence of an oxide
phase higher than U4O9 (x = 0.25) in a thin band near the outer region of the pellet. Interestingly, the
radial location of this higher oxide corresponds precisely to the position of a dark band feature
observed in the post-irradiation metallography of Figure 8. This feature is generally observed in the
metallography of defective fuel rods.
Figure 8. Post-irradiation examination of the defective rod in experiment FFO-103 showing
central melting and a dark band structure near the surface of the pellet (taken from Ref. [25])

Central melting

Dark band structure

With a reduction in the chemical diffusion coefficient in the current model, the stoichiometry
deviation profile tends to peak in a small region near the outer surface of the pellet where the banding
is observed to occur. This suggests that the assumed chemical diffusion coefficient in Eq. (21a) may
be too high. In addition, near the centre of the pellet where there is less of an oxygen concentration
gradient, the use of a self-diffusion coefficient in the model [Eq. (21b)] may be more appropriate.
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Fission product diffusion in defective rods
A methodology has been established to determine the fuel oxidation kinetics in operating defective
rods. This oxidation process will directly enhance the fission product release as a consequence of a
higher fuel temperature from a reduced thermal conductivity (see Oxygen transport in the solid fuel)
and a direct enhancement of the fission product diffusivity.
In accordance with the methodology of Ref. [21], the fission product release from the solid fuel
matrix can be evaluated by integrating the release fraction over the fuel pellet radius. The release
fraction in turn will depend on the diffusion coefficient DFP (in m2 s–1) for the fission products (FP) in
the solid matrix which requires a specific knowledge of the fuel stoichiometry and temperature profile
as discussed earlier [21]. This coefficient is composed of three separate components that cover
the low, intermediate and high temperature regimes as characterised, respectively, by the intrinsic,
vacancy-enhanced (e.g. from radiation and fuel oxidation) and athermal mechanisms where [26]:
 35 230 
D FP = 7.6 × 10 −10 exp−

T 


 13 890 
 20 230 
2
−8
+  2 × 10 − 25 F& exp−
 + x 2.22 × 10 exp−

T 
T 



+ 2 × 10 − 40 F&

(25)

in which F& is the fission rate density (fission m–3 s–1) and T is the fuel temperature (K).
Concluding remarks
A model has been developed to describe the fuel oxidation kinetics in operating defective rods.
This model accounts for high-pressure oxidation in steam/hydrogen mixtures, based on Langmuir and
Freundlich adsorption theory, and also considers radiolysis-assisted oxidation as a result of hydrogen
peroxide production. Both isotherms predict a square root dependence on pressure from 0.01 to 1 atm
in agreement with experimental data at 1 473 to 1 623 K. However, on extrapolation to high pressure
(e.g. 100 atm), the predictions deviate where the Freundlich isotherm predicts faster kinetics which is
in agreement with lower temperature annealing experiments at 70 atm pressure. Furthermore,
radiolysis does not appear to be an important consideration for the induction of fuel oxidation in
defective rods where the Freundlich isotherm already yields rapid oxidation kinetics at high pressure.
In fact, recent in-reactor experiments at Halden showed that irradiation of steam did not induce fuel
oxidation in a closed system [16]. Although the hydrogen that is liberated in the radiolysis reaction can
result in clad hydriding, this product may neutralise the tendency of its oxidising counterparts to
increase the stoichiometry of the fuel. Furthermore, as the temperature is raised, radiolytic effects
should become insignificant to thermal effects as the thermal reactions and the recombination of
transient species become faster. The prediction that an equilibrium oxidation state is rapidly
approached in defective rods is further supported (indirectly) by observations of the fission product
release behaviour in in-reactor loop experiments at the Chalk River Laboratories [3].
A stoichiometry profile will develop in operating defective rods as a consequence of the
temperature profile from the internal fission heating where the fuel oxidation thermodynamics are
temperature-dependent. This profile will tend to flatten out as a consequence of chemical diffusion of
the interstitial oxygen ions in the solid. However, if this oxygen re-distribution process is ignored in
the model, the profile determined solely by equilibrium thermodynamics is able to predict the
observed occurrence of a dark band structure that may be due to the presence of a higher oxide phase.
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This result might be explained by the fact that the chemical diffusion coefficient as reported in the
literature may be too high. A measured radial profile of the stoichiometry deviation in a defective rod
is needed to better understand and establish the oxygen transport effect in the model. However, this
uncertainty is not important from the perspective of the fission product release since the oxygen
transport only affects the stoichiometry deviation in the outer region of the pellet where the
temperature is lower, and hence the fission product release contribution is less significant.
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Appendix A
OXYGEN PARTIAL PRESSURE IN THE FUEL AND GAP ATMOSPHERE

Oxygen partial pressure in the fuel
The oxygen partial pressure in the fuel as a function of x, e.g. PO2 (x ) (in atm), is given by either
the Blackburn thermochemical model [7]:
32 700
 x(2 + x ) 
ln PO2 = 2ln
+ 9.92
 + 108 x 2 −
T
 1− x 

(A.1)

or the solid solution representation of Lindemer and Bessman [8]:
PO2 = min (P1 , P2 )

(A.2)

where P1 and P2 are given by:
 x(1 − 2 x )2  37 621
−
ln P1 = 2ln
+ 15.15
3 
T
 (1 − 3 x ) 
 2 x(1 − 2 x )  43 298
−
ln P2 = 4ln
+ 25.74
2 
T
 (1 − 4 x ) 

(A.3)

Oxygen partial pressure in the gap
The oxygen potential in the gap atmosphere, PO2 (in atm), is determined from the initial partial
pressure of steam ( PHo2O ) and hydrogen ( PHo2 ) in the fuel-to-clad gap, by solving the following cubic
equation that results from mass balance considerations for the H and O in the gas mixture before and
after steam dissociation [2,6]:

[

]

[

]

4(PO2 ) + 4[PHo2 − K H2 2O ](PO2 ) + (PHo2 ) + 4 PHo2O K H2 2O PO2 − (PHo2O ) K H2 2O = 0
3

2

2

2

The equilibrium constant K H 2O is detailed in Eq. (5) as a function of temperature T.
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HELIUM BEHAVIOUR IN SPENT UO2 AND MOX FUELS
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Abstract
A comparative assessment of the amount of helium generated in standard UO2 and MOX fuel at the
same mean burn-up is presented for a storage time of up to 10 000 years. Due to the higher content of
alpha emitters in MOX fuel, a greater amount of helium is generated with time. Potential consequences
for fuel storage are discussed under the assumption of helium release from the fuel or, on the contrary,
full gas retention. A preliminary analysis of existing data on helium solubility and diffusion in uranium
dioxide and on reactor feedback on irradiated fuels is presented. The analysis shows that in fuels with
the highest helium content, uncertainties do not currently allow to confidently predict if a certain
amount of helium release under storage conditions and/or damage to the pellet integrity could occur in
the long term.
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Introduction
In connection with research on the long-term behaviour of irradiated fuel assembly packages, the
generation of helium as a result of alpha decay in the fuel raises a number of questions:
•

What are the quantities of gas generated in the UO2 and MOX fuel rods over time?

•

What are the consequences on the physical state and integrity of the fuel pellet?

•

Does the helium remain occluded in the crystal lattice of the irradiated oxide, or can it migrate
to the grain boundaries and pores and escape in the free volume of the fuel rod?

The technological consequences of this potential evolution would be an increase in the internal
pressure of the rod in case of gas release, swelling of the fuel if gas bubbles are formed in the pellet,
modification of the radionuclide inventory at the grain boundaries in case of degradation of the
integrity of the fuel, by increasing the surface area accessible to oxidising atmosphere or water.
This paper presents a comparative assessment of the quantity of helium produced in UO2 and
MOX fuels, and a preliminary analysis of the data in the literature and from the CEA on the behaviour
of helium in heavy metal oxides.
Helium production in PWR fuels
Helium is primarily generated as a result of the alpha decay of some heavy metal isotopes present
in the fuel. As MOX fuel contains significant amounts of alpha emitting plutonium isotopes with various
half-lives at its origin, greater production of helium is anticipated in this fuel than in UO2. We have
evaluated this production in irradiated UO2 and MOX fuels based on the isotopic composition and
activity data supplied by the CESAR code developed at CEA [1].
Assumptions and calculation methods
Calculations are presented for two typical fuels taken from the CESAR database:
•

A uranium dioxide fuel with an average assembly burn-up of 47.5 GWd/tU, initial enrichment
4% 235U. Irradiation consists of five cycles of 250 days intersected by 60 days intervals.

•

A MOX fuel, with an average assembly burn-up of 47.5 GWd/tM, initial enrichment 8.277%
Pu. Irradiation also consists of five cycles of 250 days intersected by 60 days intervals.

The database obtained from the calculations of the CESAR code, version 4.32, supplies material
balances and residual activities of the fuels from the end of irradiation to 500 000 years of cooling
time (without considering spontaneous fissions). Helium production per rod and per second has been
determined from the residual alpha activity, and the total amount generated in the fuel was calculated
by manual integration, using the trapezium method between two time steps. This method slightly
overestimates the integrated dose, but the choice of a shorter time step during the first century
minimises this discrepancy.
All the alpha emitters were considered in this calculation, but in practice, for generation of helium
in irradiated fuel, the significant isotopes are: 238Pu, 239Pu, 240Pu, 241Am, 243Am, 242Cm, 243Cm and 244Cm.
The amount of helium produced during irradiation was calculated for both fuels; after three months
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cooling down, 25 cm3 STP for UO2 and 187 for MOX fuel have been generated in a 900 MWe PWR
rod*. This represents concentrations of 12.5 and 93.5 mm3/g oxide, respectively. We shall come back
to these values in the discussion of the results.
Calculation results
Figures 1 and 2 below show the variation in the alpha activity of the fuels up to 10 000 years of
cooling, and Figure 3 shows the cumulative production of helium per rod over the same period of
time. At the end of irradiation, 242Cm (half-life of 163 days) accounts for 80% of the residual alpha
activity and is the main factor responsible for the helium formed under irradiation. It is generated by
the transmutation of 241Am, itself resulting from the decay and transmutation of the higher isotopes of
Pu. After three years of cooling, 244Cm (half-life: 18.1 years) and 238Pu (half-life: 87.7 years) account
for most of the alpha activity for about 20 and 50 years respectively. The activity of 241Am (half-life:
432 years), obtained from 241Pu (half-life: 14.4 years) by beta decay, increases during the first century
and dominates the residual activity between 50 and 1 000 years. After this, the plutonium isotopes
with long lifetimes – 239Pu (half-life: 24 110 years) and 240Pu (half-life: 6 560 years) – account for
most of the residual activity. The temporal distribution and activity level of UO2 fuel is in good
agreement with the data published in Ref. [2].
All the alpha emitters result directly or indirectly (by capture and decay) from the plutonium
isotopes. In the UO2 fuel, the plutonium is only formed by neutron capture on 238U in the reactor,
about 1% at the end of irradiation at the burn-up considered in this calculation. In these fuels, the
burn-up (directly related to residence time under flux) is the only parameter affecting the residual
alpha activity. In the MOX fuel, the influence of the initial composition in plutonium and americium
isotopes is found directly: only the activity of fissile 239Pu is significantly decreased (by half in the
calculations presented here) during irradiation. It follows that the increase in the total Pu content, the
use of a plutonium containing a higher proportion of isotopes 238, 240 and 241, and the increase in
burn-up, are the factors which tend to significantly increase the creation of helium, not only at the end
of irradiation, but also for several thousand years. The MOX calculations presented here foreshadow
this situation: the initial mean Pu contents are approximately 8 and 9%, while the irradiated fuels
examined today do not exceed 6%. On the whole, at the same mean burn-up (47.5 GWd/tM), the
Figure 1. Alpha activity of UO2 fuel 47.5 GWd/tM
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* We considered a mass of 2 kg of uranium dioxide or mixed oxide per PWR 900 type fuel rod to calculate
helium production per rod.
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Figure 2. Alpha activity of MOX fuel 47.5 GWd/tM
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Figure 3. Helium production in UO2 and MOX rods
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residual alpha activity of MOX is 5 to 8 times higher than that of UO2 fuel according to the type and
relationship of the element dominating the alpha activity over the period of time concerned. Along the
pellet radius local alpha activity and helium generation can be higher than the mean values presented
here, due to local higher plutonium and minor actinide content, for example in the rim of UO2 fuel or
in some agglomerates, enriched in plutonium, in MOX fuel.
Accuracy of calculations
The accuracy of the calculations chiefly depends on the accuracy of the calculations of the
concentrations of the most significant actinides with respect to helium production. The inventories of
the main actinides are calculated with an accuracy generally less than 10%, except for the isotopes of
curium which sometimes have a greater uncertainty. We summarise below typical accuracy range for
the present calculations for UO2 fuel (C = calculated value and E = experimental value).
Isotopes
Pu, Pu, 241Pu
238
Pu, 242 Pu, 241Am, 243Am
244
Cm, 245Cm, 246Cm
239

240

314

(C-E)/E (%)
[0-5]
[5-10]
[10-30]

Uncertainties on He production (%)
MOX (47.5 GWd/tU)
Cooling time (years)
UO2 (47.5 GWd/tU)
100
16.8
18.9
300
13.2
14.6
10 000
07.4
08.5
Given the radioactive decay constants, it appears that the accuracy of the helium production
calculation is improved with long cooling times. The isotopes of curium, on which the uncertainty is
greatest, have considerable weight at short periods, whereas the plutonium isotopes 239Pu and 240Pu,
which have the lowest uncertainties, have the greatest weight with long cooling times.
Discussion of the results
The helium generated by alpha decay increases continuously as long as long-lived alpha emitters
remain present. The presentation in Figure 3 relates the production of helium to the total fuel in a rod.
It provides an idea of the volumes of gas which could be spread in the voids in case of the total release
of the helium produced. Another aspect of the problem concerns the occluded gas concentrations in
the fuel which could be reached, on the contrary, in the absence of any significant release. We shall
address these two aspects below.
Assumption of total helium release
The volumes of helium produced in UO2 at 47.5 GWd/tU reach 127 cm3 STP per rod in 100 years
and 1 171 cm3 STP in 10 000 years (for comparison, the volume of fission gas generated in irradiation
is 2 500 cm3). Given the void volumes of about 13 cm3 in the rod at the end of irradiation, these
amounts of helium represent (without clad deformation) a low overpressure during centuries in case of
total release. In case of clad creep at high temperature, at the onset of dry storage, a drop in internal
pressure must also be considered (about 30 to 40% for 1% diametric deformation distributed over the
entire length of the rod).
In the case of MOX, as much helium is generated in one century as in 5 000 years in UO2; about
900 cm3 STP are produced after 100 years, and 6 700 cm3 STP at 10 000 years, corresponding
respectively to overpressures of 7 and 52 MPa at 20°C*, under the same assumption as above of no
clad deformation. The corresponding increase in tangential stress in the clad is no more negligible,
respectively 51 and 380 MPa. Table 1 summarises the data at several storage temperatures.
The problems of helium release, the exact change in the internal pressure as a function of clad
deformation and its creep behaviour over time, merit further investigation, mainly for MOX fuels.
Assumption of helium retention
On the opposite assumption of total retention of helium in the fuel, we can situate the concentrations
reached in light of past experience on irradiated fuels. To provide an idea, we summarise in Table 2
some of the values recorded during the cooling time. It should be kept in mind that these figures are
related to mean fuel burn-up and composition; as already mentioned, local helium generation can be
two to five times higher along the pellet radius.
* Calculation of the hoop stress corresponds to the nominal clad thickness and no clad deformation.
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Table 1. Evolution with time of the internal pressure and related additional
cladding tangential stress for UO2 and MOX fuels as a function of temperature
UO2
Time
(years)
0.25
100
300
100000
MOX
Time
(years)
0.25
100
300
100000

T = 20°C
Additional
Overpressure
hoop stress
(atm)
(MPa)
1.9
1.4
9.6
7
19
14
90
66

T = 150°C
Additional
Overpressure
hoop stress
(atm)
(MPa)
2.7
02
14
10
27
20
130
95

T = 250°C
Additional
Overpressure
hoop stress
(atm)
(MPa)
3.4
2.5
17
13
34
25
161
117

T = 20°C
Additional
Overpressure
hoop stress
(atm)
(MPa)
014
010
070
051
125
091
520
380

T = 150°C
Additional
Overpressure
hoop stress
(atm)
(MPa)
020
015
101
074
180
132
751
548

T = 250°C
Additional
Overpressure
hoop stress
(atm)
(MPa)
025
018
125
091
223
163
928
678

Table 2. Possible evolution with time of the helium concentration in UO2 and MOX fuels

Time
(years)
0.25
10
100
300
100000

UO2
[He]
[He]
3
cm /g UO2 %at./at.iHM
0.013
0.015
0.021
0.025
0.064
0.077
0.122
0.146
0.59
0.705

Time
(years)
0.25
10
100
300
100000

MOX
[He]
[He]
3
cm /g MOX %at./at.iHM
0.094
0.113
0.165
0.199
0.456
0.549
0.814
0.980
3.38
4.073

iHM: initial heavy metal

One can see that, for UO2 fuel, the helium concentration during the first centuries does not exceed
the helium content of the MOX fuel soon after the end of irradiation.
An experimental irradiation, Superfact 1, also gives us significant information on the helium
retention capacity of the oxide fuel: this is a (U0.6 Np0.2 Am0.2)O2 fuel irradiated to 45 GWd/tM in the
Phénix fast breeder reactor (FBR), in order to study the actinides transmutation [3]. The gas retention
measurements performed by sublimation of the fuel some three years after its exit from the core reach
values of ~ 0.66 cm3/goxide helium retention, higher than the mean pellet value of standard UO2 fuel
after 10 000 years cooling. From post-irradiation examinations, a large number of gas bubbles were
observed throughout the surface of the pellet, which are probably (but without certainty) formed under
irradiation at high temperature. The helium retained in the fuel was generated after the end of
irradiation, the helium formed under irradiation being totally released at the temperatures prevailing in
FBR, particularly since these rods are filled at atmospheric pressure, hence low in comparison with the
PWR rod. However, the measurement technique (fuel sublimation) does not allow to determine whether
the gas is present in the crystal lattice of the oxide or in its closed pores. It should also be mentioned
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that the measured concentration represents around half of the generated helium during interim storage
for this particular fuel. Helium release has been perhaps enhanced by the porous microstructure of
the fuel and the storage temperature (around 200°C) during the first year, in the storage vessel of the
Phénix reactor.
Solubility and helium release properties
Data from the literature that has been compiled up to now is presented in the following, without
presuming to claim completeness on the subject, which is still in progress.
Thermodynamic solubility of helium in UO2
Unlike xenon and krypton, helium displays measurable solubility in UO2 and can be introduced
into the solid under high gas pressure. Rufeh, et al. [4] measured the diffusion kinetics of helium in
particles (~ 4 µm) of UO2 under gas pressure, at 1 200°C. They concluded that the [UO2-He] system
obeys Henry’s law. They infer a saturation solubility of 6.71 10–4 cm3 STP/(g.atm). For the fuel rod
during irradiation, under helium pressure of around 60 atm, this would represent a thermodynamic
solubility of 40 mm3/goxide (about 500 appm), a low figure compared with the helium concentrations
anticipated in irradiated MOX. The authors conclude from their work at two temperatures (1 200 and
1 300°C), a heat of solution of helium of -142 kJ/mol (~ 1.5 eV/at). Other results cited in Ref. [4]
declare a heat of solution of -46 kJ/mol (~ 0.47 eV/at) for ten times lower solubility. Experimental
difficulties could perhaps explain such differences. A strong temperature dependence of the equilibrium
solubility seems to be questioned on theoretical bases [5]: due to its small size, the helium atom could
easily be inserted into the crystal lattice of UO2, and its solubility would be more dependent on the site
and the defect density of the crystal than on the temperature. In an irradiated material, irradiation and
self-irradiation defects could accordingly play a non-negligible role in the solubility of helium in the
crystal lattice.
Helium release properties
Diffusion coefficient
Few data are available in the open literature on the diffusion of helium in UO2, unlike the diffusion
of fission gases, extensively investigated. Rufeh, et al. [4], based on their experiments on the infusion
of helium under gas pressure, estimated a diffusion coefficient of 1.5 10–17 m2 s–1 at 1 200°C, some
500 times higher than the coefficient for xenon at the same temperature.
By analysing the helium release measurements taken in various American laboratories, on particles
of 238 plutonium dioxide of different sizes (centred around 80 and 200 µm), Stark determined a
reduced diffusion coefficient (D/a2, where a is the radius of the particle), in good agreement with
Rufeh’s measurements at 1 200°C, with the activation energy of 200-230 kJ/mol, typically lower than
for fission gases [6]. The measurements were taken by heating the samples to final temperatures
between 600 and 1 900°C, though the author mentions a significant dispersion of the results, attributed
to the pores and to the various prior temperature history of the samples. He also found that half of the
results did not obey a kinetic corresponding to simple atomic diffusion in a solid (gusts of gas, delayed
release). Examining the results obtained at the onset of heating, he also noted that at temperatures under
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400-600°C, the Arrhenius line displays a slope break, with an activation energy of about 20 kJ/mol at
the low temperatures. This mechanism is unexplained, and the author suggests the possibility of the
effect of self-irradiation damage.
Care must be taken in extrapolating these data to low temperatures and different grain sizes in
irradiated fuel. In any case, this leads to diffusion properties higher for helium than for fission gases in
the fuel. The role of potential helium trapping in irradiation defects or fission gas bubbles should,
however, be clarified.
Reactor feedback
Feedback from fuel irradiations in different types of reactor, in other words, at a wide variety of
temperatures, also teaches us that the release of helium during irradiation occurs at lower temperatures
than for the fission gases.
•

In fast breeder reactor fuel, it is found (to within the measurement accuracy) that all the helium
is released while the (calculated) temperatures of the fuel are always above about 800°C, and
that the helium partial pressure in the voids does not exceed a few atm. An analysis made on
the behaviour of the fission gases in FBR fuel elements also suggests that on the Phénix fertile
fuel rods filled with air at atmospheric pressure in fabrication, 50% of the helium formed during
irradiation issued from an oxide which had only released 1% of the fission gases formed [7].

•

In LWR fuel, helium release measurements on fuels and especially MOX fuels, irradiated to
7 to 64 GWd/tM, have shown that helium release was greater than that of fission gases in low
or unpressurised rods [8]. Qualitatively speaking, this means that the diffusion of helium is
significantly greater than that of the fission gases at the same temperature. Helium retention
measurements were taken on samples of UO2 and MOX fuels from BWR rods, irradiated to
36.5 and 30.4 GWd/tM respectively [9]. A comparison of the retention measurements of
helium and fission gases taken on these samples at their production helped to determine their
release. The ratio of helium released to fission gas released is about 5 for MOX and 15 for
UO2. The authors suggest that although the atomic diffusion of helium is many orders of
magnitude greater than that of fission gases, its release in the voids is nonetheless strongly
conditioned by that of the fission gases.

•

In MOX rods irradiated in a pressurised water reactor and initially pressurised with helium to
a few tens of bars, no helium release is observed in the reactor at mean burn-ups lower than
45 GWd/tM, for fuel temperatures remaining under about 1 200°C. Yet the precise location of
the helium generated in the fuel at the end of irradiation is not experimentally known: is it
occluded in the oxide matrix, or has it diffused into the closed pores during irradiation?
Moreover the volumes of helium collected by post-irradiation volumetry were generally smaller
than the quantities introduced in filling, in EDF MOX PWR rods [10]. This result can be
explained by the diffusion of helium from the voids to the closed pores in fuel fabrication
which are initially under a pressure of a few atm. Similarly, the helium generated under
irradiation can, if the temperature is sufficient, initially diffuse preferentially towards these
closed pores under low pressure, and only exit when the pressure differential between the
pores and the voids is reversed [7]. On the basis of a 5% porosity, or 10 cm3 for a PWR 900
rod, Guérin estimates that 150 cm3 STP per rod of helium could be accommodated by the fuel
porosity, in irradiation, taking account of the temperature difference between the plenum and
the fissile column. In dry storage, the temperatures are virtually isothermal. If the reasoning is
valid, the closed pores of the fuel could accommodate larger quantities of helium before it
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escapes to the voids. Hence it can be estimated that 400 cm3 STP of helium could be retained
in the pores of a fissile column (or 0.2 cm3/goxide), considering that helium accounts for about
80% of the pressure at the end of irradiation of a MOX rod, which is close to 50 atm at 20°C.
Over time, these values could change in accordance with the deformation of the rod clad; if
helium is released, equilibrium is established between the decrease in the hydrostatic pressure
by clad creep, and the increase by helium release.
Conclusions
Helium is generated in the fuel primarily by alpha decay of isotopes present before irradiation
(case of MOX) and generated under flux. During irradiation, 242Cm is the principal source of helium;
after irradiation, 244Cm, 238Pu and 241Am in succession dominate the alpha activity, and the latter’s
contribution practically increases tenfold due to the decay of its parent 241Pu, during the first century of
cooling. All these alpha emitters result directly or indirectly from plutonium isotopes. This means that
the generation of helium in UO2 is essentially a function of the burn-up, whereas in the case of MOX,
the increase in the initial plutonium content, a higher proportion of 241Am, of 238Pu and of the higher
isotopes of plutonium, are also factors which increase the generation of helium over the centuries.
In the calculations presented here, the quantities of helium generated in MOX in three centuries reach
values corresponding to the limits of our knowledge about the retention capacity of irradiated oxide
fuel. In particular, an atomic concentration of 4% at 10 000 years is largely beyond the experience
gained on gas retention in the UO2 matrix and its consequences on the physical state of the pellet.
We also evaluated the overpressure generated by a helium release in the fuel rod, in the absence of
clad creep. For a burn-up of 47.5 GWd/tM, the overpressure remains low in the case of UO2, and
yields 70 and 125 atm respectively at 100 and 300 years in the case of MOX. These estimates show
the importance of further investigating the mechanisms and kinetics of helium release, which are
poorly understood today.
From a first analysis of the data in the literature on the solubility and diffusion of helium in UO2
and PuO2, it appears that the diffusion of helium at high temperature (1 200°C) is at least two orders of
magnitude as much as that of the fission gases Xe and Kr. The activation energy of diffusion is
apparently lower for helium than for xenon, which would mean an even higher relative mobility at low
temperature. The uncertainty on the interpretation of the data at lower temperature (atomic diffusion in
the crystal lattice or mobility in the pores of a polycrystalline solid?) prevents any easy extrapolation
in the temperature range of irradiated fuel storage or disposal. The role of structural defects generated
under irradiation and the role of self-irradiation on the solubility and mobility of helium in uranium
dioxide, are not clearly established and deserve further investigation.
Finally, it appears from the reactor feedback that the hydrostatic pressure prevailing in a PWR
fuel rod plays a role in the retention capacity of helium in the fuel, not only because the solubility in
the crystal lattice increases with pressure, but probably also by the confinement of helium in the closed
pores of the fuel, competing with the helium pressure in the plenum. During the fuel containment
period in storage or disposal, it is therefore possible that helium release may be delayed, according to
the value of the helium partial pressure.
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Abstract
Caesium is one of the most important fission products and must be considered in all aspects of the fuel
cycle. Numerous radial profiles of caesium and xenon have been measured by electron probe
microanalysis (EPMA). These profiles are very similar and it has been concluded that the effective
diffusion coefficient of caesium is very close to that of xenon. In this paper the effective diffusion
coefficient of caesium is quantified. This information is used for the interpretation of radial xenon
distributions at ultra-high burn-up measured by EPMA.

321

Introduction
Caesium is one of the most important fission products and must be considered in all aspects of the
fuel cycle. Because of its low solubility, generally a high percentage of caesium is released from the
grains to the grain boundaries, especially during a transient. This caesium contributes to the formation
and growth of grain boundary fission gas bubbles, which cause the fuel to swell. With the introduction
of the interim storage of spent fuel the ability to predict the distribution of caesium in a UO2 fuel rod is
more important than ever. This is because in the storage pond the ingress of water through breaks in
the zircaloy cladding will leach caesium with a high γ-activity from the fuel [1].
Numerous radial profiles of caesium and xenon have been measured by electron probe
microanalysis (EPMA). These profiles are very similar and it has been concluded that the effective
diffusion coefficient of caesium is very close to that of xenon [1,2]. In the following the effective
diffusion coefficient of caesium is quantified. This information is used for the interpretation of radial
xenon distributions at ultra-high burn-ups measured by EPMA.
Basic considerations
Two typical radial profiles of caesium and xenon measured by EPMA are shown in Figure 1.
In the inner fuel region a diffusional type of fission product release is observed whereas in the outer
region the generated Cs and Xe are still in the grain. It should be noted that by EPMA basically the gas
in a grain is measured whereas the gas on the grain boundaries cannot be detected. In a section with an
average burn-up above approximately 45 MWd/kgU, the Cs produced in the outer fuel parts is still
there, but Xe is lost from the grains due to the formation of the high burn-up structure (HBS).
This process has been described in various papers [3].
EPMA profiles reflect the irradiation history where the linear rating and consequently the creation
rate of fission products vary with time. The concentration of fission products in each local position is
governed by an individual time dependent temperature (as the main parameter). In general, such
profiles can only be evaluated with all detailed knowledge of the irradiation. However, as will be
shown below, there exists the possibility of obtaining some important information without this detailed
knowledge by comparing the local release of Cs with that of Xe.
At ITU a large database of EPMA data measured over the past 20 years exists, out of which
30 radial profiles of Cs and Xe were evaluated for the present study.
Theoretical considerations
As a first approximation we make use of the finding [3] that the effective diffusion coefficients of
Cs and Xe are similar by assuming:
DeffCs = εDeffXe

(1)

where DeffCs and DeffXe are the effective diffusion coefficients of Cs and Xe and ε is a factor of the order
of 1. The fractional fission product release f from the grain to the grain boundary, i.e. the intragranular
release is defined by:
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f = 1−

(2)

c grain
ccreated

where c grain is the average concentration in the grain and ccreated the created concentration.
For a diffusion process under constant conditions the release f can be given analytically for two
situations. Situation 1 is defined as an irradiation under constant temperature and constant fission
product creation rate starting with fresh fuel. This case will be labelled “normal” irradiation. The second
situation aims at modelling a transient by assuming that a grain with an initial uniform concentration
of a fission product is submitted to a temperature in which diffusion processes occur. For both
situations the ratio between the release of Cs and Xe can easily be derived:

f Xe
f Cs
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2π 2t ′

2 π 2 εt ′

for a “transient”, t ′ = DeffXe t a 2 , t is the time and a the grain size. The results of Eqs. (3) and (4) are
shown in Figure 2(a), where ε is the parameter. It should be noted that both situations are identical up
to a Xe release of approximately 0.70.
Under varying conditions the ratio fXe/fCs cannot be given analytically. Therefore, random operation
histories were generated and the ratio evaluated over a wide range of up and down-ramps employing
the quasi-exact ANS 5.4 algorithm [4,5]. The random histories were constructed in exactly the same
way as described in Ref. [6]. Some of the numerical experiments performed are presented in
Figure 2(b). It is interesting to note that Eq. (4) yields a lower limit for varying conditions. In this figure
a value of ε = 0.35 was used, which is close to the experimental value as will be shown below.
The theoretical considerations above allow the parameter ε to be determined from real experiments.
For fXe < 0.75 Eq. (3) can be approximated with accuracy better than 10–3 by:

f Xe
f Cs

t′ 3
− t′
π 2
=
εt ′ 3
4
− εt ′
π 2

(5)

4

from which results:

(

)(

)

f Cs = ε − ε 0.752 5.093 − 6 f Xe − 1.6976 + εf Xe
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(6)

Eq. (6) allows the fitting of the parameter ε from measured values fCs and fXe at the same radial
positions.
Experimental data
Table 1 summarises the selected EPMA profiles in which a diffusional type of fission gas release
was observed. They cover three groups of fuel stemming from different manufacturers (KWU, Risø
and GE).
Table 1. Compilation of the three groups of available EPMA data on radial profiles of Cs and Xe
KWU fuel
390
170
D 453
D 455
258
D 169
154 A
D 171
154 B
191
140
Af02
DFA0
Ac01

Pellet burn-up
(MWd/kgU)
24.4
31.0
35.2
35.4
42.0
44.6
45.0
45.2
53.0
55.0
59.0
63.0
66.0
67.0

Risø fuel
M23-1-17-3
M78-1-32
M23-1-6-6
M72-2-7R-12
M23-1-9-6
M72-2-7R-15
M78-1-19
M23-1-21-3

Pellet burn-up
(MWd/kgU)
31.8
37.3
41.8
43.6
43.6
47.3
48.2
50.0

GE fuel
STR013-8R-3
STR019-8
STR016-4R-5
STR017-3R-8
STR017-5R-4
STR018-41
STR025-3R-7
GE 2-3R-8
GE 6-4R-4

Pellet burn-up
(MWd/kgU)
21.0
27.7
34.3
35.3
37.2
38.2
39.1
42.7
43.6

In the central region of the pellet the power density and hence the amount of created fission
products is rather constant and its value can be estimated from the EPMA profiles. These estimations
were augmented by calculations employing the TRANSURANUS high burn-up model TUBRNP [7-9].
In all cases close agreement was found. From these values and the measured Cs and Xe concentrations
the ratio fXe/fCs was evaluated.
It is evident that such an evaluation is subject to errors of the EPMA measurement. For small
fractional releases the uncertainty of the EPMA measurement dominates and large experimental errors
have to be expected. In addition to these errors variations resulting from different irradiation histories
are expected for a fractional release f > 0.5 as shown in Figure 2(b).
Figure 3 shows the experimental values of the fractional release of Cs as a function of the
fractional release of Xe for the three fuel types compiled in Table 1. Table 2 lists the fitted values for ε
when applying Eq. (6) in the interval fXe < 0.75. Due to the high the number of experimental data the
mean value is obtained with high precision. An approximate mean value:
ε = 0.33

(7)

has been implemented into the TRANSURANUS code [10,11]. Figure 4 summarises the behaviour of
all data available.
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The quantification of the distribution of the parameter ε is not straightforward. To obtain an
estimate we have deduced the ε values from the experimental data by a transformation inverse to
expression (6) and calculated the interval of ε corresponding to a probability interval 0.1-0.9, in which
80% of the ε values lie (Table 2). For illustration a histogram of the full data set is plotted in Figure 5,
which shows that the distribution of ε is rather broad (0.08 < ε < 0.92).
The reason for this is not known with certainty. Possible explanations include smearing of caesium
over the sample before polishing, the change from a ZAF EMPA matrix correction to a ϕρz correction
in the early nineties and the introduction of more sophisticated procedures for dealing with compound
standards, and the axial location of the fuel section in the rod. The latter is important because as a
result of relocation under the influence of the axial temperature gradient caesium tends to concentrate
in fuel sections that are close to a pellet-pellet interface or were irradiated at low temperature [1].
This wide spread of the experimentally observed values is consistent with earlier findings of
Refs. [1] and [2]. A separate analysis of the profiles GE 2-3R-8 and GE 6-4R-4 as well as the Risø
profile M72-2-7R-15 repeated within the present investigation confirmed – for this specific group of
data – a value of ε close to 1. This is in good agreement with Figure 1 of Ref. [1].
Cs
DeffXe
Table 2. Summary of fitted values for ε = Deff

Data points
Fitted ε±2σ
(95% confidence level)
Probability interval
0.1-0.9 for ε

KWU fuel
183

Risø fuel
71

GE fuel
96

All data
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0.33±0.05

0.38±0.08

0.30±0.06

0.33±0.04

0.09-0.78

0.12-1.18

0.07-0.96

0.08-0.92

Analysis of transient tests employing the TRANSURANUS code
Four tests from the KWU-ITU project “Oxide Fuel Transients” are used to check the validity of
Eq. (7). For these irradiations all details are available. These tests are also included in the IFPE
Database [12]. The four tests can be characterised as shown in Table 3.
Table 3. Data of transient experiments with detailed irradiation history available
Test
D 169
D 171
D 453
D 455

No. of cycles
(base irradiation)
4
4
3
3

Burn-up
(MWd/kgU)
44.6
45.2
35.2
35.4

Bump terminal
level (kW/m)
49
40
47
41

Hold time
(s)
720
720
720
720

Fission gas
release (%)
44.9
28.0
22.1
08.5

The interpretation of these four experiments was made with the latest version of the
TRANSURANUS code (v1m1j00). Standard LWR models were used. The results are shown in
Figures 6 and 7. The agreement between EPMA data and the predictions of the TRANSURANUS
code is very good. The irradiations D 169 and D 171 show the high burn-up structure at the outer rim
of the fuel. The presence of this structure is also predicted by the calculations.
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Application to ultra-high burn-ups
A radial Xe profile of a fuel section with a sectional burn-up of 102 MWd/kgU has recently been
published by Manzel and Walker [13]. Only a small part of the created Xe was found inside the grains
by EPMA. We assume that the release of Xe from the grains is due to two processes:
1) Thermal release in the fuel centre.
2) Xe depletion due to the formation of the high burn-up structure (HBS) in the outer parts of
the fuel.
The boundary between the regions in which these two processes occur cannot be distinguished
from the Xe profile. However, the Cs profile can be used to construct the missing information. This is
based a) on the observation that the radial Cs distribution is not affected by the formation of the HBS
and b) on the results obtained when using Eq. (7). Figure 8 shows the measured Xe profile together
with TRANSURANUS model calculations. The constructed Xe data points are to be interpreted in the
following way: with high probability, thermal release in the centre of the pellet follows the constructed
points and would be visible if there was no formation of the HBS with subsequent loss of Xe from the
subgrains. The measured Xe data show an overlapping of both release processes which indicates that
the HBS reaches approximately 1.5 mm into the fuel, a value that is slightly higher than the one given
by Manzel and Walker (1.15 mm).
Conclusions
The present analysis shows that the effective diffusion coefficient of Cs is smaller than that of
Xe. A mean ratio ε = DeffCs DeffXe = 0.33 has been derived. It has a broad distribution: the interval
0.08 < ε < 0.92 corresponds to probability coverage of 80%. This confirms earlier findings given in
Refs. [1,2].
First analyses of four transient tested fuel rods employing the TRANSURANUS code confirm
this result. A good agreement has been found between measured and predicted radial profiles of Cs
and Xe.
Since the radial distribution of Cs seems not to be affected by the formation of the high burn-up
structure (HBS), the radial distribution of Xe in the thermally activated region can be constructed. This
allows the percentage of release resulting from thermally activated processes in the fuel centre and
release arising from the formation of the HBS to be distinguished.
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Figure 1. Typical radial profiles of caesium and xenon as measured by EPMA [2]
STR013-8R-3 (21 MWd/kgM)

Cs concentration ( wt% )

0.5

EPMA data of C.T. Walker
TRANSURANUS
high burnup model

0.4

0.3

0.2

0.1

0

0

2.5

5.0

7.5

Radius (mm)
STR013-8R-3 (21 MWd/kgM)

Xe concentration ( wt % )

1.0
EPMA data of C.T. Walker
TRANSURANUS
high burnup model

0.8

0.6

0.4

0.2

0

0

2.5

5.0
Radius (mm)

328

7.5

Figure 2. The release of caesium as a function of the release of xenon a) for constant
conditions according to Eq. (3) with ε as parameter and b) for varying conditions. Each
point is the result of a calculation with randomly generated varying conditions (ε = 0.35).
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Figure 3. The fractional release of Cs as a function of the fractional release
of Xe for fuel manufactured by KWU (top), Risø (centre) and GE (bottom)
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Figure 4. The fractional release of Cs as a function of the fractional release of Xe for all data
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Figure 5. Distribution of the ratio between Cs and Xe diffusion
coefficients (parameter ε) derived from experimental data
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Figure 6. Comparison between measured EPMA data and predictions made with
TRANSURANUS, version v1m1j00. The data are from the KWU irradiations D 169 and D 171.
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Figure 7. Comparison between measured EPMA data and predictions made with
TRANSURANUS, version v1m1j00. The data are from the KWU irradiation D 453 and D 455.
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Figure 8. The radial distribution of Xe in a high burn-up
section. The EPMA data were taken from Ref. [8].
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GRAIN BOUNDARY INVENTORIES OF KRYPTON IN CANDU FUEL

Raymond S. Dickson, Robert F. O’Connor and Don D. Semeniuk
Atomic Energy of Canada Limited
Chalk River Laboratories
Chalk River, Ontario, Canada

Abstract
The 85Kr grain boundary inventory (GBI) was measured for ten CANDU® power reactor fuel rods,
with peak linear power ratings between 26 and 58 kW/m. Samples were cut from central, mid-radial
and peripheral locations in the fuel pellets. Peripheral GBI values were less than 5%, while the GBI of
most central samples was less than 50% of the 85Kr remaining in the sample, giving volume-average
GBI values in the range 1% to 9%. The results will be used in validation of fission product distribution
models in steady state and transient fuel performance codes.

