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Abstract

Data obtained from the literature concerning the behaviour of intragranular gas in sintered LWR UO2 fuel are

reviewed comprehensively. The characteristics of single gas atoms and bubbles, as a function of irradiation time,

temperature, ®ssion rate and burn-up are described, based on the reported experimental data. The relevance of various

phenomena a�ecting gas behaviour is evaluated. The current status of modelling of the behaviour of intragranular gas is

considered in light of the present ®ndings. Simple calculations showed that the conventional approximation for the

e�ective di�usion coe�cient does not adequately describe the gas behaviour under transient conditions, when bubble

coarsening plays a key role in the release. The di�erence in the release fraction, compared with a more mechanistic

approach, could be as large as 30%. A number of recommendations regarding possible defects in the mechanistic

approach to modelling of intragranular gas are highlighted. The lack of an e�ective numerical method for solving the

set of relevant non-linear di�erential equations is shown to be a serious obstacle in implementing the mechanistic

models for ®ssion gas release (FGR), in integral fuel performance codes. Ó 2000 Elsevier Science B.V. All rights

reserved.

1. Introduction

The noble gases xenon and krypton are produced

during the ®ssion of uranium and plutonium isotopes in

irradiation. Di�erent isotopes of these two heavy ele-

ments produce di�erent amounts of the noble gases, and

the number of atoms produced depends on the neutron

¯ux spectrum and its density. Roughly 0.26 stable gas

atoms are produced for each ®ssion event [1,2].

In irradiation, a fraction of the gaseous ®ssion

products generated is released into the free volume of

the fuel rods, increasing the pressure inside the cladding.

This pressure increase can cause cladding failure and

thus contamination of the coolant. An understanding of

the ®ssion gas release (FGR) process is therefore es-

sential in optimising fuel usage.

Among the various mechanisms of FGR, di�usional

release is the most important for burn-ups below about

50 000 MW d/t U. Other release mechanisms active at

low burn-ups, e.g. recoil and knock-out, amongst others,

contribute less than 1% to the release of generated gas

[3,4]. The release from the porous zone at the rim of the

pellets begins to increase with average fuel rod cross-

sectional burn-ups of 40 000±50 000 MW d/t U in LWR

fuel [5±8]. However, di�usion remains the mechanism

with potential for much larger FGR fractions than the

other mechanisms combined, even at these high doses

[9].

SEM and TEM observations show that FGR in UO2

fuel takes place through tunnels formed at grain edges

and faces during irradiation [10±16]. Di�usion of the gas

atoms into the grain boundaries up to the concentration

necessary for the formation of tunnels requires a certain

incubation time, which is dependent on burn-up [13,17±

20]. The mechanisms controlling the behaviour of the

gas inside the grains must be known if the FGR process

is to be modelled successfully.

Intragranular gas can exist as single atoms in a UO2

matrix, or may be present in bubbles or in other traps.

Both single gas atoms and bubbles experience di�usional

motion. A knowledge of the distribution of the gas in the

di�erent locations is of prior interest in attempts to

understand comprehensively the behaviour of the in-

tragranular gas. In this paper, information on the sub-

ject is provided with the help of extensive published
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data. The models used in fuel performance codes are

discussed before being summarised, and recommenda-

tions made.

2. Single gas atoms

The di�usion coe�cient of xenon in oxide nuclear

fuels is a function of temperature, stoichiometry and

®ssion rate [21±24]. Turnbull et al. [25] published the

following expression for the di�usion coe�cient D:

D � D1 � D2 � D3; �1�

where D1 represents the intrinsic di�usion coe�cient in

the absence of irradiation. D2 and D3 are functions of

®ssion density, and describe the thermal and athermal

e�ects of irradiation on the di�usion coe�cient, re-

spectively [26]. The e�ect of irradiation exceeds the e�ect

of temperature at temperatures below 800°C in ®ssion

rates typical of LWRs [27]. The temperature-indepen-

dence of the single xenon gas atom di�usion coe�cient

at low temperatures is illustrated in Fig. 1, in which the

di�usion coe�cient of Eq. (1) is plotted against recip-

rocal absolute temperature.