®

CANDU (CANada Deuterium Uranium) is a registered trademark of Atomic Energy of Canada Limited.
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Introduction
The Grain Boundary Inventory Experiments #4, #5 and #6 (GBI4, GBI5 and GBI6) are part of a
series of experiments on fission product source term research sponsored by the CANDU Owners
Group (COG). The main objectives of this programme are to provide fission product release and
transport measurements from CANDU fuel under accident conditions, and to provide mechanistic
understanding and models for fission product release. The GBI experiments were focused on
measuring the distribution of fission products in the fuel, specifically the grain boundary inventory
(GBI), to provide data to help validate fuel performance codes.
The technique used to measure the GBI of 85Kr in these experiments was derived from the method
used in the earlier GBI2 and GBI3 experiments [1,2,3]. Small samples (0.2 to 1 g) of irradiated fuel
were cut from selected locations in the fuel rods, and oxidised in air at about 500°C. Preferential oxygen
penetration along grain boundaries occurs during oxidation of UO2 to U3O8 at this temperature [1,2,3],
fracturing the grain boundaries and releasing the GBI of noble gases. The conversion to U3O8 and the
cracking of the grains at 500°C allowed some of the grain inventory to be released along with the grain
boundary inventory. To account for grain release, a short-lived “tracer” isotope (133Xe) was introduced
by low-power re-irradiation before cutting the fuel samples. Since the re-irradiation was at low power
(and hence low fuel temperatures), the tracer fission product did not migrate to the grain boundaries
and was predominantly located within the UO2 grains. After the GBI was released, the sample was
heated to higher temperatures with the intent of driving off all the noble gases in the fuel. The 85Kr and
133
Xe in the fuel sample were measured by γ-spectrometry. Some samples were leached and dissolved
after heating to 500°C to determine 129I GBI; the 129I GBI percentages were similar to the 85Kr GBI
results, but will not be discussed in detail here.
Experiment
The peak linear powers and burn-ups of the fuel rods used in the GBI experiments are listed in
Table 1, along with fission gas release during normal operation, and the radial regions in which grain
growth and perceptible grain boundary bubbles were observed. Fuel rod sections 20 or 25 mm long with
press-fitted Zircaloy end caps were trace re-irradiated inside stainless steel capsules in a low-power
site in the National Research Universal (NRU) reactor at AECL Chalk River Laboratories. After a brief
cooling period, the fuel sections were removed and vacuum impregnated with epoxy prior to cutting.
Using a computer-controlled saw, five samples were cut from each section, as shown in Figure 1.
For the GBI6 experiment, the fuel samples were not trace re-irradiated, but were epoxy-impregnated
and cut similarly to the GBI5 samples.
The apparatus for the GBI4, GBI5 and GBI6 furnace tests is shown schematically in Figure 2.
A small horizontal tube furnace was used to heat the samples. The test sample was placed in a well in
the bottom of the fused silica furnace tube. After passing through the furnace tube, the gas flowed to
a fission product scrubbing system, consisting of particulate filters and (in the GBI4 and GBI5
experiments) a small filter containing TEDA-impregnated charcoal to eliminate contamination of the
delay coil with 131I and 132I. The small charcoal filter increased the transit time for noble gases by
about 200 seconds, but did not otherwise affect the results. After scrubbing, the gas was routed to an
out-cell gamma-counting station, then to a final charcoal filter before being vented into the hot cell.
For the furnace component of the tests, the fuel sample was loaded into the furnace tube, which
was placed in the cold furnace. The sample was heated to 500°C at about 25°C/min in flowing
Ar/2%H2. Once the furnace temperature was stable at 500°C, the sweep gas was switched from
Ar/2%H2 to air. The temperature was held at 500°C for between 30 and 60 minutes to allow for
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complete oxidation of the sample and complete release of the grain boundary Kr. In many of the tests,
the temperature was increased to about 1 100°C at 30°C/min and held at this temperature for about
60 minutes to allow for release of most of the noble gases from the sample. The furnace power was
then turned off and the sample was cooled to <200°C in air.
Samples from these experiments were also dissolved in nitric acid while bubbling Ar through the
solution [4]. The GBI of 129I was determined on samples that had only been heated to 500°C by
leaching the samples before dissolution and trapping the iodine released during heating and dissolution,
using a technique similar to that used in the AECL Nuclear Fuel Waste Management Programme [5,6].
Concerns had been raised* about the assumption made in our previous GBI calculations [1,2,3] that
complete release of noble gases was attained at 1 100°C. When two samples that had been heated to
1 100°C were dissolved, it was found that between 46% and 62% of the 85Kr and 133Xe in the samples
had not been released by the 1 100°C treatment. The GBI6 experiment was performed to determine the
amount of retained 85Kr in the samples from the GBI4 experiment, and in three of the samples from
the GBI3 experiment.
Calculation of GBI
In our previous reports on GBI measurements [1,2,3] the fractional GBI was calculated as:
GBI( 85 Kr ) =

Kr500
Xe 500
−
KrTOT Xe TOT

(1)

where Kr500 is the amount of 85Kr released by the end of the 500°C hold, KrTOT is the total amount of
Kr released from the sample, Xe500 is the amount of 133Xe released at the end of the 500°C hold and
XeTOT is the total amount of 133Xe released. A more rigorous derivation of the fractional GBI gives:
85

GBI( 85 Kr ) =

Kr500 ( KrTOT − Kr500 )
Xe 500
−
KrTOT
KrTOT
( Xe TOT − Xe 500 )

(2)

This equation reduces to the form in Eq. (1) for Kr500 << KrTOT and Xe500 << XeTOT. The effect of
the new formulation on GBI values was small (<2% absolute change in the GBI percentages). This
calculation method gives the GBI as a fraction of the inventory retained in the sample, and does not
account for Kr released to the fuel-clad gap during power reactor irradiation. Central region GBI
values are listed in Table 2, together with estimates of full cross-section GBI values (see Discussion).
No 133Xe was present in the fuel used in the GBI6 experiment because the fuel was not
re-irradiated. For these tests, the GBI was determined using the average ratio Xe500/(XeTOT – Xe500)
from the GBI4 and GBI5 tests performed on re-irradiated fuel (2.3% ± 0.9%).
The GBI values for the samples from the GBI3 experiment [3] were recalculated by estimating
Kr retention for the GBI3 samples that were not dissolved. For these samples, the fractional 85Kr
retention after heating was assumed to be the average of the fractional Kr retention in the two
peripheral GBI3 samples that were dissolved, except in two high GBI samples, where the fractional
retention was assumed to be the same as the fractional retention in the one high GBI central sample
from the GBI3 experiment that was dissolved.

85

* L. Caillot, CEN Grenoble, personal communication, 21 November 1997.
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Uncertainties in count rates and gas flow rates were propagated into the GBI values. In addition to
symmetrically distributed errors, an additional uncertainty associated with 85Kr count rates below the
detection limit increases uncertainty toward higher GBI values. Typical standard deviations for GBI
values in the range 0% to 10% were in the range ±0.1% to ±2%, with additional uncertainties of
between +0.1% and +2%. Typical standard deviations for GBI values above 10% were in the range
±0.5% to ±7%, with additional uncertainties of +0.2% to +1.1%. Errors were higher for samples that
were not dissolved, because of the estimated 20% uncertainty in total Kr inventory.
Discussion
The trace-irradiation technique was successful in determining the release of noble gas from the
UO2 grains during the 500°C powdering step. The fractional release of 133Xe during the 500°C step
was quite consistent from test to test (2.3% ± 0.8%), and did not show any notable dependence on
sample characteristics.
There were significant radial variations in the total Kr inventory for some high-power fuel rods.
For samples from the same region of a given rod, the amount of Kr per unit mass showed a great deal
of scatter, but the total Kr/total Xe ratio for each (trace re-irradiated) sample showed more consistent
values. The Kr/Xe ratios for high GBI samples from the BO fuel rod (Table 1) were lower than the
ratios for the peripheral samples (by a factor of 5.6), in reasonable agreement with the peripheral/
central Cs ratio (6.9) observed by γ-scanning [3] of a cross-section of the fuel. Similarly, the central
and mid-radial samples from the HT fuel rod showed a decrease in amount of Kr per unit mass by a
factor of 2.6 with respect to the peripheral sample from the same rod.
The main variable correlated with central GBI was peak linear power rather than burn-up.
Figures 3 and 4 show central GBI percentage as functions of peak linear power and burn-up,
respectively. The central GBI values for the two fuel rods with peak linear powers below 38 kW/m
were effectively the same as the peripheral and mid-radial GBI values. The central GBI percentages
for rods with peak linear powers of 38 kW/m and above began to increase to a maximum of 40-50%
for all rods except the BO rod. Mid-radial GBI values for some samples from high-power rods were
also comparable to the central GBI; slight asymmetries in cutting the samples from the fuel segments
probably led to the wide variation in mid-radial GBI for rods with peak linear power above 40 kW/m.
The average of mid-radial GBI determinations for each fuel rod was strongly correlated with central
GBI for central GBI > 5% (Figure 3). The peripheral GBI percentages did not show any significant
correlation with power, and the average of the two peripheral GBI determinations for a rod was never
greater than 5%. The results indicate that GBI radial dependence is probably due to expansion of a
region of high GBI out from the centre of the fuel rod with increasing power. The accumulation of
GBI is a function of temperature and burn-up, and should be calculated using a fuel performance code
(e.g. ELESTRES [7]) using the complete power history.
The area of high GBI was larger than the area of large grain size, implying that migration of
fission products to the grain boundary and gap occurred at lower fuel temperatures than grain growth.
For example, two rods that had no central region grain growth (peak linear powers of 41 and 43 kW/m)
had fairly high central GBI values (16% and 38%). The GBI measurement technique was also more
sensitive than observations of grain boundary bubbles in micrographs (Table 1); significant central
region GBI was found for the BI rod (Table 2), which did not show observable grain boundary bubbles.
The apparent exception to the “rule” of <50% central GBI is the BO rod, which exhibited very
high central and mid-radial GBI percentages (about 90%), with very little retained 85Kr in the grains
after the 1 100°C furnace treatment. This result indicates very rapid release from the grains during the
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power reactor irradiation, together with significant retention in grain boundary bubbles. However, the
absolute GBI (denoted “molar GBI” below) in the central region is similar to the central region molar
GBI of some other fuel rods. The product of GBI percentage, rod burn-up and fractional retention of
Kr in the region is proportional to the molar GBI. For the BO rod, this product gave a value within 8%
of the values for the QL and KH rods, indicating that the central region molar GBI was about the same
for these three rods; the QL and KH rods had <1% fission gas release, indicating low central region
release to the gap. This is consistent with a “saturation” molar GBI level being reached for the central
region of these rods. The Kr/Xe ratios for the samples from the other high-power rods were not
self-consistent enough to estimate the central region Kr retention accurately.
Values for the average GBI over the complete fuel cross-section have been determined for 129I
and 137Cs in some Pickering and Bruce CANDU fuel rods [6], by subtracting the measured gap
inventory from measurements of the gap plus grain boundary inventory. The 85Kr GBI values
determined in the present work were used to estimate full cross-section GBI values for comparison
purposes (Table 2). For each region (central, mid-radial and peripheral), the average of fractional GBI
determinations for the region were multiplied by the fractional area of the fuel pellet annulus
considered to have that GBI value, and the fractional retention of Kr in the annulus. The full
cross-section GBI values for 85Kr, 137Cs and 129I were consistent for the low-power rods (46 kW/m or
lower peak linear power). For the high-power rods, the estimated 85Kr GBI values from this work were
significantly greater than the 129I and 137Cs GBI values for rods at comparable powers. Possible reasons
for this difference include:
•

Kr release from the mid-radial region, affecting the accuracy of the full cross-section
estimates (releases from the mid-radial region in the two highest-power rods were accounted
for, but release from the mid-radial region may also have occurred in the lower-power rods).

•

High gap-inventory values for 129I and 137Cs in high-power fuel, making the errors in
subtracted gap inventory a significant contribution to error in GBI.

•

Differences in release rates of Kr and the other fission products from the UO2 grains
(although Kr, Xe, I and Cs have been found to have very similar diffusion rates in in-reactor
experiments [8,9]).

•

Incomplete leaching of the Cs and I GBI.

Conclusions
Noble gas grain boundary inventories (GBI) were measured on samples from central, mid-radial
and peripheral locations in 10 CANDU power reactor fuel rods. The GBI was measured as a fraction
of the inventory in the fuel sample at the time of the measurement (i.e. including the grain boundary
and grain inventories, but not the inventory released to the fuel-clad gap during irradiation).
Both the GBI and the total inventory showed significant radial variation for some fuel rods.
The peripheral GBI percentages (<5% for all rods) did not show any correlation with power. The central
GBI percentages were effectively the same as peripheral and mid-radial GBI percentages up to a peak
linear power of about 38 kW/m, at which point the central GBI percentages began to increase to about
40-50% (except in the case of one fuel rod). Mid-radial GBI values for some high-power rods were
also comparable to the central GBI, indicating expansion of a “high GBI” region out from the centre of
the fuel rod with increasing linear power. For the highest power highest burn-up fuel rod, the GBI
varied from 3.5% at the periphery to 90% in the centre. Most of the inventory generated in the central
region of this rod, however, had been vented to the fuel-clad gap during the power reactor irradiation.
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The two fuel rods that had the highest fission-gas release during irradiation (peak linear powers of
53 and 58 kW/m) showed significantly lower Kr/Xe ratio for high GBI central and mid-radial samples
than for low GBI samples, indicating Kr release from these regions during irradiation.
For low-power fuel rods (46 kW/m or lower peak linear power), estimates of full cross-section Kr
GBI values were consistent with full cross-section 129I and 137Cs GBI values determined by leaching [6].
For high-power rods, the estimated full cross-section 85Kr GBI values were significantly greater than
129
I and 137Cs values for rods at comparable powers, possibly due to errors related to the estimation
method.
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Table 1. Irradiation histories and post-irradiation examination characteristics
of the fuel rods used in the GBI3, GBI4, GBI5 and GBI6 experiments
Fuel rod
designation
PL
TL
AL
BI
QL
KH
HL
AH
HT
BO

Peak linear
Burn-up Gas release
Grain boundary
Grain growth?2
power (kW/m) (MWd/kgU)
(%)1
bubbles?2
26
4.8
N/A
(No)3
(No)3
38
5.5
0.08
No
No
39
3.8
<0.2
No
No
41
18.1
<0.3
No
No
43
9.1
0.33
No
c
c, at some axial
46
9.8
0.73
c
locations
47
4.6
0.3
No
c
51
8.3
3.4
c
c
53
8.9
6.2
c
c, m
58
22.5
23
c
c, m

1

Gas release during irradiation determined by puncture.
“c” indicates central region, “m” indicates mid-radial region.
3
Lack of grain growth and grain boundary bubbles in this fuel rod are inferred from its linear power.
2
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Table 2. Full cross-section Kr GBI compared with 137Cs and 129I GBI determinations
Peak linear
Burn-up
power (kW/m) (MWd/kgU)
PL
26
4.8
TL
38
5.5
AL
39
3.8
BI
41
18.1
QL
43
9.1
KH
46
9.8
HL
47
4.6
AH
51
3.4
HT
53
6.2
BO
58
23
Results from Stroes-Gascoyne [6]*
PA07993W inner
34
9.0
G00815W intermediate
38
5.6
PA13894W intermediate
39
7.0
12059C intermediate
41
9.3
F21271C intermediate
41
11.2
J49093C inner
42
9.4
G00815W outer
46
6.8
G13374S inner
46
9.0
PA07993W outer
47
12.5
PA13894W outer
48
8.5
12059C outer
50
11.2
F21271C outer
50
13.7
G13374S outer
56
12.5
J49093C outer
57
12.8
Rod designation

Central Kr
GBI
2.2%
1.3%
5.6%
15.7%
38.4%
34.7%
29.0%
27.1%
49.7%
89.6%
137
Cs GBI
3.8%
2.9%
1.9%
2.7%
2.7%
4.0%
4.5%
4.5%
-0.8%
0.5%
-0.6%
3.0%
2.3%
2.4%

Full cross-section
Kr GBI
2.6%
2.0%
1.0%
3.5%
6.6%
6.3%
2.8%
4.7%
7.4%
9.2%
129
I GBI
3.9%
2.2%
2.9%
2.1%
2.2%
5.5%
4.2%
1.8%
3.4%
0.6%
1.3%
1.0%
2.6%
3.2%

* In the results from Stroes-Gascoyne, inner, intermediate and outer refer to the location of the rod in the CANDU
fuel bundle (inner, intermediate and outer rings).
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Figure 1. Cutting diagram for GBI fuel samples

Figure 2. Schematic of furnace apparatus for GBI4, GBI5 and GBI6 experiments
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Figure 3. Averages of central region and mid-radial grain
boundary inventory (GBI) values as functions of peak linear power

Figure 4. Average of central grain boundary inventory (GBI) values as a function of burn-up
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PARTITION OF GRAIN BOUNDARY AND MATRIX GAS INVENTORIES:
RESULTS OBTAINED USING THE ADAGIO FACILITY

S. Ravel, G. Eminet
CEA Grenoble, Département d’Études du Combustible
Service d’Études des Combustibles Irradiés
E. Muller, L. Caillot
CEA Cadarache, Département d’Études du Combustible
Service d’Études et de Simulation du Comportement des Combustibles

Abstract
In order to provide experimental validation for fission gas release modelling, a specific device was
implemented at the CEA Grenoble toward the end of 1997. A thermal annealing of re-irradiated fuel
associated with an on-line fission gas measurement permits to access intergranular and intragranular
gas inventories. Depending on the location of the samples in the pellet, the experiment also provides
information on the local fission gas release during irradiation. Several series of analytical experiments
have been performed using the ADAGIO facility. Obtained results are discussed and compared with
values supplied by electron probe micro analysis.
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Objectives and frame of these analytical experiments
The improvement of fission gas release modelling in nuclear fuel performance codes requires
experimental validation regarding the local gas distribution inside the pellets. This information is
important in both normal and off-normal conditions.
In this frame, an experimental programme has been initiated by CEA, EDF and FRAMATOME
Nuclear Fuels to develop a new technique for quantitative measurement of local fission gas
distribution in an irradiated fuel pellet. Such a technique would allow to obtain additional data beyond
that resulting from existing techniques (electron probe micro analysis (EPMA), X-ray fluorescence
(XRF) examinations).
The experimental programme has two main objectives: firstly, to extend the database in the range
of high burn-up and/or transient conditions and, secondly, on the basis of these results, to develop a
more accurate mechanistic model. With the ADAGIO technique, it is possible to locally quantify the
partition of grain boundary and matrix gas inventories and thus to assess the value of total fission gas
retention during the whole irradiation of the considered fuel.
This ADAGIO facility was previously presented in 1998 [1], so the main subject of this paper is
to discuss the results obtained during the first stage of the ADAGIO programme.
The ADAGIO facility
The word ADAGIO is a French acronym for “Discriminating Analysis of Accumulation of
Intergranular and Retained Gas”. The principals implemented for the ADAGIO experiment were
developed and tested at the Chalk River Nuclear Laboratory (AECL) [2,3]. The ADAGIO experimental
device was adapted from a Canadian experiment, using the CEA’s expertise in radioactive gas
measurement.
The ADAGIO device
Figure 1 describes all the equipment of the heat treatment device with on-line and cumulative gas
release measurements. The device can be divided into three main parts: the shielded hot cell, the
gamma spectrometry monitoring and the glove box.
The high frequency furnace (100 kHz) warms the metallic crucible and is located in a quartz tube.
The sample is placed into the crucible and during the whole annealing, the specimen is swept by a
regulated flow of gas (air or helium). Temperature, pressure and flow are monitored.
Down the furnace, the gas (air and radioactive fission gases) flows through filters. These filters,
constituted of metallic porous plates, stop emitted aerosols; in particular iodine, caesium and ruthenium.
After the filters, radioactive rare gases pass in a delay chamber, in front of a gamma detector
where the gas release is measured. The very sensitive gamma detector is calibrated to give a quantitative
value of the fission gas release rate. Then the gas arrives in the glove box, where only xenon and
krypton are stored in two liquid cold trap sets. During the experiment one trap set is functioning, and
the second one is prepared in case of emergency. The purified gas is controlled at the exit by an
ionisation chamber.
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Figure 1. Schematic view of the ADAGIO device implemented at CEA Grenoble
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The pellet temperature is measured in two ways: one pyrometer and one thermocouple.
The thermocouple is placed in a small chamber just below the crucible. This chamber is supposed to
be at the same temperature as the sample chamber. A two wavelength pyrometer, which only functions
above 1 000°C, provides another measurement by direct sighting into the sample chamber.
Quantitative gamma spectrometry is the key of the measurement of this experiment. This point
has especially been designed and adjusted and dynamic calibrations of the gamma spectrometer have
been performed and have shown that the measurement uncertainties are 11% and 16% for 85Kr and
133
Xe, respectively. It should be kept in mind, however, that many different parameters have an
influence on the accuracy of the results (i.e. volumes, flows and pressures).
Principles of the experiment
The samples studied are small fuel pellet fragments. After several decay months, the only remaining
radioactive fission gas is 85Kr. This gas is located within the grains (either in the sublattice or in small
bubbles) and at the grain boundaries in bubbles and as-fabricated porosities.
For our experiment the pellets have to be re-irradiated in an experimental reactor in order to
create short half-life fission products distributed throughout the fuel matrix. The irradiation is
performed at low temperature (no diffusion), to generate fission gas tracers located within the grains,
and under inert atmosphere, to avoid any fuel oxidation. Consequently, the comparison between the
short half-life radioactive gases (133Xe) created only during the re-irradiation and the long life
radioactive gases (85Kr) for whom concentration and location are not affected by the re-irradiation,
leads to the determination of the fraction of gas located at the grain boundaries. At the end of this
re-irradiation the rod is sent to the hot laboratory of CEA Grenoble, LAMA. This stage must be quite
short (some days) because during this time the amount of 133Xe is decreasing (half-life of 5.25 days).
After the cutting stage to obtain fuel rod slices of about 5 mm high (weight of 0.2 g), the next step
is a core-sampling by ultra-sonic drilling of these slices. This operation permits to extract micro-samples
in several fragments, coming from the pellet centre area and/or the peripheral area. Since the heat
treatment is performed under air flow and so to avoid any cladding oxidation, the cladding of all the
samples has been removed for the first samples of the programme. The aspect of the pellet after
drilling of the centre region and of the medium one is shown in Figure 2.
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Figure 2. Aspect of the pellet after drilling
Medium region

Centre region

This operation is difficult due to the fragmentation of the pellet. But it must be as accurate as
possible in order to obtain well-located samples in the zone irradiated with homogeneous conditions.
The next step is the heat treatment. The sample is placed in a furnace implemented in a hot cell.
The first plateau at 450°C under air flow induces the oxidation of UO2 into U3O8. As preferential
oxidation occurs along the grain boundaries, the first stage of the heat treatment allows to release the
part of the gas located at the grain boundaries. U3O8 being less dense than UO2, grain boundaries open
and intergranular gases are released.
After one hour of annealing, the sample becomes a very fine grain-size powder of U3O8. A small
part of intragranular gases is also released. Radioactive gas release is measured by on-line gamma
spectrometry. Thus, during this oxidation, an important release of 85Kr is observed (intergranular gas)
and a small amount of 133Xe is also measured (intragranular gas). The difference between 85Kr and
133
Xe gives the amount located in the grain boundaries. The first thermal plateau is maintained until
total oxidation of the fuel occurs.
After this stage the temperature is increased (by step up to a temperature of 1 400-1 450°C) in
order to release the complete inventory of the fission gases. The 133Xe and 85Kr release are still
continuously monitored by the spectrometer.
Comparison between the total amount of the measured 85Kr and the fission product inventory
calculation gives the gas retained in the sample. The total quantity released during the whole treatment
is also determined by the analysis of cold traps.
Results and discussion obtained during the first series of experiments
The tested rod
The tested fuel in the first stage of the ADAGIO programme came from the segmented rods of the
REGATE experimental programme [4] undertaken by the French Atomic Energy Commission (CEA),
FRAMATOME Nuclear Fuel and EDF. This analytical programme, performed in Grenoble with the
SILOE reactor and LAMA hot laboratory facilities, consisted of calibrated power transients on several
PWR fuel segments pre-irradiated in the Gravelines unit up to 50 GWj/tM. These rods were well
characterised:
•

The increment of fission gas release during transients was measured for all the ramped rods.

•

The precipitation in bubbles (intra and inter) was characterised by optical microscopy.

•

The local gas retention in one fuel sample was also assessed using EPMA.
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It was interesting to assess the grain boundary and intragranular fission gas inventories in these
fuels using the ADAGIO technique. Indeed these data would provide complementary information in
order to go further in the development of more mechanistic modelling of fission gas release in high
burn-up UO2 fuels.
The chosen fuel rod had been submitted to a power transient for one and a half hours at full power
level (386 W.cm–1 at mid-plane).
During the base irradiation, under typical EDF PWR normal operating conditions, the FGR was
low (about 2%) and the increment of FGR due to the power transient in SILOE reactor was about 8%.
The observation of the micro-structural evolution shows that:
•

For intragranular bubbles, the precipitation area, defined by the rnucleation/rpellet ratio, is 0.72 and
both the bubble size and the porosity are increasing towards the fuel centre while the bubble
number is decreasing.

•

For intergranular bubbles, the precipitation area, defined by the rnucleation/rpellet ratio is 0.52 with
a significant bubble interlinkage in the central part of the pellet.

Samples preparation
A rodlet of three pellets was cut in the maximal flux zone. Due to the axial power profile the
FGR, at mid-plane, is certainly greater than the global measured FGR of 10%.
The re-irradiation, to create the short half-life fission products, was performed in the experimental
reactor OSIRIS of CEA Saclay at about 10 W.cm–1 during a week. Samples, coming from internal and
external fuel regions with various diameters (cf. Table 1) were then submitted to heat treatments.
The core sampling is performed with different cylindrical tools of 0.3 mm of thickness. For each
operation, the extracted sample is only the fuel contained in the internal part of the tool.
Table 1. Results obtained during the first stage of the ADAGIO programme
Samples
Central sample
φext = 3 mm
Peripheral sample
φint/φext = 3.6/7.2 mm
Sample
φext = 7.2 mm

Global retention
in 85Kr (%) *

Intergranular
fraction (%)*

Intragranular
EPMA results
fraction (%)*

48.4

37.2

11.2

27.1

84.0

20.9

63.1

75.9

73.8

27.4

46.4

68.6

85

* All these fractions are given as a percentage of the Kr inventory calculation.

133

Xe and 85Kr release kinetics for a sample taken from the central part of the pellet (φext = 3 mm)

The 133Xe and 85Kr release kinetics for a sample taken from the central part of the pellet during
the ADAGIO treatment are given in Figure 3.
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Figure 3. Results obtained for a sample taken from the central part of the pellet
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As shown in the figure, the 85Kr release begins as the fuel temperature increases, whereas the
Xe release is a little bit delayed. At the end of the oxidation plateau, almost 80% of the total 85Kr is
already released and the total amount of Kr is considered to be extracted at the end of the isothermal
plateau at 1 400°C (no fission gas release is observed at 1 450°C). In the Canadian experiment, the
maximum temperature reached was only 1 100°C.
133

It can also be noticed that a burst release occurs each time the temperature rises.
133

Xe and 85Kr release kinetics for a peripheral sample (φint/φext = 3.6/7.2 mm)

The 133Xe and
given in Figure 4.

85

Kr release kinetics for a peripheral sample during the ADAGIO treatment are
Figure 4. Results obtained for a peripheral sample
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At the end of the oxidation plateau, only about 30% of the total 85Kr is released and the total
amount of Kr is considered to be extracted at the end of the isothermal plateau at 1 400°C (no fission
gas release is observed at 1 450°C). Once again, a burst release occurs each time the temperature rises.
Discussion
Several heat treatments were performed in order to obtain information on both the fraction of
fission gases at the grain boundaries and the global retention of the samples. The intragranular part of
fission gases have been deduced in order to be compared to the value obtained by EPMA, which only
gives the radial profile of Xe in solution and in nanometer-size bubbles.
A part of results obtained during the first stage of the ADAGIO programme are summarised in
Table 1. The results are consistent with one another: the fraction of intergranular gas decreases as a
function of the pellet radial position whereas the global retention increases.
Elsewhere, EPMA detects all the gases dissolved in the lattice or present in nanometer-sized
bubbles, be they within the grains or at the grain boundaries. Therefore it can detect most of the
fraction of intragranular gases (except the quantity precipitated in large bubbles) but also some part of
the fraction of the intergranular gases (the quantity present in small bubbles). The comparison is thus
not direct.
Nevertheless the analysis of these experimental data and their comparison to fuel rod behaviour
calculation (simulation computer code METEOR) lead to the reassessment of the two following
hypothesis:
•

All the fission gases are released during the heat treatment.
The intragranular part of fission gases using the ADAGIO technique always lies below the
value obtained by EPMA. The discrepancy between the EPMA results and the fraction of
intragranular gas might be attributed to an underestimation of the intragranular gas amount
using the ADAGIO technique. Such an underestimation might occur if the extraction of the
fission gases is not complete after the last thermal annealing at 1 450°C.
Indeed, the heating is homogeneous throughout the fuel and consequently the diffusion of
large bubbles to free surfaces is hindered since there is no significant temperature gradient
along the fuel pellet radius. In order to reassess this hypothesis, one of the samples was
submitted to a new thermal annealing up to 1 750°C. A release of 3.5% was observed during
the test, showing that, effectively, the extraction is not complete at 1 450°C.
To confirm all the results (complete extraction after a thermal annealing at 1 750°C) a thermal
heating in a vacuum and at high temperature (more than 2 200°C) is planned.

•

Intragranular gas is well traced by

133

Xe during the oxidation phase.

The fraction of intergranular gas lies between 10.6% and 37.2%, with a value of 27.4% for
the sample of diameter 7.2 mm.
As shown in Figure 5 and by the weight increase of about 4%, after the first plateau (for a fuel
temperature of about 450°C), the oxidation of the fuel is complete and consequently most of
the intergranular fission gases are certainly released. But transgranular cracks also appear that
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would indicate that, not only the gases dissolved in the matrix and close to the grain
boundary, but also a small fraction of the gases contained in intragranular bubbles may also
have been released.
And both the fact that a small quantity of 133Xe is released during this plateau and that the
85
Kr release curve (cf. Figure 6) presents two successive maximums would suggest that the
gas retained in intragranular bubbles may also be released during the oxidation phase and are
not traced by 133Xe. This can be attributed to the fact that the re-irradiation is performed at
low power, and that 133Xe is only located within the grains in the sublattice (no thermal
diffusion). Consequently 133Xe is not fully representative of the intragranular gas stored in
bubbles for some time.
Figure 5. SEM examinations of irradiated UO2 sample after the oxidation plateau

Figure 6. 85Kr release during the oxidation plateau of irradiated UO2 sample
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In order to circumvent this difficulty, new oxidation conditions are being tested: the temperature
during the oxidation plateau is lower than during the previous studies (350°C). As the oxidation is
more rapid along the grain boundaries it seems to be possible to mitigate the U3O8 transformation and
consequently the release of gas by intragranular bubbles.
Another point has also been considered: the evaluation of the fission gases behaviour in the
peripheral region. Their effect must be all the more significant since the burn-up of the studied fuel is
high as the outer zone of highly irradiated UO2 fuel is characterised by the formation of a fine-grained
structure with a high gas content (RIM).
To study the peripheral area, a sample extraction by micro-drilling can not be used, and the
treatment of the sample with its cladding is necessary. A heat annealing (up to 1 450°C) on one sample
with cladding has been performed.
Conclusion
The tested fuel in the first stage of the ADAGIO programme came from one of the segmented
ramped rods of the REGATE experiment. All the samples were annealed in out-of pile conditions
under air flow, to induce the complete oxidation of the fuel, up to a temperature of about 1 450°C.
The fractions of both intergranular and intragranular gas were assessed and compared to the EPMA
results.
The comparison of the results would indicate that, during this first stage of the programme, the
intergranular fraction of gas is probably overestimated and that the release of fission gas is not
complete after the whole annealing.
This has implied a modification of the experimental procedure:
•

New oxidation conditions in order to assess the fraction of intergranular gas taking into
account the kinetics of gas release.

•

Heating up to higher temperatures in order to induce the complete release of the fission gases
retained in the fuel.

With these modifications, ADAGIO appears to be an interesting technique to characterise the gas
retention in a high burn-up fuel, providing complementary data in order to go further in the
development of more mechanistic modelling of fission gas release.
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Abstract
Standard UO2 fuel irradiated in a commercial PWR (burn-up: 14 GWd/tU) and hyperstoichiometric
large-grained fuel irradiated in an experimental reactor (burn-up: 9 GWd/tU) were submitted to
out-of-pile annealing treatments under sweeping helium. The 85Kr release was continuously monitored
during the annealing experiments, with temperatures ranging from 1 400 to 1 760°C. The burst release
was not systematically observed during the heating ramp but did sometimes appear during the
isothermal period following the ramp
A model based on microstructural observations was developed to explain the experimental results.
The release was shown to depend on gas diffusion towards grain boundaries and on temporary gas
trapping in grain boundary bubbles. The gas saturation on grain boundaries, leading to release, depends
on their crystallographic orientation.
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Introduction
The increase in fuel rod internal pressure caused by fission gas release is an important
performance-limiting factor for the increase of fuel discharge burn-up in PWR. Gas release is controlled
by diffusion but also by gas precipitation in intra- and intergranular bubbles, the final stage before
release. Some authors have therefore investigated the relationships between fuel temperature and
intergranular porosity morphology in standard UO2 fuel [1,2,3].
Large-grained UO2 fuel pellets have been considered as potential candidates for the reduction of
fission gas release, because the diffusion paths from grain interiors to boundaries are longer than in
standard UO2 fuel. This kind of fuel behaviour was investigated by post-irradiation experiments [4].
In the present study, large-grained UO2+x fuel pellets were fabricated and investigated by means
of an experimental irradiation at a low and controlled temperature. Indeed, on the one hand, irradiation
might lead to a slight increase of the O/U ratio in UO2 fuel. On the other hand, some studies have
shown that UO2+x fuel could retain more fission gas than standard UO2 fuel [5,6].
Thermal treatments were performed to investigate the UO2+x pellets gas release; the same
annealings were undertaken on standard PWR fuel as a comparison. The annealed pellets were
extensively observed by optical and scanning electronic microscopy.
Experimental
Fuel characteristics
Two kinds of uranium dioxide fuel have been investigated:
•

Standard PWR fuel (grain size: 11 µm); the pellets were irradiated in a PWR reactor during
one cycle up to a burn-up of 14 GWd.tU–1.

•

Experimental large-grained hyperstoichiometric fuel (UO2.01 and UO2.02): the pellets were
annealed during 100 hours at 1 800°C after being sintered, in order to obtain a large grain size
(about 40 µm); then they were annealed again in an oxygen and helium atmosphere to reach
hyperstoichiometry. These pellets were irradiated in the Siloé reactor (CEA Grenoble) at a
low temperature (less than 700°C) up to a burn-up of 9 GWd.tU–1.

Annealing experiments
Each specimen was heated by induction in a molybdene crucible up to a temperature ranging
from 1 400°C to 1 760°C [Figure 1(a)]. During the whole annealing, the specimen was swept by
helium at a flow rate of 60 cm3/min. The pellet temperature was measured by one thermocouple and
by one pyrometer. The gas flowed through activated charcoal traps to capture volatile fission products
(such as caesium) before passing in a delay chamber next to one germanium γ detector [Figure 1(b)]
and then being stored in liquid N2 cold traps. The 85Kr release was continuously monitored by the
spectrometer; the total quantity released during the whole annealing was also determined by analysing
the cold traps.
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Figure 1. Experimental equipment
a) Specimen in crucible

b) Ge detector

Pyrometric sighting
Delay chamber
Induction
coil

Gas flow

Sample
He flow

Ge γ spectrometer

TC

Microstructural observations
The annealed pellets microstructure was observed both by optical microscopy on polished
samples, and by scanning electronic microscopy on crushed specimens.
Results
85

Kr release results

The pellets were heated and held at a constant temperature for 0, 1, 3 or 5 hours. The heating
ramp lasted about 30 minutes (medium heating rate: 1°C/s). The results show good reproducibility for
pellets heated to the same temperature.
An analytical calculation was developed to obtain the release kinetics from the
detector measurements.

85

Kr activity

Hyperstoichiometric fuel
The 85Kr release kinetics for the hyperstoichiometric UO2.01 specimens are given in Figure 2.
The Kr release is calculated as a fraction of the total amount of gas present before the annealing.
85

The specimens were first heated up to a temperature ranging from 1 500 to 1 760°C (the negative
times on Figure 2 are for the heating up). Then the temperature was held for 3 or 5 hours.
The release remains zero during the heating up to 1 500°C or 1 600°C whereas it starts during the
ramp to 1 700°C or 1 760°C. At 1 700°C and 1 760°C, the release rate decreases during the whole
isothermal period after the first burst. As for the annealings where no gas has been released during the
heating (1 500 and 1 600°C), release starts during the isothermal heating. It starts earlier at 1 600°C
than at 1 500°C. At the end of the isothermal period, the release rate no longer seems to depend on the
temperature.
Figure 3 shows the total release for each specimen during the whole annealing. The 85Kr fractional
release increases with increasing temperature.
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Figure 2. 85Kr release rate during the UO2.01 fuel annealing experiments
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Figure 3. Fractional 85Kr release during the UO2.01 fuel annealing experiments
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PWR fuel
A fuel specimen was heated to 1 600°C, rising in 100°C steps. The 85Kr release rate (Figure 4)
begins increasing significantly when the temperature reaches a value of about 1 400 to 1 500°C.
Then a burst release occurs each time the temperature is raised again.
The 85Kr release measurements for isothermally annealed PWR fuel are given in Figure 5.
The release starts during the ramp to 1 600°C or 1 500°C. At 1 400°C, the release starts during the
isothermal period.
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3.5E-04

1 600°C
2.5E-04
2.0E-04
1.5E-04
1.0E-04

1 400°C

85

Kr release rate (s–1)

3.0E-04

1 500°C

5.0E-05
0.0E+00
-50

0

50

100

150

200

250

300

Isothermal heating time (min)

Microstructural observations
Optical microscopy
Some micrographs of UO2.01 polished specimens are shown in Figure 6. No intragranular bubble
can be seen before annealing. In annealed fuel, they are rather homogeneously distributed within the
grains, except from a narrow layer close to the boundaries where they seem to be fewer. Their number
globally decreases as their medium size increases, with increasing temperature and annealing time.
The intergranular bubbles also grow in size with increasing time and temperature. The same features
are observed in annealed PWR fuel.
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Figure 6. Photographs of UO2.01 polished samples
a) Before annealing, chemically etched

b) Annealed during 3 h at 1 600°C

c) Annealed during 5 h at 1 760°C

20 µm

SEM fractographs
The fractographs show different kinds of intergranular porosity, depending on annealing temperature
and time, but rather similar in UO2.01 and PWR fuel. The porosity in a given specimen does not seem
to be location dependent, meaning that it does not depend on the irradiation thermal gradient but rather
on the annealing conditions. At the beginning of the anneals, small single lenticular bubbles form on
grain boundary faces [Figure 7(a)]; their diameter is less than 0.5 µm. Then these small bubbles
coalesce into gas “labyrinths”, about 0.6 µm wide [Figures 7(b) and 8(a)]. For longer annealing times
and higher temperatures, very large bubbles and labyrinths form, with sizes ranging from 2 to 5 µm
[Figure 8(b)]. Most of the time they are surrounded by fission product metallic precipitates, the size of
which is about 0.3 µm.
Nevertheless, all the grain boundaries in one area, and even on a single grain, do not show the
same kind of porosity; some are covered by small bubbles and other by labyrinths [Figure 7(b)].
Figure 7. Fractographs
b) PWR fuel after annealing during 5 h at 1 400°C

a) UO2.01 after annealing during 1 h at 1 500°C

5 µm

5 µm
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Figure 8. Fractographs
a) PWR fuel after annealing during 5 h at 1 500°C

b) UO2.01 after annealing during 5 h at 1 760°C

10 µm

10 µm

2γ
+ ∆P , where P is the internal gas pressure, γ is the
rc
UO2(+x) surface energy, rc is the radius of curvature and ∆P is the external pressure.

For gas bubbles, Laplace’s law gives: P =

The bubble growth and interlinkage thus depend on surface energy, which is known to be
anisotropic [7]; this may be why the porosity morphology is not the same on all the boundaries of one
grain, depending on crystallographic orientation.
Analysis
Diffusional model
The fuels have been irradiated up to a low burn-up (9 GWd/tU for UO2+x and 14 GWd/tU for PWR
fuel) at a rather low temperature (less than 1 000°C). We therefore assume that very little gas has
diffused towards the grain boundaries during irradiation and that the fission gases are homogeneously
distributed within the grains at the end of the irradiation.
So the 85Kr gas released during annealing comes from inside the grains and has diffused towards
grain boundaries. A calculation based on Booth’s model (presented in [8]) has been performed to
explain the gas release kinetics. The basic assumptions are those of Booth’s model: the grains are
represented by spheres where the gas is initially uniformly distributed (concentration c0); the spheres
surface represent the grain boundaries which are perfect sinks for gas; gas diffuses towards boundaries
with a diffusion coefficient provided by D = D0 × exp − E A .
RT

(

)

In Booth’s model, D is supposed to be a constant value (constant temperature); in this model, D is
allowed to vary as the temperature is increased during the heating period of annealings.
The equation for diffusion in spherical co-ordinates is: ∂C (r,t ) = D(t ) ∆ rC (r,t ) , where C(r,t) is the
∂t
gas concentration.

363

t

By introducing the new variable τ = 1 D (y ) dy (a is the equivalent sphere radius), the diffusion
a²

∫
0

equation can be analytically solved. The formulations obtained by this method are [9]:
•

•

For the fractional release: F (t ) = 6 ×
π

t

∫
0

D(y )
D(y )
dy − 3
dy .
a²
a²
t

∫
0







3D (t ) 
1
.
For the release rate: dF (t ) =
× −1+
t
dt
a² 
D(y ) 
dy 
π


a²
0



∫

These equations were applied to our experimental conditions. The activation energy for diffusion
and the pre-exponential coefficient were adjusted so that the model may fit well the experimental
results (Figure 9).
Figure 9. Comparison between diffusion model and experimental
85
Kr release rate for UO2.01 fuel at 1 700°C and 1 600°C
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For UO2.01 and UO2.02, the calculated activation energy is equal to 350 kJ/mol; the energy for
PWR UO2 fuel is 540 kJ/mol. In both cases it is close to the energy of U self-diffusion in UO2(+x) [10].
The diffusion model predicts a burst release as temperature is raised, followed by a steady
decrease of the release rate when temperature becomes constant. Thus the model conforms well to the
experimental kinetics at 1 760°C and 1 700°C, but not at 1 600 and 1 500°C for UO2.01. Similarly, the
model reproduces the experimental PWR kinetics only at 1 500°C and 1 600°C.
Improved model with gas retention in grain boundaries
The previous diffusional model does not take any grain boundary gas retention into account.
However, gas release can be delayed by formation of intergranular gas bubbles which temporarily
retain gas; then, these bubbles coalesce to form labyrinths which are always connected to grain edges
(see fractographs) and are therefore rapidly vented.
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Fractographs show individual gas bubbles on the grain boundaries of pellets which have released
no or very little gas (UO2.01, 1 h, 1 500°C, see Figures 2, 3 and 7(a), PWR UO2, 30 min, 1 400°C see
Figure 5). The other pellets that have released gas show labyrinths on a part or the totality of their
grain boundaries.
The burst release occurring during the isothermal period of some anneals (UO2.01 1 500°C and
1 600°C, UO2 1 400°C) may be due to the coalescence of intergranular single bubbles which impeded
gas from coming out. By interconnecting, they form labyrinths which connect to grain edges, allowing
gas to be released. As the bubble growth rate is not the same on all the grain boundaries (as mentioned
before), the release does not occur for all grain boundaries at the same time but progressively.
Image analysis shows that the fraction of the grain surface area occupied by labyrinths ranges
from 55 to 70%, whereas single bubbles only recover about 45% of this surface area. Our calculation
was thus based on the assumption that gas is released from grain boundaries when the fraction
FS = 70% of their surface area is covered by gas.
The maximum value for the number of gas atoms per grain boundary area unit is:
n smax = n ×

Fs
πrc sin 2 θ
2

where n is the gas atom number in one lenticular bubble and θ is the contact angle between this bubble
and the grain boundary.
The perfect gas law approximation gives:
n=


PVb 4 π  2 γ
r3
=
×
+ ∆P × (1 − 1.5 cos θ + 0.5 cos 3 θ) × c
kT
kT
3  rc


where Vb is a bubble volume. And thus:
n smax =

1 − 1.5 cos θ + 0.5 cos 3 θ
4
× FS × (2 γ + rc ∆P ) ×
3kT
sin 2 θ

Our fuel is not restrained during the anneals; so ∆P = 0, and n smax mostly depends on temperature
and on surface energy. For the median value θ = 47° [11], if γ = 1 J/m², T = 1 700°C, n smax equals
1.7⋅1019 atoms/m².
The release calculation can now be improved by taking gas trapping at grain boundaries into
account. The real release is F1(t) = F(t)q(t), where q(t) is the proportion of grain boundaries which
verify the condition: ns = n smax (ns is the number of gas atoms per grain boundary area unit). n smax
depends on the grain boundary surface energy; a Gaussian law has been chosen for the probability for
a grain boundary to release its gas atoms when it is covered with n smax atoms/m².
F1 ( t ) = F( t ) ×

ns ( t )

∫ p( n

max
s

0

where ns(t) is calculated at each moment of the anneal by:
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)dn smax

4π 3
a c0
2ac 0
n s ( t ) = 2 × F( t ) × 3 2 =
F( t )
4 πa
3

The Gaussian law parameters are chosen so that the model curve may well fit the experimental
curve.
For UO2.01 and UO2.02 fuel, the medium value of n smax for the Gaussian law ranges from 5⋅1019 to
1.3⋅1020 atoms/m², depending on fuel and temperature. For PWR fuel, the medium value ranges from
1.8⋅1019 to 2⋅1019 atoms/m², depending on heating temperature. The values for PWR fuel are in good
agreement with the calculation made before (1.7⋅1019 atoms/m²). The values for UO2+x large-grained
fuel are larger; a higher surface energy and contact angle in UO2+x fuel [12] can only partly explain
this discrepancy.
The improved model is now in good agreement with the experimental kinetics. For UO2.01, at
1 700°C and 1 760°C, burst release appears during the heating stage because grain boundaries become
rapidly saturated with gas. At 1 500°C and 1 600°C (Figure 10), gas release is delayed because grain
boundaries start being saturated only during the isothermal heating.
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Figure 10. Comparison between experimental results and model for
UO2.01 release rate during 1 600°C and 1 500°C annealing experiments

0
230

280

Isothermal heating time (min)

Figure 11 shows that the model is also in good agreement with the experimental fractional gas
release, except at the end of the 1 700°C and 1 760°C annealing experiments, as the release is
overestimated. This may be due to a decrease of the apparent diffusion coefficient of gas within the
grains; the gas which was located the closest to grain boundaries (where there was no bubble, as
noticed before) has been released, while many gas atoms are now trapped in intragranular bubbles
[Figure 6(c)]; these are much less mobile than the single gas atoms. This feature is also observed in
PWR fuel at 1 600°C.
Application to PWR irradiation
This model, based on high temperature annealing results, might provide some elements for a
better understanding of fission gas behaviour in the centre of PWR irradiated pellets. The diffusion
coefficient should be adapted to take fission effects into account. The model shows the importance of
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Figure 11. Comparison between experimental results and
model for UO2.01 fractional release during annealing experiments
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the pressure imposed on the fuel: for ∆P = 15 MPa, γ = 1 J/m² and an intergranular bubbles diameter
of 0.5 µm, n smax becomes three times larger than for ∆P = 0. During irradiation and under hydrostatic
pressure, gas release should therefore be considerably delayed.
Conclusion
Standard UO2 fuel irradiated in a commercial PWR (burn-up: 14 GWd/tU) and UO2.01 and UO2.02
large-grained fuel irradiated in a experimental reactor (burn-up: 9 GWd/tU) were annealed under
out-of-pile conditions in sweeping helium. Most of the thermal treatments consisted of a temperature
ramp, followed by an isothermal period. A burst release is measured during the heating ramp at the
highest temperatures (at least 1 700°C for large-grained UO2+x fuel, at least 1 500°C for PWR fuel).
When the heating temperature is lower, gas release only starts during the isothermal period.
After annealing, the specimens show intragranular and intergranular bubbles. Grain boundary
porosity morphology changes with annealing time and temperature: there are first single bubbles on
grain surfaces, which interlink to form gas labyrinths. Grain boundary porosity is probably dependent
on crystallographic orientation.
An analytical model was developed in order to reproduce the variations of fission gas release
during the annealing experiments. This model accounts for gas atom diffusion from the interior of the
grains to their boundaries, and for gas retention in grain boundaries bubbles. When gas bubbles have
coalesced into labyrinths on a grain boundary (which corresponds to a threshold surface coverage),
intergranular gas is supposed to be released out of the fuel. The threshold is not unique for a sample
but depends on the crystallographic orientation of grain boundaries. This feature is taken into account
by considering that the probability for a grain boundary to release its gas atoms can be described by a
Gaussian distribution. The calculations based on this model fit well the experimental variations of 85Kr
release during the anneals. The release mechanisms are the same for UO2 and UO2+x fuel.
Furthermore, intragranular diffusion coefficient of gas atoms for each kind of studied fuel has
been determined, the activation energy of which happens to be that of uranium lattice diffusion.
Intragranular bubbles in the bulk of grains efficiently retain gas by slowing down their migration to
boundaries.
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Abstract
Two types of experiments have been used in the Halden reactor to investigate the release of fission
gases from LWR fuel. The first employs internal pressure sensors from which the kinetics and quantity
of stable gases can be measured during irradiation. The second is the use of sweep gases to carry
released fission gases from the fuel rod to a detector situated outside the reactor. With this equipment,
it is possible to measure, using gamma spectroscopy, both radioactive and stable fission product
release. In conjunction with fuel centreline thermocouples to measure fuel temperatures, these
techniques have been successful in improving our understanding of the release process and the factors
affecting it. The data generated have been used in many member countries to develop models and
validate fuel performance codes used in reactor safety assessments.
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Introduction
Early data on fission gas release (FGR) was obtained solely from post-irradiation examination
(PIE), when discharged fuel rods were punctured and the internal gas extracted and analysed by
techniques such as mass spectrometry. PIE is extremely useful when applied to commercially
irradiated fuel, as it provides data for a prototypic irradiation and fuel loading strategy. However, it is
only of limited use when required for developing an understanding of the mechanisms and factors
involved in the FGR process. This gap was filled by the development of in-pile instrumentation such
as fuel centreline thermocouples for measuring temperatures and pressure transducers for measuring
rod internal pressure. These instruments provide on-line information from which the kinetics of release
can be determined and from which models can be developed. As will be discussed in the next section,
only by the use of such in-pile instrumentation could the connection between FGR, linear heat rating
and burn-up be established to the degree of understanding employed today.
Complementary to experiments using sealed rods, the use of sweep gas experiments have added
substantially to our knowledge of fuel rod thermal performance and fission gas release. In these
experiments, gas lines are attached to both ends of the fuel rod. This allows the introduction of a gas to
pass through the free volume and carry entrained gases released from the fuel to a gamma detector
situated outside but adjacent to the reactor. In this way, stable fission gas release can be inferred from
measurements on the long-lived isotope 85Kr with a half life of ~10 years, as well as the release of
radioactive fission products, e.g. the radiologically important isotope 131I from measurements of
short-lived krypton and xenon with half lives spanning ~90 secs to around 5 days. Experiments to
measure the release of these short-lived rare gases have also made a significant contribution to our
understanding of stable gas release, in particular with regard to the determination of the in-pile
diffusion coefficient and the processes occurring at grain boundaries.
This paper will discuss some of the more important measurements made with in-pile
instrumentation and sweep gas experiments performed in the Halden reactor with particular reference
to the release of stable fission gases. The present authors have not been involved with all the
experiments described and acknowledgement is made to other secondees and Halden staff who carried
out the measurements and interpretations.
Experimental evidence for FGR threshold
PIE of commercially irradiated fuel rods showed that there was a strong correlation between
linear heat rate and the amount of fission gases released. Whereas low powered rods maintained very
low levels of release even up to high burn-up, substantial fractional release was observed in high rated
rods even at low burn-up. Such observations suggested that fuel temperature was a major parameter in
controlling FGR. This led the Halden Project to embark on a campaign of experiments using rods
equipped with both fuel centreline thermocouples and pressure sensors to determine the conditions
necessary to distinguish between “high” and “low” fission gas release. The chosen criterion separating
these two regimes was a threshold value of 1% fractional release. The experiments encompassed
different levels of linear power and burn-up which eventually lead to an empirical relation between
fuel centreline temperature TF (°C) and burn-up BU (MWd/kgUO2) for this threshold [1]:
BU = 0.005 × exp( 9800 TF )

(1)

This relationship, shown in Figure 1, is purely empirically based on experimental data, and
although derived from Halden experimental fuel rods, it is remarkably successful in predicting
behaviour for a variety of fuel manufactures and designs including MOX.
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Radioactive FGR measured by sweep gas experiments
The first Halden gas flow experiment was designated IFA-430 (instrumented fuel assembly).
Irradiation commenced in late 1978 and remained in the reactor for six years. The rig incorporated
four PWR design rods, although only two were designed as gas flow rods. The principal aim of the
experiment was to investigate axial gas flow as a possible limiting factor for clad ballooning during
LOCA. All four rods employed 1.2 m long fuel stacks with the gas flow rods comprising three
sub-stacks with pressure transducers fitted between to measure axial pressure gradients during steady
and transient flow conditions. Although many useful fission product release data were obtained from
this assembly, the information was of limited applicability because of the long fuel stack and the range
of power and burn-up along the length of the fuel column.
This experiment was soon followed by a further gas flow rig, IFA-504, designed specifically for
fission product release studies [2]. The assembly consisted of four rods with short active fuel lengths
of 700 mm of different pellet design. Two rods contained solid pellets with pellets sourced from
separate manufactures, one hollow rod and one fuelled with niobia doped UO2 pellets. This assembly
was loaded in December 1980 and is still operating successfully to date at a burn-up in excess of
75 MWd/kgUO2 after 19 years of continuous irradiation. Over this time the experiment has produced
unique data on fuel thermal performance and hydraulic diameter as well as fission product release.
Based on the success of IFA-504, Nuclear Electric (UK), now British Energy, commissioned a
similar experiment, IFA-558, to investigate the effect of internal pressure on the release of short-lived
fission products. The assembly carried six identical fuel rods 700 mm long containing hollow pellets
of BNFL CONPOR fuel. The operating pressure in pairs of rods was maintained at 2, 20 and 40 bar
during the entire irradiation except when being flushed periodically to measure release. After measuring
short-lived species by gamma counting, the gas from individual rods was trapped on liquid nitrogen
cooled charcoal and stored until short-lived fission products had decayed. The gas was then expanded
past the gamma detector and the quantity of the long-lived 85Kr measured. Thus data were obtained
simultaneously for both short-lived and long-lived fission gases.
The sweep gas technique has also been used on two experiments, IFA-563 and IFA-569, where
the fuel was in the form of 1 mm thick disks of UO2 sandwiched between disks of molybdenum to
carry away most of the heat generated by fission. In this way the fuel operated at a near uniform
temperature controlled by the fuel-clad gap and its gas composition.
Finally, sweep gas lines have been attached to re-instrumented fuel pre-irradiated to high burn-up
in commercial reactors. Two loadings of this series of experiments have been performed, one containing
pre-irradiated UO2 fuel and the other containing pre-irradiated MOX fuel.
Analysis of sweep gas experiments
The fractional release of a radioactive fission product is measured as the ratio of the rate of release
from the fuel, R in atoms/s, divided by the birth rate, B, also in atoms/s. For constant irradiation
conditions over a period of around three half-lives, the system is at radioactive equilibrium and the
total release (R/B)total is the sum of two terms:
(R/B)total = (R/B)diffusion + (R/B)λ-independent
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(2)

The first term results from release by atomic diffusion and is dependent on temperature via a
diffusion coefficient and a radioactive decay constant λ; for a surface to volume ratio (S/V) and
(R/B) < 0.1:

( R B) diffusion

S α⋅D
=  
V
λ

(3)

where α is a constant for each isotope representing diffusion by the precursor to the isotope under
consideration. The second term is also proportional to (S/V) but is independent of half-life and
represents the contribution from knock-out and direct recoil. The parameters of interest in these
equations are: the diffusion coefficient D which is common for all isotopes of krypton and xenon and
hence the stable isotopes of these species, the surface to volume ratio (S/V), as this changes from
one material to another and with irradiation. The equation for (R/B)total is often written in a
phenomenological form:

( R B) total

= A+ B

α
λ

(4)

where the coefficients A and B are referred to as the recoil and slope, respectively, and for a given gas
flow measurement are common for a range of species.
The diffusion coefficient
By comparing the release from polycrystalline UO2 with release from single crystal material of
known (S/V), an absolute determination of diffusion coefficient was obtained for the rare gases [3,4].
This was found to comprise three terms: a high temperature intrinsic diffusion coefficient, an
intermediate term depending on temperature and rating and a final athermal term observed at low
temperatures which was proportional to rating. However, the low levels of release at low temperatures
from the small amount of material used in these experiments, (~mgs), reduced the accuracy of
determining this third component. This is not the case for the sweep gas experiments performed at
Halden, where the active fuel column can weigh ~0.5 kg. Data from IFA-430, IFA-504 and IFA-558
suggested that this third term was not athermal but had a small temperature dependence. This was
explored further in the start-up ramp for IFA-563, which confirmed the earlier findings (Figure 2).
Thus the final diffusion coefficient D (m2/s) in terms of the mass rating R (W/gU) and the temperature
TK (K), was revised as follows:
D = D1 + D2 + D3
where:

(5)

D1 = 7.6 ⋅ 10 −10 ⋅ e −35000 TK
D2 = 1.38 ⋅ 10 −16 ⋅ R1 2 ⋅ e −13800 TK
D3 = 7.67 ⋅ 10 −22 ⋅ R ⋅ e −2785 TK

This diffusion coefficient has been used to analyse much of the data from the gas flow rigs with
particular reference to its applicability to the lifetime of the isotopes measured. It had been noticed [4]
that employing the three terms in a fuel performance code to estimate stable FGR, the code
systematically overpredicted the release at low powers. Consequently, when employed for stable
gases, only the first two terms of the diffusion coefficient were used. Prior to interlinkage of grain
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boundary porosity, the value of (S/V) is approximately the same throughout the pellets and the
resulting release of a radioactive isotope will be proportional to a volumetric average of the square
root of the diffusion coefficient. If the fuel temperature is also averaged in the same way, it is possible
to identify a measured (R/B) with a characteristic diffusion coefficient and temperature. In this way,
for each gas flow measurement, the diffusion coefficient can be calculated for a range of isotopes of
different half-lives. This has been applied to a full range of isotopes including 131mXe (12 days),
133
Xe (5 days) and using a specialised measuring technique, 131I (8 days). A compilation of the results
is shown in Figure 3, where it can be seen that these long-lived species are best represented by
omitting the third term D3. Thus stable and long-lived species should be modelled using D1 + D2 whilst
for short-lived species, the full three-term diffusion coefficient should be employed. This is not fully
understood, although an attractive explanation in terms of a fractal representation of the free surface
has been proposed (R.J. White, private communication, 1999). Here, the diffusion coefficient is
D1 + D2 and the difference in long and short-lived release is because the effective (S/V) is smaller for
long-lived than short-lived species because of the distance that species can diffuse before release
and/or decay.
Effect on (R/B) on crossing the FGR threshold
Just as there is a threshold for stable FGR, the same threshold applies to radioactive fission gases.
This was well demonstrated in IFA-558 where measurement of stable and radioactive FGR were made
as the fuel was coaxed across the empirical threshold. The short-lived species were analysed to
calculate the slope and recoil coefficients A and B and these are shown along with the centreline
temperature, empirical threshold and stable fractional release in Figure 4. Here it can be seen that
whenever the temperature crosses the threshold, there is a gradual increase in the fraction of stable gas
released and a simultaneous increase in the coefficients A and B. Note also that when the temperature
drops below the threshold, the coefficients also fall, showing that the rate of radioactive fission gas
release reduces. The behaviour of the radioactive species can be interpreted in terms of surface area,
thus identifying the empirical threshold with the interlinkage of porosity along grain boundaries.
With this interpretation, it is possible to reproduce the interlinkage threshold by including, within
a code for calculating temperature as a function of burn-up, a model for stable fission gas release
based on single atom diffusion and re-solution at grain boundaries [5]. Values of the disposable
parameters describing re-solution and grain boundary saturation can be obtained by benchmarking the
code predictions to 1% release at the level of the empirical threshold.
FGR threshold at high burn-up
The original empirical threshold was derived on relatively low burn-up fuel rods, but proved
reliable when extended to higher burn-up levels in the range 30-40 MWd/kgUO2. However, recent
data obtained at Halden from a gas flow rod in the disk irradiation rig IFA-569 and re-fabricated high
burn-up fuel show that the onset of release in the range 50-60 MWd/kgUO2 is substantially lower than
predicted using the original criterion (see Figure 1). This is not an artefact due to changes in rod
thermal performance, e.g. by degradation of fuel thermal conductivity, but a genuine trend in the
release processes; see also Ref. [6].
The origin of this trend is unknown, but in order to define this new threshold, the diffusion based
model can be made to fit by assuming both D2 and the re-solution process are linearly dependent on
burn-up. In which case, D2 must be increased and re-solution decreased with burn-up; in the latter
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case, re-solution must become negligible after 60 MWd/kgUO2. This approach is purely pragmatic and
has no sound foundation. Nevertheless, it does fit the existing threshold at low burn-up and
accommodates the new data at high burn-up. Clearly there is a requirement for more data in the range
40-60 MWd/kgUO2 in order to prescribe the form of the threshold in this region.
Factors affecting FGR
The success with which diffusion based models provide good predictions of FGR lends weight to
the argument that this is the dominant process, albeit retarded by re-solution and possibly assisted by
grain boundary sweeping and/or bubble migration. It is possible therefore to predict conditions that
improve or delay FGR, and some of these are discussed in the following sections.
Grain size
This is clearly an important parameter which is under the control of the fuel fabricator. Assuming
that fission products move through the UO2 atomic structure by a simple diffusion process, and are
released once they reach a grain boundary, omitting for clarity the effect of re-solution, the fractional
release F can be evaluated as a function of time t in terms of the diffusion coefficient D and grain
radius a as follows [7]:
F=

4
1
Dt − 2 Dt
3a
2a

(6)

From this it can be seen that the fractional release is inversely proportional to the grain radius; the
larger the grain size, the lower the fractional release. The standard product UO2 currently has a grain
diameter of ~10 µm, and manufacturers are investigating means of increasing this to around 50 µm.
An example of the improvement in FGR that can be brought about by using large grain fuel was
demonstrated by the Halden experiment IFA-534.14. The experiment contained four rods, two of
which were fitted with pressure transducers and contained fuel of either 8.5 or 22 µm grain diameter.
The rods were base irradiated as a segmented fuel assembly for four cycles in the Gösgen PWR in
Switzerland to a discharge burn-up of ~52 MWd/kgUO2. In both cases, the fabricated fuel to clad
diametral gap was 170 µm. The average linear heat rate in the first two reactor cycles was about
27 kW/m and about 20 kW/m for the last two cycles. The rods were irradiated in Halden to a final
burn-up of ~55 MWd/kgUO2. The initial power was held at 20 kW/m for a short time before being
increased to 30 kW/m. Thereafter, the power gradually fell with burn-out finally reaching a value of
~18 kW/m prior to final discharge. Over the majority of the irradiation the linear heat rate of the two
rods was nearly identical.
Figure 5 shows the fission gas release calculated from the pressure measurements. The ratio of
grain sizes (22/8.5) was 2.6 whilst that for the measured release [FGR(a = 8.5)/FGR(a = 22)] was 2.8.
In this case, the ratios are very close and it is to be concluded that the fission gas release is as expected
from the two different grain sized materials.
Power cycling
With the increase in power produced by commercial reactors and the economic pressures of
competition from conventional forms of power generation, many nuclear utilities are having to operate
their reactors in a cyclic load following mode. This is clearly less attractive than constant full power
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operation, and initially evoked fears that it would exacerbate fission gas release leading to rod
over-pressure. There have been several studies carried out at Halden to examine this situation, only
one of which is described here.
Two PWR type fuel rods with different grain and fuel-clad gap sizes were irradiated at a low
power to ~25 MWd/kgUO2. One rod had a small grain size and small gap whilst a second rod had a
large grain size and large gap. They were then re-instrumented with pressure transducers and loaded
into IFA-519.9, which was equipped with 3He coils to allow rapid changes in power. After loading, the
rods were brought up to an average linear heat rating of 40 kW/m at a rate of approximately 6 kW/m
per hour. The rods were conditioned for about two months, after which nine load follow tests of 5 to
17 cycles were performed. Two rapid power changes were obtained by means of the 3He gas control
system. During these ramps, the power was cycled between 25 and 40 kW/m over a period of 12 or
24 hours. Some other lower power excursions were induced by power changes resulting from load
follow tests in a neighbouring assembly. In these cases the maximum power was lower, ~22 to
33 kW/m and the period was always 24 hours. The power cycling tests were made up to a burn-up of
56 MWd/kgUO2, after which time the rods were irradiated at steady powers until discharged for PIE at
a burn-up of ~85 MWd/kgUO2.
On-line pressure measurements were taken every 15 minutes during irradiation, both at power and
during the hot stand-by condition. Corrections were applied to enable the readings to be normalised to
zero power and a temperature of 20°C. The evolution in rod internal pressure for both rods is shown in
Figure 6 along with the assembly linear heat rate over the period of power cycling following the initial
start-up. From this figure it can be seen that the periods of power cycling did not interfere with the
general evolution of pressure, and hence fission gas release. From this and other power cycling
experiments carried out at about the same time, it was concluded that power cycling induced no
detrimental effect to fission gas release compared to constant operation at the highest power level and
that the associated concern of rod over-pressure was unjustified [2,8].
Transient increase in power
All the evidence on factors relating to fission gas release suggest that the most important is
temperature. Hence, periods of transient over-power operation necessarily increase the fraction of fission
gases released from the fuel. This has been investigated thoroughly in several international projects for
which data are readily available. Most of these data refer to fuel ramped to high power and held there
for periods of several hours. However, an experiment performed at Halden in which fuel was ramped
repeatedly for short periods (15 to 500 seconds) provided noteworthy data on a variety of rod designs.
Six PWR design rods containing pellets of different grain size, density and diameter were
manufactured and fitted with pressure transducers and irradiated at low powers to ~30 MWd/kgUO2.
This assembly was fitted with a neutron absorbing shield and moving the shield induced rapid but
short duration power spikes. During the ramping period, the six rods were mounted in two axial
clusters with slightly different powers. The baseline assembly power was 31 kW/m and the maximum
power at the top of the spikes was 50 kW/m. At maximum power, the power of the upper and lower
cluster was 53.7 kW/m and 46.3 kW/m respectively. The time required to fully move the shield was
4-6 seconds, hence the maximum rate of change of power was 20 kW/m/min. Five power spikes of
gradually increasing duration were induced at one hour intervals with maximum power maintained
for: 15, 30, 60, 120 and 470 s. Gas pressure measurements were taken at the baseline power before and
after each ramp. Figure 7 shows the increase in pressure for each of the six rods plotted against the
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square root of the elapsed time at maximum power. In this plot, the elapsed time also includes the
half-width time for increasing and decreasing power at the start and end of each power spike. Note that
the three rods in the upper cluster failed during the fifth power spike.
The linear form of each pressure increase when plotted against the square root of time demonstrates
that the release was controlled by a simple diffusion process. The magnitude of the pressure increase
correlated well with rod design and operating power. First, the effect of gap size is seen by the greater
increase for rod C (360 µm) than for rod B (200 µm). Second, the small grain rod A (5.9 µm) showed
a greater pressure increase than the large grain rod B (17 µm). Third, decreasing fuel density resulted
in increased gas pressure: the pressure for rod D (91 %TD) was greater than that for rod E (93 %TD)
which was greater than that for rod F (95 %TD). Finally, for identical rod design, higher power
resulted in a greater pressure increase; rod F compared to rod B. It was also noticeable that none of the
plots extrapolated to zero at zero time. This implies that there was a “burst” release at the time of the
first power spike and only after this was the release diffusion controlled. The burst corresponded to a
release of between 0.69 to 2.19% which, within a fuel rod cluster, correlated with the rod design
factors.
Discussion and summary
The phenomenon of stable fission gas release is now qualitatively well understood, and this has
been achieved with the additional help of studies on the release of the short-lived radioactive species.
The dominant processes are the single gas atom diffusion through the grains to grain boundaries and
the interlinkage of porosity allowing escape into the rod free volume. In addition several other
processes occur in parallel, including intragranular bubble formation and irradiation induced re-solution.
There is also the possibility of release by other processes including grain boundary sweeping and
bubble migration. Although it is possible to qualitatively predict the effect of parameters and design
variables such as grain size, power and ramp conditions on release, there is less confidence in
quantitative predictions. For this reason there is still a need for well-qualified data in order to refine
existing calculational methods. In particular, the threshold for release in the burn-up range above
~30 MWd/kgUO2.
Examination of fuel irradiated to high burn-up has shown the presence of a restructured zone
close to the pellet periphery. This zone or “rim structure” is characterised by a re-crystallisation with
the appearance of grains or sub-grains of around 0.25-0.5 microns and the formation of large pores
~0.5 microns diameter, presumably filled with fission gases. Studies with fuels of different initial grain
sizes suggest that the restructuring occurs earlier in small grain size fuel. Typically, the thickness of
this restructured layer is 100-200 microns although additional isolated areas are sometimes seen
remote from the pellet surface, but always in the vicinity of a grain boundary. At the same time, there
appears to be an increase in FGR and it has been suggested that these two observations are linked.
Amongst other studies at Halden, studies on FGR continue and are aimed at resolving these high
burn-up effects.
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Figure 1. Empirical criterion for the onset of FGR and supporting data

Figure 2. Revised formulation of low temperature term in the rare gas diffusion coefficient

Figure 3. Diffusivity plot showing both short-lived and
long-lived isotope release from Halden gas flow rigs
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Figure 4. Fission product release data for IFA-558
showing stable FGR and short-lived parameters

Figure 5. Measured FGR from two different grain size UO2 fuel in IFA-534.14
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Figure 6. Normalised rod internal pressure for two rods of different design
parameters as a function of assembly burn-up during periods of power cycling

Figure 7. Pressure increases during repeated short power increases
plotted against the square root of elapsed time for IFA-429
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PIE/MODELLING OF FISSION GAS RELEASE FROM
A RINGHALS HIGH BURN-UP ROD BUMPED IN HALDEN

K. Malén
Studsvik Nuclear AB, Sweden

Abstract
An ABB Atom fuel rod irradiated in Ringhals 1 (BWR) to a peak burn-up of 68 MWd/kgU has been
re-fabricated at Kjeller and irradiated (bumped) in the Halden reactor. The fission gas release was
20%. The gas composition corresponds to the calculated composition of the generated fission gas at a
burn-up of about 80-85 MWd/kgU. Ceramography and SEM investigations show that the release is
from the central region, out to about 50-60% of the fuel radius. From thermocouple readings Halden
inferred a peak centreline temperature at axial maximum power position (solid pellet) close to 1 350°C.
The fuel centre shows normal changes for this temperature and there is a rim zone about 150 micron
wide. Code calculations were performed for the estimation of temperature and FGR. Using burn-up
corrected fuel thermal conductivity it was possible to reach temperature and FGR values close to the
measured ones; without the correction the calculated values were far too low.
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Introduction
An ABB Atom fuel rod irradiated in Ringhals 1 (BWR) to a peak burn-up of 68 MWd/kgU has
been re-fabricated at Kjeller and irradiated in the Halden reactor to a peak burn-up of 70 MWd/kgU at
an average linear heat rate (ALHR) of 25 to 20 kW/m (decreasing). The Halden re-irradiation was a
“bump” to permit the study of fission gas release.
The re-fabricated fuel rod was equipped with a thermocouple. From thermocouple readings
Halden inferred a peak centreline temperature at an axial maximum power position (solid pellet) close
to 1 350°C.
Puncturing was performed at Kjeller and the released fission gas release was estimated at Studsvik.
Axial gamma scanning, metallography/ceramography and SEM/EPMA investigations were performed
at Studsvik.
A code comparison with the measured data was also made at Studsvik.
Axial gamma scanning
Axial gamma scanning was performed using the method of closely spaced point measurements.
This makes it possible to select measurements of individual isotopes with the selection depending on
the cooling time after irradiation. Since the cooling time before the Studsvik gamma scanning was
long only long-lived isotopes could be measured. The scan for 137Cs is shown in Figure 1. The Cs
peaks at pellet-pellet interfaces are large, indicating a large release.
Fission gas release measurement
Rod puncturing, gas collection, free volume measurement and gas mass spectrometry were
performed at Kjeller, Norway. Fission gas release fraction determination and isotope ratio analysis
were performed at Studsvik.
The fission gas release was 20%. From the isotopic composition of the released gas the fissile
species origin of the released gas can be estimated. The 86Kr/134Xe ratio was 0.15 and the Xe/Kr ratio
was 12. This indicates a composition corresponding to the generated gas composition at a burn-up of
about 80-85 MWd/kgU for the enrichment of this rod (3.35 w/o 235U).
Optical microscopy
A 45 mm long section was taken from the mid-portion of the rod, and was embedded in epoxy
resin and axially gamma scanned. Using the scanning curve for guidance, a specimen was cut out at
mid-pellet position. The specimen was examined in polished and etched condition. The examinations
were performed using a Reichert Telatom-3 optical microscope.
The optical ceramography in etched condition (Figures 2 and 3) shows the “dark zone” with a
radius of 3.1 mm that is about 60% of the fuel radius.
The Halden inferred peak centreline temperature was close to 1 350°C. The fuel centre shows
normal changes for this temperature, grain boundary porosity and white metallic inclusions (Figure 4).
There is bonding between fuel and clad and an apparent rim zone with a width of about 150 micron
(Figure 5).
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Scanning electron microscopy
A 45 mm long section was taken from the mid-portion of the rod for the metallography/
ceramography. A “match stick” sample was prepared for SEM investigation. SEM pictures were taken
in secondary electron imaging (SEI) and backscatter electron imaging (BEI) condition. EPMA was
performed along a radius.
Figure 6(a) shows the rim and bonding zone on a polished surface and Figure 6(b) on a fractured
surface. The appearance is as expected.
The EPMA shows release of Xe out to 2.5-3 mm radius (Figure 7). This is in agreement with the
dark zone radius seen in optical microscopy. The release in this section is estimated from the radial
xenon distribution to 30% from the central region. From the axial gamma scan for Cs (Figure 1) this
release is expected over 60-70% of the rod. This leads to an estimated total release of about 20% from
the central part of the fuel.
Code calculations
Code calculations were performed with the Studsvik code STUROD. Using burn-up dependent
fuel thermal conductivity resulted in a peak fuel temperature of 1 300-1 400°C and a fission gas release
(from the central region) of just above 20% – in agreement with measured values. Using burn-up
independent fuel thermal conductivity leads, as expected, to values that are much too low.
Conclusions
An ABB Atom fuel rod irradiated in Ringhals 1 (BWR) to a peak burn-up of 68 MWd/kgU has
been re-fabricated at Kjeller and irradiated (bumped) in the Halden reactor to a peak burn-up of
70 MWd/kgU at an average linear heat rate (ALHR) of 25 to 20 kW/m (decreasing).
The re-fabricated fuel rod was equipped with a thermocouple. From thermocouple readings Halden
inferred a peak centreline temperature at axial maximum power position (solid pellet) close to 1 350°C.
Puncturing was performed at Kjeller and the released fission gas release was estimated by Studsvik
to 20%. Axial gamma scanning, metallography/ceramography and SEM/EPMA investigations were
performed at Studsvik.
The post-irradiation examination showed the fission gas release to be normal high temperature
release from the central region of the fuel. The high burn-up and thus low fuel thermal conductivity
leads to high temperature and thus substantial fission gas release already at a power under 30 kW/m.
A code calculation would be capable of reproducing this behaviour using burn-up dependent fuel
thermal conductivity.
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Figure 1. Axial gamma scanning 137Cs, Rod 8 IFA 597.3
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Figure 2. Etched overview, OM 5×, Rod 8 IFA 597.3
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Figure 3. Etched, radius 3.1 mm, OM 600×, Rod 8 IFA 597.3
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Figure 4. Fuel centre, OM 600×, Rod 8 IFA597.3
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Figure 5. Bonding between clad and fuel and rim zone, OM 500×, Rod 8 IFA 597.3
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Figure 6(a). Periphery zone, SEM (SEI), polished. Left 600× and right 2 000×. Rod 8 IFA 597.3.