The most favourable sites for Xe atoms in the UO2

lattice, with regard to thermodynamics, are neutral

trivacancies (one uranium vacancy and two oxygen

vacancies) in stoichiometric and hypostoichiometric

matrices [22,28±31]. In the case of hyperstoichiometric

fuel, divacancies or single vacancies are favoured. The

calculated distribution of xenon atoms between di�erent

lattice positions from reference [29] is plotted as a

function of O/U ratio in Fig. 2. The di�usion coe�cient

for xenon in hypostoichiometric, stoichiometric and

hyperstoichiometric UO2 as a function of reciprocal

temperature is shown in Fig. 3, as presented in reference

[32]. Matzke and Lindner have reported that the di�u-

sion coe�cient increases in hyperstoichiometric UO2� x

with increasing x [33], which may be related to the

change in the distribution of xenon atoms at di�erent

locations.

The proportion of xenon atoms in divacancies de-

creases considerably between burn-ups, e.g. 1015 and

1017 ®ssions/cm3 in stoichiometric UO2 [29]. The di�u-

sion coe�cient decreases in the same burn-up range [34],

illustrated clearly in Fig. 4, in which the xenon di�usion

coe�cient in stoichiometric UO2 at 1400°C is plotted as

a function of burn-up, together with the portion of xe-

non atoms at divacancy sites. The distribution of xenon

atoms at di�erent locations inevitably a�ects the

di�usion coe�cient, and for stoichiometric fuel the
Fig. 1. Xenon di�usion coe�cient at a ®ssion rate of 36 W/g in

stoichiometric UO2 as a function of reciprocal temperature [25].

Fig. 2. Calculated distribution of xenon atoms at various ma-

trix positions as a function of O/U ratio in UO2 at a xenon

concentration of 10ÿ7 at.% and a temperature of 1400°C [29].

Fig. 3. Measured xenon di�usion coe�cient as a function of

reciprocal temperature for hypostoichiometric, stoichiometric

and hyperstoichiometric UO2� x [32].
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distribution is extremely sensitive to the value of x in

UO2� x.

In transients, and at high burn-ups, it is possible that

oxygen redistribution occurs and the initially stoichio-

metric fuel becomes hyperstoichiometric [24,35,36].

However, the ®ssion product molybdenum has been

shown to bu�er the oxygen potential in irradiated oxide

fuels even at high burn-ups [37±39]. In normal condi-

tions, the UO2 fuel can be assumed to be stoichiometric,

and use of Eq. (1) is justi®ed. During severe accidents

the fuel is most probably hyperstoichiometric, [40] and

the di�usion coe�cient is larger than that predicted by

Eq. (1).

3. Bubbles

3.1. Nucleation and characteristics

The solubility of noble gases in the UO2 matrix is

extremely low. The maximum solubility of Xe has been

estimated to be 3� 10ÿ10 Xe-atoms/U-atom/atm [34,39].

An obvious consequence of the low solubility is the

tendency of the moving gas atoms to precipitate into

bubbles. The strong tendency of the gas atoms to pre-

cipitate into bubbles has been demonstrated for samples

implanted with Kr and Xe ions, even at temperatures as

low as 300±350°C [41,42]. The nucleation process itself

cannot be observed directly, but some interesting ob-

servations allow us to draw conclusions from it. Many

of the bubbles have been aligned in straight lines in

several experiments, where UO2 samples have been ir-

radiated and analysed [43±47]. The interpretation of

these observations is that nucleation takes place in the

wake of ®ssion fragments [43,46], and it is often mod-

elled as being proportional to the ®ssion rate [48,49].

Once nucleated, the bubbles become visible in high

resolution TEM at a dose of approximately 1019 f/cm3

[50]. The density and the size of the intragranular bubble

population are almost independent of the irradiation

conditions or burn-up [45,51±57]. Typically, the diame-

ter of the bubbles lies between 1 and 10 nm, and their

density is � 1017 cmÿ3 [43,44,55,57±59], with a narrow

size distribution [44,45,54,55,59]. The size of the bubbles

increases and the concentration decreases slightly:

1. with increasing temperature,

2. with decreasing speci®c ®ssion rate, or

3. with increasing burn-up [55,60].