Figure 6(b). Periphery zone, at a fractured surface,
SEM (SEI). Left 600× and right 2 000×. Rod 8 IFA 597.3.
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Figure 7(a). EPMA measurement of Xe, Rod 8 IFA 507.3
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Figure 7(b). EPMA measurement of Nd, Rod 8 IFA 507.3
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FISSION GAS MODEL OF THE FUEL CODE SPHERE-3

H. Wallin, L.Å. Nordström, Ch. Hellwig
Paul Scherrer Institute, Switzerland

Abstract
At PSI, the computer code for modelling sphere-pac fuel is called SPHERE. Recently, fundamental
improvements have been made to the fission gas release model. No difference between pellet and
sphere-pac fuel is assumed concerning the modelling of fission gas behaviour. The paper describes the
present status of the phenomenological fission gas model in SPHERE-3, and some results of the
qualification process against experimental data.
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Introduction
Sphere-pac fuel is one of the advanced nuclear fuel technologies developed and investigated at
PSI. In sphere-pac fuel pins, the cladding tube is filled with small fuel micro-spheres instead of fuel
pellets. Compared to pellet fabrication, the inherent advantage of sphere fabrication is that it is a
simple, dustless process, and one that can easily be remote-controlled. The absence of dust has special
importance in the recycling of alpha-active nuclides such as plutonium or certain minor actinides.
For calculation of the irradiation behaviour of sphere-pac fuel, PSI developed the fuel modelling
code SPHERE, which besides the basic models also incorporates mechanistic models for sintering,
fission gas behaviour, etc. Recently, numerous improvements have been made to the SPHERE-3
program, such as fundamental changes to the fission gas release model and the addition of a
fuel-restructuring (pore migration) model.
PSI has carried out several irradiation tests in different commercial and research reactors to
investigate the irradiation behaviour of sphere-pac fuel and to compare its performance against
ordinary pellet fuel [11].
Fission gas model of SPHERE-3
General
The fission gas release model of SPHERE-3 is based on work by Speight [2], Turnbull [3,4] and
White and Tucker [5]. Fuel is modelled as a collection of spherical grains of uniform size. Only the
stable or long-lived nuclides are included in the model, as the shorter ones decay to solid fission
products during typical reactor operation histories. Kr and Xe atoms are assumed to behave identically.
Inside the fuel grains, gas atoms exist as single, freely diffusing atoms. After a short irradiation period,
small (diameter ca. 1 nm) fission gas bubbles (hereafter referred to simply as “bubbles”) are formed as
gas atoms combine with point defects created by fission fragments. On their way out of the grain, gas
atoms may become trapped at these immobile bubbles or at as-fabricated intragranular pores (diameter
ca. 1 µm) (hereafter referred to simply as “pores”).
Bubbles nucleate in the wake of energetic fission fragments, and grow by absorbing single gas
atoms before being destroyed by another fission fragment (intragranular resolution). Under steady
conditions, the bubble sizes and concentration thus should attain dynamic equilibrium values.
After entering a grain boundary, atoms are immediately absorbed into grain boundary bubbles.
Grain boundary bubbles grow until they are interlinked, and excess gas after interlinkage is vented off
i.e. gas release is initiated. Because of resolution from the grain boundaries back to the grain, grain
boundaries act as imperfect sink for diffusing gas atoms (intergranular resolution).
Intragranular gas
Diffusion equation
The diffusion equation for fission gas inside a fuel grain is:
∂c m
= D∇ 2 c m + β − ( gb + g p )c m + bcb
∂t
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(1)

where cm is the concentration of fission gas atoms in fuel matrix (atoms/cm3), D is the single gas atom
diffusion coefficient (cm2/s), β is the fission gas generation rate (atoms/cm3/s), gb is the absorption rate
into bubbles (1/s), gp is the absorption rate into as-fabricated pores (1/s), b is the resolution rate of
trapped gas atoms back to fuel matrix (1/s) and cb is the concentration of fission gas atoms in bubbles
(atoms in bubbles/cm3).
No resolution from as-fabricated pores is assumed since their large size prevents them from being
destroyed by an energetic fission fragment. Also, in a large pore, the contribution from collisional
knock-on is small.
The following sections describe how the terms in diffusion Eq. (1) are calculated in principle.
Diffusion coefficient (D)
The first term of Eq. (1) takes into account the gas diffusion. For single atom diffusion coefficient,
SPHERE has several options. The recommended equation for single atom diffusion coefficient
D (cm2/s) in UO2 is Turnbull’s equation:
D = D1 + D2 + D3

where D1 = 7.6 E − 6 ⋅ e

−

35000
T

(2)

depends only on fuel temperature T (K) and is dominant when T > 1 400°C,

13800
−
⋅e T

D2 = 4.84 E − 18 ⋅ F
depends on T and fission rate F (fissions/cm3/s), and dominates when
1 000°C < T < 1 400°C and D3 = 0 is an athermal term

Fission gas generation rate (β)
The second term of the diffusion Eq. (1) contains the gas production. Only stable or very
long-lived isotopes are included in the model, as the shorted-lived ones decay to solid fission products
on their way out of the fuel. The rate of gas production is:
β = YXe + Kr ⋅ F

(3)

where YXe+Kr is the total cumulative chain yield of stable and long-lived Kr and Xe isotopes and F is
the fission rate (fissions/cm3/s).
Absorption into bubbles and pores
The absorption probability (g)
In the absorption term of diffusion Eq. (1), the probability that a gas atom is captured by a bubble
or an as-fabricated pore is:
gb = 4π ⋅ D ⋅ rb ⋅ N b

(4)

g p = 4π ⋅ D ⋅ rp ⋅ N p

(5)
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where rb is the intragranular bubble radius (cm), rp is the intragranular pore radius (cm), Nb is the
intragranular bubble concentration (bubbles/cm3) and Np is the intragranular pore concentration
(pores/cm3).
As the absorption probability depends on bubble and pore sizes and concentrations, they must be
integrated at the same time with the diffusion Eq. (1).
Bubble and pore radii (rb, rp)
The bubble radius is calculated by first solving the number of atoms in the bubble. Then, assuming
that the bubble is in mechanical equilibrium with its surroundings, the radius can be calculated.
The number of atoms in bubbles in a unit volume (cb) is solved from the equation:
∂cb
= gb c m − bcb
∂t

(6)

The number of atoms in a single bubble (mb) is then:
mb =

cb
Nb

(7)

When the number of atoms in a bubble is known, the bubble radius can be calculated. As a new
bubble nucleates, it faces an immense pressure from the surrounding lattice, and thus, deviation from
ideal gas law must be considered. In fact, the deviation is small when the diameter is greater than
100 nm, and, thus, would not have any effect in larger pores (diameter ca. 1 µm), but to keep things
simple, the same calculation routine with the correction is used for both bubbles and pores.
When the bubble is in equilibrium with its surroundings, the gas pressure inside is balanced by
the hydrostatic stress in the fuel and the surface tension forces that tend to contract the bubble. As new
atoms enter the bubble, the bubble grows until the pressure has again dropped to a level that is equal to
the contracting forces:
Gas pressure = p =

2γ
+σ
rb

(8)

where γ is the surface tension (= surface energy) of the fuel (erg/cm2 or J/m2) and σ is the external
hydrostatic stress in the fuel.
The volume per atom (Vatom) depends on gas pressure according to van der Waals equation of state:
Vatom =

kT
kT
+B=
+B
p
2γ rb + σ

(9)

where kT/p is the ideal gas law dependence and B is the van der Waals volume of xenon atom
~85 Å3/atom [6]. At high pressures, Vatom approaches B, which thus can be regarded as the volume
occupied by the atom proper.
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The number of atoms/bubble is then [6]:
mb =

4 π rb3 3
bubble volume
=
Vatom
kT (2 γ rb + σ ) + B

(10)

In Eq. (10), mb is known (from Eq. 7), and bubble radius rb can thus be solved.
The pore radius is calculated using a similar method except that a correction is made for the initial
He gas amount in the pore.
Bubble concentration (Nb)
The old method to calculate the bubble concentration assumed that, at the end of nucleation stage,
the gas production rate exactly equals the rate of gas atom resolution from the bubble, and that bubble
concentration stays constant through the whole irradiation. However, the calculated concentrations
were not in line with empirical observations [7]. Therefore, two new alternative models were added:
stationary trapping and empirical formula.
•

Stationary trapping. To keep things simple, stationary trapping conditions were assumed.
That is, the amount of trapped gas is assumed to remain unchanged. At the end, the bubble
concentration should eventually saturate at the value [5]:
Nb =

2 ⋅ F ⋅ 1.52α
1.52α
production rate of bubbles
=
=
2
2
destruction rate of bubbles 2 ⋅ F ⋅ π( Z + rb ) l f
π( Z + rb ) l f

(11)

where α is the number of bubbles generated/fission (α = 24), lf is the length of the fission
spike in cm (lf = 6 µm) and Z is the range of influence about the path of fission spike (cm)
(Z = 1 nm).
•

Empirical formula. Bubble concentration has a strong effect on trapping of the gas (Eq. 4).
In Eq. (11), both α and Z have large uncertainties, and rb is the result of the calculation also
containing uncertainties. Therefore, an alternative is to estimate Nb using an empirical
formula. The best results in modelling Halden-Gösgen experiment (IFA-550.9) were achieved
with Baker’s empirical formula [8,5]:
N b = 1.52 E 21 T − 3.3E17

(12)

Pore concentration (Np)
In SPHERE-3, as-fabricated intragranular porosity and pore radius (~ 1 µm) are given in the input
file. The pore concentration is calculated from:
N p = pI

(4π rp3 3)

where pI is the as-fabricated intragranular porosity.
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(13)

Intragranular resolution (b)
The resolution of fission gas from intragranular bubbles back to matrix is caused either by simple
collisional knock-on, or through high temperature and pressure shocks created by fission spikes.
In UO2, fission spikes are able to destroy a single fission bubble completely. As the bubbles are
destroyed, the gas they contained is resolved back to fuel matrix. Actually, without resolution, fission
gas release would be negligible.
The last term (b·cb) in diffusion Eq. (1) represents the resolution of the gas trapped in bubbles.
The fraction of the gas in bubbles that is resolved per second is represented by b. This is the same as
the fraction of bubbles destroyed, or the fraction of unit volume in which bubbles are destroyed by
fission spikes per second. A “touch” of a fission spike is assumed to be enough to destroy a bubble,
and thus, one fission fragment destroys all bubbles inside a cylindrical volume:
b ′ = 2 ⋅ π ⋅ ( Z + rb ) ⋅ l f
2

(14)

where b′ is the resolution volume/fission (cm3/fission) and “2” is the two fragments/fission.
If Eq. (14) is corrected for the bubble size distribution (as shown in White [5]), it takes the form:
b ′ = 3.03 ⋅ π ⋅ ( Z + rb ) ⋅ l f
2

(15)

The resolution rate (b) caused by all fission fragments in a unit volume per unit time is:
b = b′ ⋅ F

(16)

Boundary condition of the diffusion equation
When solving the diffusion equation in the grain, the grain boundary can not be considered as a
perfect sink because the resolution from the grain boundary back to the grain (intergranular resolution)
increases the gas concentrations close to grain boundary. Turnbull’s approximation [4,5] is adopted.
The gas concentration at the grain boundary is set equal with the gas concentration at resolution depth:
c m = bgb λ N gb surface (2 ⋅ D)

at grain boundary

(17)

where bgb is the resolution probability from the grain boundary (1/s), λ is the average distance gas
atoms are knocked back to fuel matrix (cm) and Ngb surface is the number of atoms per grain surface area
(atoms/cm2).
In Turnbull [4], Ngb surface and the product bgb·λ have been approximated by a method of “trial and
error” in order to reproduce the Halden 1% threshold for fission gas release. In SPHERE-3, Ngb surface is
calculated in a different way, which will be explained in the sub-section entitled Condition for gas
release (interlinkage). However, the value of the product bgb·λ has large uncertainties. After personal
communication with Turnbull, the product bgb·λ was determined using a similar method as in [4],
i.e. its value has been determined to reproduce the fission gas release measured after base irradiation in
Gösgen (see the section entitled SPHERE-3 calculations compared with the Gösgen-Halden
irradiation test). The formula used in SPHERE-3 is:
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bgb ⋅ λ = (bgb ⋅ λ ) ref ⋅

F
⋅ 1.5
Fref

(18)

where (bgb⋅λ)ref is Turnbull’s value for bgb⋅λ at the reference fission rate (cm/s) and Fref is the reference
fission rate (9.21E12 fissions/cm3/s) [10].
For different models and codes, the value of bgb⋅λ is slightly different. This is reflected in the
factor 1.5 in Eq. (18). However, using the same calculation model for other fuel rods, its value is not
expected to change. This assumption must be proofed when other fuel tests will be calculated with
SPHERE-3. It is worth mentioning that the preliminary value given in Eq. (18) is rather close to the
value given in [4].
Intergranular gas (gas at the grain boundary)
Gas flux to grain boundary
As a new feature in SPHERE-3, the gas flux to grain boundary consists of two parts:
1) Diffusional flux from the grain, which is according to Fick’s law:
Flux diff = − D

∂c m
∂r

(19)

2) Gas swept by moving grain boundary. The model of Kogai [9] is installed in SPHERE-3:
Flux sweep = α ⋅ A ⋅

∂r
∂t

(20)

where α = 0.001, and A is the total gas inventory of grain.
Because this model has not been confirmed, the model for Fluxsweep can be switched on or off in
SPHERE-3. Moreover, according to White [5], the diffusion and resolution effects predominate in
grain boundary gas accumulation.
Atoms per grain boundary bubble
Dividing the grain surface area by the number of grain bubbles on it, we get the area per grain
boundary bubble. The radius rgb max of this is:
rgb max =

1

(21)

π ⋅ N gb bubbles

where Ngb bubbles is the number of grain boundary bubbles per unit surface area.
As the diffusion along the grain boundary is fast compared to diffusion inside the grain, atoms
arriving to this area are assumed immediately to enter the grain boundary bubble. Then, the number of
atoms per grain boundary bubble (mgb bubble) can be calculated from the equation:
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∂m gb bubble
∂t

= π ⋅ rgb2 max ⋅ (2 ⋅ Flux diff + Flux sweep )

(22)

The diffusional flux is multiplied by two as it also contains the flux from the adjacent grain.
The bubble radius is calculated in much the same way as the intragranular bubble radius,
i.e. assuming thermodynamic and mechanical equilibrium with the surrounding matrix. Because the
grain boundary energy and the surface energy of UO2 differ, the grain boundary bubbles have
lenticular shapes, which slightly complicates the calculation. The method used in SPHERE-3 is a
standard one found in open literature [5].
Gas release
Condition for gas release (interlinkage)
Grain boundary bubbles are assumed to interlink when they cover the whole grain surface, i.e.:
rgb bubble = rgb max

(23)

where rgb bubble is the radius of grain boundary bubble (cm).
Interlinkage (and gas release) could also be established before the grain boundary bubbles cover
the whole grain surface, but, in light of Halden-Gösgen test results, this was not considered necessary.
In the models presented in Turnbull [4] and White [5], interlinkage and gas release are initiated
when the number of atoms per grain surface area (Ngb surface) reaches a maximum value around
5.0 E15 atoms/cm2. This condition is slightly different than the one used in SPHERE-3, but, at the end,
the maximum concentrations calculated by SPHERE-3 are quite close to 5.0 E15 atoms/cm2 (see the
maximum values in Figure 10, at which point the bubbles are interlinked).
Total gas release in a fuel ring
The total flux out of all the fuel grains in a radial fuel ring is calculated from the equation:
2
Flux ring = 4 πrgrain
⋅ N grains ⋅ ( Flux diff + Flux sweep )

(24)

where rgrain is the fuel grain radius and Ngrains is the number of grains in the fuel ring:
Vring ⋅ ρ smear ,ring
mass in the fuel ring
=
3
mass of a sin gle fuel grain ρ smear ,grain ⋅ 4 3 ⋅ πrgrain

(25)

where ρsmear,ring is the smear density of the fuel ring and ρsmear,grain is the smear density of the grain
Before the grain boundary bubbles are interlinked, the total flux Fluxring is added to the gas in the
grain boundaries. After the grain boundary bubbles have interlinked forming a tunnel network
(rgb bubble = rgb max), the grain boundaries are saturated, and Fluxring is excess gas which must be vented
off. Gas release is initiated by adding Fluxring to the gas release.
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After part of the gas in the tunnel has been vented off, the gas pressure in the tunnel decreases,
and the tunnel collapses. The rest of the gas in the tunnel is isolated and forms new bubbles. As the
new bubbles grow, they interlink again, and gas is released, and the tunnel collapses. Thus, even after
release has initiated, some gas is constantly retained at grain boundaries. In SPHERE-3, this is taken
into account by using the model described in White [5]. It is assumed that the gas amount in the grain
boundaries increases until its maximum value just before interlinkage. After interlinkage, it is not
released but stays in grain boundaries, i.e. the release consists only from the excess gas entering grain
boundaries after the interlinkage.
Gas release from the columnar grain area
At high temperatures (1 600°C-1 700°C), fuel evaporates at the hotter side of a pore and condenses
at the cooler side resulting in pore movement towards the rod centre. Moving pores leave behind
columnar grains. In SPHERE-3 it is assumed that all fission gas (either in fuel matrix, pores, in grain
boundary, etc.) in that fuel ring is swept into moving pores and released into rod open volume. If later
pore movement ceases, normal fission gas accumulation continues.
However, a minor shortcoming of SPHERE-3 is that the fission gas release model assumes only
equiaxed grains and cannot take into account the special shape of the columnar grains. This has no
effect by normal thermal reactor temperatures, which are too low to create columnar grains. In FBR
conditions, the shortcoming is not important because gas is released from the columnar grains mainly by
moving pores and not by diffusion. If temperature decreases later to a lower level, the release mechanism
in columnar grain zones would again be diffusion. However, the effect of this is limited, as:
•

The characteristic distance that an atom must diffuse to arrive on the grain boundary is the
width of the columnar grain, not its length. Therefore, assuming a spherical grain, the fission
gas diffusion to the grain boundary is only slightly overestimated.

•

The grains have been “cleaned up” of the fission gas by moving pores.

•

Uncertainties in later, much smaller diffusional release have only a minor effect on total gas
release.

SPHERE-3 calculations compared with the Gösgen-Halden irradiation test
Test description
After the base irradiation in the Swiss Gösgen PWR, followed by post-irradiation examination in
PSI, one sphere-pac fuel segment (S15) and one pellet fuel segment (N02) from the full size one-cycle
test rod were sent to Halden for an instrumented ramp test (rapid power increase). After irradiation
in the Halden boiling water reactor (Test IFA-550.9), the two segments were examined, both
non-destructively and destructively, and the results [1] were compared with SPHERE-3 predictions.
Results of the calculation
Calculated fuel centre temperature
The calculated fuel peak centre temperature during the entire irradiation is shown in Figure 1.
During the base irradiation, the fuel temperatures were low, most of the time under 1 250°C. In Halden,
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Figure 1. Axial peak power, temperature and
fission gas release fraction calculated by SPHERE-3
2500

550

2400
500

RAMPS IN
HALDEN

BASE IRRADIATION IN GOESGEN KKW

2300
2200

450

2100
400

1800
1700
1600
1500
1400
1300

SEGMENT S15
GOESGEN + HALDEN IRRADIATION
Power
Centre temperature

350

Rod average fission gas
release fraction

300

250

200

40

150

30

100

20

50

10

1200
1100
1000
900
800

0

0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

Fission gas release fraction (%)

1900

Linear heat rate (W/cm)

o

Peak centre temperature ( C)

2000

Average Burnup of segment S15 (% FIMA)

the fast initial sintering led to better fuel thermal conductivity, this partly compensating for the higher
power level. The power ramp at burn-up 1.7% FIMA (approximately 16 MWd/tU) quickly increased
the centre temperature to 2 440°C. Because of continuous sintering and power decline, the fuel centre
temperatures decreased steadily during the rest of the irradiation. Due to the absence of a fuel-cladding
gap, the fission gas release increases temperatures in sphere-pac fuel much less than for pellet fuel.
Calculated average fission gas release
The calculated rod-averaged fission gas release fraction is shown in Figure 1. Fission gas releases
calculated with SPHERE-3 were approximately the same than measured in PIE (Table 1).
Table 1. The comparison of calculated (SPHERE-3)
and measured rod average fission gas release

Gösgen-Halden test:
– Base irradiation in Gösgen PWR
– Ramp test in Halden reactor

Measured

SPHERE-3

0.8%
45%

1.1%
36%

Calculated results in detail along the pin radius
In the following, all results are shown as three-dimensional surfaces depicting parameter profiles
(values along the fuel radius) as a function of burn-up. Profiles are shown for axial elevation
327.8 mm, at which one of the samples for ceramography was taken (power at this elevation was
99% of the axial peak power). All profiles in Figures 2-11 are for base irradiation in Gösgen PWR
except for Figure 5, which shows the gas production and release during the Halden ramp test.
Figure 2 shows the radial profiles of fuel temperature as a function of time. The corresponding
single atom diffusion coefficient is depicted in Figure 3.
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Figure 2. Fuel temperature profiles (base irradiation)
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Figure 3. Fission gas diffusion coefficient (base irradiation)
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Profiles in Figure 4 (base irradiation) and Figure 5 (Halden ramp irradiation) show: i) local
cumulative fission gas production; ii) local, cumulative fission gas release; and iii) local fission gas
remaining in the grain boundary bubbles. After the base irradiation, even in the fuel centre, most of the
gas was not released, staying inside the fuel grains or at the grain boundaries (Figure 4). In SPHERE-3,
lenticular pores, while moving towards the pin centre (forming columnar grains), are assumed to
collect all fission gas in the fuel and release it to the rod open volume. This is clearly seen in Figure 5
as an enhanced release. After the power ramp, temperature decreased, pore movement ceased and gas
continued to collect in the fuel grains.
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Figure 4. Gas production, release and gas on the
grain boundary. Base irradiation in Gösgen PWR.
20

Higher power and gas
production in the rim

1.1x10

20

3

FISSION GAS (atoms / cm of fuel rod):
= Cumulative gas production
= Cumulative gas release
= Gas in grain boundary bubbles

19

19

8.0x10

19

7.0x10

19

6.0x10

19

5.0x10

19

4.0x10

Intra-granular gas =
Production Release Grain boundary gas

19

3.0x10

19

2.0x10

0
1
2

19

1.0x10

3

0.0
4

1.0

Ro d

1.2

0.8

0.6
0.4
Rod average
burnup (% FI
MA)

us (
mm
)

3

9.0x10

rad
i

Gas concentration (atoms / cm of fuel rod)

1.0x10

0.2

Clad

0.0

Figure 5. Gas production, release and gas on the
grain boundary. Ramp irradiation in Halden reactor.
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Figure 6 shows the fuel area where the grain boundary bubbles have interlinked (open porosity)
and gas release has started.
Figure 7 shows the distribution of intragranular fission gas, i.e. how much is in fuel matrix and
how much is trapped in intragranular bubbles (gas in as-fabricated pores is negligible).
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Figure 6. The area of open porosity (base irradiation)
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Figure 7. Distribution of intragranular gas along pin radius (base irradiation)
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The same concentrations but now inside a single fuel grain are shown in Figure 8 (for a grain in
the pin centre) and in Figure 9 (for a grain halfway from the centre to the rim). In the pin centre, where
fuel temperature is high, gas is mobile and nearly the same amount is in intragranular bubbles than in
fuel matrix. At the end of the irradiation, resolution by fission fragments continued to bring gas from
bubbles to matrix. However, fuel temperatures were now lower, decreasing the gas mobility and
preventing gas from diffusing back to the bubbles, which is seen clearly in Figure 8. The grain in
Figure 9 is in lower temperature, and gas stays more or less in the matrix where it was born.
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Figure 8. Distribution of intragranular gas along
grain radius. Grain at the pin centre (base irradiation).
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Figure 9. Distribution of intragranular gas along grain radius.
Grain halfway from the centre to the rim (base irradiation).
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Figure 10 presents the number of atoms per grain surface area (Ngb surface), and intragranular bubble
diameters (of the largest bubbles in the grain centre) are shown in Figure 11.
Conclusions
At PSI, modelling the irradiation of sphere-pac fuel with a mechanistic model for fission gas
release has so far been very successful, as the comparison of the SPHERE-3 results with experimental
data has demonstrated. The fission gas release model in SPHERE-3 could predict about the same gas
release as measured. However, two parameters need to be set: the temperature above which columnar
grains are formed (set as 1 600°C), and a parameter for gas resolution from grain boundaries.
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Figure 10. Number of atoms per grain surface area (Ngb surface) (base irradiation)
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Figure 11. Diameter of intragranular bubbles (at grain centre)
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DEVELOPMENT OF THE FISSION GAS BEHAVIOUR MODEL
IN THE START-3 CODE AND ITS EXPERIMENTAL SUPPORT

Yu.K. Bibilashvili, A.V. Medvedev, G.A. Khvostov, S.M. Bogatyr, L.V. Korystine
SSC VNIINM, Moscow, Russian Federation

Abstract
This paper is devoted to the description of the recent developments of the fission gas behaviour model
integrated with the START-3 fuel rod calculation code. The main enhancements of the classic model
two-stage diffusion plus “knock-out and re-coil” providing the extension of its applicability are:
•

The model for low-temperature gas release and fuel structure evolution at ultra high burn-up.

•

The correlative model of high temperature and transient gas release due to “ductile” and
“brittle” development of the fuel surface-to-volume ratio.

Some further lines of development are also presented. In particular, a new model of the intragranular
FG behaviour both under steady-state and transient conditions is outlined.
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Introduction
The module GRSWEL for fission gas (FG) behaviour prediction is a part of the full-scale fuel rod
(FR) calculation code START-3 which incorporates the interrelated treatments of the FR mechanical
and thermal physical behaviour with a view toward the investigation, justification and licensing of
VVER type fuel under normal, steady-state and transient (moderate) operation conditions. The code
flow chart for a one time-step numerical solution with a brief description of the main structural units
and input-output parameters is presented in Figure 1.
Figure 1. Flow chart of one-time-step numerical solution
Input data:
- design parameters(fuel stack and cladding geometry, initial filling gas
pressure and composition, fuel loading mass, cladding material properties
etc.);
- fuel structure properties(initial density, average grain size,
densification, volumetric open porosity etc.);
- time dependent historiesof the average linear heat rate, fast neutron
flux, cladding surface temperature, given for the set of axial segments along
the fuel stack

Iterative Ppocedure
Temperature field calculation

Fuel re-structuring calculation

Mechanical calculation

Fission gas release and
gas-induced swelling

Time

<
End of step

Output results:
- fuel and cladding strain-stress condition;
- cladding damage level a
s accumulated depth of a crack
;
- fuel rod elongation;
- fuel temperature distribution;
- internal gas pressure and composition

The START-3 code deals with FR accident-free performance and thus incorporates a treatment of
stable fission gas, neglecting the presence of unstable gases. The following factors of the fission gas
influence on the FR behaviour are taken into account:
•

Deterioration of fuel rod mechanical characteristics because of additional fuel stack volumetric
instability (fission gas swelling) and fuel rod internal pressure increase (fission gas release).

•

Deterioration of fuel rod thermal-physical characteristics because of fuel porosity development
and dilution of initial filling gas (He, as a rule) by FG products (Xe and Kr).
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The original FG behaviour model used by the START-3 code is based on solution of a “two-stage
diffusion” problem for fission gas in UO2 polycrystal fuel [1,3]. In this case, the fission gas release
kinetics is determined by:
•

Diffusive flow of FG monoatoms to grain boundaries.

•

Subsequent “quasi-diffusive” percolation of the intergranular gas to fuel-free surface.

According to the classic views [2] the model also takes into account the possibility of gas release
by the athermal “direct recoil” and “knock-out” mechanisms.
The calculation of fuel strain induced by fission products takes into account:
•

Accumulation of solid products in fuel matrix.

•

Content of gas monoatoms in fuel matrix.

•

Presence of gas-filled intragranular and intergranular bubbles in fuel, under the assumption
that the intragranular bubble is a small solid sphere of volume corresponding to the number of
gas atoms inside (a more adequate approach is presented below).

Some developments of the model made in order to improve its predictability for the extended
range of FR operation conditions
The approach outlined above to FG behaviour modelling is commonly known and widely used in
well-developed codes. The original version of the model was integrated into the START-3 code in the
mid-80s and demonstrated a good agreement with the experimental observations as applied to
quasi-steady-state conditions with relatively low operational power and temperature up to a medium
(from a present-day point of view) burn-up.
However, the further filling of the verification matrix by data for a wider range of operational
conditions dealing with an increase of FR target burn-up, higher power generation, transient modes,
etc., revealed a series of consistent FGR underpredictions in comparison with experimental data.
Thereupon, this original model has been supplemented with a few sub-models providing its
adequacy for the enlarged range of application.
Low-temperature effects of ultra-high burn-up
The PIE of high burn-up LWR fuel has shown that one of the main consequences of the burn-up
extension is the increase of FGR (Figure 3) even under relatively moderate operational conditions
(Wl < 200 W/cm at EOL). Analysis has allowed to emphasise several possible reasons for this increase:
•

Polygonisation of original grains with formation of very small (around 0.1 µm) sub-grains,
resulting in the matrix gas depletion at the ultra-high burn-up surface of a fuel pellet.

•

Formation of a high-porous layer on a fuel pellet periphery, resulting in additional fuel surface
thermal resistance.

•

Fuel thermal conductivity degradation in a pellet’s bulk.
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The former two scenarios are caused by radial redistribution of local power density and burn-up
in a fuel pellet which leads to local ultra-high burn-up of a pellet surface (about 100 MWd/kgU and
higher).
The START-3 code enables to account for the above effects through the addition of some new
sub-models and an upgrade of the existing fuel property descriptions, conventionally named a “rim
effect”.
Power density and burn-up redistribution
To calculate dynamics of the power density and burn-up radial profiles, the START-3 code uses
an interpolating treatment of the results of neutron calculations made with the GETERA code.
The heterogeneous calculations performed took into account the effects of the preferential 239Pu
accumulation at a fuel pellet surface due to the epithermal neutrons resonant capture by 238U and also
the “blockage” of 235U and 239Pu fission sections in a pellet central part due to the presence of Gd
absorbers. A number of input parameters such as initial fuel enrichment, density, section average
burn-up, fuel rod and fuel assembly co-ordinates, etc., are taken into account in calculation.
Grain polygonisation
As a physical basis of the polygonisation model we have taken a qualitative consideration that
ultra-high burn-up at low temperature conditions results in the accumulation of redundant irradiation
damages. The increase of these point defects concentration, in one’s turn, could cause their clusterisation,
forming some spatial, hypothetically two-dimensional defects, which can behave as the sub-grains’
boundaries. They are assumed to be highly packed intragranular diffusive sinks, efficiently conducting
fission gas to the original grain boundary. Taking into account the saturation-limited ability of the
original grain boundaries to accumulate the fission gas [3,4], these propositions could explain the fact
of FGR increase at high burn-up and low temperature conditions, particularly from a pellet surface.
The analysis of the FGR dependency on the FR average burn-up and investigations of high
burn-up structure spatial distribution [5] testify that the polygonisation process is a threshold function
of fuel burn-up and temperature. The temperature threshold of the process is caused by annealing of
the irradiating damages and is estimated to be around 1 200°C. The empirical burn-up threshold lies in
the range 42-45 MWd/kgU of FR average burn-up for VVER type fuel (Figure 3).
Summing all aforesaid, the sub-grain diameter dsx chosen as a polygonisation parameter is
calculated from the empirical rate equation:
0, T > Tannealing

  bu  n   bu  n −1  bu& , T < T
d&sx = 
annealing
−( d 0 − d s 0 ) nexp  − x    x   x 



bu
bu
bu
0

  0   0 


with the initial conditions dsx(t = 0) = d0, where dsx is its current value, ds0 its asymptotic value
(0.1 µm), d0 the original grain diameter, bux the current local burn-up, bu0 the burn-up threshold
(9% h.a.), Tannealing the temperature threshold (1 200°C) and n the model parameter determining the
process rate (n = 3.0).
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While T < Tannealing the analytical solution of the given equation is:
 bu 
d 0 − d sx
= 1 − exp x 
d0 − d s 0
 bu0 

n

The presented equation is integrated jointly with the solution of a gas diffusion problem in a
sub-grain interior, solved by means of the finite-difference scheme in the corrective equi-volumetric
network.
The presence of the athermal irradiation induced diffusivity Dirr = k F& provides the considerable
gas atom flux to a sub-grain boundary:
Φ s ≅ − πdsx2 Dirr grad (Cg ) r = dsx 2

on the condition that dsx → ds0 ∼ 0.1 µm.
Considering the sub-grains as the ideal gas conductors we can express the rate of gas atoms loss
into an original grain boundary as:
3

Φ bound

d 
=  0  Φs
 dsx 

Thus, it is clear that the proposed model can explain the experimentally observed matrix xenon
depletion at the surface regions of high bun-up LWR fuel.
The parametric analysis of the model is illustrated in Figure 2.
Figure 2. The parametrical analysis of the grain polygonisation model
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Estimation of rim layer’s intergranular fission gas retention and porosity
Since the possibility of the low-temperature matrix gas depletion has been demonstrated both by
the experimental observations and by the previous modelling analysis, the further step is addressed to
a grain boundary fission gas treatment. Let us estimate the relative intergranular fission gas retention q
and the porosity Prim in a low-temperature fuel region of burn-up bux. Assume that the intergranular
fission gas is contained by the grain face bubbles, the population of which has reached the saturation
limit [3,4,7] f 0 = πCb′′ rx2 sin 2 θ , where Cb′′ is the bubbles’ surface concentration and rx is the bubbles’
surface curvature radius.
The volumetric concentration of the intergranular atomic gas is:
C ′′′ = nx Cb′′′= nx Cb′′Ag Cg′′′ 2

where nx is the number of gas atoms in a bubble, Cb′′ and Cb′′′= Cb′′ Ag Cg′′′ 2 is the bubbles’ surface and
volumetric concentrations, Cg′ is the grain concentration and Ag is the grain surface area.
Combining the ideal gas law for the fission gas inside a bubble and the static equilibrium condition
for an unrestrained bubble’s size pg = 2γ/rx, it can be written:
nx =

8 3 πγf f (θ)rx2
kT

where ff(θ) is the factor of the accepted bubbles geometry (0.186 for the lens with θ = 50° and 1.0 for
the sphere θ = 90°).
By definition of f0:
Cb′′ = f0 [πrx2 sin 2 (θ)]

Accepting for simplicity that the specific grain boundary area Ag Cg′′′ 2 is equal to the area of highly
packed system of spheres with diameter d0, it can be written:
C ′′′ =

8γf (θ) f0
kT sin 2 (θ)d 0

Then, for the relative intergranular retention we have the following expression:
q=

C ′′′

( )

&
YXe + Kr Ft

=

8γf f (θ) f 0

kT

sin 2

(θ)d 0 (6.72 10 24 bu x )

where bux is given in MWd/kgU.
For the appropriate porosity Prim it can be written:
Prim = Cb′′′4 3 πrx3 f f (θ) =
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4 f f (θ) f 0 rx
sin 2 (θ)d 0

Substituting in the derived equations the surface energy γ = 0.6 J/m2 and using the commonly
observed rim layer parameters bux = 100 MWd/kgU, T = 675 K, d0 = 10.0 µm, 2rx = 1.0 µm, we have
obtained the values q and Prim for two types of the bubble geometry and for the limits of fraction
coverage area f0 = 0.5 (as a prevalent magnitude) and f0 = 0.907 (as a theoretical limitation) (Table 1).
Table 1. The calculated values of the rim layer’s intergranular FG retention and porosity
f0
0.5
0.907

Lenticular bubble (θ = 50°)
q, %
Prim, %
2.8
1.1
5.2
2.0

Spherical bubble
q, %
Prim, %
10.0
3.8
18.0
7.0

The assessments presented above, especially the higher values on the right part of the table, agree
well with the experimental data [7] and testify that:
•

Local gas release in low temperature rim layers can reach a large value (dozens of per cent)
and noticeably contribute to integral FGR.

•

Rim effect induced porosity can significantly exceed its initial value P ∼ (3-5)% and influence
a thermal state of a fuel stack.

Fuel thermal conductivity
An ordinary expression for VVER type fuel is modified accounting for porosity increase beyond
the domain of applicability of the factor (1-2.5 P) [1,6].
Discussion of the modelling results
The developments presented above have noticeably improved the prediction capability of the
START-3 code as applied to FGR calculations for high burn-up VVER fuel (Figure 6).
Accounting for the effects mentioned above results in the significant increase of the predicted
FGR. The generalised reasons of this increase:
•

The thermal-physical factor associated with the additional rim layer thermal resistance resulting
in the fuel volume-average temperature increase (“squaring” effect [6]).

•

The structure evolution associated with the polygonisation of fuel grains and the saturation of
grain boundaries leading to the low temperature gas release from a pellet periphery.

The previous analysis gives rise to the conclusion that the low temperature surface FGR can be
high enough to contribute the FGR integral value.
Moreover, full scale calculations and experimental research show that the usual VVER fuel
working conditions are, as a rule, too “smooth” to provide a significant diffusive loss of fission gas
from a pellet’s central part [7] (see Figure 5). In this case, the athermal surface gas release becomes a
dominant mechanism.
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There is another opportunity to check the validity of this conclusion [17]. It uses the known fact
that a Xe/Kr fission yield ratio is about twice higher for the Pu fission acts than for the U.
Indeed, the increased content of Pu in the fuel pellet periphery makes inevitable some synchronism
between dynamics of gas release and change of FR filling gas Xe/Kr ratio, if the fission gas is released
from the surface. Figures 3 and 4 combine the appropriate available data on VVER fuel rods. A simple
analysis using the polynomial approximations of the experimental dependencies reveals that the onset
of the more intensive increase of the Xe/Kr ratio takes place at about the same burn-up as the FGR
intensification. This fact seems to be a qualitative confirmation of the presence of surface FGR, but
requires further clarification.
Figure 3. FGR vs. FR average burn-up for VVER fuel rods
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Figure 4. Xe/Kr ratio for FR filling gas vs. FR average burn-up for VVER fuel rods
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Figure 5. The experimental (,) and calculated (–) radial profiles of the matrix Xe
content in a VVER type fuel pellet (pellet BU ≅ 50 MWd/kgU) after stepwise power increase
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Figure 6. The relative FGR prediction error for the VVER fuel rods
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The correlative model of surface-to-volume ratio increase
The “equivalent spheres” sub-model used by the START-3 code in order to describe the
quasi-diffusive intergranular fission gas percolation considers such a fuel inherent parameter as a fuel
surface-to-volume ratio (below S/V or s) [1,3].
The following “cumulative” treatment is accepted for the calculation:
s = sinit + ∆s1 + ∆s2, (cm–1)
The initial value sinit is a characteristic of the specific type of as-fabricated fuel. This parameter is
determined by the special correlation, accounting for the fresh fuel structure properties (density, grain
size, internal free volume).
∆s1 and ∆s2 are time-dependent variables. They relate to the proposed possibility of the S/V ratio
development by means of two mechanisms:
•

Thermal mechanism of slow development of the S/V ratio dependent on fuel temperature and
burn-up and formally associated with the “ductile” micro-cracking of fuel [8].