The mean size and the concentration of the bubbles

according to Baker [46] are shown in Fig. 5.

At higher burn-ups and/or temperatures a second

bubble population is created, which is characterised by a

larger mean diameter and a lower density, 20±100 nm

and 1015 cmÿ3, respectively [55,59]. These bubbles are

often located at dislocations [46,57,59,61]. If the tem-

perature is su�ciently high, these bubbles are sur-

rounded by a very high density of tiny (<10 nm)

bubbles, and there exist large areas completely free of

bubbles [46,59]. The transitions to this heterogeneous

bubble distribution occur at lower temperatures with

increasing burn-up. The smallest and largest bubbles are

often found in contact with solid inclusions

[51,55,57,59,62,63].

Intragranular bubbles become visible in micrographs

as a dark ring at a particular temperature, which de-

pends on the burn-up. At the same time, the intergran-

ular bubbles start interlinking, and thermal FGR

commences [5,7,64,65]. The size of the intragranular

bubbles responsible for the dark ring is � 0:1±0:2 lm [6].

When the gas is vented from the grain boundaries

through the tunnel network formed, the intragranular

Fig. 5. Density and average size of intragranular bubble pop-

ulation as a function of temperature in irradiated UO2, as

measured by Baker [46].

Fig. 4. Measured decrease in the xenon di�usion coe�cient in

UO2 [34], and calculated decrease in the proportion of xenon

atoms at divacancy sites [29], as a function of burn-up.
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bubbles ®rst disappear in the vicinity of grain bound-

aries [66], i.e. the so-called bubble-denuded zones are

formed. Finally the intragranular bubble population

vanishes completely [5±7,64±66].

A new population of tiny nanometre-size bubbles can

be seen at the hottest central parts of the pellets after

release is complete [13].

The characteristics of intragranular bubbles in irra-

diation and in annealing found in the literature are

compiled in Table 1.

3.2. Grain growth

FGR is often accompanied by grain growth

[5,15,18,67±69]. The moving grain boundaries are be-

lieved to be responsible for the bubble-denuded zones

near the grain boundaries, since they sweep the bubbles

away [70±72]. This would imply that the zones void of

bubbles should exist on one side of the grain boundary

only. However, the denuded zones are almost always

reported to exist on both sides of the grain boundaries

[70±74].

The lack of grain growth in many experiments at

high temperatures has been explained by the retarding

e�ect of grain boundary bubbles and inclusions on

growth [75±77]. Some observations of the hindering ef-

fect of precipitates at grain boundaries on grain growth

have indeed been reported [78,79].

The grains can grow freely if there are no inclusions

or bubbles at the grain boundaries, but once grain

growth has started it slows and practically stops rather

quickly, because of the precipitating inclusions at the

grain boundaries. The observed grain growth associated

with the FGR may have occurred after the release, or in

the case of a very low burn-up fuel, before the concen-

tration of impurities is su�cient for precipitation. An

example of an experiment in Ref. [67], characterised by

signi®cant grain growth and very little FGR, supports

the possibility of the occurrence of grain growth at low

burn-up. However, signi®cant FGR has been reported

without grain growth [7,80±82], which is in agreement

with the theory that grain growth can occur after major

release has occurred [83].

Grain growth and the associated sweeping is not

considered a dominating mechanism for the FGR in

LWR fuels in normal operation, where the temperatures

remain moderate and where the grain boundaries in high

burn-up fuel are decorated by solid inclusions or small

bubbles.

3.3. Thermodynamic state

The composition and the thermodynamic state of the

intragranular bubbles have only been directly measured

recently in references [57,84], where results of the ex-

aminations of fuel irradiated in several LWRs up to

burn-ups between 27 and 48 MW d/kg U were reported.

High densities of 1±100 nm gas bubbles and particles

existed throughout the spent fuel. Depending on local

temperature, the nature of the aggregates changes from

1 to 10 nm bubbles to larger, internally pressurised

particles towards interior of the pellet. A population of

20±100 nm bubbles was seen in the centre, or in the

centre to mid-radius of the pellets of lowest release,

<1.1%. In contrast, in the pellets of higher release (11±

18%), larger bubbles were found from the mid-radius to

the edge of the pellets.

The 20±100 nm bubbles were found to be of ex-

tremely high density, 1.6±3.8 g/cm3, which is close to the

density of solid Xe [57]. The composition of the bubbles

or solid particles was approximately Xe±6%Kr, which

corresponds roughly to the ratio of the ®ssion yields of

the corresponding elements. A consideration of the de-

velopment of pressure in intragranular bubbles in UO2

during annealing reveals that the pressure increases with

the bubble coarsening process [49]. Thus, the assump-

tion that equilibrium bubbles obey the relation between

the pressure, p, and the bubble radius, r:

p � 2c
r
� p0 �2�

must be rejected (c is the surface energy and p0 is the

hydrostatic pressure). A large excess pressure in inert gas

bubbles has also been observed in annealing studies of

He-implanted nickel [85]. It is clear that the models must

be able to predict the excess pressure in intragranular

bubbles.

3.4. Bubble growth and shrinkage

As stated above, the size of the nanometre-scale

bubbles tends to increase, and their density tends to

decrease with increasing temperature. Apart from the

appearance of the larger 10±100 nm bubbles under

steady-state conditions, coarsening of the bubbles is

particularly noticeable in transients [59].

Possible mechanisms a�ecting the bubble size in

transients, as well as under steady-state conditions, are:

· dislocation loop punching,

· resolution,

· absorption of gas atoms and vacancies,

· migration and coalescence, and

· Ostwald ripening.

The mechanisms are described below, from the view-

point of their relevance to modelling the behaviour of

LWR fuel. To be precise, one should distinguish be-

tween the growth of an individual bubble and the

coarsening of the bubble population. Migration and

coalescence, as well as Ostwald ripening, are coarsening

processes that cause the mean size of the bubbles to

increase. Absorption of gas atoms and vacancies, and

dislocation loop punching, are both growth mechanisms

P. L�os�onen / Journal of Nuclear Materials 280 (2000) 56±72 59
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for an individual bubble. Resolution of the atoms from

the bubbles retards the growth, or may even shrink the

bubbles.

3.4.1. Dislocation loop punching

If the pressure inside a bubble induces stresses in the

surrounding matrix in excess of the yield strength of the

material, the bubble pushes a dislocation into the matrix

[86,87]. Traces of this dislocation loop punching have

been observed around inert gas bubbles in solids [59,88±

91]. The required pressure in the bubbles is [86]

p � 2c
r
� lb0

2p 1ÿ m� �rd

ln
rd

r0

; �3�

where the ®rst term on the right-hand side represents the

equilibrium pressure, and l is the shear modulus, m the

PoissonÕs ratio, b0 the Burgers vector, r0 the core radius

of a dislocation (of the order of b0), and rd is the radius

of the dislocation loop (of the order of the bubble ra-

dius, r).

The validity of this equation has been questioned for

bubbles of radius less than 10b0, and a simpler equation

has been proposed [92]

p � 2c
r
� lb0

r
�4�

converging to a value

p � 2l
r
� 0:2l �5�

at large bubble radii.

The bubble volume increases by

DV � pr2b0 �6�
if the loop punching pressure is exceeded [93].

The thermodynamic state of the gas in bubbles in-

dicates that loop punching is the preferred mode of

growth over spontaneous vacancy deposition under

constant volume conditions. However, in the uncon-

strained state, and particularly at high temperatures,

vacancy deposition is favoured [94]. Loop punching is

certainly a phenomenon of importance in transients,

since the pressure inside the bubbles increases consid-

erably with increasing temperature.