•

Transient mechanism of fast temperature-independent S/V ratio development formally
associated with the “brittle” micro-cracking of fuel [8,9].

In both cases, the following correlative rate equation is used in order to describe the S/V ratio
dynamics:
dB eff .1,2
d∆s1,2
6
= α λ 1,2
exp( − λ 1,2 Beff .1,2 )
dt
d0
dt

with zero initial conditions, where α is the model parameter (0.4), d0 is the grain size (cm); λ1,2 are the
rate coefficients (λ1 = 0.225, λ2 = 1.0 103) and Beff.1,2 are the effective burn-up functions (MWd/kgU).
The following empirical schemes are used to calculate the effective burn-up functions:
1) In case of “ductile” growth the rate equation of the following form is integrated:

B& eff .1


 9 800 
−3
0, if B < 5 10 exp T − 273 
=
9 800 
 B& , if B > 5 10 −3 exp

 T − 273 


where T is the temperature (K) and B is the actual burn-up (MWd/kgU). Thus, the process
initialisation is associated with the Halden FGR threshold [12].
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2) In case of the “brittle” growth the problem is:

B& eff .2

 B& , if




=
 if


0,

σ r > σ limit = 150 MPa, (UP transient )
in pellet field r > r0 , where r0 such that σ r ( r0 ) = σ θ ( r0 )
OR
σ z > σ limit = 150 MPa, ( DOWN transient )
in pellet field r < r0 , where r0 such that σ z ( r0 ) = σ r ( r0 )
in all other cases

where σr,θ,z are the stress components in a fuel fragment.
Thus, this mechanism is realised in the presence of the high enough tensile stress which is typical
for thermal transient modes.
The extra free surface formation is followed by almost instant intergranular fission gas release.
The specific rate of that release is determined from the following expression:
d
C ′′ d
( gr ) =
( ∆s1 + ∆s2 ) (atoms/cm3/s)
dt
2 dt

where C″ is the intergranular surface concentration of fission gas atoms (atoms/cm2).
On the other hand, the model formally predicts the further intensification of FGR because of the
downsizing of the effective intergranular diffusion cell A = 3/s although some eventual inverse effects
of the S/V recovery were experimentally observed [18].
Some modelling results
The sub-models presented above have noticeably improved the code’s ability to predict as applied
to FGR in fuel subjected to high temperature and transient conditions. The model’s verification was
carried out with the use of the results of special experiments obtained in MIR and MR research
reactors [7].
In order to illustrate the efficiency of the developments made, Figures 7 and 8 present the
comparisons of the calculated and experimental FGR in the fuel rods subjected to high temperature
long-term irradiation and to the stepwise power re-irradiation.
At present, a complete set of the START-3 code verification data consists of 92 PIE results for
FGR in standard VVER fuel and fuel subjected to special conditions. The verification has demonstrated
a sufficient FGR predictability as applied to the wide range of FR operation conditions (Figure 9).
Models under development
Development of the START-3 code is realised within the framework of the United Research and
Development Programme supported by SSC VNIINM RF. In particular, an improved model for the
transient analysis of fuel thermal-physical and structural behaviour taking into account the state of
fission products is presently under development.
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Figure 7. High-temperature FGR in the experimental
FR 1 of FA 13 irradiated in the MR research reactor
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Figure 8. FGR in the experimental FR 41 re-irradiated in the MIR research reactor
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Figure 9. All FGR verification data
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The modelling conception lies in the parallel solution of two independent problems:
•

Development of a physical model and an appropriate sub-program providing calculations of
the right-hand side of rate equations for time-dependent fuel characteristics.

•

Development and parametric optimisation of mathematical methods which ensure numerical
stability, precision and running speed, sufficient for model applicability.

Here, we present the sub-model which is a part of the model mentioned above dealing with the
intragranular fission gas behaviour.
Outline of model
Gas mono-atoms treatment
In order to calculate the mono-atomic matrix gas profile C1(ρ) the model solves the following
diffusion equation, under the assumption that a grain is spherical:
∂C1 1 ∂  2 ∂C1 
=
 + Geff , 0 ≤ ρ ≤ dsx 2
 ρ Dg
∂ρ ρ2 ∂ρ 
∂ρ 

with zero boundary condition C1(ρ = dsx/2) = 0 accounting for the grain sub-division parameter dsx
(see above).
The effective source term Geff in the above equation relates to the process of gas atoms
generation, small bubble nucleation, gas atoms trapping and resolution.
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Multi-group analysis of non-equilibrium gas bubbles
The analysis of transient behaviour of intragranular gas bubbles population is based on the
approach presented in [10].
The instantaneous state of the intragranular bubbles population is determined by three numerical
sequences {Ni}, {Bi}, {Mi}, of length Nb, according to a number of concerned groups.
Ni is the invariant number of gas atoms in a bubble and is determined in accordance with the
discretisation order:
i + 1), i = 1,... ( s − 1)
N i = (
mN
 i −1 , i = s, ... N b

where m and s are the model parameters. Bi is the time-dependent gas bubbles’ volumetric concentration
∞

for the i-th group, and Mi

=

N i = const

∂Bi

∫ r ∂r dr

is the time dependent r-moment of gas bubbles’ size

0

distribution for the i-th group.
A rate equation for Bi takes into account bubble nucleation, mono-atoms absorption, bubble-bubble
coalescence, resolution effects and bubble-grain (sub-grain) boundary interactions.
A rate equation for Mi accounts for evolutions both the bubbles’ concentration and their grope
effective size Ri = Mi/Bi:
∂Mi
 ∂R 
 ∂B 
= Bi  i 
+ Riprediction  i 
∂t
 ∂t  B j =1...N =const
 ∂t  R j =1...N =const

Here Riprediction is a proposed “new” bubble size after its formation, as a result of some process.
To calculate Riprediction a number of hypothesises are used, depending on a process type (coalescence,
irradiation-induced resolution, etc.).
The rate of the non-equilibrium size of a bubble (∆Pi = Pi – 2γ/Ri – Pext ≠ 0) is calculated as:
1
R&i = [ DV ∆CV − DI ∆Ci ]
Ri

where DV,I is vacancy and interstitial diffusivity and ∆CV,I is the difference between the point defect
concentrations (dimensionless) in fuel matrix and on a bubble surface.
The internal gas pressure Pi is calculated from the Van der Waals equation.
The total rates of Bi and Mi are calculated by means of the numerical technique of rate increments
or decrements derived from the consecutive calculations of the process rates, accounting for their
influence on Bi and Mi.
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Analysis of point defects
In order to describe the non-equilibrium behaviour of gas-filled bubbles and initial intragranular
pores, the model incorporates the calculation of thermal-induced concentrations of point defects in the
uranium and oxygen sub-lattices (CVU, CIU, CVO, CIO) [10]. The model also contains two rate equations
for the irradiation-induced concentrations of metallic point defects CV and CI. These rate equations
take into account production of Frenkel pairs, point defects absorption by different types of traps (gas
bubbles, initial pores, grain boundaries, dislocations) and vacancy-interstitial recombination.
Analysis of the as-fabricated intragranular porosity
The model incorporates the multi-group rate analysis of the initial as-fabricated intragranular
porosity (initially under-pressurised as a rule). The appropriate rate equations take into account
vacancies irradiation injection, backward flow of injected vacancies, absorption of injected vacancies
by grain boundaries, high-temperature dynamical disbalance of point defect flows, fission gas atoms
absorption and resolution.
The analysis of the process mentioned here enables to predict dynamics of the macro process such
as fuel irradiation densification and high-temperature sintering.
Intragranular gas loss
The model considers three mechanisms of the intragranular gas loss into the grain boundaries:
•

The first mechanism is caused by the diffusion flow of FG monoatoms from a grain to a grain
boundary.

•

The other two are stipulated by the bubble-boundary interactions due to the random and
biased motion of bubbles.

FP induced volumetric strain
The current value of the fuel volumetric strain associated with the intragranular process is
calculated from the following expression:

 ∆V 
= α solid BU + ν g  C1 +
 V 

int ra

s

∑
1

 4π
N i Bi  +
 3

Nb

∑R B
3
i

i

s +1

The first term of the right-hand side is responsible for strains stipulated by solid FP in the matrix
(αsolid = 0.32 vol.% per 1% h.a. of burn-up).
The second term accounts for the volumetric strain due to the matrix FG mono-atoms and the
small gas bubbles nucleus considered as solid spheres (νg = 85 Å3).
The last term is the temperature-dependent component of fission-gas-induced strain associated
with formation and development of the intragranular bubble population and evolution of its
size-distribution function.
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The equation presented above for volumetric strain could easily be transformed into the rate
equation form in order to be associated with the full-scale analysis of the fuel stack and cladding
mechanical and thermal states.
Time integration method
The set of ordinary rate equations that has been developed is integrated by means of the implicit
method realised in the LSODES subprogram [13]. The parameters of the solver are optimised in order
to ensure stability, precision and running speed of calculations within a stand-alone research programme
module.
Some modelling results
The improved model presented above enables the interrelated mechanistic analysis of the FG
behaviour and structure evolution within a fuel grain both for in-pile and out-of-pile environments for
steady-state and fast-transient (including RIA-type) conditions. Several calculational exercises
demonstrating model scope and adequacy are presented below. We also suppose the analysis similar to
that given below could benefit from further benchmark models.
Steady-state analysis
Exercise 1
Figure 10 shows the result of calculation of intragranular fuel volumetric strains ∆V/V against a
local burn-up under steady-state low-temperature conditions avoiding the considerable intragranular
gas loss. The calculational test demonstrates the trivial linear dependency with the constant of
proportionality k = 0.915 vol.% per 1% h.a. of burn-up. The experimental magnitude of this coefficient
lies in a range of 0.8-1.0 vol.% per 1% h.a. of burn-up [11,14,15]. Thus, the calculation agrees well
with the experimental data. The calculated distribution of the integral fuel swelling at EOL is presented
in Table 2. The calculation shows that the swelling components have comparable values.

Intragranular vol. strain ∆V/V, %

Figure 10. Intragranular fuel strain vs. local burn-up at low-temperature irradiation
5
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Table 2. Intragranular fuel swelling components
Swelling contributions, vol.%
Local burn-up, % h.a.

Σ

Solid FP

Gas mono-atoms

5.00

4.58

1.60

1.42

Small bubbles
(∼10 Å in size)
1.56

Exercise 2
The HEDL (Hanford Engineering Development Laboratory) data [10] are used to verify the
intragranular FGR calculation. The intragranular gas retention was measured for various fuel samples
subjected to steady state irradiation up to burn-up of 4% h.a., in different temperature conditions (from
1 090 to 1 950 K). Comparative analysis shows the model adequacy (Figure 11).
Figure11. HEDL data and calculation results for steady-state intragranular gas release
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Exercise 3
The next stage of the model’s qualitative and quantitative validation deals with the analytical
interpretation of the empirical FGR threshold (Halden FGR threshold or Vitanza curve) [12] (Figure 12).
Note that this analysis incorporates a treatment of the intragranular gas only. Thus, the calculations
account for neither the boundary related incubation process nor temperature and burn-up non-uniformity
and, so, enables the tendency assessment only. The points of the calculated dependencies T(BU) are
obtained as the burn-up at which the gas release-to-birth ratio (R/B ratio) becomes a unit versus the fuel
irradiation temperature. As is obvious from Figure 12, the model predicts the values of the temperature
threshold and its burn-up dependent decrease rate close to the experimental data, especially for the
extended burn-up when the grain boundary process are negligible from a point of view of their
influence on the integral FGR rate under steady-state conditions.

423

Figure 12. Model verification by Halden FGR threshold temperature
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Transient analysis
As applied to the transient operation conditions, at present, the model validation consists of
qualitative estimation of modelling results, model’s parametrical analysis, and a series of analytical
tests ensuring stability, precision, and running speed of the numerical solution. Some results of the
analytical tests are presented below.
Exercise 4
A considerable number of the analytical tests devoted to the control of the numerical solution
efficiency were carried out. Figure 13 illustrates one of the tests.
The tests dealing with “saw-shaped” histories of the external variables have demonstrated excellent
numerical stability and high precision of the calculations, as applied to a wide range and different rates
of deviation of the external variables. The external variables for the stand-alone program module are
fuel temperature, temperature gradient, fission rate and external pressure.
Exercise 5
The next analytical test (Figure 14) demonstrates the calculated response of the intragranular
fission-gas state on the fast, “saw-shaped” temperature cycling followed by the fuel cooling down.
The dynamics of the FP-induced volumetric strain inside a fuel grain is analysed both under the
suggestion that a bubble submits the static equilibrium condition (dotted line) and that it is a
non-equilibrium sphere (solid line). The analysis shows that the account for the bubbles’ non-equilibrium
is considerable even at the ordinary transient times (hundreds seconds). The strain vs. time analytical
dependency demonstrates such effects as a “damping” of strain pulsation during thermal cycling and
“freezing” after cooling dawn.
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Figure 13. A test of the efficiency of the numerical solution
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Figure 14. The analytical response of the intragranular FG state
on the fast temperature cycling followed by the fuel cooling down
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Exercise 6
The following test (Figure 15, 16) analyses the intragranular fuel strain response on the very fast,
RIA-type, thermal impulse. Besides the shown above effects of “damping” and “freezing”, the plots
on Figure 15 demonstrate the dependency of strain dynamics from the fuel oxygen-to-metal ratio
(O/U ratio). In order to illustrate the model scope Figure 16 presents the calculated instantaneous
bubble-size distribution functions at the different stages of the temperature impulse. The upper plot
shows that the calculation predicts the presence of a large number of small bubbles, around 10 Å of
size, in fuel, after the base low-temperature irradiation, which is in a good agreement with the
experimental observations. The bubble size-distribution functions on Figure 16 show the typical
exponential tales, which also were experimentally observed in fuel SEM analysis mentioned in
Ref. [16]. The analysis of the change of distribution function during the intensive temperature impulse
reveals the two factors noticeably influencing the intragranular fuel strain dynamics:
•

Temperature-induced bubble growth due to the internal gas pressure increase.

•

Bubble-size distribution evolution due to the bubble-bubble and bubble-atom interactions
which cause a shift of the function extremum to a larger size region.

Conclusion
In conclusion it is worth emphasising some evident advantages of the accepted modelling
conception and the model developing within its framework.
•

The model enables the interrelated analysis of the different level physical process in the fuel,
from micro-structural behaviour to macro-process, as applied to a wide range of fuel conditions.

•

The physical part of the model has a flexible arrangement, allowing the capability of
parametrical research and comparative analysis with different physical approaches.

•

The structural arrangement of the model allows for further modelling development and
facilitates its integration with the full-scale code.

•

The structural isolation of the mathematical part of the model has allowed for experimental
providing and parametrical optimisation of the ODE solver enough efficient to the applications
within the stand-alone research program module.

•

At present, the model gives the application capability, particularly for more adequate analysis
of the FG behaviour under transient conditions, including RIA-type.
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Figure 15. The analytical response of the fuel intragranular
volume strain on the very fast, RIA-type temperature impulse
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Figure 16. The calculated dynamics of the bubble-size distribution
function during the very fast, RIA-type temperature impulse (O/U = 2.001)
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EVALUATION OF THERMAL, MECHANICAL AND FISSION GAS
RELEASE BEHAVIOR FOR BWR FUEL RODS WITH TETO

Hector Hernandez Lopez
National Institute of Nuclear Research, Mexico

Abstract
A computer code (TETO) was developed to carry out thermal-mechanical analysis and fission gas
release in fuel rod elements of the BWR type. This program was especially designed for use in the
simulations made with the Fuel Management System (FMS) from Scandpower. Using experimental
correlations this code models the phenomena of swelling, fission gas release and fracture for fuel
pellets and cladding that can occur during irradiation cycles.
This code differs from other programs in that it uses a simplified model to obtain the temperature
profile along the cooling channel with the supposition that there exists a two-phase flow. This profile
is used to determine the radial temperature distribution.
The code calculates the axial and radial temperature distributions along the fuel rod at half the distance
of the pellet’s length; in other words there are as many axial points as pellets. Also, the program models
the experimental correlation for swelling and fission gas releases and performs a thermal-elastic
analysis for fuel pellets and cladding.
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Introduction
The fuel management group at the National Institute of Nuclear Research (ININ) determined
there was a need to develop a code for thermal-mechanical analysis of the fuel assemblies for the
reactor of the Laguna Verde nuclear power plant (LVNPP). The development of a code was necessary
since the fuel management system from Scandpower only provides a simulation of a fuel assembly in
the reactor, without considering the fact that any rod that composes it could suffer damage from
thermal-mechanical stress in operation. The TETO code was developed using experimental
correlations for modelling phenomena produced by temperature gradients in materials which compose
the fuel rod, as well as for the damage caused by swelling, fission gas release and fracture of materials
as a result of the fission of the fuel material.
Temperature distribution
In boiling water reactors (BWR) the coolant temperature along the fuel rod should be studied in
two physical regions. The first occurs when water maintains its liquid phase, hz < hSAT. The change of
temperature along the water channel considers the enthalpy as a function of system pressure in the z
direction and should be based on pressure variations due to friction in the channel, pressure hydrostatics
and the form of the channel.
The coolant density and temperature are determined as a function of enthalpy (h) and pressure (p).
In the region where coolant is boiling (hi > hSAT or zi > zSBC), the temperature is found from the balance
equation. The pressure drop is modified due to two-phase flow effects, applying the Martinelli-Nelson
correlation for pressure drop due to friction and acceleration.
The temperature at the outside of the cladding, for one phase flow, is calculated by the Newton
relationship for heat transfer with forced circulation. The inner cladding temperature is determined
using the relationship for heat transfer by conduction.
The fuel rods use helium or another gas to fill the gap between fuel and clad, consequently the
model for heat transfer through the gap includes both conduction through the gas and thermal radiation
between the two surfaces. The heating and irradiation produce swelling in the fuel element resulting in
a contact between pellets and cladding, and also the fission gas released to gap that modifies the heat
transfer coefficient.
Fuel material
In light water reactors (LWR), where fuel temperatures are not as high as in liquid metal cooled
reactors, the fuel material is rearranged into just two regions – columnar grain region and central void
region – whose size is determined in accordance with the radial temperature distribution.
The change of volume caused by fission product solids and gases are very difficult to measure
individually. However, a great number of studies have been made to establish comparative quantities
considering the elements produced and their compounds. In this sense, the model included in TETO
relates a major part of the experimental results reported. However, a fraction of fission gas is released
to the gap between the fuel and the cladding, increasing the pressure in this zone and the stress on the
cladding, as well as modifying the thermal conductivity.
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Thermal-mechanical stress
In the case of the ceramic fuel, the problems related to thermal stress are of primary importance.
In general, ceramics have little ductility compared with metallic material, and therefore are more fragile.
Thus, the fuel rods are subject to another type of stress which is produced by swelling in the pellet and
creep of material. This stress should be considered in the mechanical analysis of the fuel rod.
In cladding the thermal stress is due to a expansion produced by a differential temperature
between the inner and external walls of the rod. The region inside the cladding, near the fuel, is hotter
than the external region, causing compression stress near the inside face and tensile stress near the
external face of the cladding.
Pressure stress is the result of the differential pressure between the interior and the exterior of the
fuel rod. The external pressure is produced by the reactor pressure, while the inner pressure is produced
by the expansion of the gas filling the rod and the fission gases released as result of irradiation.
Fission gas release model
Originally, for the fission gas release fraction TETO included a model developed by Weisman [1],
with acceptable results, however access to the IFPE [2] database of NEA propitiated to propose a new
model based on experimental data and the model developed by Nordström [3]. This model was
determined taking into account local burn-up and temperature in nuclear fuel rods. The model includes
parameters such as porosity and density of fuel material. The model is represented by:
 ( A * Tcl ) − ρ 
sinh E



Emax
fgr =

 ( A * Tcl ) − ρ
− (( D * Tcl ) + p)
e( ( D*Tcl ) + p ) * cosh E
Emax


where: A = 5.55 × 10

–4

D = 3.57 × 10–4
Emax = 45 000 MWd/tM
P = Porosity
Tcl = Centreline temperature [ºC]
E = Local burn-up [MWd/tM]
ρ = Fraction theory density

Results
For the eight fuel rods considered from LVNPP, the values predicted with the new model were
compared with the values predicted by the original model. The comparison considers the outer diameter
average change in fuel rod as well as volume and pressure increase by fraction fission gas release.
Figure 2 shows the axial burn-up distribution for fuel rod for two different condition operations in
time, and Figure 3 shows the axial distribution to lineal heat generation rate for the same fuel rod.
With this conditions we obtain the results shows below.
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Figure 1. Fission gas release behaviour for both models as a function of temperature
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Figure 2. Burn-up distribution for fuel rod considered in the analysis
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Figure 3. Axial lineal heat generation rate for fuel rod considered in the analysis
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Figure 4 shows the temperature distribution at centreline (Tcl) and surface (Ts) along the fuel rod
for both steps. Figure 5 shows the redistribution of fuel material into the pins only for the second step,
given that in the first step the temperature is low, and is not possible that fuel rod presents this
phenomenon.
Figure 4. Axial temperature distribution along fuel for rod considered in the analysis
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Figure 5. Material redistribution at long fuel for rod considered in the analysis
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Figure 6 shows the deformation in the material produced by swelling into the fuel rod. In the first
step, only the swelling phenomena in the central axial region where the fission gas release is incipient
and all fission products are into fuel material is observed. In the second step, the fission gas release
increases and fuel material is compacted again by internal pressures. In neither case does the radius of
the fuel pellet make contact with the inner cladding radius.
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Figure 6. Pellet radius deformation for fuel rod considered in the analysis
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Figure 7. Increase in internal pressure fuel rod as
a consequence of fission gas release for both models
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Conclusion
As observed in Figure 4, the temperature distribution along the fuel rod is similar to that reported
in the literature [2]. The figure shows that the maximum fuel temperature is 2 150ºC at 60 cm above
the rod. The temperature distribution in the fuel produces a material redistribution, and Figure 6 shows
a central void approximately 10% on average of the pellet size. In addition we can see that 50% of the
material presents a columnar grain structure as reported in the literature.
As observed in Figure 7, the models presents a larger difference for fission gas release fraction
between both models. However, the new model included in TETO is more approximate to the
experimental data reported in the literature. Even though the comparison is not yet complete, the
model is reliable given that it is approximate to the data reported by the LVNPP.
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MECHANISTIC MODELLING OF GASEOUS FISSION
PRODUCT BEHAVIOUR IN UO2 FUEL BY RTOP CODE

V.D. Kanukova, O.V. Khoruzhii, S.Yu. Kourtchatov, V.V. Likhanskii, L.V. Matveew
Scientific Research Centre of Russian Federation
“TRINITI”, Troitsk Institute for Innovation and Fusion Research
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Abstract
The current status of a mechanistic modelling by the RTOP code of the fission product behaviour in
polycrystalline UO2 fuel is described. An outline of the code and implemented physical models is
presented. The general approach to code validation is discussed. It is exemplified by the results of
validation of the models of fuel oxidation and grain growth. The different models of intragranular and
intergranular gas bubble behaviour have been tested and the sensitivity of the code in the framework
of these models has been analysed. An analysis of available models of the resolution of grain face
bubbles is also presented. The possibilities of the RTOP code are presented through the example of
modelling behaviour of WWER fuel over the course of a comparative WWER-PWR experiment
performed at Halden and by comparison with Yanagisawa experiments.
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Introduction
The knowledge of fission product (FP) behaviour in fuel under normal and accident conditions is
important with regard to many of the problems associated with atomic energy. At temperatures below
fuel melting the dynamics of gas and volatile fission products is the main subject of interest.
The mechanistic approach based on concise descriptions of all significant elementary processes
plays a significant role in the solution to the problem. This approach is intended to predict the FP
behaviour in the large range of input parameters and conditions. Existing codes were developed over
long periods of time and, as a result, contain out of date and oversimplified models along with modern
ones. New experiments on FP behaviour have been performed and new physical models have been
developed. This makes actual the task of the development of a mechanistic code adequate to the
understanding the problem in more modern terms.
This work presents the current status of the development of a new mechanistic Russian code
(RTOP) intended to predict the behaviour of gaseous FP in polycrystalline UO2 fuel. The greatest
attention is paid to the results of the validation stages completed up to now.
General description of the RTOP code
The range of conditions considered by the RTOP calculations includes nominal irradiation, power
transients, LOCA and RIA conditions. The RTOP code consists of thermo-mechanical and fission gas
behaviour numerical modules. RTOP’s spatial domain is a fuel rod (Figure 1), which is subdivided
into several rings and axial levels. The input data of the code are:
•

Geometrical parameters of the rod.

•

Initial content and pressure of in-pin gas.

•

Initial microstructure of the fuel (density, grain size, etc.).

•

Time-dependent irradiation power through the rod.

•

Coolant parameters.

The thermo-mechanical module describes thermal expansion, elastic strain, creep and plastic
deformations, fuel cracking and relocation, fuel densification and swelling due to solid and gaseous
FP. Fuel thermal conductivity depends on temperature, burn-up and porosity. Gas composition and
temperature determine the thermal conductivity of gas in the gap. For the modelling of RIA conditions,
a non-axial geometry option of temperature calculation is available in the code.
The fuel in each ring is considered as a collection of spherical equi-sized grains. There is an
opportunity to model intragranular gas behaviour either in 0-D approximation (average gas concentration
and bubble population characteristics within the grain) or in 1-D approximation (specific characteristics
within each of the intragranular cells).
The following processes are modelled: fission products accumulation, equiaxial grain growth,
release of FP to grain boundary due to grain growth, FP diffusion in the fuel, intragranular bubble
nucleation, capture of gas atoms by intragranular bubbles, destruction of bubbles by fission fragments,
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intragranular bubble motion, formation of intergranular open porosity, fuel oxidation in steam atmosphere
and fuel microcracking. The code calculates dynamics of noble gas and volatile FP release and fuel
swelling due to gas bubbles.
Validation of FP models in the RTOP code
The validation of the code that simulates many different physical processes is a complex
multi-dimensional problem. Our approach to the validation is as follows. One should start from the
models that are practically independent but that significantly affect FP behaviour. First among these
are fuel oxidation and grain growth. Then one should use experiments where only a part of the
processes are significant. This simplifies the validation of the corresponding physical models. For this
step of validation we chose the experiments performed under conditions of steady state irradiation in
the absence of spatial and temporal temperature gradients where biased migration of gas bubbles and
microcracking can be neglected.
Again, the necessary step of validation is the testing of different physical models published up to
date and sensitivity studies of the code predictions in the framework of these models. The optimisation
of the quantitative parameters should be performed after the choice of the models that do not
qualitatively contradict experimental data.
This final stage of validation has been performed as follows. An experiment with a sufficiently
large set of data is chosen and the optimisation of model parameters is performed. Then the model
predictions are compared to the other experimental data available without changing the model
parameters.
Validation of the fuel oxidation model
A new adsorption model proposed in Ref. [1] for the calculation of UO2 oxidation in H2O/H2 gas
mixtures is implemented in the code. The model is based on the assumption that the rate of fuel
oxidation by steam is controlled mainly by surface oxygen exchange reactions which are described in
terms of a Langmuir-like theory. This model has been developed because the existing models, namely
those of Carter and Lay [2] and Gala and Grabke [3], involve additional parameters to fit the
calculated stoichiometry deviation to experimental data.
In the Carter-Lay model this parameter is the area to volume ratio, which can differ from the
simple geometrical ratio due to surface imperfections. When the Carter-Lay model is applied to fit
experiments [4,5] this additional factor is varied from 1 to 4. Indeed, the ratio of effective surface to
geometrical surface is, as a rule, not unity. However, this ratio is determined by the structure of the
surface and at least for non-irradiated fuel can assumed to be constant. When the pressure is varied the
variation of the effective surface may occur, as it is determined by the ratio of the free path length of
H2O molecule in the gas phase to UO2 grain size at the surface of a sample.
The comparison of the new model predictions to the data for the non-irradiated fuel [6] is shown
in Figure 2. In [1] it was shown that the absorption theory is in good agreement with the experiment in
the temperature range of 900-1 700°C. For an additional verification of the model the results of
calculation without change of the model parameters was compared to experiments [4,5] with the fuel
irradiated to a burn-up of 19.5 MWd/kgU. It appeared that the predictions of the model were in good
agreement with the experiments for irradiated fuel as well (Figure 3). This fuel oxidation model is
used for describing defective pin behaviour.
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Validation of grain growth model
The grain size is one of the most important characteristics of polycrystalline reactor fuel, affecting
significantly its behaviour under nominal and accidental conditions. The highest uncertainty in this
parameter is caused by the grain growth process, which accelerates as the fuel temperature increases.
In the current version of the code a new model proposed by authors in [7] has been implemented.
The model takes into account the effect of fuel irradiation and is based on existing hypothesis of
interfacial defect structures, which are caused by intercepts of the grain faces by fission fragments and
produce an additional friction on the grain boundary propagation.
The basic characteristics of experiments used for model validation are displayed in Table 1.
The experimental set provided covers a wide range of temperatures and power ratings and also allows
to compare observed grain growth for fuels of substantially different burn-ups.
Table 1. Characteristics of experiments used for selection of grain growth model parameters
Experiment,
reference
Bagger, et al.,
1994 [8]
Turnbull, 1974 [9]
Small, 1988 [10]
Zimmermann,
1978 [11]
Hargreaves and
Newbigging,
1973 [12]
Ainscough, et al.,
1973 [13]

Initial
Final grain
Fuel
Duration of
grain size, size (max),
burn-up,
an experiment
%
µm
µm

Intensity of
irradiation,
MW/tU

Temp.,
K

50

1 300-2 100

4

62 hours

6

12

21
0
0

2 023
1 973
2 073

0-0.4*
0
2

2-6 months
72 hours
2 000 s

7
7
5.6±0.3

18
40
7.14±3.65

200-1 000

1 250-2 000

0-10*

1-10 months

10

10**

14-17
20-21

1 000-1 900
1 000-1 900

0-1.5
0-0.7

830 days
320 days

5
5

25
25

0

1 273-2 123

0

168 days

3-15

10-50

* Experiment started for fuel with no burn-up. Grains grew as burn-up was getting higher.
** No grain growth was observed.

Significantly, the only experiment with no observed grain growth differs from the others merely
in its considerably higher irradiation intensity. This may be naturally explained on the basis of the
above stated concept and serves as an important argument in favour of the model presented. Though
this experiment can not be used for quantitative comparison with the model predictions it establishes
an important qualitative restriction on the model parameters.
The validation of the model has been performed as follows. First the model parameters were
optimised using data from the Risø project [8] at different temperatures. Figure 4 shows the ratio
between computed and measured grain size for the new model as well as for the Ainscough model
both with and without taking burn-up into account.
Then the model predictions were compared with the data of other experiments. Predictions of the
model and of correlation [13] are compared in Figure 5 with the experimental results [12]. It is worth
noting that predictions of the present model have less mean square deviation from the measurements,
despite the fact that exactly these data were used to validate burn-up dependence in correlation [13].
Figure 5 also shows the comparison of computations with data of an experiment [9] which was performed
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at about the same intensity of irradiation. Predictions of the code are in a satisfactory agreement with
measurements [9], whereas calculations according to [13] lead to substantial overestimation of the
grain sizes.
For conditions of experiment [11] and chosen model parameters the calculated value of maximum
grain size is less than the initial grain size of a sample in all temperature ranges. This is in qualitative
accordance with the fact that grain growth was not observed in this experiment.
Sensitivity study of the intragranular gas behaviour models
According to the current understanding of the problem [14] the diffusion release of the gas to the
grain boundary is essentially affected by gas capture into intragranular bubbles. Up to now numerous
models have been developed to describe the role of the bubbles. The main physical processes are
bubble nucleation, bubble growth by gas collection and irradiation-induced resolution.
We considered two alternative models of bubble nucleation and irradiation-induced resolution.
The first one is the model of bubble nucleation as a result of binary collisions of gas atoms [14], which
is similar to that implemented in the code FASTGRASS [15]. The gas atom resolution is isotropic and
proceeds by knocking out single atoms.
The results of the sensitivity study are represented by dashed lines in Figure 6 (experiment of [9]
at T = 2 023 K) and in Figure 7 (one of the experiments of [11] approximately at the same temperature
T = 2 000 K). The upper and lower lines correspond to variations of diffusion coefficient from the
value 2.1⋅10–8 exp(-45 800/T) m2/s proposed by Cornell [16] and used in FASTGRASS [15] to the
value 7.2⋅10–10 exp(-35 250/T) m2/s (Davies and Long) [17]. A low release fraction is predicted and a
low sensitivity to gas diffusion coefficient is detected in the framework of this model.
It is the characteristic feature of the model because the gas balance equation has a steady state
solution. As a result asymptotically the size of the bubbles is stabilised and the bubble concentration
linearly increases in time [18]. The gas burnt is partly captured by bubbles nucleated and partly
released to the grain boundary (mainly from peripheral zone of the grain). The release fraction is
determined mainly by grain size and weakly depends on the gas diffusion coefficient. For this reason
the model significantly underestimates the observed gas release under conditions of high-temperature
irradiation. Reasonable variations of the gas diffusion coefficient can not overcome this problem.
As a base model we have implemented a model involving bubble nucleation on fission tracks as
was observed by Baker [19]. The model also involves complete destruction of small bubbles by fission
fragments. This model was initially proposed by Turnbull [20], generalised by White and Tucker [21]
and is referred to below as the “track model”. It should be noted that this track model involves not
only bubble nucleation but also bubble loss, so the intragranular bubble population is stabilised and
release fraction goes to unity [18]. The results of code prediction with the two boundary diffusion
coefficients are shown in Figures 6 and 7 by solid lines. It can be seen that the code predictions in the
framework of the track model are in good qualitative agreement with the experiment, so successful
parameter optimisation is possible.
Comparison of the RTOP code calculations with Halden experimental data
The quality of the RTOP predictions under conditions of nominal irradiation was assessed on the
basis of experimental data regarding comparative PWR-WWER tests [23]. Comparison of the code
predictions with experimental data was performed with respect to the average central temperature,
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change of internal rod pressure and FGR. Examples of calculated average central temperatures as
functions of linear power dynamics with fuel burn-up are shown in Figures 8 and 9. Gas pressure
evolutions are presented in Figures 10 and 11. A good agreement of the code predictions with the
experiment is demonstrated.
Comparison of the RTOP predictions with FGR behaviour under reactor conditions
One of the significant problems for modelling FGR in reactor conditions is determination of the
critical temperature, which at a particular burn-up corresponds to the beginning of FGR through the
system of percolated intergranular channels. Currently the correlation proposed by Vitanza is widely
used for this purpose [22]. It was pointed out in [23] that the Vitanza threshold lies higher than the
maximum central temperature experienced by the WWER rods in the Halden experiment. Thus the
observed enhancement of the FGR rate in course of the power uprating can not be explained on the
basis of this correlation.
A new model of gas resolution from the grain boundary [24] has been implemented in the code.
The model adopts a concept of diffusion flux retardation caused by an effective “concentration
barrier” near the grain boundary due to irradiation-induced resolution of bubbles on the grain
faces [25]. However the value of the effective concentration is calculated self-consistently accounting
for the current state of the intergranular porosity. The calculation is based on general physics of
irradiation-induced resolution [18] without introduction of non-physical values such as the effective
average resolution rate [21].
The principal feature of the model is the dependency of the value of barrier concentration on the
thermally activated diffusion coefficient instead of the total diffusion coefficient like the rest models
available. This feature allows to obtain more accurate predictions of the gas release in the low
temperature range where the macroscopic (on the grain scales) diffusion is determined by athermal
processes.
To analyse the problem, the dependency for the critical temperature as a function of burn-up was
calculated based on the RTOP model. It turns out that the dependency obtained by the code lies lower
than the Vitanza correlation. As a result it allows to describe the observed behaviour of FGR under
experiment conditions [23]. Simultaneously the calculated curve is in good agreement with the
dependency obtained by the least-squares method based on the full set of Halden data on critical
burn-up (Figure 12) [22].
For a detailed assessment of the model of gas resolution from the grain boundary we used
Yanagisawa experimental data [26]. The experiments were carried out under a wide range of linear
power and fuel burn-ups. The data include detailed information on fuel irradiation conditions and
post-irradiation fuel microstructure analysis. The pellet temperature was non-uniform and fuel
microstructure had two regions: one with little gas release and one with significant gas release.
The pellet region with significant gas release had a saturation of grain boundary porosity (Figure 13).
The boundary between these two regions in the pellet corresponds to threshold conditions of enhanced
FGR.
First of all, the central temperature at end-of-life predicted by the RTOP code was compared with
Yanagisawa’s data (Figure 14). The calculated temperature dependence on linear power is in good
agreement with experimental data. Calculations of fuel intergranular porosity distribution in the pellets
according to experimental conditions were carried out by the RTOP code. A comparison of radial
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positions of boundary between regions of low FGR and significant gas release for every experiment
are presented in Figure 15. Small differences in boundary positions are observed at conditions of linear
power being lower than 500 W/cm. At high powers, the calculated radius of the boundary position
exceeds that of the measured one. This systematic difference of the boundary position measured and
calculated results at high powers can be caused by large temperature gradients at the pellet periphery,
as a result of which small experimental errors in determination of the boundary position lead to large
errors in local temperature estimations.
Thus the model proposed in [24] allows to correctly predict the observed dependency of the
incubation burn-up on irradiation conditions.
In addition to modelling of nominal conditions, test runs were carried out for slow transient
regimes and for regimes of rapid fuel heat-up for standard WWER-1000 fuel pre-irradiated under
normal conditions up to 3% burn-up. The scenario of slow power transients is shown in Figure 16.
FG distributions in the pellets after power transients corresponding to Figure 16 are presented in
Figure 17. These FG distributions are in qualitative agreement with experimental data.
Microcracking model
An additional mechanism of FGR from the grain boundaries is the microcracking of fuel pellets.
This takes place at rapid power transient regimes and under RIA conditions. Two physical processes
may be responsible for microcracking of the fuel: mechanical stresses and excessive pressure in
intergranular bubbles as a result of a rapid temperature increase. A microcracking model [27] was
implemented in the RTOP code. The model describes the behaviour of non-equilibrium grain
boundary bubbles in irradiated nuclear fuel under the conditions of rapid heat-up. Two mechanisms of
relaxation of the excessive pressure in bubbles were taken into consideration: the cracking along grain
boundaries (the “brittle” mode of relaxation) and the growth of bubble volume due to vacancy flux
(“diffusion” mode of relaxation). The model calculates a cracking criterion and the eventual crack
sizes. In the case when cracking does not occur, the dynamics of overpressurised bubbles are
described, which is determined by diffusion fluxes of vacancies and interstitials.
To evaluate the effect of fuel microcracking under RIA conditions, fractions of open grain boundary
were defined by the RTOP code with variations of energy deposition (constant pulse duration) and
with changes of pulse duration at constant energy deposition (Figure 18). The microcracking model
should be validated with appropriate experimental data.
Conclusions
•

A new mechanistic code (RTOP) intended to predict FP behaviour in polycrystalline UO2 fuel
at normal and accident conditions is being developed at TRINITI. The current version of the
RTOP code models integral behaviour of pins with UO2 fuel in water reactors. The code
predictions of central temperature and internal pressure in the pin are in good agreement with
available experimental data. The code consistently takes into account the whole set of
elementary physical processes affecting FP release from the fuel. The validation of separate
process models was successfully performed.
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•

The validation of each model included:
− Testing of different models and choosing of a model that does not qualitatively contradict
the broadest set of experimental data.
− Optimisation of the model parameters against experiments with large sets of homogeneous
data.
− Comparison of the model prediction to other available experiments.
Only agreement of the model predictions with experimental result at this final stage proves
the successive validation of the model.

•

New models of fuel oxidation by steam and grain growth under irradiation were developed
and successfully validated. The inclusion of these models into the code allows to achieve a
consistent description of a broad set of integral experiments on FP release.

•

Sensitivity studies of the gas release under the conditions of isothermal irradiation using
different models of intergranular bubbles behaviour has been performed. It was shown that
only the model based on the production of bubbles by fission tracks and resolution of small
bubbles as a whole is in agreement with experimental data.

•

A new model of appearance of the “concentration barrier” due to the irradiation-induced
resolution of grain face bubbles has been implemented in the code. The code correctly describes
the conditions of formation of open intergranular porosity and beginning of enhanced gaseous
FP release in a wide range of fuel burn-ups and heat generation rates.

•

RTOP modelling of the fuel behaviour under RIA and power transient conditions qualitatively
agrees with available experimental data. The validation of the models are undertaken.
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Figure 1. RTOP spatial domain
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Figure 2. Comparison of the oxidation model predictions with the data of
P/S/A-623C experiment [6] at 1 623 K in 33% steam, 67% Ar atmosphere
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Figure 3. Comparison of the oxidation model predictions with
the data of HCE experiment [4] on the oxidation of pre-irradiated
fuel (19.5 MWd/kgU) at 1 626 K in 89% steam/11% Ar atmosphere
Stoichiometry deviation

0.2
0.15
0.1
0.05

Experiment
Calculation

0

0

2 000

4 000
Time (sec)

451

6 000

8 000

Figure 4. Ratio between computed and observed
final grain size under conditions of experiment [8]
 – RTOP model, ∆ – Correlation of Ainscough, et al., [13],
o – Correlation [13] with the burn-up dependency term omitted
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Figure 5. Predictions of RTOP model (n) and those of correlation of [13] (∆) in comparison
with experimental data [12] for intensity of irradiation 20-21 MW/tU. Model predictions
are also compared with measurements [9]. ♦ – RTOP model, ◊ – correlation of Ainscough.
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Figure 6. Gas release under condition of experiment of [9] at T = 2 023 K
Circles with bars – experiment, solid lines – “track model”, dashed lines – model implemented in FASTGRASS [15].
Upper and lower curves reflect variation of the gas diffusion coefficient.
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Figure 7. Gas release under condition of experiment of [11] at T = 2 000 K
Circles – experiment, solid lines – “track model”, dashed lines – model implemented in FASTGRASS [15].
Upper and lower curves reflect variation of the gas diffusion coefficient.
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Figure 8. RTOP predicted temperature compared
with Halden OECD data (IFA 503 rod 2, WWER) [23]
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Figure 9. RTOP predicted temperature compared
with Halden OECD data (IFA 503 rod 4, PWR) [23]
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Figure 10. RTOP predicted internal rod pressure compared
with Halden OECD data (rod IFA 503-5, WWER) [23]
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Figure 11. RTOP predicted internal rod pressure compared
with Halden OECD data (rod IFA 503-3, PWR) [23]
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Figure 12. Incubation burn-up as a function of the irradiation temperature
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Figure 13. Intergranular porosity spatial distribution (Yanagisawa experiment, [26])
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Figure 14. Comparison of end-of-life central
temperature predicted by RTOP code with data of [26]
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Figure 15. Radial position of the onset of gaseous swelling
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Figure 16. Power dynamics for transient regimes
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Figure 17. Gas in the matrix after the transient
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Figure 18. Fraction of open grain boundary due to microcracking
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FRAMATOME ANALYSIS OF FISSION GAS RELEASE AND RELATED TOPICS

L.C. Bernard, J.L. Jacoud, P. Vesco
FRAMATOME Nuclear Fuel, Lyon, France

Abstract
The FRAMATOME fission gas release model has been validated and qualified over an extensive
database that covers 400 irradiated rods and includes high burn-ups, high powers, short to long transients,
UO2, gadolinia and MOX fuels. A mention is given to fuel thermal effects, which are strongly coupled
to fission gas release. High burn-ups and fuel microstructure (i.e. rim and MOX) are highlighted.
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Introduction
Fission gas release (FGR) is a key phenomenon that must be assessed for fuel rod design and
licensing. It contributes to the fuel rod internal pressure, with the associated risks of fuel thermal
degradation and even clad failure. Therefore, all safety authorities require that the fuel internal pressure
of each rod be limited by a pressure criterion. They typically ask that the gap between fuel and cladding
not re-open at high burn-up, thus preventing a potential thermal feedback effect (where an increase of
gap temperature may increase FGR, which, in turn, may increase the gap temperature). Moreover, for
economical reasons, all electrical utilities are asking for LWR operation at ever-increasing burn-ups.
The accurate prediction of FGR becomes more and more critical at high burn-ups because of several
effects (gas production that is proportional to burn-up, thermal degradation with burn-up, fuel rim
formation, etc.). Furthermore, MOX fuel is one means of reusing plutonium. MOX slightly enhances
FGR, as compared to UO2, and there is a need to better understand this effect.
FRAMATOME has developed a fission gas release model that takes into account the important
physical phenomena. In an industrial framework, the model must also be efficient and in that context,
it is kept as simple as possible. The FGR model is included in COPERNIC [1], the FRAMATOME
advanced fuel rod performance code. COPERNIC accurately predicts steady-state and transient fuel
performance at extended burn-up. The code is based on the TRANSURANUS [2] code that provides
fast, accurate and numerically stable solutions. The FRAMATOME FGR model is also fast, as it
calculates the fission gas release fraction of en entire fuel rod history in about one second on a
workstation. This is most important for anticipated statistical studies (see for instance [3] and
references therein, also [4,5]) that require the analysis of a full fuel rod core. COPERNIC is validated
on a large database obtained from many French and international programs. The qualification range
extends to 67, 55, 53 GWd/tM for UO2, UO2-Gd2O3 and MOX fuels, respectively.
The COPERNIC thermal model was upgraded [1,6] as recent high and ultra-high burn-up data
became available [7-10]. The FGR model had to be upgraded as FGR strongly depends on fuel
temperature. With recent MOX data, it was also possible to take into account the type of MOX fuel
microstructure in the FGR model. The next section briefly describes the thermal model and its
qualification. The following sections detail the FGR modelling: athermal regime, rim, thermal regime,
both steady state and transient, burst effect, mixed oxide effects (MOX and gadolinia fuels) and
validation on experimental data.
Thermal model
Validation
Temperature is a key parameter that affects fission gas release. Therefore, accurate prediction of
temperature is a prerequisite for good fission gas release modelling. Many factors contribute to the
fuel temperature distribution, like corrosion, mechanical and thermal gaps, gap closure and re-opening,
radial power distribution, rim formation, etc. The accurate determination of the degradation of the
fuel thermal conductivity with burn-up remains essential. There is still a need for further progress.
The Lucuta, et al. [11] and the Halden [8] relationships for fuel thermal conductivity have been widely
used, but they predict somewhat different fuel conductivity degradation with burn-up, as shown in
Figure 1.
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A simple relationship that matches well a large database was developed for the COPERNIC
code [1,6]. This relationship has the form:

λ 100% = ( A + BT + Cβ + Df (T )) + g (T )
−1

where λ100% is the 100% dense fuel conductivity, β is burn-up and T is temperature. The function f(T)
is the radiation damage term derived by Lucuta, et al. [11] that is important at low temperatures and
g(T) represents the electronic conductivity. Figure 2 shows that the COPERNIC and the Lucuta, et al.
relationships are quite close. Overall, the COPERNIC relationship predicts a slightly higher degradation
with burn-up.
The FRAMATOME database for the validation of the COPERNIC thermal model is summarised
in Table 1. The data were obtained from the French CEA test reactors OSIRIS and SILOE, and from
the OECD test reactor Halden. EXTRAFORT [7] and IFA-562.2-16 [8] (UO2 fuels), FIGARO [9]
experiment (MOX fuel) and IFA-515.10-2 [12] (gadolinia fuel) are experiments that are particularly
representative of high burn-ups and relatively high powers.
The measured fuel centreline temperatures above 10 kW/m have been retained to validate the
COPERNIC thermal model. Overall, there are 3 425 such measurements (918 values for the CEA
experiments and 2 507 for the Halden experiment). The mean of the ratios (M/P) of the measured
values over the predicted values are shown in Table 2 for three classes of data (above 10 kW/m, above
20 kW/m and above 30 kW/m). There is no bias with respect to the power level.
Thermal uncertainty and impact on fission gas release
The quality of the COPERNIC predictions is good for all the subsets of Table 2. The uncertainty
of the COPERNIC thermal model can be inferred without any assumption on the shape of the data
distribution by using the binomial distribution. As a result, the thermal uncertainty is comparable to
the state-of-the-art modelling [13] as it is below 10% at a 95% level with a confidence level of 95%.
The uncertainty regarding fuel temperature has a strong impact on the uncertainty of the FGR
model. The FRAMATOME FGR model and its uncertainty are detailed in the next section. However,
the FGR uncertainty can be roughly estimated. Volume diffusion of gas atoms to fuel grain boundaries
is the major mechanism that contributes to FGR. From a simple gas diffusion model [14], the fraction
gas release, F, is given by the approximate relationship (when F < 50%):
F = Dt / a ²

where D is the diffusion coefficient, t is the irradiation time and a is the grain size. A widely used
expression for the diffusion coefficient is [15]:
D = D1 + D2
D1 = D01 exp(-35 000/TK)
D2 = D02 exp(-13 800/TK) P′ 0.5
where D1 is the intrinsic diffusion coefficient and D2 is induced by irradiation. TK is the temperature in
Kelvin and P′ is the linear heat generation rate (LHGR). A small uncertainty regarding temperature
contributes to a large uncertainty regarding FGR, as the activation energies of diffusion are high.
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For normal PWR operation (typically, 1 000°C), D2 is the main component of diffusion. Then, the
FGR uncertainty is close to 40% when the temperature uncertainty is equal to 7%. During transient
operation, the temperature is higher and D1 becomes the main component. The FGR uncertainty
becomes close to a factor 2 when the temperature uncertainty is equal to 7%.
Athermal and rim FGR models
The COPERNIC FGR model takes into account athermal and thermally activated mechanisms.
Athermal release is produced through recoil and knockout mechanisms. Neglecting the recoil
contribution, the athermal FGR fraction is of the form [16] C1(S/V)β where C1 is a model parameter,
S/V is the specific surface of the fuel and β is burn-up. Contributions from fuel open porosity and from
the rim are included in the specific surface:
S/V = (S/V)0 + C2 pOPEN + (S/V)RIM
where S/V is the intrinsic specific surface, C2 is a model parameter, pOPEN is the open porosity, and
(S/V)RIM is the additional specific surface that develops in the rim region at high burn-up. Indeed,
typical features of the rim microstructure include a subdivision of the grains and an increase of the
porosity. Both effects contribute to an increase of the specific surface. A simple fuel rim model has
been implemented that has the form:
w = Max[0 ,C 3 (β S − 70 ); C 4 (β A − 45)]

where w is the width of the rim, β S and β A are the pellet surface and pellet averaged burn-ups
(in GWd/tM), respectively, and C3 and C4 are model parameters. Inside the rim, the specific surface
takes the form:
(S/V)RIM = C5 (r – rS + w)
0 < (S/V)RIM < 5 000 cm–1
where r is the radial distance to the pellet centre, rS is the pellet radius, and C5 is a model parameter
based upon experimental data. The rim model is illustrated in Figure 3. The athermal model parameters
were adjusted in the experimental data shown in Figure 4. Released fractions from PWR FRAMATOME
fuels (that have a negligible open porosity) are plotted versus burn-up. There are clearly two distinct
regions, at low and high burn-up. At low burn-up, there are no rim and no thermal FGR. Then, FGR is
proportional to burn-up and the coefficient C1 is adjusted to fit the data. At high burn-up, additional
fission gas can be released from either a thermal effect or a rim effect or both. We separate out both
effects by observing fuel pellet ceramographies. We adjust the rim parameters on the data that do not
show a radius of intergranular bubble precipitation (signature of thermal release).
Thermal steady-state FGR model
The thermal FGR model is based on previous closely related models [17-19]. Thermal FGR
follows a two-stage diffusion process. First, the gas atoms diffuse from inside the grain to the grain
boundaries where they accumulate until a saturation (incubation) threshold is reached. In a thin layer
outside the grain, gas atoms are brought back into solution from the grain boundary by fission spikes.
This irradiation-induced re-solution counteracts the diffusion flux and delays the onset of release.
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The problem is then to solve a diffusion equation inside the grain with a time-varying condition at the
grain boundary. The three-term diffusion coefficient of Turnbull, et al. [15] is used. The two first
terms were mentioned earlier. The presence of the third term, which is athermal, has recently been
open to question [20]. In fact, there is no complete separation between the athermal and the thermal
regimes. One could view the third term as representing a physical continuity between both regimes.
Another approach could be to consider that, close the incubation threshold, tunnels are forming at
grain boundaries and therefore, the specific surface must increase.
In order to solve the diffusion problem, simple approximations were found to be in excellent
agreement with a more rigorous numerical treatment [19]. First, for standard irradiation conditions, the
re-solution flux almost balances the diffusion flux in the re-solution layer. It is then possible to derive
an analytical form for the incubation threshold [19]:
βI =

B1
+ B2
T
 1  (TK − T 2 )
exp −  +
T3
 TK 

where βI is the incubation burn-up at temperature TK and B1, B2, T1, T2 and T3 are model parameters
adjusted on the FGR experimental database. This expression is represented in Figure 5 and can be
viewed as a generalisation of the Halden threshold [21]. Indeed, the form of the Halden threshold is
obtained if one neglects the term B2 and the term involving T2 and T3.
Second, above the threshold, one classical analytical solution which corresponds to ideal
steady-state conditions, is used [21] for the release fraction, F:
F = (1 – t/tI)FSS
FSS (τ ) = 1 −

6
τ 

∑

1 − exp(− n 2 π 2 τ ) 

n =1
n 4 π4

∞

where τ = D(t – tI)/a² is the reduced time and tI is the incubation time.
Transient FGR and burst effect models
Transient is meant as a power increase during a power ramp. The evolution of the grain gas
concentration is modelled by the same diffusion process as in the steady-state case and, in addition, by
a burst effect. This burst effect is a consequence of the coalescence of intergranular bubbles, a process
that vents out part of the grain boundary gas.
Diffusion is described by the solution of the diffusion equation when the creation term γt is
negligible with respect to the diffusion term (this hypothesis is valid for typical short transients):
FTR (ω) = 1 − 6

∞ exp(− n 2 π 2 ω)
n 2 π2
n =1

∑
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where FTR is the released fraction due to diffusion for a transient starting at time t0 and ω =

∫

t0

D ⋅ dt
.
a2

The burst term is simply modelled by an exponential decay of the grain boundary concentration
with a relation time that is proportional to the diffusion coefficient. We require of course that the value
of the concentration during transient be bounded by the value of the concentration during steady state
at peak transient power. In summary, the total gas concentration during a transient is expressed as
follows:


 D t − t0 
c = Max c0 ⋅ [1 − FTR (t − t 0 )] − c B 0 exp − 2 ⋅
; c SS 
C6 
 a



where c0 is the total concentration at time t0, cB0 is the grain boundary concentration a time t0, C6 is a
model parameter adjusted to fit burst data, and cSS corresponds to the steady-state concentration
evaluated at transient power.
Algorithm for the general case
In the general case when time-varying conditions apply, an algorithm is needed to switch from
the steady-state model to the transient model back and forth. The switch is tested at each time-step ∆t
and is based upon the parameter R defined as:
R=

c − c SS
γ ⋅ ∆t

where c is the concentration that is the result of calculations up to the beginning of the time-step, t, and
cSS is the concentration calculated at time t with the steady-state model but at the new conditions of
power and temperatures defined at the end of the time-step t + ∆t. When R is small, the power change
is quasi-steady and the steady-state model applies directly. Otherwise, R > 0 reflects a fast-rising
power change and the transient model applies, while R < 0 reflects a decreasing power change and the
steady-state model applies but using an equivalent time (“concentration-hardening” solution). Figure 6
illustrates the variation of the concentration of fission-product gases within and at grain boundaries
versus burn-up.
Mixed oxides
The model was extended to MOX and gadolinia fuels. MOX MIMAS fuels have Pu-rich
agglomerates where the local burn-up is high. As FGR is typically a non-linear increasing function of
burn-up, the volume averaged FGR for MOX MIMAS fuels must be higher that the FGR for the
average burn-up. This effect is modelled by using an incubation burn-up that can be lower for MOX
fuels than for UO2 fuels, depending upon the degree of heterogeneity of the MOX microstructure. This
translates into an extremely simple expression:
(βI)MOX = C7 (βI)UO2
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where the model parameter C7 is fitted on experimental data (see next section). C7 = 1 for COCA
MOX fuels that are homogeneous. C7 < 1 for MOX MIMAS fuels. The ADU-type proves to be less
heterogeneous that the AUC-type and therefore C7 is higher for ADU than AUC. The incubation
thresholds for different fuel microstructures is shown in Figure 5.
The temperature of the gadolinia fuel is higher because the thermal conductivity is less than that
of UO2 fuels. However, the observed releases from these types of oxide are comparable. The temperature
effect is offset by a decrease in the diffusion coefficient with increasing quantities of gadolinium. This
effect is simply modelled by decreasing the temperature used in the FGR model by an amount that is
proportional to gadolinium content.
FGR model validation
The FRAMATOME steady-state fission gas release database includes more than 290 fuel rods
irradiated in commercial or experimental reactors with rod average burn-ups up to 67 GWd/tM.
The comparison of the measured and predicted fission gas release for steady-state irradiation is shown
in Figure 7. The quality of the prediction of the FGR model is deducted from these results. Figure 8
shows the upper-bound uncertainty limit of the model at the 95% level. As expected (see above), the
limit is close to 40% above the best-estimate predictions in the range of release fractions below 10%
that is typical of PWR operation. Above 10%, the uncertainty decreases. Then, the earlier approximation
breaks down (the pellet centreline release fraction becomes higher than 50%).
Figure 9 details the validation of the MOX model according to fuel microstructure. Figure 10
compares predictions to the fission gas release fraction measured in the experiment IFA-606.2-3.
There is a slight over-prediction but within uncertainty bounds at the 95% level.
The transient database includes more than 60 fuel rods with burn-ups up to 62 GWd/tM.
The transient hold times for these rods ranged from one minute up to many hours and the LHGRs ranged
from 30 kW/m to 50 kW/m. Figure 11 shows the comparison between measurements and predictions.
The quality of the prediction is good, considering the wide range of conditions. Also, the upper-bound
for the transient model remains below of factor 2 above the best-estimate predictions, which is a good
result. Another aspect of the quality of the transient fission gas release model is illustrated in Figure 12.
This figure compares predictions and measurements for the HATAC-C2 experiment [23] irradiated in
the French CEA test reactor SILOE. In this experiment, a measurement device obtained on-line
measurements of fission gas release from a 50 GWd/tM rodlet submitted to ten successive transients.
The burst effect is clearly seen on the first transient and well reproduced by the calculation.
Conclusion
The FRAMATOME database and modelling of fission gas release (FGR) are presented. They are
part of COPERNIC, the FRAMATOME advanced fuel rod performance code. As fission gas release
strongly depends upon temperature, the thermal model used and its qualification are first briefly
described. Diffusion is the major FGR mechanism and a small uncertainty regarding temperature may
yield a rather large uncertainty on the gas release fraction, as the activation energies of the diffusion
coefficient are high.
The FRAMATOME FGR model reflects the industrial context of its application. It is simple:
it does not require space and time integration algorithms. Thus it is efficient, fast and robust. The FGR
model includes the important phenomena that contribute to fission gas release: athermal, thermal,
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steady-state and transient regimes, rim, burst effect, UO2 and mixed oxides. It is qualified over a large
database that covers the wide range of phenomena described. Overall, the quality of the prediction of
the FGR model is state of the art for all types of fuel rod irradiations.
There is still a need for continuing progress in fission gas release modelling, as new data will
soon become available at high burn-ups and on mixed oxides. Good temperature predictions will
remain a concern. Fast algorithms will remain a need in an industry framework, even more for
anticipated statistical analyses that require full core calculations. In this later case, uncertainty
distribution functions for the FGR model will have to be assessed.
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Table 1. FRAMATOME database for the validation of the COPERNIC
thermal model (burn-up and power ranges are for the centreline
measurements). The high power, high burn-up cases are highlighted.
Experiment
CONTACTB
BOSS
GRIMOX 01
GRIMOX 02
GDGRIF 1
EXTRAFORT
GRIMOX 01
GRIMOX 02
GDGRIF 1
GDGRIF 2
IFA-431-1
IFA-431-3
IFA-432-1
IFA-432-3
IFA-513-1
IFA-513-2
IFA-513-6
IFA-515.10-1
IFA-562-16
IFA-562-18
IFA-606 (FIGARO)
IFA-610.2
IFA-515.10-2

Fuel

Sponsor

Reactor

UO2
UO2
UO2
UO2
UO2
UO2
MOX
MOX
UO2-Gd2O3
UO2-Gd2O3
UO2
UO2
UO2
UO2
UO2
UO2
UO2
UO2
UO2
UO2
MOX
MOX
UO2-Gd2O3

CEA
CEA
CEA
CEA
CEA
CEA
CEA
CEA
CEA
CEA
OECD
OECD
OECD
OECD
OECD
OECD
OECD
OECD
OECD
OECD
OECD
OECD
OECD

SILOE
OSIRIS
SILOE
SILOE
SILOE
OSIRIS
SILOE
SILOE
SILOE
SILOE
HALDEN
HALDEN
HALDEN
HALDEN
HALDEN
HALDEN
HALDEN
HALDEN
HALDEN
HALDEN
HALDEN
HALDEN
HALDEN

BU range
GW/tM
0-9.4
0-0.65
0-0.7
0-4.7
0-3.5
62
0-0.7
0-4.7
0-2.2
0-6.6
0-4.3
0-4.3
0-27
0-46
0-10
0-5
0-10
0-58
0-102
0-56
47
50
0-64

LHGR range
kW/m
0-25
0-61
0-20
0-23
0-31
0-31
0-20
0-23
0-2.2
0-6.4
0-36
0-39
0-45
0-42
0-42
0-33
0-42
0-23.6
0-36
0-37
0-32
0-15
0-23.9

Table 2. Quality of the prediction of the COPERNIC
thermal model for different ranges of power level
Ratios of measured to
predicted temperatures
LHGRs > 10 kW/m
LHGRs > 20 kW/m
LHGRs > 30 kW/m

Mean

Standard deviation

Number of points

1.002
0.995
0.98

0.042
0.049
0.054

3 425
1 617
440
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Figure 1. Comparison between the UO2 pellet thermal
conductivities of Halden [8] and of Lucuta, et al. [11]
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Figure 2. Comparison between the UO2 pellet thermal
conductivities of COPERNIC [1] and of Lucuta, et al. [11]
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Figure 3
a) Evolution of the rim width with burn-up

b) Evolution of the specific surface inside the rim
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Figure 4. Gas release fractions from FRAMATOME fuels irradiated in EDF reactors
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Figure 5. Fission gas release model: incubation threshold
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Figure 6. General algorithm to switch form FGR steady state to transient and back
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Figure 7. Validation of the FGR steady-state model
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Figure 8. FGR steady-state model uncertainty
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Figure 9. Comparison between predicted and
measured FGR for different MOX fuel microstructures
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Figure 10. FIGARO experimental programme: comparison
between FGR predictions and measurements for the rodlet IFA-606-3
irradiated at Halden (MOX fuel at 47 GWd/tM, peak power at 32 kW/m)
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Figure 11. Validation of the transient FGR model
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Figure 12. HATAC-C2 experiment: rodlet irradiated at the
CEA SILOE test reactor during ten successive transients
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FISSION GAS RELEASE AT EXTENDED BURN-UPS:
EFFECT OF TWO-DIMENSIONAL HEAT TRANSFER
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Abstract
To better simulate the performance of high-burn-up CANDU fuel, a two-dimensional model for heat
transfer between the pellet and the sheath has been added to the computer code ELESTRES. The model
covers four relative orientations of the pellet and the sheath and their impacts on heat transfer and
fission gas release. The predictions of the code were compared to a database of 27 experimental
irradiations involving extended burn-ups and normal burn-ups. The calculated values of fission gas
release matched the measurements to an average of 94%. Thus, the two-dimensional heat transfer
model increases the versatility of the ELESTRES code to better simulate fuels at normal as well as at
extended burn-ups.
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Introduction
To enhance the economy of nuclear energy, activities are underway at Atomic Energy of Canada
Limited (AECL) to increase core-average burn-up of CANDU fuel by a factor of about 3, to
20 GWd/T U. To better simulate the performance of such fuels, some models in the computer code
ELESTRES [1,2] have been enhanced. This paper describes a model for two-dimensional heat transfer
within the fuel element in the radial-circumferential plane (r-θ) as a result of on-power changes in the
dimensions of the pellet and the sheath. This capability improves the predictions of fission gas release
at extended burn-ups while preserving the existing good match with measurements at normal burn-ups.
Background
The main objective of the ELESTRES code is to calculate temperatures, fission gas release, and
hoop strains in a fuel element during normal operating conditions. The details of the code have been
described elsewhere; see, for example Refs. [1,2]. A brief summary is given here for completeness.
The code models thermal, microstructural and mechanical behaviour of a nuclear fuel element.
The original version used a one-dimensional (radial) finite-difference model for thermal simulations, a
point model for microstructural simulations, and a two-dimensional (radial-axial) finite-element model
for mechanical simulations. For normal burn-up CANDU fuel, ELESTRES calculations have shown to
be an excellent match with fission gas release measurements in 98 normal burn-up irradiations [2].
The code is used extensively at AECL for fuel performance assessments. It was originally released in
the 1970s and has been updated periodically.
In recent years, we have added a number of features to a developmental version of the code to
facilitate simulation of high-burn-up fuel. These features include: an updated model to reflect more recent
data on the degradation of UO2 thermal conductivity with burn-up; variation of UO2 diffusivity with
burn-up; variation of fission gas bubble density with burn-up; circumferential cracking of the pellet;
larger range for the influences of burn-up, enrichment and element diameter on flux depression; updated
model for solid fission-product swelling; incremental densification; rim effect; and two-dimensional
model for heat transfer between the pellet and the sheath.
This paper describes the model for two-dimensional heat transfer in the radial-circumferential
(r-θ) plane. This type of heat transfer is determined largely by the nature of pellet-to-sheath contact.
Therefore, we start this discussion with an overview of the major processes that affect pellet-to-sheath
contact.
Pellet-to-sheath contact: The process
Figure 1 shows some Canadian measurements of on-power variations in the diameter of a CANDU
sheath during changes in power [3,4]. These references provide explanations of the observations; a
generalised description of the related processes is given below.
Pellet-to-sheath contact can occur because of pellet expansion, sheath contraction or because of a
combination of the two processes. Figure 2 shows four possible stages of circumferential pellet-to-sheath
contact in a horizontal fuel element, depending on the details of design and operating conditions.
In this paper, the stages are called:
•

Full gap – Figure 2(a).

•

Elastic instability – Figure 2(b).
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•

Partial wraparound – Figure 2(c).

•

Full wraparound – Figure 2(d).

Note that the effects in Figure 2 have been greatly exaggerated for visual clarity.
As fabricated, the fuel has a nominal diametral clearance (or radial gap) between the sheath and
the pellet at room temperature. This feature leads to the configuration shown in Figure 2(a). In this
state, the contact occurs over a small part of the circumference at the bottom of the sheath, because the
fuel bundle lies horizontally in a CANDU reactor.
During operation in the reactor, the pellet is significantly hotter than the sheath, and it also has a
higher coefficient of thermal expansion. For these reasons, the pellet expands considerably more than
the sheath does. Therefore, the nominal as-fabricated radial gap between the pellet and the sheath
closes when the fuel is first brought to full power [Figure 2(d)]. At this time, pellet-to-sheath contact
extends uniformly around the full circumference, and the sheath is often stretched into the plastic
region.
Subsequently, the pellet shrinks in response to densification or power reduction. The sheath, too,
shrinks rapidly because of (i) recovery of elastic strains from the previous pellet expansion and
(ii) compressive elastic strains from differential pressure, which means coolant pressure minus internal
gas pressure.
Sometimes the sheath’s shrinkage may not be as much as that of the pellet. This difference in
shrinkage could potentially result in the nominal sheath circumference being greater than that of the
pellet. In this situation, a nominal radial gap opens between the pellet and the sheath.
The differential pressure will induce compressive hoop stresses in a sheath with open gap. If the
differential pressure is equal to or greater than the pressure for elastic instability of the sheath, the
sheath will collapse and contact the pellet. The classical theory of elastic instability of thin cylinders
suggests that at this time the contact can be expected over two small arches, as illustrated in
Figure 2(b) [5,6]. Over the remainder of the circumference, we can expect a local gap between the
pellet and the sheath.
With a further increase in differential pressure, local plastic deformation will tend to wrap the
sheath more fully around the circumference of the pellet. This picture is based on Canadian studies of
sheath collapse, and the process is illustrated schematically in Figure 3. The sheath configuration at
this stage is shown in Figure 2(c).
With time, sheath will creep under the differential pressure, which will reduce – and sometimes
eliminate – the nominal gap. Fission-product swelling will tend to have the same effect. The limiting
situation of full wraparound is shown in Figure 2(d).
Conversely, the pellet-to-sheath contact condition can temporarily move from a state of full
wraparound [Figure 2(d)] to partial wraparound [Figure 2(c)] to elastic instability [Figure 2(b)] to full
gap [Figure 2(a)] if, after the fission-gas pressure exceeds a certain level, the pellet shrinks because of
a reduction in power or densification. Hence a complex dynamics of pellet-to-sheath contact can
potentially be set up during the fuel’s lifetime in the reactor depending on the details of element
design, power history and coolant conditions.
Some of the above dynamics are visible in the measurements shown in Figure 1. During the initial
part of the power increase, the slope of sheath expansion is driven by the free thermal expansion of the
sheath [4]. After some time, however, the slope increases significantly, and is now governed by the
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thermal expansion of the pellet [4]. Intersection of the two slopes signifies the onset of interaction, or
contact, between the sheath and the pellet (see Figure 1). This process illustrates that, even under hot
coolant pressure, a nominally open gap can exist between the sheath and the pellet during some parts
of the power history. In Figure 1, the gap closed after 20 kW/m during the power increase because of
additional thermal expansion of the pellet.
ELESTRES results for pellet and sheath dimensional changes suggest that more of these dynamics
have also occurred in some other existing experimental irradiations, particularly in irradiations involving
extended burn-ups and elevated powers. An illustrative example is given later in the section entitled
Verifications.
Two-dimensional heat transfer: The process
Under a condition of full wraparound [Figure 2(d)], the heat transfer from the pellet to the sheath
is only along the radial direction. However, under conditions shown in Figures 2(a) to 2(c) – that is,
full gap to elastic instability and then to partial wraparound – the heat flux will be comparatively
higher at locations of pellet-to-sheath contact than at locations of pellet-to-sheath gap. Therefore, heat
transfer will also occur circumferentially.
Figure 4 shows the results of a previous sensitivity study [7] of the possible magnitude of this
effect. The study used the FEAT code [8] for a two-dimensional simulation of heat transfer between
the pellet and the sheath. The fuel element was assumed to be operating at 50 kW/m; the pellet-to-sheath
2
2
heat transfer coefficient was assumed to be 30 kW/m K in the region of contact, and 5 kW/m K in the
region not in contact. The figure shows that the degree of contact can alter the central temperature by
up to 400°C, or 24%.
To simulate the full ranges of available experimental data, we have added a model in ELESTRES
for two-dimensional heat transfer. The details are described below.
Pellet-to-sheath contact: The model
The size of the total radial gap is calculated by ELESTRES as part of its normal calculation of
circumferences of the sheath and the pellet. When the gap is closed, full contact is assumed, and the
heat transfer coefficient is calculated using the Campbell model [9].
When the gap is open, the amount of sheath circumference that is in contact with the pellet
depends on the following factors: the size of the on-power diametral gap between the pellet and the
sheath; the differential pressure acting on the sheath; and the strength of the sheath (determined largely
by thickness, modulus of elasticity, and yield strength at operating temperature).
We have used an empirical model to calculate the amount of sheath circumference that is in
contact with the pellet during a nominally open gap. The model is based on the trends shown in Figure 3
and normalised to a selected set of data. The model assumes that if the calculated gap is open and the
differential pressure is less than the pressure for elastic instability [5,6], pellet-to-sheath contact is
limited to a small arch at the bottom [Figure 2(a)]. Beyond that pressure, the degree of circumferential
contact is assumed to increase in the manner shown in Figure 3.
At angular locations where the gap is locally open [Figures 2(a) to 2(c)], the local radial gap is
calculated from the total circumferential difference by using simple trigonometric relationships.
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Two-dimensional heat transfer: The model
The following steps were taken to model two-dimensional heat transfer at each burn-up step
during a given power history:
The FEAT code was merged into the ELESTRES code as a subroutine. FEAT employs the
finite-element method to model two-dimensional conduction of heat in solids of arbitrary shapes.
Gap elements are used to simulate heat-transfer interfaces between the pellet and the sheath. The FEAT
code has been validated independently [10].
Figure 5 shows the mesh pattern that has been included in ELESTRES as input to the FEAT
routine. Symmetry about the vertical axis is assumed; this enables us to reduce computing time by
simulating half the pellet cross-section in the FEAT mesh. The mesh pattern was guided by past studies
on accuracy [11]. The level of nodalisation was guided by past sensitivity studies on convergence [10].
For increased accuracy, the mesh uses a finer nodalisation in areas where sharper gradients of
temperature are expected. Conversely, to reduce computing time, comparatively coarser nodalisation
is used in regions of shallow gradients of temperature.
The local heat generation rate in each finite element reflects the level of power, local flux depression
and skin effect. These are calculated automatically in the code at each burn-up step using existing
models for these effects [1].
Likewise, the thermal conductivity for each finite element is determined by relevant parameters at
each calculation step, such as local temperature, local porosity and burn-up. Existing models for these
processes are used [1].
The main part of ELESTRES passes all relevant inputs to the FEAT routine, which then calculates
two-dimensional temperatures to reflect circumferentially non-uniform heat transfer in nominally open
gap. An interfacing routine then averages the temperatures for each radial annulus, and passes them
back to the rest of ELESTRES. The remaining ELESTRES calculations proceed as usual. This process
is followed at each time step in the calculation. Thus the effect of two-dimensional temperatures is
reflected in all calculations of fission gas release, gas pressure, grain growth, pellet expansion, sheath
strains, etc.
Verifications
To confirm that the FEAT code has been accurately incorporated into ELESTRES, we compared
results of the one-dimensional and two-dimensional versions of ELESTRES for three test cases. In the
2
first test, we forced both versions of the code to always use 10 kW/m K for all heat transfer calculations
at all times. This test sets up a one-dimensional problem, which was solved in a one-dimensional
manner by the reference version of the code and in a two-dimensional manner by the latter
(developmental) version of the code. Both versions of the code gave the same results. This suggests
that the capture of FEAT into ELESTRES did not introduce any errors.
In the second test, we simulated an irradiation history in which the gap was naturally closed,
essentially all the time. The two versions of the code were allowed to perform their natural
calculations. Both versions gave very similar results, suggesting that the changes had not inadvertently
altered any calculation outside of the heat transfer package.
In the third test, a number of irradiations were simulated using the code’s natural calculations of
all parameters. Figure 6(a) shows an illustrative example for an irradiation that had a peak rating of
73 kW/m and burn-up of 640 MWh/kg U. Figure 6(b) shows the on-power variations in the nominal
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diametral gap between the sheath and the pellet. The nominal diametral gap is a measure of the excess
circumference of the sheath; it represents the difference in the diameters of the sheath and the pellet
had both been circular. It is obtained by calculating the difference in the on-power circumferences of
the sheath and the pellet, and dividing that number by π. Figure 6(b) illustrates the dynamics of the
pellet-to-sheath gap discussed earlier; the gap closes, opens, increases and decreases in response to
variations in power, densification, fission-product swelling, differential pressure and creep. At lower
burn-ups, the two versions of the code provide very similar results. Subsequently, high powers at
intermediate burn-ups result in considerable fission gas release and internal pressure. This reduces the
differential pressure. A substantial reduction in power at 200 MWh/kg U then shrinks the pellet.
This opens a gap and sets up conditions for non-uniform heat transfer. The two-dimensional calculations
capture this effect and increase the pellet temperature by 200-300°C during the later part of fuel life.
This increase in pellet temperature, in turn, increases the final fission gas release. The results of this
case were reviewed in considerable detail for a number of intermediate and final calculations, and the
trends were found to be reasonable.
Comparisons with experimental data
We surveyed simulations of Canadian irradiations that predicted comparatively long periods (over
one week) of significant open on-power gaps under conditions of relatively high internal gas pressures.
Such irradiations would be most likely to be affected by two-dimensional heat transfer. Based on this
survey, 27 irradiations were selected for further assessments. All involved relatively high peak powers
(above 65 kW/m). Eight of the irradiations consisted of normal CANDU burn-ups (less than
300 MWh/kg U); 19 irradiations involved extended burn-ups (over 300 MWh/kg U). The highest
burn-up was 660 MWh/kg U. The sizes and durations of calculated gaps varied from case to case; the
maximum gap was about 120 µm, and the maximum duration of the open gap was about 520 d. These
27 irradiations were not included in the original database of 98 irradiations mentioned earlier for
normal burn-ups.
For these 27 irradiations, Figure 7 compares the measured gas releases to calculations. The figure
shows volume of fission gas release rather than percentage, because the former is a more pertinent
measure of the driving force for sheath stresses and pellet-to-sheath contact. In Figure 7, a slope of
1 would have shown a perfect match between the simulations and the measurements. The best-fit line
has a slope of 0.94. This value means that the code’s calculations match these measurements to an
average of 94%.
Discussion
As noted earlier, the previous version of ELESTRES had shown excellent match with fission-gas
measurements in 98 normal burn-up irradiations. Therefore, when the gap is closed during the
irradiation history, one-dimensional calculations of heat transfer are sufficient to give good predictions
of fission gas release. For this situation, the two-dimensional heat transfer calculations provide the
same results as the one-dimensional calculations; hence both calculations are equally good.
When the gap is open for relatively long periods, two-dimensional calculations of heat transfer
account for four relative orientations of the pellet and the sheath. This results in a good match between
simulations and measurements of fission gas release at extended burn-ups as well as at normal
burn-ups at high ratings. Thus, the two-dimensional heat transfer model improves the versatility of the
ELESTRES code to better simulate CANDU fuels at normal burn-ups as well as at extended burn-ups.
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Conclusions
The original version of the ELESTRES code contained a one-dimensional model for heat transfer.
Its calculations show an excellent match with 98 measurements of fission gas releases at normal
CANDU burn-ups.
To continue getting good simulations of fuel performance at extended CANDU burn-ups, the code
has now been updated to include a two-dimensional model for pellet-to-sheath heat transfer. The model
covers four possible relative orientations of the pellet and the sheath and their effects on heat transfer
and fission gas release. The predictions of the model were compared to a database of 27 additional
experimental irradiations involving extended burn-ups and normal burn-ups. The calculated values of
fission gas release matched the measurements to an average of 94%. Thus, the two-dimensional model
improves the versatility of the ELESTRES code to better simulate CANDU fuels at normal as well as
extended burn-ups.
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Figure 1. Sheath diametral expansion during a power change
Data of Fehrenback, et al., AECL-7837, 1982
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Figure 2. Stages of pellet-to-sheath contact
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Figure 3. Sheath collapse