A possible mechanism for bubble growth related to

dislocation loop punching is the condensation of dislo-

cation loops on the bubbles. A description of this

mechanism is given in Ref. [95]. This might be the reason

for the observed traces of loop punching around the

periphery of the pellets, where the temperature has been

far below the plastic transition temperature for UO2.

Possible mechanisms for the necessary local creep in-

duced by displacement damage are discussed in refer-

ence [92]. Eq. (5) proved to give good results for inert

gas bubbles in metals with a moderate displacement

dose, while at higher doses the pressure in the bubbles

was considerably lower following damage-induced re-

laxation.

Under most circumstances, loop punching is the

mechanism that also dominates in the creation of self-

interstitials and interbubble fracture [96,97].

3.4.2. Absorption of vacancies and gas atoms

The driving force for bubble growth is the pressure

inside the bubble and the supersaturation of vacancies in

the matrix [94]. The rate of gain of gas atoms of a bubble

is [98]

dN
dt
� 4pDrCg; �7�

where N is the number of gas atoms in the bubble, D the

di�usion coe�cient of the gas in the matrix, r the bubble

radius, and Cg is the gas concentration in the matrix, if

the bubble is assumed a perfect sink. The e�ect of this on

the bubble radius is

dr
dt
� CgDX

r
; �8�

where X is the volume associated with each gas atom.

In addition, vacancy ¯ow into the bubble changes its

radius by [99]

dr
dt
� Ds

r
D

�
� x

kT
p

�
ÿ 2c

r

��
; �9�

where Ds is the self-di�usion coe�cient characterising

the solid, D the fractional supersaturation of vacancies

in the solid, x the volume associated with each vacancy,

and p is the pressure inside the bubble.

Studies of the thermodynamic state of intragranular

bubbles in UO2 fuel suggest that these equations cannot

be used as they are, i.e. the bubbles are not perfect sinks

and the vacancy ¯ow is suppressed by scabbing in irra-

diation. Practically all the gas would be precipitated very

quickly in the bubbles, if they were directly applied, even

if the irradiation-induced resolution with reasonable

parameters would be accounted for [54]. Thermal reso-

lution has been shown to remedy the situation some-

what, if the bubbles are considered overpressurised [49].

3.4.3. Resolution

3.4.3.1. Thermal resolution. There is a continuous ¯ow of

both vacancies and gas atoms between the bubbles and

the solution. The rate at which the bubbles grow de-

pends on the net ¯ow of vacancies and gas atoms into

them [99,100]. If the ¯ow of gas atoms into the bubble is

much larger than the vacancy ¯ow, the pressure inside

the bubble increases. The increase is suppressed if the

gas atom concentration at the bubble surface reaches

thermodynamic equilibrium, i.e. the thermal resolution

of the atoms from the bubble is equal to the gas ¯ow
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into the bubble. The equilibrium gas atom concentration

at the bubble surface, CB
g is given in [100,101] by

CB
g � Nv exp

(
ÿ Es

kT
ÿ 1

k
oSg

oNg

� �
T ;V

� DS
k

ÿ p
�
ÿ 2c

r

�
mX
kT

)
1

k
oSg

oNg

� �
T ;V

� 9

2
ÿ ln

NG

V
K3

� �
ÿ 2

1ÿ y

(
� 1� 2y

1ÿ y� �2 �
2y

1ÿ y� �3
)
;

y � 4

3
pr3

a

NG

V
; �10�

where Nv is the number of gas atom sites per unit vol-

ume of fuel, Es the gas atom solution energy, DS the

solution entropy, p the pressure in a bubble of radius r, c
the surface energy, mX the volume associated with a gas

atom in the matrix, k BoltzmannÕs constant, T the

temperature, K the entropy parameter, y the reduced

density, ra the radius of the gas atom, NG the number of

gas atoms in a bubble, and V is the volume of the

bubble.

The concept takes into account the entropy change of

the gas in the bubbles when new gas atoms are intro-

duced. The net ¯ux of gas atoms into a bubble is then

dNg

dt
� 4prDg Cg

�
ÿ CB

g

�
; �11�

where Dg is the gas atom di�usion coe�cient and Cg is

the gas atom concentration in the matrix.