488

Figure 4. Pellet temperatures for various levels of contact

489

Figure 5. Finite-element mesh for two-dimensional heat transfer
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Figure 6. Illustrative effects of two-dimensional heat transfer
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Figure 7. Fission gas release: Measurements vs. calculations
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MACROSCOPIC FISSION GAS RELEASE MODEL APPLIED TO RUSSIAN FUEL

N. Djourelov
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72 Tzarigradsko Shoosse Blvd., 1784 Sofia, Bulgaria

Abstract
Most models for estimating the rate of fission gas release (FGR) usually maintain the fuel temperature
as an independent variable. The FGR model developed by M. Uchida is a modified Booth-type
diffusional model with a change from temperature dependence to power dependence. Uchida’s model
has been checked by Kola-3 and Sofit-1.1 data sets. Very good agreement between calculated and
experimental values is observed for Kola-3 and considerable discrepancies were found with Sofit-1.1
data sets.
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Introduction
Most of the fission gas release (FGR) models used in computing codes are based on the concept of
local fuel temperature during irradiation. If the “local fuel temperature” is an accurately measurable
quantity, it can be used in estimating other physical parameters. In all cases, the difficult task of
measuring fuel temperature must be addressed. The possibility of eliminating the fuel temperature
dependence when the FGR rate is calculated sounds very good in principal. In fact, some correlations,
in which the release rate is given as a function of the linear rating and burn-up, exist [1] (see also [3,4]).
However, they are fitting presentations of single experimental data sets. In Ref. [1], M. Uchida has
developed this idea and has modified the Booth diffusional model [2] in such a way that the temperature
dependence is changed into power one. In the original paper of M. Uchida, many checks approve the
validity of this idea. All the comparisons between calculated values of FGR and experimental ones for
Western fuel types have been made. In this paper the results obtained by using Uchida’s model for fuel
rods from Kola-3 [3] and Sofit-1.1 [4] data sets are presented.
General description of the model
M. Uchida proposed a formula in the form of a solution to the diffusion equation. The feature of
this model is that the diffusion constant D is not given any microscopic meaning but is merely a
parameter for calculation. D has been determined purely empirically as a function of the local linear
heat rating and burn-up.
In the original Booth model, a fuel rod is supposed to be divided both axially and radially to obtain
regions with nearly uniform temperature. Each region is presented by an “equivalent sphere” which is
concept nearly identical to that of the crystal grain. Fission gas atoms are assumed to be produced
uniformly and move randomly. When they eventually attain the surface of the sphere, they reach the
path for instantaneous release. In the Uchida model a radially different fuel state is not considered and,
hence, the meaning of the “equivalent sphere” is smaller than in the original Booth model.
The above scenario has been described by a diffusion equation with a boundary condition of zero
concentration at the sphere surface:
 ∂ 2 c 2 ∂c 
∂c
= − D 2 + .  + s
∂t
ξ ∂ξ 
 ∂ξ

(1)

where t is the time (d), ξ is the radial co-ordinate in a sphere (µm), D is the diffusion constant (µm2/d),
c the fission gas concentration (atoms/gU) and s the fission gas production rate (atoms/(gU.d)). When
the diffusion constant is a time variable, the following transformation of the time into “effective time” τ
is commonly practised:
τ=

∫ Ddt = ∫
t

0

B

0

(2)

D
dB
S

where S (W/gU) is the power density and B (MWd/tU) is the burn-up.
Uchida has replaced the time dependence of D and assumed it to be expressed by linear heat rating
q (W/cm) and B as follows:

{

D = A0 qexp αB 2 − β(q m − q )
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2

}

(3)

where A0, α, β and qm are fitting parameters. An exponential function of the type exp(x2), used in power
and burn-up dependent terms, expresses the strong non-linear dependencies of FGR on these variables.
A special procedure of fitting the parameters in Eq. (3) has been applied to data from a number of
projects and the following values have been determined:
–9
–5
–4
α = 1.0 × 10 ; β = 5.33 × 10 ; qm = 700; A0 = 9.4 × 10

(4)

The final solution for FGR is given by:
FGR =

12
gB N

 τN − τ j τN − τ j
−
g
π
j =1 
N

∑ 


 ∆B j



(5)

where:
τ j = τ j −1 + ρ j (D j q j )∆B j

(6)

and ρ is the linear fuel density (gU/cm), ∆Bj is the burn-up increment, the index j indicates the time step
and g is a grain size of as-fabricated pellets. Thus, all that is needed to calculate FGR is the linear heat
rating, calculated burn-up and linear fuel density at each time step.
The effective upper limit of burn-up of the model is given as 57 GWd/tU.
Code realisation
Following the above algorithm a Delphi 3.0 code has been produced. Uchida’s values from Eq. (4)
have been used in the code. The change of the fuel density is taken into account according to Ref. [5].
Correction for the annular pellet has also been included according to the Appendix of Ref. [Error!
Bookmark not defined.].
The correction for hollowed pellets consists of replacing the linear heat rate q by:
2r 2
r 

q ′ = q1 + 2 i 2 ln i 
ro 
 ro − ri

(7)

in Eq. (6) and the coefficient A0 in Eq. (3) by:
A0′ = 16 A0

2
q ′   ri  
1 −   
q   ro  

(8)

where ri and ro are the radii of the inner and the outer surfaces of the pellet correspondingly.
Due to densification and swelling [5] of the fuel these radii have different values at each time step
of the power history. Some preliminary calculations have been made to estimate the radius changes on
the FGR value. The results show that if radius changes are taken into account the calculated FGR values
will be smaller (~1.5%) than in the other case. Radius changes in the following calculations are not
included.
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Results and discussion
Calculated values and data of FGR for fuel assembly (FA) 198 and FA 222 for different rods are
presented in Figure 1. The agreement of the calculated and experimental values for FA 198 is excellent.
The picture is different for FA 222. Uchida’s model predicts smaller values than the measured ones.
FA 222 was additionally irradiated and has reached higher burn-up than that for FA 198. The maximum
rod average burn-up for FA 198 is 51.2 GWd/tU while the value for FA 222 is 55.6 GWd/tU. The corner
rods have reached higher burn-ups than the others and for these rods the difference between calculated
and experimental FGR is bigger. As the earlier discussion indicates, two reasons may be pointed out for
this difference: not enough data with high burn-ups to determine correctly the parameters [Eq. (4)] or
the functional dependence [Eq. (3)] does not reflect the physical processes at high burn-ups.
Figure 1. Experimental and calculated FGR values vs. rod number for Kola-3 data set
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Calculated burn-up at each time step is included in the power history for rods 1-6 of Sofit-1.1.
The calculated FGR values for these rods are in the range 3-14% while the experimental values given in
Sofit-1.1 documentation are smaller than 1%. This can be explained only with special construction of
the rods presented in Sofit-1.1 data set.
Conclusion
The macroscopic FGR model of M. Uchida has been applied to Russian fuel. FGR values for two
WWER-440 type data sets (Kola-3 and Sofit-1.1) have been calculated. The calculated FGR values
coincide with experimental ones for FA 198, Kola-3 and are lower than the experimental values for
FA 222, Kola-3. Considerable discrepancies between calculated and experimental values were found
for Sofit-1.1.
The model remains open for discussion. The test reported above is not sufficient to judge the
quality of its precise FGR predictions. More experimental data for different types of fuels are needed to
make comparative calculations in order to obtain a better estimation of the model.
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NUMERICAL ALGORITHMS FOR INTRAGRANULAR DIFFUSIONAL
FISSION GAS RELEASE INCORPORATED IN THE TRANSURANUS CODE
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Abstract
Complicated physical processes govern diffusional fission gas release in nuclear fuels. In addition to
the physical problem there exists a numerical problem, as some solutions of the underlying diffusion
equation contain numerical errors that by far exceed the physical details. In this paper the two
algorithms incorporated in the TRANSURANUS code, the URGAS and the new FORMAS algorithm
are compared. The previously reported deficiency of the most elegant and mathematically sound
FORMAS algorithm at low release could be overcome. Both algorithms are simple, fast, without
numerical problems, insensitive to time step lengths and well balanced over the entire range of fission
gas release. They can be made available on request as FORTRAN subroutines.
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Introduction
Most fission gas release models include a diffusion mechanism by which a fission product is
transported from the inside of a grain to grain boundaries. The simplest model for this intragranular
diffusion may be written as:
∂c
 ∂ 2 c 2 ∂c 
= Deff  2 +
+β
∂t
r ∂r 
 ∂r

(1)

where: c = c(r,t) = local concentration in solution and bubbles
β = β(t) = production rate
Deff = Deff(t) = “effective” diffusion coefficient
t = time
r = co-ordinate of the spherical grain
Unfortunately, the solution of Eq. (1) is difficult to obtain under (varying) reactor conditions and
numerical errors may by far exceed the physical details. An analytical solution has been proposed by
Rim [1] that is used in the ANS 5.4 algorithm [2]. This quasi-exact algorithm is only affected by errors
due to discretisation of a real “history” into piecewise constant conditions. Unfortunately, it is not a
recursive algorithm and the numerical effort increases with the number of time steps. Although this
characteristic makes the ANS 5.4 algorithm unusable in fuel performance codes, it is an ideal reference
for comparing various numerical methods.
Such a comparison has been carried out in Ref. [3], where two algorithms were found to be
superior to others: the URGAS algorithm, which is based on reasonable physical assumptions and the
mathematically elegant FORMAS algorithm developed originally by Forsberg and Massih [4,5].
The URGAS algorithm
The URGAS algorithm has been improved considerably since its first publication [6]. It is fast,
without numerical problems, insensitive to time step lengths and well balanced over the entire range of
fission gas release. It is fully described in Ref. [3].
The new FORMAS algorithm
This method was developed by Forsberg and Massih [4,5] and is therefore labelled the FORMAS
algorithm. The time is transformed to the standard dimensionless time, which is the integral of the
product of the effective diffusion coefficient and the time interval divided by the square of the grain
radius. The solution is sought as an expansion of the complete set of eigenfunctions, which enables the
time and the spatial parts of the problem to be separated. The resulting series solution is approximated
by the sum of the three exponential functions.
However, extensive numerical tests performed with the original FORMAS algorithm showed:
•

Numerical difficulties, mainly at the beginning of a sudden increase of temperature leading to
a high sensitivity of the time step length.

•

A systematic overprediction at low fission gas release.
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In order to overcome the first problem, the algorithm itself was slightly modified and is labelled
the “new FORMAS” algorithm [3]:
The average concentration in the grain at time t n +1 , c n +1 is given by:
3
4π

c n +1 =

∑g

(2)

m

i ,n +1

i =1

where:
g i ,n +1 = e

−
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 B D
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and:
g i ,o = g i (t = 0 ) = 0

The coefficients Ai and Bi are obtained by approximating the Kernel K:
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i

− Bi t
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i =1

β is the gas creation rate, Deff is the diffusion coefficient, both averaged during the time step ∆t and a is
the radius of the grain.
In principle the approximation (4) can be done to any degree of accuracy. However, the numerical
effort and accuracy problems limit m. In Ref. [3] m varied between 1 and 6 and various fittings of Eq. (4)
were examined. It was recommended to use m = 4 together with an empirical correction at low releases.
The empirical correction was unsatisfying and therefore an attempt was made to further improve
the new FORMAS algorithm. This could be achieved by a better fitting of the coefficients Ai and Bi in
Eq. (4), where more weight was given to points for small t, a suggestion due to Hermansson [7].
The new fitting significantly improved the new FORMAS algorithm and an empirical correction is no
longer needed at low release. The new coefficients Ai and Bi are given in Appendix 2.
Numerical tests
Numerical tests performed in the past have shown that it is insufficient to analyse a method only
by a few comparisons with quasi-exact solutions. Therefore random operation histories were generated
and the comparison performed over a wide range of up- and down-ramps. The random histories were
constructed according to the following principles:
•

Each individual power history was constructed by piecewise constant conditions in which
temperature and fission gas production rate are constant.

•

In each individual power history the following quantities were considered as random variables:
− The number of constant periods (2 to 10).
− The time length of a constant period.
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− The temperature (between 800 and 1 800 K).
− The fission gas production rate (corresponding to a linear rating between 10 and 40 kW/m).
•

Two thousand individual, randomly generated power histories were used giving approximately
7 500 release values, which means that the evaluation of a method is based upon 7 500
numerical experiments.

The results are shown in Figures 1-3. The URGAS algorithm is well balanced over the entire range
whereas the FORMAS algorithm shows some trends with the pronounced tendency to underpredict
low release values. This systematic deviation decreases when more terms are used. Detailed error
analyses confirm these findings and result in the recommendation to select m > 3. Further details are
given in Appendix 1.
Both algorithms have been incorporated into the TRANSURANUS code [8,9] and have been
tested extensively. As expected, the difference between the URGAS algorithm and the new FORMAS
algorithm with m > 3 are insignificant. An example taken from the International Fuel Performance
Database [10] is shown in Figure 4.
In view of the uncertainties involved (the temperature in a grain is not well known, the grains are
no spheres, differ in size and may be influenced by local irradiation effects) both algorithms are
considered as sufficient to be used in a fuel performance code. The new FORMAS algorithm needs
slightly less computational time than the URGAS algorithm (-36 % for m = 3 and -19% for m = 6)
whereas the FORMAS algorithm needs more storage and therefore additional time for read and write
operations. In a fuel rod performance code, both effects compensate each other more or less.
Conclusion
Numerical algorithms to solve intragranular diffusion of fission gas have been analysed in
Ref. [3]. Two were found to be superior to others: the URGAS algorithm, which is based on
reasonable physical assumptions and the mathematically elegant FORMAS algorithm developed
originally by Forsberg and Massih [4,5]. The new FORMAS algorithm presented in Ref. [3] could
further be improved by a better fitting of Eq. (4) following a suggestion of Hermansson [7].
The URGAS and the new FORMAS algorithm have been incorporated into the TRANSURANUS
code and have been tested extensively. In general, the difference between the URGAS algorithm and
the new FORMAS algorithm with m > 3 is insignificant. The URGAS algorithm itself needs slightly
more computational time whereas the FORMAS algorithm needs more storage which leads to additional
read and write operations. Both effects compensate each other.
Both algorithms are simple, fast, without numerical problems, insensitive to time step lengths and
well balanced over the entire range of fission gas release. They can be made available on request as
FORTRAN subroutines.
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Appendix 1
ABSOLUTE AND RELATIVE ERRORS

The absolute and relative errors over the whole range are given in Table 1.
Table 1. The mean absolute and relative errors of the URGAS and
the FORMAS algorithm as obtained by 7 500 numerical experiments
Method
URGAS
New FORMAS (m = 1)
m=2
m=3
m=4
m=5
m=6

Absolute error
+2.24E-03
+2.22E-02
+3.65E-03
+9.74E-04
+2.40E-04
+8.73E-05
+3.47E-05

Relative error
2.53E-02
-0.44
-0.23
-0.14
-8.93E-02
-6.23E-02
-4.38E-02

The mean errors give a somewhat one-sided picture since they depend strongly on the release
values. This is shown in Figures 5 and 6. As expected, the absolute errors of the FORMAS algorithm
decrease with more exponential terms over the whole range of release. This is not the case for the
relative error, which shows a tendency to underpredict the release at low release values. However, in
almost all situations this systematic underprediction is not relevant. As a conclusion from these error
analyses the recommendation results to use as a minimum 3 terms for the new FORMAS algorithm.
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Appendix 2

For different numbers of the exponential terms m (see Eq. 4) the fitted constants Ai and Bi were
obtained:

m = 1:

{ A} = {4.18879020479}

{B} = {22.4043125336}

m = 2:

{ A} = 

{B} = 

m = 3:

 2.90176523395 
{ A} = 0.993666408716 
0.293358562120 



10.9625970855 
{B} = 128.600342208 
4761.18409300 



m = 4:

 2.73511388010 
0.965264555907 

{ A} = 

0.377833239431


0.110578529348 

10.3570120796 
78.1549785559 

{B} = 

900.704185377


33513.0796862 

m = 5:

2.64981445589



0.912659324739



{ A} = 0.418287938723

0.160957920342



4.707056509239 × 10-2 

10.1065723925 
60.4601497268 


{B} = 426.619212844 
4968.86536454 


184952.204017 

m = 6:

2.60447092116

0.858937838727



0.434128235160

{ A} = 0.194680139130



7.472262283624 × 10-2 


2.185044777315 × 10-2 





{B} = 





3.25036242515 

0.938427779636 

12.7622894408 

 464.192598205
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9.99146867157 
52.0914853890 

275.827197793 

1977.15050823 
23057.9880901 

858297.433042 

Figure 1. Comparison between the fission gas release f of the URGAS algorithm with the
quasi-exact ANS-5.4 algorithm. Each point is the result of a calculation with randomly
generated conditions. The deviation from the 45° line is a measure of the accuracy.
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Figure 2. Comparison between the fission gas release f of the new FORMAS algorithm [m = 1,
see Eq. (4)] with the quasi-exact ANS-5.4 algorithm. Each point is the result of a calculation with
randomly generated conditions. The deviation from the 45° line is a measure of the accuracy.
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Figure 3. Comparison between the fission gas release f of the new FORMAS algorithm [m = 3,
see Eq. (4)] with the quasi-exact ANS-5.4 algorithm. Each point is the result of a calculation with
randomly generated conditions. The deviation from the 45° line is a measure of the accuracy.
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Figure 4. Fission gas release during a transient. After a base irradiation to an average
burn-up of 44.6 MWd/kgU a transient test was performed. In the first 20 h of the
transient the fuel was conditioned, at approximately 21 h the transient was triggered [10].

Super-Ramp PK2-3 (KWU D 169)
0.3

Fission Gas Release

new FORMAS algorithm
(4 exponential terms)
URGAS algorithm

0.2

0.1

0

0

10

20

Time ( h )
507

30

40

Figure 5. The absolute errors as a function of the release for the URGAS and
the new FORMAS algorithm. Note the different scales of the absolute error.
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Figure 6. The relative errors as a function of the
release for the URGAS and the new FORMAS algorithm
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Abstract
The paper reviews some of the fission-gas-related differences observed between MOX MIMAS AUC
fuels and homogeneous UO2 fuels. Under steady-state conditions, the apparently higher fractional release
in MOX fuels is interpreted with the METEOR fuel performance code as a consequence of their lower
thermal conductivity and the higher linear heat rates to which MOX fuel rods are subjected. Although
more fundamental diffusion properties are needed, the apparently greater swelling of MOX fuel rods
at higher linear heat rates can be ascribed to enhanced diffusion properties.
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Introduction
A great deal of effort has been devoted in recent years to the study of MOX fuels through
collaborative research and development programmes involving the CEA and its industrial partners EDF,
FRAMATOME and COGEMA. A greater part of this effort has been geared towards characterising
the behaviour of MOX MIMAS fuels with respect to fission gases, because of their potential impact
on the overall behaviour of the fuel rod. In the first part of this paper we draw on the data these
programmes have generated to highlight the apparent micro-structural and behavioural (integral)
differences observed between UO2 and MOX MIMAS AUC fuels with respect to in-pile fission gas
behaviour. Results generated through surveillance programmes (that concern fuel rods irradiated under
standard PWR conditions) are used to illustrate behavioural differences in the 150 W/cm-250 W/cm
linear heat rate range. Experimental programmes are used to highlight differences at higher linear heat
rates. The second part of the paper focuses on possible explanations for these apparent differences and
shows the extent to which the METEOR fuel behaviour code can be used to quantify the impact a
given fuel characteristic may have (be it micro-structural or pertaining to material behaviour laws).
Finally, an attempt is made to circumscribe the areas of research (pertaining to fuel characterisation,
the evaluation of fundamental properties or fuel modelling) that require further investigating in an
effort to establish a more comprehensive picture of fission gas behaviour in MOX fuels.
Observed differences
Fuel micro-structure
It should first of all be noted that most of the data relating to MOX fuels presented in this paper
regard MOX MIMAS AUC type fuels, because of the substantial amount of data available. A description
of the techniques used to characterise their microstructure is extensively reported in [1]. Figure 1 taken
from [1] shows an EPMA image of an as-fabricated sample where Pu-rich clusters appear on a dark
background. A quantitative analysis reveals that 80% of the pellet volume is made up of low Pu
concentration areas and small size (<10 µm) clusters. This area, with a 2.9% average Pu concentration
contains over 40% of the total amount of Pu atoms.
Fission gas release
One of the more common ways of comparing UO2 and MOX AUC type fuels consists in comparing
the volume of gas released from punctured rods following a base irradiation in one of EDF’s PWRs.
These values, reported in [2], are shown in Figures 2(a) (UO2 case) and 2(b) (MOX case), where the
volume of released gas is plotted as a function of burn-up for both types of fuel. At first glance, these
figures would indicate a tendency of MOX MIMAS AUC fuels to release more of their gas than
homogeneous UO2 fuels. This is especially true for rods irradiated at burn-ups above 40 GWd/Mt.
However, it is wrong to assume behavioural differences on the strength of such a simple analysis.
Further on, we review the factors that no doubt explain these apparent differences.
Fuel swelling
One of the other features that is a reflection of fission gas behaviour is fuel swelling. The analysis of
hydrostatic density measurements performed on MOX MIMAS AUC fuels [1] reveals that swelling can,
under nominal irradiation conditions, be regarded as a linear function of burn-up (0.7%/10 GWd/Mt)
to burn-ups in excess of 45 GWd/Mt. This figure is very close to that observed for UO2 fuels (~0.6%/
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10 GWd/Mt [1]). Such close values may at first appear surprising considering the nature of MOX
MIMAS AUC fuels. Figure 3 shows a large Pu-rich cluster taken from the mid-radial position of a
MOX pellet irradiated to an average burn-up of 23 GWd/tm. It reveals the presence of a substantial
number of relatively large fission gas bubbles that apparently do not affect the overall hydrostatic
density of the fuel. There are several possible explanations for this. Firstly, a substantial proportion of
Pu [1] (~40% of the total amount of Pu in the pellet) is present in low Pu concentration areas or in
relatively small clusters which will loose through recoil most of the fission products they produce.
The volume fraction of larger Pu rich clusters in which the gas produced should actually contribute to
fuel swelling on a greater scale than would the gas produced in the remainder of the pellet volume is
estimated at ~5%. Their overall contribution to pellet swelling is therefore limited. Order of magnitude
values of ~35% for cluster swelling can be deduced from micrographs such as shown in Figure 3.
The contribution of these clusters to pellet swelling can then be estimated at 0.05 × 35/4~0.44%/
10 GWd/Mt. Secondly, the contribution to fuel swelling of gas atoms contained in very small bubbles
or dissolved in the lattice has to be reduced in comparison with UO2 fuels since a fraction of the total
gas inventory is precipitated in the micrometric bubbles mentioned above. Thirdly, according to what
state molybdenum is in, its contribution to fuel swelling may vary. If it is present in a super-saturated
oxide state in the lattice, chances are that it will contribute to the swelling in proportion to its fission
yield. However if it is entirely present in metallic precipitates, this will reduce the apparent swelling of
the fuel by ~0.15%/10 GWd/Mt.
Behaviour observed at higher linear heat rates
Data regarding the behaviour of MOX MIMAS AUC fuels at higher linear heat rates are harder to
come by. However evidence is available to suggest that cladding deformation, probably as a result of
fission gas swelling, is marginally greater for MOX AUC type fuels. A typical irradiation sequence
consists of a base irradiation at linear heat rates below 280 W/cm and subsequent bumping of the
segment or the re-fabricated rod to approximately 400-480 W/cm. Three such experiments are alluded
to here, two MOX rods taken from programmes run at Studsvik [3] and one UO2 rod irradiated in the
Osiris [4] test reactor. All three rods were initially irradiated in an EDF power reactor to average
burn-ups between 25-30 GWd/Mt. The initial enrichments were 5.6% and 4.5% for the MOX and UO2
fuels, respectively. Table 1 summarises the more important experimental details and results. Comparison
of data from Cases 1 and 3 would appear to indicate that despite having been irradiated at a slightly
lower linear heat rate the fractional gas release and fuel swelling are slightly greater for the MOX fuel
rod. However, one of the most striking features regards the fact that the ridges apparent on the MOX
fuel rods prior to ramping appear to have receded after the ramp. The MOX fuel rod alluded to
in Ref. [5] (Case 2) was bumped at a higher linear heat rate (~480 W/cm) and model calculations
underestimated the ramp-induced cladding diameter increases above ~430 W/cm.
Discussion
We now attempt to shed light on some of the differences alluded to in the previous section.
To this end, we go through some of the most obvious factors, the consequence of which we quantify
using the CEA’s fuel behaviour code METEOR.
Base irradiation conditions
Generally speaking, in power reactors, the linear heat rates MOX fuel rods (with an initial Pu
enrichment greater than 5%) are subjected to are marginally greater than those seen by UO2 rods.
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The ratio of burn-up over time spent in-reactor for UO2 and MOX rods is plotted in Figure 4. It is
reasonable to assume that this ratio is indicative of the average linear heat rate the rods have seen.
Higher heat rates may bump up fractional release values.
Intrinsic differences are more interesting to look at. Thermal behaviour of the oxide is obviously
one potential candidate since it drives the way in which fission gases behave. The conductivity of both
types of oxides and the possibly different radial power profiles are considered next.
Fuel conductivity
The conductivity of MOX fuels is generally regarded as lying below that of UO2 fuels and the
difference decreases with increasing temperatures. Figure 5 shows the oxide conductivities of fresh
fuels used when modelling fuel rods with the METEOR code. The formulation for MOX fuels has
been derived from laser flash diffusivity measurements carried out at CEA [6] and is that recommended
for UO2 fuels by Martin [7]. In both cases, the conductivity degradation with burn-up follows Lucuta’s
recommendation [8]. This formulation makes it possible to account for a fuel conductivity degradation
due to both fission-product build-up and irradiation defect accumulation.
Radial power profiles and other possible effects
The radial flux depression has an opposite effect to that of fuel conductivity, at least at low burn-up
since the power profile is flatter in MOX pellets as is shown in Figure 6. These charts indicate the
radial power distributions in UO2 and MOX fuels for increasing values of burn-up as calculated by the
APPOLO2 code [9]. Above 30 GWd/Mt, power distributions in UO2 and MOX fuels are very similar.
For the sake of completeness it is worth mentioning other possible effects such as grain size, fast
neutron flux, fuel densification and fuel relocation. The intragranular phase of the release process is
necessarily affected by grain size. Intuitively larger grains will inhibit or at least postpone gas release
and since MOX fuel grains are thought to be marginally smaller than those of UO2 fuels, fractional gas
release could be affected accordingly. The fast neutron flux for UO2 fuel assemblies is thought to
represent only 70% of that for MOX fuel assemblies at low burn-up. Because material creep properties
are flux dependent, it is expected that the higher neutron flux in MOX fuel assemblies will cause
cladding creep-down to proceed at a faster rate resulting in a relative reduction in gap size. This effect
is offset by the fact that MOX MIMAS AUC fuels are more prone to densification, although at a
relatively slow rate [1]. Because of the possibly higher temperatures in MOX fuels, fuel relocation which
is thought to be temperature dependent [10] could have a tendency to reduce temperature differences.
Modelling
Quantifying the effect of fuel conductivity
Out of all the obvious theoretical differences mentioned above which are actually accounted for
in the modelling, the fuel conductivity mostly impacts calculations. Figure 7 shows the calculated
centreline temperatures as a function of burn-up for a two-cycle MOX rod. Three calculations are
presented. All three assume the microstructure to be homogeneous. Two are performed using models,
material laws and assumptions relative to MOX fuels, with the exception of fuel conductivity, which is
that relevant to MOX fuels for only one of the two. Assumptions and models relative to UO2 fuels are
applied to the third calculation. Results appear to indicate that the centreline temperature is approximately
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80°C higher when the MOX fuel conductivity is applied (50°C in terms of average temperature), with
all other effects only having a limited impact on calculation results. However, no clear experimental
justification exists for applying the same burn-up related conductivity degradation to UO2 and MOX
fuels and one can reasonably argue that the effect of burn-up (in terms of fission-product and Pu
build-up) should eventually supersede the effect related to a 5% initial Pu concentration. Fission gas
release for the case where the MOX fuel conductivity is used is 0.7%, which contrasts with the 0.1%
release calculated for the cases to which the UO2 conductivity was applied.
Micro-structural effects and modelling results
In MOX MIMAS AUC fuels, burn-up accumulates in Pu-rich clusters. In the largest ones (>40 µm),
which only loose a small proportion of fission products through recoil, the local burn-up can reach
150 GWd/Mt after a three-cycle irradiation period. This burn-up threshold is far greater than the
55 GWd/Mt estimated as marking the onset of fuel restructuring in the peripheral region of UO2
pellets. Indeed rim-type fuel restructuring appears to take place at temperatures as high as 1 000°C [11].
A specific model to predict the point at which restructuring begins and to describe the behaviour of
fission gases in these restructured regions has been developed and coupled to the METEOR [12] fuel
performance code. The model assumes a fraction of the gas produced in this restructured region is
released. In fact, the code validation exercise performed on high burn-up UO2 rods would indicate that
for a rod irradiated to ~60 GWd/Mt, the rim area of the pellet contributes 1% to the overall fraction of
gas released. Knowing the width of the peripheral area over which full restructuring has occurred and
the total amount of gas produced in this volume, the local fractional release can be estimated at 7%.
The volume fraction of restructured clusters in MOX MIMAS AUC fuels can be estimated at about
4% (compared to ~10% for a typical 60 GWd/Mt UO2 pellet). This volume contains approximately
15% of the total amount of gas produced in the pellet, as does the restructured periphery of a typical
60 GWd/Mt UO2 fuel. The question therefore arises as to the possible contribution of these restructured
clusters to the overall fraction of gas released. Figure 8 indicates the measured and calculated fractional
releases for UO2 and MOX fuels using an entirely homogeneous model. It appears that simply
accounting for the more obvious temperature effects mentioned previously produces calculated
fractions that are in reasonably good agreement with the measured values at least up to 50 GWd/Mt.
However fractional release is an integral parameter and it is interesting to use a more complex model
which differentiates the behaviour of Pu-rich clusters and low Pu concentration regions (or matrix) in
terms of fission rate, burn-up and gas behaviour [13]. Figure 9 shows a comparison of EPMA results
and model calculations for a four-cycle MOX fuel rod with an average burn-up of ~53 GWd/Mt,
irradiated at linear heat rates below 250 W/cm. Several comments are in order:
•

Figure 9(a) shows that the EPMA data compare favourably with the total amount of gas
calculated to be present in the enriched matrix. This is consistent with the fact that SEM
observations of such fuels reveal a very small number of intergranular bubbles which makes it
reasonable to assume that practically all the gas the matrix contains is either dissolved or
present in small nanometre-sized intragranular bubbles.

•

No restructuring is calculated to occur in the UO2 matrix because of its relatively low effective
burn-up

•

Restructuring of large size clusters extends from the fuel periphery to within 2 mm of the
pellet centre [Figure 9(c)]. Most of the gas present in these clusters lies at grain boundaries.
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•

The drop in the calculated amount of gas retained in the central part of the pellet illustrates the
thermal contribution to fission gas release [Figure 9(d)].

•

Generally speaking, the model is capable of providing potentially useful quantitative
assessments pertaining to the whereabouts (clusters or matrix, at the grain boundaries or inside
the grains) of fission gases.

Behaviour at higher linear heat rates
Figure 10, taken from [5] shows a comparison of measured and calculated cladding diameters for
Case 2. The fact that the fission gas release and swelling model applied to calculate this case was
designed to treat UO2 fuels is one of the reasons invoked to explain the discrepancies. It would appear
that MOX rods are more prone to swelling at high linear heat rates and despite this, show a remarkable
resistance to PCI-induced stress corrosion cracking. This is consistent with the results reported in [14]
that involved a hyper-stoichiometric fuel. The most obvious common interpretation to both observations
is that bubble swelling or creep, which are highly diffusion-dependent are enhanced at high temperature
in either MOX fuels or hyper-stoichiometric UO2 fuels.
Fuel creep and bubble swelling are related in two different ways. From the point of view of basic
mechanisms, defect models have been developed and used to derive expressions for creep rates in
oxide fuels. At relatively low stresses, creep expressions used are often derived from a Nabarro-Herring
type mechanism, for which the creep rate is proportional to the cationic self-diffusion coefficient.
Cobble creep, which is controlled by grain boundary self-diffusion, is also often found to fit creep data
curves. Grain boundary self-diffusion and lattice self-diffusion have both been shown to be significantly
enhanced in the presence of Pu [15]. Similarly, the rate at which the volume of intragranular bubbles
increases is, in certain simple defect models, shown to be proportional to the cationic self-diffusion
coefficient. Xenon diffusion coefficients, in so far as gas and cationic diffusion mechanisms are
related, could also be enhanced in the presence of Pu. From a more macroscopic standpoint, when the
fuel temperature rises, the volume of bubbles increases so that the local hydrostatic stress balances off
the bubble inner pressure and surface tension: a decrease in the hydrostatic stress field in the fuel as a
result of creep will lead to an increase in the bubble equilibrium radius.
There are many other possible diffusion-related arguments that could explain greater swelling in
MOX fuels at high temperatures. The most obvious concerns the mobility of bubbles, which in turn is
thought to govern the rate at which bubbles coalesce and cause swelling to proceed. Bubble mobility is
often modelled as resulting from the diffusion of lattice atoms at the bubble surface. A second
contribution to bubble mobility involving the volume self-diffusion of heavy atoms is sometimes used
to interpret coalescence experiments. Although, to our knowledge, little reliable data is available
regarding surface diffusion of Pu atoms in mixed oxides, it is likely that these fuels show greater
bubble mobility.
Conclusions
Under steady-state irradiation conditions, the differences observed in fission gas release values
between MOX MIMAS AUC fuels and UO2 fuels can be ascribed to differing pellet temperature
profiles due to the different linear heat rates MOX fuel rods generate and different fuel conductivities.
The heterogeneous fuel microstructure causes a high proportion of fission gases to remain in grain
boundary bubbles in a majority of medium and large size Pu-rich clusters that have undergone rim-type
fuel restructuring. Models developed to describe homogeneous UO2 fuels can therefore easily be
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adapted to predict integral release fractions in MOX fuel rods. At higher temperatures, however, these
models are at pains to describe the greater fuel swelling observed in MOX fuels. This could be an
indication of these fuels’ enhanced diffusion properties, although little quantitative data are available.
It therefore appears necessary, in order to further our understanding of fuel behaviour in this field,
to generate more data relative to basic fuel diffusion properties on the one hand, and on the other to
develop models that have a use for these data and are capable of describing the local micro-structural
changes observed. Such models could also be useful in so far as they provide information as to where
fission gases are and what state they are in, which is relevant to the modelling of accidental conditions
or when models are used to extrapolate fuel behaviour to higher burn-ups or heat rates.
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Table 1. Experimental details and results of bump tests
Fuel type
Experiment
Burn-up (GWd/Mt)
Conditioning level
Maximum power level (W/cm)
Hold time
Maximum cladding diameter increase (µm)
Fractional gas release

MOX
1
2 cycle rod
215
~428
12 h
53
9.1%

MOX
2
2 cycle rod
480
12 h
90
11%

UO2 fuel
3
27
241
437
12 h
40-53
5.2

* The fuel rod remained at linear heat rates above 300 W/cm for 6 hours but was only held at 396 W/cm
for 2 hours.

Figure 1. Pu microprobe image of an AUC type fuel
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Figure 2
(b) Volume of gas released from MOX MIMAS AUC fuels

(a) Volume of gas released from UO2 fuels
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Figure 3. Micrograph of a MOX fuel agglomerate

Figure 4. Estimated power as a function of burn-up
230
UO2
Pu concentration lower than 5%
Pu concentration greater than 5%

220

210

200
W/cm

cm3

100

190

180

170

160

150
0

5 000

10 000

15 000

20 000

25 000

30 000

Time in reactor (hours)

519

35 000

40 000

45 000

50 000

50

60

Figure 5. Conductivity of MOX and UO2 fuel as a function of temperature (K)
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Figure 6. Relative power distribution in MOX and UO2 fuels as a function of pellet radius (mm)
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Figure 7. Effect of using the fuel conductivity for MOX fuels on centreline temperatures
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Figure 8. Calculated vs. measured fission gas release
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Figure 9
(a) Calculated fission gas retention compared
to microprobe measurement in matrix zone

4

2

Production
Total retention

Production

3.5

Total retention

Intragranular retention
Xe microprobe measurement

3
Xe weight %

1.5
Xe weight %

(b) Calculated fission gas retention in average size cluster

1

Intragranular retention

2.5
2
1.5
1

0.5

0.5

0

0

0

1

2

3

4

5

0

1

Pellet radius (mm)

(c) Calculated fission gas retention in large size cluster zone

3

4

5

4

5

(d) Average calculated retention

4

1.4
Production

3.5

Total retention

3

Intragranular retention

Xe weight %

Xe weight %

2

Pellet radius (mm)

2.5
2
1.5

1.2

Production
Intergranular retention

1

Intragranular retention

0.8
0.6
0.4

1

0.2

0.5
0

0
0

1

2

3

4

5

0

1

2

3

Pellet radius (mm)

Pellet radius (mm)

Figure 10. Cladding diameter increase: Case 2
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Pierre Chantoin, Alain Ballagny
DRN/RJH, CEA Cadarache
Franck Augereau
LAIN UM2 Montpellier 34095
Laurent Caillot
DEC/SESC/LIPA, CEA Cadarache

Abstract
The Jules Horowitz Reactor is a new research reactor dedicated to materials and nuclear fuel testing.
This reactor will be located at the CEA research centre at Cadarache and the first criticality is foreseen
around 2008-2010.
After a short overview of the fuel, materials testing and service possibilities of the reactor this paper is
reviews two techniques which are intended to be developed on the Jules Horowitz Reactor to measure
fission gas release:
•

The development of a new sensor to be used on-line and to measure pressure and composition
of the gas released in a rod or elsewhere.