The entropy term in Eq. (10) turns sharply negative

at the phase transition of a hard sphere ¯uid at a re-

duced density y � 0:467 [100]. The gas ¯ow from ther-

mal resolution would encounter a step increase, if the

reduced density y � 0:467 were exceeded. The net ¯ux

from thermal resolution from the bubbles becomes

positive if the concentration in the matrix is lower than

the equilibrium concentration on the surface of the

bubble.

FGR in annealing experiments has been calculated in

[102] with the assumptions of an absence of bubble

mobility and thermal resolution according to [100]. The

vacancy ¯ow from the grain boundaries has been cal-

culated using the corresponding di�usion equation. The

results show that uncertainties in the stoichiometry of

the fuel a�ect the vacancy ¯ow and the release fraction

crucially. By varying the stoichiometry in a reasonable

range, the large di�erences in the measured release

fractions of samples annealed in the same temperature

would be predicted. The model includes many parameter

values which are not known well. Despite the de®cien-

cies, the model proved capable of predicting the possible

e�ect of thermal resolution on the FGR in transients.

Rest has tested a few gas precipitation models in

[103]. The models included intragranular bubble nucle-

ation, irradiation-induced resolution and vacancy di�u-

sion, which were assumed rate-controlling in bubble

growth. Thermal resolution was not accounted for, but a

model that suppressed the gas precipitation rate with

increasing overpressure presented by Ronchi [104] was

assessed as an alternative. According to RonchiÕs model,

the stress ®eld around overpressurised bubbles hinders

precipitation. The enhanced FGR in transients could be

predicted well with that model. However, the results

were compared with the measured release versus time,

and no data on the bubble population were available.

Nevertheless, even with some de®ciencies, the exercise

shows that the kinetics of gas precipitation may well

depend on bubble overpressurisation e�ects [103]. The-

oretical calculations of the resolution from small under-

and overpressurised Xe bubbles in UO2 show that

resolution is much more probable from the overpres-

surised bubbles [31,105].

The e�ect of the stress ®eld around an overpressur-

ised bubble on the precipitation of Xe in UO2 can be

questioned if the xenon atoms are assumed to be located

mainly in neutral trivacancies, since the volume of a Xe

atom is small compared with the volume of a trivacancy.

Thus, an atom sitting in a neutral trivacancy generates

no strain in the lattice [100].

Evans et al. [106] have questioned the e�ect of ther-

mal resolution from inert gas bubbles in UO2. In their

experiment, UO2 samples were implanted with Kr ions

and the samples were then annealed. The behaviour of

the bubbles was followed using TEM imaging. The gas

release was continuously monitored. The increasing

mobility of the bubbles with increasing temperature was

considered to be an e�ect of a reduction in overpressure

caused by thermal vacancies. The migration of the

bubbles was seen to cause bubble coarsening through

coalescence. No bubble size shrinkage was observed,

which was attributed to the absence of thermal resolu-

tion from the overpressurized bubbles. The bubbles

swept by a moving grain boundary were not seen on the

boundaries, and they were thought to have escaped to

the free volume. The absence of bubble shrinkage does

not, however, exclude the possibility that thermal reso-

lution could have occurred without bubble shrinkage.

This was observed for helium bubbles in silicon [107],

where the high vacancy formation energy and low va-

cancy concentration were associated with the absence of

shrinkage of the bubbles. The experiments with thin

specimens do not necessarily give results analogous to

the annealing of larger samples, because the vicinity of

the free surface has been observed to be a much better

source of vacancies than a grain boundary [108].