•

The Fission Product Laboratory.
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Introduction
This Jules Horowitz Reactor (JHR) project arose from a triple finding:
•

With 56 reactors in activity, nuclear energy will remain the main source of electricity for
several decades in this country. Further, competition with other sources of energy will induce
the need to extend burn-up and plant life (PLIM/PLEX). In the meantime problems
encountered at plants may require detailed study in an MTR reactor.

•

The development of nuclear power plants aimed at satisfying energy needs in the future
cannot be envisaged without the disposal of experimental reactors for validation of new
concepts of nuclear fuels, materials and components as well as for their qualification under
irradiation in normal, off-normal and accident conditions.

•

The present park of experimental reactors in Europe is 30 to 40 years old or more and it is
henceforth advisable to examine the necessity and the nature of a new reactor to take over and
replace, at the beginning of the century, the reactors shut down in the meantime or at the very
end of their lives.

Within this framework, the CEA has undertaken in recent years a joint effort with EdF and other
possible partners concerned with mid- and long-term irradiation needs, to determine the main features
and performances of this new reactor.
Status of the project
•

1996 – Project initialisation (completed).

•

•1999 – Feasibility study (completed).

•

•2005 – Commencement of the nuclear system building construction.

•

•2008 – Initiation of core fabrication.

•

•2010 – Criticality.

Basis of programmes
The Jules Horrowitz Reactor
The Jules Horowitz Reactor will be a 100 MW maximum, slightly pressurised (for safety reasons)
water experimental reactor. In view of the lifetime of this type of reactor and the uncertainties in
long-term forecast of needs, the accent has been placed on the capacity to adapt core configurations to
an evolving experimental load, whether for volumes or for performances. The “reference” value
around which most core studies are performed being 600 kW/l, it is planned to make available three
core configurations between 300 kW/l and 750 kW/l:
•

A medium core, known as the “reference core” (Figure 1) with a volume of 166 litres and a
specific power almost twice that of OSIRIS, enabling the achievement of almost all the
objectives (Table 2) set at the start of the feasibility study, with the exception of tests
requiring the accumulation of a very high damage rate (in the range of 200 dpa).
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•

A large core, of 330 litres and specific power similar to that of OSIRIS, enabling the
performance of a very large number of experiments not requiring a very high flux level.

•

A small core of 133 litres, with the capability to reach 750 kW/l, and therefore higher
performances (particularly in fast flux) allowing only a reduced number of experiments.

Figure 1. JHR flux according to specific power (arrows give flux for the three core configurations)
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To allow this high level of flux a high-density fuel (8 g of uranium/cm3) is currently under
development.
About 15 positions in the core and 15 positions outside the core can be used for irradiation of
materials, isotope production (medical use, gamma imagery, BNCT…) and activation analysis.
Neutron radiograph will also be available. Six mobile loops will be able to simulate ramps or variable
irradiation conditions.
Figure 2. JHR, example of core configuration
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Water loops, boilers and gas loops will be able to provide flux, thermalhydraulic and chemistry
conditions prevailing in LWR and in nearly all existing or planned commercial nuclear plants.
An exception will be the simulation of the speed of dpa accumulation which will be around 15 dpa/year
in JHR.
JHR terms of reference
The terms of reference of the JHR are related to the:
•

Cost of experiments minimised by acting on reactor and experiment management:
− Shortening shutdown periods.
− Standardisation.
− Automatisation.
− Shortening intermediate examination time and transportation by developing new
non-destructive examination methods and on-line/in situ examination.
− Promoting cost-shared experiments.

•

Quality of experiments. Currently under development are:
− R&D on new and cheaper re-fabrication methods.
− R&D on new sensors (e.g. on-line pressure measurement with possibility of intermediate
re-calibration).
− On-line fission gas analysis.
− R&D on non-destructive methods (X-tomography, gap measurement, quantitative gamma
spectrometry, pressure measurement...).

•

International co-operation. The project will be widely open to international co-operation.

Instrumented device, irradiation rigs and in situ/in-core measurements
To carry out cheaper and better performing irradiations it is necessary to develop a good
instrumentation of rigs. We will obviously use the instrumentation developed in France (temperature
measurement, diameter measurement or elongation….) or elsewhere if our performance requires
improvement (FGR nature and pressure).
On-line pressure measurements and determination of the gas nature are the subject of a new R&D
programme (see following section).
In addition to the instrumentation, our challenge is to deliver around 80% of the scientific results
in (nearly) real time. Therefore it is needed to develop examinations by non-destructive methods,
on-line, on the reactor during the shut down periods or in the attached hot cells. These examinations
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will include ultrasound examinations to determine the corrosion thickness, hydriding, fuel-clad gap,
fission gas pressure…, X-ray and X-tomography, quantitative gamma spectrometry and neutron
radiograph. As with the Siloé reactor a fission-product laboratory will be attached to the reactor (see the
section entitled The Fission Products Laboratory).
On-line pressure/composition measurements [1-4]
It is well known how important it is for good determination of the fission gas released in the rod
plenum to dispose of a good pressure measurement. Reliable measurement is the base of any modelling
in normal, off-normal or even accident conditions. This measurement has been made using different
devices like LVDT in Halden or with counter-pressure sensors. The need to re-examine the situation
arose from the necessity to dispose of cheap and numerous measurements of gas fission products to
reach a good “statistic” and thereby a good estimate of the fuel behaviour.
We propose a method based on acoustics to determine, via the speed of ultrasounds and its
attenuation after several back and forth trips of the wave, to determine both the composition and the
pressure of the gas.
The Acoustic Method
The experimental setting is displayed in Figure 3.
Figure 3. Sketch of the sensor on a zircaloy pipe

Piezo

Delay
line

Gas
Water

Zircaloy

With this device time of flight measurements are possible without the use of signal processing
developments by choosing the adequate frequency in order to let the ultrasound go through the pipe
wall [2,3]. The echogram obtained is displayed in Figure 4.
From this diagram two types of measurement can be made: measurement of the wave speed and
measurement of the attenuation of the echo after several return journeys considering that absorption is
insignificant in gas.
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Figure 4. Echogram showing the return journeys inside the pipe

Time

Speed of the acoustic signal
The method lies in the measurement of the times of flight between several return journeys of the
acoustic wave inside the gas. From this time, the value of the velocity of the ultrasonic waves can be
2d
calculated from the relation: v =
(for one return journey).
∆t
It has been determined that the wave speed in a gas is as follows:
v = v0

γA
0

B

with v0 wave speed in the perfect gas and γ 0 =

Cp 0
, with:
Cv 0

 81 R P  Tc  3 
C p = C p0 1 +
   = C p0 A
 32 C p0 M Pc  T  

and:
 27 R P  Tc  3 
C v = C v0 1 +
   = C v0 B
 32 C v0 M Pc  T  

Tc and Pc are the critical temperature and pressure for the gas considered.
From these equations it appears that the speed is very little dependant on the temperature and the
pressure but is essentially dependant on the molar mass of the gas. When the speed is plotted against
the gas mixture composition, it shows that the experimental values are in good agreement with the
theory. From this measurement the gas composition is relatively easy to obtain with a fairly good
accuracy.
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Figure 5. Ultrasound velocity in the helium-xenon mixture at various
pressures versus the proportion of xenon at 4 MHz, T = 300 K
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The travel of the wave in the gas is as follows:

R
Zircaloy tube

R′
It was found that the reflection R is a function of Z1 and Z2:
•

Z1 and Z2 being the acoustic impedance of the interfacing mediums.

•

R is the reflection coefficient of the piezo/water/zircaloy/gas system.

•

R′ is the reflection coefficient of the gas/zircaloy/water system.

R is dependent on the gas pressure as Z = ρv with v being the speed of the wave, weakly
dependant on the pressure and ρ being gas density which is directly linked to the pressure, therefore
the pressure can be determined once the composition is known from the application of the first method
(speed of the wave). This is clearly demonstrated in the following diagram.
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Figure 6. Attenuation versus pressure for the gas mixture
with 0%, 5% and 15% molar fraction of xenon at 4 MHz
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Accuracy of measurement
It can be seen from the figure above that for a pressure between 50 and 100 atm and for a xenon
composition between 0 and 10%, determining the ultrasound velocity obtained with this method gives
the composition of the gas mixture with a margin of error around 10%. However, by iteration between
the two measurements it is possible to improve the determination of both the pressure and the
composition.
Future prospect
The adaptation of this method is mainly progressing in two directions:
•

The examination of fuel rods from reactors.

•

The on-line measurement of FGR in experiments. We are currently working on the design of
a new sensor and its application to nuclear conditions.

The Fission Products Laboratory
Until 1997, date of the Siloé reactor shutdown, a great number of experiments aiming at
characterising the fission gas release from pressurised water reactor (PWR) fuels were carried out at
the Fission Product Analysis Laboratory, attached to the Siloé reactor, at CEA Grenoble.
This laboratory was designed to perform on-line fission-product measurements on sound or
defective fuel rods from LWRs or fast neutron reactors. This laboratory is the starting point of the
laboratory we will be designing at the JHR. The discussion in this paper will be limited to normal/
off-normal conditions and tight rods.
Such experiments are aimed at obtaining information on kinetics and correlating gas emission to
fuel temperature, power levels, gap conductance and geometry, or to specific irradiation histories
(power transients...) for modelling requirements [5]. They provide valuable information that cannot be
obtained by standard PIE.
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The fuel rod and its instrumentation for fission gas studies
In these types of experiments, the fuel rod irradiated in a rig (named Griffon, see following
section) can be a new or refabricated rod equipped with sweeping gas lines welded onto the end plug
and connected to the Fission Product Analysis Laboratory. During a measurement sequence, helium of
high purity is introduced at the bottom of the fuel stack in order to sweep the released fission gases
and transfer them to the laboratory for analysis
The fuel rod is equipped with stainless steel fission gas sweeping tubes and, in most cases, W-Re
thermocouples for on-line measurement of the centreline temperature.
The Griffon rig
In order to be representative, the analytical studies performed on LWR fuels presented here
require an irradiation device capable of reproducing operating conditions equivalent to those
encountered in power reactors; this is the purpose of the Griffon rig. The conditions in this device are
close to those of LWRs in terms of coolant pressure and external cladding temperature and the power
can be adjusted to the desired level.
The main feature of the Griffon capsule is its large useful diameter under irradiation. It can thus
be equipped with a variety of instrumentation depending on the aims of the experiment: temperature
measurements, dimensional measurements, fission gas sampling or a combination of these.
The Griffon capsule is a boiler designed for irradiating short fuel rods (about 0.3 m long) thereby
leading to a fairly homogeneous axial power distribution with a .60 cm high reactor core.
The Fission Product Analysis Laboratory
This laboratory consists essentially of six cells shielded by 10 to 20 cm of lead. Each cell contains
different fission-product storage and analysis installations (Figure 7). Gas samples can be analysed
either on-line or deferred by gamma-ray spectrometry, gas chromatography or mass spectrometry.
Figure 7. Diagram of the fission gas analysis facility
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•

The gross activity of fission products is measured through an ionisation chamber. The transfer
time between the rig and the lab (several minutes for flow rates of a few 10 cm3/min)
is sufficiently short to measure gases with short radioactive half-lives, such as 89Kr
(T1/2 = 3.2 min).

•

Gases are analysed on-line by a gamma detector.

•

A sampling of the gases can also be extracted through a spool for additional analyses by
gamma-ray spectrometry or chromatography.

•

The entire amount of released fission gas can be stored in liquid nitrogen cooled charcoal
traps.

•

All information is transferred to a computer for subsequent processing.

•

It should be noted that occasionally the gas pressure drop in the fuel rod can be measured to
obtain information on closure of the fuel-clad gap.

Experiments involving the Fission Product Analysis Laboratory
Numerous studies have been undertaken to date using the experimental system with the Griffon
irradiation rig and fission product analysis lab. These were related to:
•

UO2 fuels of the CONTACT experiments [7].

•

High burn-up UO2 in the HATAC [6].

•

More recently, a mixed uranium and plutonium oxide fuel (MOX) with the GRIMOX
experiments [8].

In this type of experiment, an interesting parameter is the ratio R/B (Release/Born) which
characterises the instantaneous release of radioactive fission gases:
Release rate of isotope i (at equilibrium)
R
  =
 B  i Creation rate of isotope i (at equilibrium)

The evolution of this parameter for a given isotope is representative of fission gas release during
the different stages of the experiment. As an example, Figure 8 shows the R/B of 88Kr measured for the
GRIMOX 2 experiment as a function of pellet centreline temperature. It shows a noticeable increase in
gas release above 1 050°C.
The slope obtained can give some idea of the gas release mechanisms involved, as illustrated in
Figure 9, showing the effect of a power transient on the gas release from the MOX fuel irradiated in
the GRIMOX 2 experiment.
Further developments
As mentioned earlier, the FP Laboratory has been used to characterise tight and failed fuel.
The ambition for the new reactor will be to characterise newly developed fuels in conditions useful for
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Figure 8. R/B of 88Kr measured for the GRIMOX 2
experiment as a function of pellet centreline temperature
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Figure 9. Variation in instantaneous gas release from the GRIMOX 2 fuel
rod before (1), during (2) and after (3) the power transient at 350 W/cm
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fuel modelling including beginning of life, high burn-up, off-normal and accident conditions such as
those in the “FLASH” experiments. This modernised device should be able to test different rods in
parallel to directly compare the performance of different fuels.
Conclusion
JHR is a multi-purpose reactor designed to fulfil the R&D needs for the next century. This reactor
and the associated measurements or examination methods should be able to provide most of the
irradiation results on-line or in a very short time after irradiation and at a competitive price. This
project provides the opportunity to develop new methods such as the FGR measurement through
non-destructive methods or revisit concepts, which are known for the quality of the information they
can provide, like the fission products laboratory.
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Abstract
At high burn-up standard diffusion models describing the release of fission gases from nuclear fuel
must be extended to describe the experimental loss of xenon observed in the fuel matrix of the rim
zone. Marked improvements of the prediction of integral fission gas release of fuel rods as well as of
radial fission gas profiles in fuel pellets are achieved by using a saturation concept to describe fission
gas behaviour not only in the pellet rim but also as an additional fission gas path in the whole pellet.
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Introduction
During the nuclear fission of UO2 and MOX fuel the noble gases xenon and krypton are
produced. These so-called fission gases (FG) have a marked influence on the behaviour of nuclear
fuel. They cause a volume increase of the fuel by building fission gas bubbles (swelling) and raise the
rod internal pressure by escaping from the fuel to the void volume. With increasing burn-up the
growing amount of fission gases becomes more and more relevant for the prediction of the rod internal
pressure during reactor operation as well as in the later long-term storage of the fuel. A good prediction
of fission gas release is therefore one of the essential challenges in nuclear fuel rod design especially
for high burn-up fuel.
The widely accepted picture of fission gas release (FGR) behaviour is based on the Booth theory
and on the further development of White and Tucker [1]. The fission gas, which is nearly insoluble in
the fuel matrix, is uniformly generated within the fuel grain. The single fission gas atoms diffuse
through the grain forming small intragranular bubbles, which are created and destroyed dynamically
by the fission spikes, and finally reach the grain boundary building intergranular bubbles. After a certain
amount of fission gas has reached the grain boundaries the intergranular bubbles interlink, opening a
path where the gas can escape to the rod void volume. This model proved to be very successful up to
medium burn-ups to describe the integral FGR.
In high burn-up fuel the cold pellet rim shows a new fuel structure with small grains and xenon
(Xe) loss in the fuel matrix. X-ray fluorescence studies of the rim region indicated that most of the Xe
is still retained within this structure. With increasing burn-up this structure expands towards the pellet
interior. Beside normal grains this grain subdivision was also seen in the inner zone of an annular
pellet irradiated at moderate temperatures especially at higher burn-ups [2]. The same type of structure
was also observed in the plutonium rich particles of MOX fuel also in the inner regions of the pellet
but with an increased grain size [3]. Furthermore, an increased release of fission gases, which mainly
comes from the inner regions of the pellet despite falling fuel temperatures, is found for standard LWR
fuel irradiated to high burn-ups [4].
Other basic fuel properties, as for example fuel thermal conductivity, are dramatically influenced
by burn-up. It is obvious that new FGR mechanisms have to be added to the “standard” diffusion
theory to be able to describe these high burn-up fission gas release phenomena as well as the
corresponding radial FGR profiles. Extending the “standard” diffusion model by generalised fission
gas saturation effects in the fuel matrix opens a way to model these new features. Moreover, these
model extensions lay the basis for an accurate description of FGR enhancement at high burn-up up to
very high burn-up near 100 MWd/kgU.
Experimental evidences for saturation effects in the fuel matrix
Beside the integral fission gas release one essential key to get a deeper insight into the FGR
processes is the understanding of the radial fission gas release profiles measured by electron probe
micro analysis (EPMA). Usually the EPMA is made away from the grain boundaries and avoids pores
and cracks. Practically no xenon contained in intergranular bubbles contributes to the measured xenon
concentrations. So the EPMA method gives mainly the concentration of xenon “dissolved” in the fuel
lattice.
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Xe depletion in the rim region
For the fuel pellet rim, where temperatures are well below 700°C throughout irradiation, many
EPMA measurements have shown that beyond a certain local pellet edge burn-up, the matrix
concentration of the retained fission gas is rapidly lowered down to an equilibrium concentration
value. Lassmann and co-workers [5] analysed many different EPMA measurements in the rim region
and correlated the amount of Xe with the local burn-ups (Figure 1). They found that beyond a certain
threshold burn-up, which is in the range 65 to 75 MWd/kgU, a sharp decrease of Xe is observed and
finally the Xe concentration reaches an asymptotic value of about 0.25 wt.%.
Figure 1. Xe concentration in the pellet rim measured at ITU [5]
(solid curves: Lassmann model for different threshold burn-ups)
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To describe the xenon loss in the fuel matrix of the high burn-up structure in the rim Lassmann
introduced a straightforward phenomenological approach. The model assumes an Xe loss term from
the fuel matrix to pores, which is proportional to the actual local Xe concentration.
dXe(BU )
= −a ⋅ Xe(BU ) + crXe
dBU

where crXe is the Xe creation rate (constant Xe creation per unit burn-up) and a is a fitting constant.
Integration over burn-up directly gives the matrix concentration as a function of burn-up
(“Lassmann formula”):
1 

1
Xe(BU ) = crXe ⋅  +  BU 0 −  ⋅ exp(− a ⋅ (BU − BU 0 )) for BU > BU 0
a
a 


At a certain threshold burn-up BU0 the fuel matrix concentration of Xe reaches its maximum
possible value and for higher burn-ups the Xe concentration continuously goes down to an equilibrium
value XeBU →∞ = crXe / a (see Figure 1). In the original Lassmann rim model BU0 and XeBU →∞ are
constants.
It is obvious that beyond this threshold the release rate from the matrix is dramatically increased
reaching a level for high burn-ups where a balance between created and released fission gas exists.
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Steady-state long PWR rods
At high burn-up new FGR mechanisms become evident not only in the rim, but all across the
pellet. Respective insights can be gained from three standard PWR fuel rods irradiated in a commercial
reactor up to high burn-up. Table 1 gives a brief overview of the irradiation history yielding pellet
burn-ups of 69, 85 and 102 MWd/kgU for Rod 1, Rod 2 and Rod 3, respectively and integral fission
gas releases of 9.2%, 11.6% and 23%. Estimations of the fuel centreline temperatures taking into
consideration fuel thermal conductivity degradation with burn-up [6], as well as rim porosity
development [7] and burn-up dependent radial power profiles [8] show that, beyond the third cycle,
the maximum fuel centreline temperatures are well below 1 000°C, ensuring small FGR by “standard”
diffusion in the higher cycles. In Cycles 8 and 9 with 140 W/cm, where FGR is still enhanced
considerably, the fuel centreline temperatures are even below 900°C and FGR by “standard” diffusion
is negligible.
Table 1. Irradiation history of long PWR rods

Cycle

Cycle average
LHGR (W/cm)

1
2
3
4
5
6
7
8
9

270-340
260-290
210-230
180-200
170-180
160-170
150-160
140
140

Cumulative
average burn-up
(MWd/kgU)
15-19
29-37
41-48
51-59
60-67
71-72
78-82
90
98

All high burn-up rods indicate slight steps in the EPMA profiles (Figure 2), which are correlated
with multiple dark rings in the etched fuel cross-sections. Very strong release in the cold pellet outer
region and – particularly – strong release between cold rim and fuel centre was observed, despite fuel
temperatures being far too low to account for this high matrix release by “standard” diffusion
processes. A distinct rim effect with a relatively broad restructured outer fuel zone is evident. Earlier
work has shown that the multiple rings develop with burn-up [9] and also additional rings are
generated during the “cold” irradiation phases of the rods (later than Cycle 3).
Figure 2. Normalised radial EPMA profiles of high burn-up rods
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Ramped fuel segments
Another relevant aspect comes from ramped PWR segments with – compared to the former
examples – low burn-ups of 34 and 44 MWd/kgU. The power history of the ramped rods is summarised
in Table 3 (for further details see [10]). The pre-irradiation power of the segments is sufficiently low
to ensure negligible FGR before the ramps (lower than 1%). It should be noticed that the hold time of
the ramps was only 12 hours.
Table 3. Irradiation history of the ramped segments
Base irradiation
Ramp test (Studsvik SR)
Average cycle power (W/cm)
Burn-up
Ramp rate Power Hold time
Fuel pin
(hrs)
Cycle 1 Cycle 2 Cycle 3 Cycle 4 (MWd/kgU) (W/cm/min) (W/cm)
PK1/1
255
213
214
–
34
90
415
12
PK1/3
254
217
207
–
34
85
475
12
PK2/1
209
248
216
192
44
85
410
12
PK2/3
207
245
218
185
44
85
490
12
The etched fuel cross-sections of the ramped segments show double dark rings where normally
only single rings are observed. The sharp release steps in the EPMA radial FGR profiles (Figure 3)
coincide with these double rings. While no rim effect is detected in the ramped segments with
34 MWd/kgU burn-up, in the 44 MWd/kgU rods a sharp release step at the very edge of the fuel pellet
is seen indicating the beginning of a rim.
Figure 3. Normalised radial EPMA profiles of ramped segments
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The second ring in the ramped rods (larger ring) is an effect of the power ramps, because almost
no FGR occurred before (during pre-irradiation). The distance between the outer ring and the inner
ring corresponds to the extension of the FGR steps seen in the EPMA profiles. It is bigger for the
lower burn-up rod in agreement with the FGR profiles shown below. The steps in the release profile
are in a region of the pellet with a steep gradient of the temperature profile during the power ramps.
On the basis of a “standard” diffusion mechanism, however, one would have expected that this
gradient would also be mirrored in the release profile, which is not the case.

539

It will become clear below that the larger dark ring in the ramped fuel is also clearly outside the
“standard” diffusion region of these rods in an area which did not release significant amounts of
fission gas by “standard” diffusion.
Other evidences for saturation concentration
Early extensive measurements of Zimmermann on isothermally irradiated fuel [11] clearly show
that there generally exists a temperature dependent equilibrium concentration of Xe in UO2 fuel for
burn-ups above about 30 MWd/kgU. Some of his experimental results are shown in Figure 4.
Figure 4. Measured matrix gas retention in fuel irradiated at constant temperature (from [11])
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It should be recognised that these equilibrium concentrations are of the same order of magnitude
as the saturation concentration seen in high burn-up fuel rim and MOX particles [12]. Recent studies
on MOX fuel also gave Xe concentrations in the MOX particles between 0.1 and 0.3 wt.% after the
second cycle, depending on burn-up and temperature [3].
An extended saturation concept as an add-on to the “standard” diffusion model
The mechanistic FGR model of the Siemens codes CARO-E and SIERRA is based on a diffusion
approach. It assumes that single gas atoms uniformly generated in the grain diffuse to the grain
boundary, from where they are released in a second step. The diffusion coefficient is based on the
Turnbull three-term model substituting the athermal part by an independent submodel using an
empirical correlation for release due to recoil, sputtering and knock out. Fission gas sweeping by grain
growth is also considered as well as a burst release by microcracking during power transients.
The extended saturation concept is based on the experimental evidences discussed in the previous
section. The results of Zimmermann [11] (Figure 4) show the way for a generalisation of the Lassmann
formula to other regions in the pellet than the cold fuel rim in a two-fold manner:
•

The saturation level decreases with increasing local fuel temperature.

•

The threshold burn-up lowers for higher local fuel temperatures.

The term saturation refers not only to the amount of Xe dissolved in the fuel matrix physically but
also to the Xe in intragranular bubbles small enough to be still detected by EPMA techniques.
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The temperature function Xe BU → ∞ (T ) (T = local fuel temperature) can be taken from the
measurements of equilibrium concentrations given by Zimmermann (Figure 4). In our extended
saturation concept a rough envelope of these measurements is used, taking 0.25 wt.% below 1 200 K,
0.1 wt.% above 1 750 K and a linear function in between.
Zimmermann’s measurements already indicate that the threshold burn-up BU 0 (T ) can be as low as
30 MWd/kgU. The complete temperature function is determined from the EPMA radial FGR profiles
introduced earlier. Starting with a threshold burn-up of 68 MWd/kgU at a temperature below about
1 000 K a transition zone up to about 1 250 K was introduced, in which the threshold burn-up drops to
28 MWd/kgU. More details have been presented in [10].
The fission gas released by generalised saturation effects from the fuel matrix follows various
paths, depending on the fuel structure and temperature at a specific radial pellet position.
In the cold fuel rim the released gas is mainly stored in largely isolated rim bubbles (rim porosity).
In accordance with most of the literature, 80% of the gas released from the matrix by saturation are
kept in the rim bubbles and only 20% are released to grain boundaries which can eventually escape to
the rod void volume in a second step.
In the hotter un-recrystallised central fuel pellet parts, the “saturation gas” from the matrix is
partly directly swept to grain boundaries and intergranular porosity (partly interlinked), which had
been formed previously by thermal diffusion processes, and partly also to new, partly isolated,
rim-like bubbles. PIE at different burn-ups was used to assess the relative fractions of gas going to
new rim-like bubbles and “old” intergranular porosity/grain boundaries, respectively. The relative
fractions of matrix saturation gas going to rim-like bubbles and to grain boundaries/intergranular
porosity is governed by an exponential function of burn-up.
The saturation gas reaching the grain boundaries and the intergranular porosity is treated exactly
like the gas released by diffusional processes: the release to the void volume depends on interlinkage
and local temperature. That is why – in contrast to the saturation effect in the cold pellet rim – the
saturation effect in the central parts of the fuel pellet considerably contributes, or even mainly
determines the FGR enhancement with burn-up.
It should also be pointed out that diffusion does not become redundant by introducing this
saturation concept. Saturation is more or less a booster which is active whenever the standard diffusion
approach is too weak to describe the observed Xe loss in the fuel matrix. The successful calculation of
the radial release profiles as well as the integral fission gas releases for high burn-up rods show the
power of this concept.
Calculated release profiles
All further calculated results are determined with an advanced version of CARO-E, but the results
also hold for SIERRA, because the fission gas release model and the relevant thermal models [6,7,8]
of both codes are the same.
The radial FG profiles for the high burn-up rods calculated with this extended saturation approach
are shown in Figure 5. The Xe depletion in the rim zone as well as the spreading out of Xe depletion
from the pellet centre to the outer regions of the pellet is reproduced. Only some fine structure seen in
the experiment is not resolved.
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Figure 5. Calculated (lines) and measured (points)
radial Xe release profiles for high burn-up rods

FGR from fuel matrix (%)

100
80
60
40
Rod 1
Rod 2
Rod 3

20
0
0

0.2

0.4
0.6
0.8
Relative radius

1

For the ramped rods the results of the calculation are shown in Figure 6. All calculated profiles
show the experimentally observed steps. The radial onset as well as the height of the steps are well
described. An investigation of the different release paths in the calculation shows that the outer release
steps are created by the saturation effect in the model. The Xe depletion in the rim region of the higher
burn-up segments is reproduced.
Figure 6. Calculated (lines) and measured (points) radial Xe release profiles for ramped rods
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The enhanced fission gas release observed in our database for high burn-up rods (containing
22 rods above 60 MWd/kgM) is also well reproduced. Further details and a comparison with the
database for burn-ups between 44 and 98 MWd/kgM (100 rods) are given in [10].
Discussion
In the previous section the capacity of the extended saturation concept was demonstrated, but the
main question still to be discussed is weather such an additional concept to describe the observed
phenomena is necessary, or is it possible to reproduce all the experimental observations by a somehow
more sophisticated diffusion model? To obtain a deeper insight let us study the experimental
observations on the perspective of a diffusion approach in more detail.
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From the experiment we know that in the rim region restructuring (or re-crystallisation) takes
place and fuel matrix is depleted from Xe without a marked temperature dependence. Lassmann
recently showed that these observations can be described by an athermal diffusion coefficient in
combination with small grains [13]. At higher burn-up this athermal diffusion coefficient must be high
enough to establish a balance between created and released Xe to mirror the experimental observed
constant concentration. This approach seems to be able to reproduce the features observed in the rim
experimentally. It should be noted that a certain switch in the model is necessary to start
re-crystallisation and Xe depletion.
If we look at the low temperatures in the steady state highest burn-up rod and the loss of Xe over
the whole pellet, we also need to enhance the athermal diffusion coefficient for the inner regions of the
pellet. But several questions arise: What is the right trigger to switch on that athermal diffusion? Is it
burn-up, is it temperature or is it combination of both? To determine an answer to this question it
might be helpful to have a closer look at rod 1 of the steady state long rods with 69 MWd/kgU pellet
burn-up. Figure 7 contains the radial Xe profiles for different burn-up levels calculated with the
extended saturation model. For simplicity the rim region is cut off. It shows three marked features,
which are also found in experimental observations of different fuel rods [9]: First the release “pot” in
the central region of the pellet becomes higher at increasing burn-up and secondly expands to the outer
regions. Third, the release level in the zone between this pot and the rim nearly does not change at all.
Figure 8 shows the same scenario assuming an overall strongly enhanced diffusion above an average
pellet burn-up of 35 MWd/kgU (solid lines) instead of the saturation extension. The burn-up of
35 MWd/kgU was chosen, because in the extended saturation model it marks the beginning of
saturation effects in this rod. The diffusion was adjusted to reach a final matrix release in the pellet
centre comparable with the release calculated by the saturation approach. With this approach it is
possible to qualitatively achieve the same fit to the measured release profile like the extended
saturation approach. Only the final increase in the innermost radial position is slightly underestimated,
but this holds for both calculations. Figure 8 also shows the consequences of such a primitive
approach: The release profile for the two highest burn-up levels is nearly the same and that for a
burn-up of 46 MWd/kgU is a little bit broader than that calculated with the extended saturation
approach. A slight weakness can be seen only at the onset of the release, which is not as sharp as the
measurements indicated and can be better described by the extended saturation concept. This is the
direct result of the diffusion model where release is coupled directly to the diffusion coefficient and
temperature. An increase in temperature or diffusion coefficient leads to a higher release rate and vice
versa.
Figure 7. Calculated radial Xe release profiles for high burn-up Rod 1 (rim region is cut-off)
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Figure 8. Calculated radial Xe release profiles for high
burn-up Rod 1 using enhanced diffusion (rim region is cut-off)
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The diffusion enhancement used to describe Rod 1 is not sufficient to describe the highest
burn-up Rod 3. That is why in a second step an overall enhanced diffusion was used for the whole
irradiation time. The enhancement was adjusted to reproduce the release profile of the ultra high
burn-up rod (Rod 3). The necessary enhancement is still about a factor 2 higher than the already strong
enhancement used in the first estimation. With the Rod 3 diffusion enhancement an overall increase in
the release profile (dashed line in Figure 8) is the consequence for Rod 1 with a further increase in the
pellet centre, which now matches the measured values very good, but a marked overestimation of the
extension of the release “pot”. The release profiles for the lower burn-up levels 46 and 59 MWd/kgU
(not shown in Figure 8) are nearly the same as the 69 MWd/kgU profile indicating such a high release
already early in life. For this reason it is hard to understand the enhancement of integral fission gas
release with burn-up observed in measurements, because the release at low burn-ups is also increased.
Especially the intermediate zone (relative radius 0.6 to 0.8) prohibits such a general diffusion
enhancement up to these burn-up levels. Thinking about an athermal diffusion coefficient only,
exactly in these colder regions this enhancement is mandatory.
To remove all these weaknesses, we would obviously need not a uniformly enhanced diffusion but a
more or less local modification of the diffusion coefficient. It must enhance release in the hotter parts
of the pellet first and then expand to the outer regions little by little. Of course we would need a
certain trigger to cause this modification.
Another complicating aspect comes from the ramped rods. In the ramped rods the standard
diffusion approach is able to describe the release in the inner regions of the pellet but not to predict the
plateau in the outer region. In this region, where the temperature gradient is high, the matrix release
profile is a direct projection of the temperatures in a diffusion approach. Furthermore, the steps in the
EPMA profiles are established within a relatively short time, requiring a sufficiently high diffusion
coefficient.
To describe all these phenomena using a diffusion model requires very complex modifications of
the diffusion coefficient. For the rim region such a modification might be rather intuitive, because a
marked change of the fuel structure is also observed at a certain burn-up threshold. In the inner pellet
regions where no grain subdivision and also no other marked change of the fuel structure is observed
the situation is more complex as outlined above, because at a minimum the fuel burn-up and temperature
seem to be the relevant triggers for diffusion coefficient modifications. It should also be remembered
that experimental evidences indicates that about 80% of the FG is still captured in the rim region and
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that some of the gas lost in the fuel matrix of the high burn-up rods is still retained in the fuel and not
released to the void volume. A modified diffusion model would therefore also have to open up some
storage area (bubbles) to keep the gas removed from the matrix.
From some alloys it is known that changing the temperature of the system or the concentrations
within the system or both, after a certain nucleation, a former more or less stable structure disappears
and a completely new structure grows (demixing). Often this structural rearrangement is caused by the
complex dependencies of the total free energy, which lead to some kind of “uphill” diffusion. In alloys
very complex phase diagrams are also found describing the different structural phases of the
compound system as a function of temperature and concentration of the components. With these
diagrams the state of the system can be determined for a given set of state variables without an explicit
description of the very complex mechanisms and interactions on atomic scale determining this state.
In this context it might be of some relevance that FG bubbles are often linked with metallic precipitates.
The extended saturation concept proves to be a mighty candidate to describe FG release at very
high burn-up. The extended saturation concept does not claim to be a new transport mechanism for the
fission gases, but in some way adds mechanisms controlling the diffusion processes and therefore the
effective diffusion coefficients. One should also keep in mind that the “standard” diffusion model is
remains an effective approach summarising the generation and resolution of the fission gas in
intragranular bubbles. A change in the behaviour of these intragranular bubbles (for example a change
in the resolution behaviour) would therefore necissitate a change of the effective diffusion coefficients.
The extended saturation concept offers an easy way to describe the overall behaviour. The Lassmann
formula used in the extended saturation concept contains an implicit time dependence – the release is
connected to burn-up, which is proportional to time. Of course this approach might be weak to
describe releases for very short times (seconds), where the rate of mass transport is important and a
more mechanistic model is necessary, but the saturation approach might be used in such a mechanistic
model as a trigger.
From a mechanistic point of view it is necessary to understand the reasons for the observed FG
behaviour on a more or less microscopic scale. It is also necessary to see if the primitive “phase
diagram” spanned by the extended saturation approach, which up to now has depended only on local
burn-up and temperature, is complete or not. Nevertheless the extended saturation concept seems to be
a powerful concept to describe this phenomena using an overall macroscopic approach added to
standard diffusion modelling for FG release.
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Forsmark 1 & 2 Boiling Water Reactor Stability Benchmark (2001)
ISBN 92-64-18669-4
Free on request.
Pyrochemical Separations (2001)
ISBN 92-64-18443-0
Price: 77 US$ 66 GBP 46 ¥ 7 230
Evaluation of Speciation Technology (2001)
ISBN 92-64-18667-0
Price: 80 US$ 70 GBP 49 ¥ 7 600
Core Monitoring for Commercial Reactors: Improvements in Systems and Methods (2000)
ISBN 92-64-17659-4
Price: 74 US$ 71 GBP 44 ¥ 7 450
3-D Radiation Transport Benchmarks for Simple Geometries with Void Regions (2000)
ISBN 92-64-18274-8
Free on request.
Benchmark Calculations of Power Distribution Within Fuel Assemblies
Phase II: Comparison of Data Reduction and Power Reconstruction Methods in Production Codes (2000)
(ISBN 92-64-18275-6
Free on request.
Benchmark on the VENUS-2 MOX Core Measurements (2000) ISBN 92-64-18276-4
Free on request.
Calculations of Different Transmutation Concepts: An International Benchmark Exercise (2000)
ISBN 92-64617638-1
Free on request.
Prediction of Neutron Embrittlement in the Reactor Pressure Vessel: VENUS-1 and VENUS-3 Benchmarks
(2000) ISBN 92-64-17637-3
Free on request.
Pressurised Water Reactor Main Steam Line Break (MSLB) Benchmark (2000)
ISBN 92-64-18280-2
Free on request.
International Evaluation Co-operation (Free on request)
Volume 1: Comparison of Evaluated Data for Chromium-58, Iron-56 and Nickel-58 (1996)
Volume 2: Generation of Covariance Files for Iron-56 and Natural Iron (1996)
Volume 3: Actinide Data in the Thermal Energy Range (1996)
Volume 4: 238U Capture and Inelastic Cross-Sections (1999)
Volume 5: Plutonium-239 Fission Cross-Section between 1 and 100 keV (1996)
Volume 8: Present Status of Minor Actinide Data (1999)
Volume 10: Evaluation Method of Inelastic Scattering Cross-sections for Weakly Absorbing Fission-product
Nuclides (2001)
Volume 12: Nuclear Model to 200 MeV for High-Energy Data Evaluations (1998)
Volume 13: Intermediate Energy Data (1998)
Volume 14: Processing and Validation of Intermediate Energy Evaluated Data Files (2000)
Volume 15:Cross-Section Fluctuations and Shelf-Shielding Effects in the Unresolved Resonance Region (1996)
Volume16: Effects of Shape Differences in the Level Densities of Three Formalisms on Calculated CrossSections (1998)
Volume 17: Status of Pseudo-Fission Product Cross-Sections for Fast Reactors (1998)
Volume 18: Epithermal Capture Cross-Section of 235U (1999)
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