3.4.3.2. Irradiation resolution. Shrinkage or disappear-

ance of gas bubbles in solids has been demonstrated in
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irradiation±annealing experiments [109±111]. Resolu-

tion induced by irradiation has been found to be an

extremely e�ective means of reducing bubble growth

[110±112]. Small bubbles (<20 nm) are prone to disap-

pear with a collision of only a single ®ssion fragment

[113]. Larger bubbles shrink gradually [110]. The e�ect

of irradiation-induced resolution on the gas concentra-

tion in the bubbles is modelled using the parameter b:

b � ÿ 1

m
dm
dt
; �12�

where m is the number of gas atoms in a bubble irra-

diated for time, t. A numerical value for b has been

determined experimentally in various studies [56,110±

112]. At conditions relevant for LWR fuel, the resolu-

tion parameter lies in the range between 2� 10ÿ4 and

4� 10ÿ4 sÿ1 [56]. The value of b is a function of the

®ssion rate.

The e�ect of irradiation resolution has been disputed

by Ronchi and Elton [114], who claimed that shock

waves caused by the ®ssion spikes can scab vacancies

and produce voids near the bubbles, if the lattice strain

exceeds the mechanical strength of the material [115].

The e�ect of the scabbing mechanism is explained to

disorder the lattice such that the ÔdestroyedÕ bubbles are

not seen in micrographs. Turnbull and Cornell found

indeed that annealing of fuel in which bubbles had been

destroyed at low temperature produced reprecipitation

of a similar population of bubbles to that existing prior

to irradiation [52]. Void platelets of � 20 nm diameter

have been seen near the surface of irradiated UO2

[114,116], which is direct evidence of existence of the

scabbing mechanism.

The situation with considerable overpressure in the

bubbles is achieved if the vacancy ¯ow into the bubbles

is not su�cient to relieve the pressure. This is certainly

true in annealing transients in UO2 fuel [49], but it can

also happen under steady-state conditions [84]. The low

metal self-di�usion coe�cients in hypostoichiometric

and stoichiometric fuels are thought to be the reason for

the slow relief of pressure by vacancy ¯ow into intra-

granular bubbles [101]. The lack of vacancies is certainly

obvious if scabbing of vacancies from the bubbles by

®ssion spike-induced shock waves is accounted for.

Resolution from intragranular bubbles is essential in

modelling the behaviour of noble ®ssion gases in irra-

diation of UO2 fuel. The theory of interaction of the

shock waves with the bubbles provides an explanation

for the overpressurisation of the bubbles.

3.4.4. Migration and coalescence

Brownian motion of the bubbles leads to their co-

alescence and to a gradual increase in the mean bubble

size. Migration to grain boundaries leads to a direct

increase in the gas concentration on the boundaries.

There are three main mechanisms responsible for the

migration of the bubbles, namely [63]:

· volume di�usion,

· surface di�usion, or

· evaporation±condensation.

The di�usivities of the bubbles in irradiated fuels are in

general much lower than calculated values [117,118], if

surface di�usion is assumed to be rate controlling. The

reasons for the slow mobility of the bubbles could be

inclusions of impurities on the surface of the bubbles

[63,119±121], facetting of the bubbles [47,122], non-re-

laxed atomic forces around very small bubbles [123],

attachment to dislocations [124±126], overpressure in the

bubbles [127±129], or a large mean jump distance in

surface di�usion [121,130].

Solid inclusions accompanying inert gas bubbles ef-

fectively inhibit movement of the bubbles [63,118,131].

Therefore the experiments with implanted annealed fuel

do not give representative results for the bubble migra-

tion in irradiation, because in the case of a lack of solid

inclusions their retarding e�ect on bubble mobility is

overlooked.

Di�usion coe�cients for inert gas bubbles de-

duced from experiments with irradiated UO2 fuel show

a maximum at a fuel radius between 1 and 10 nm [127].

The experimental and theoretical maximum at � 1550°C

is about 10ÿ16 cm2/s. An experiment with irradiated fu-

el under transient conditions providing a deep temper-

ature gradient gave a di�usion coe�cient of the same

order of magnitude for 10 nm size bubbles [132]. The

measured di�usion coe�cients are too low to ex-

plain FGR in LWR fuel under normal operation

[49,60,100].

Bubble di�usivity along a vacancy gradient near

grain boundaries has been the basis of a model for FGR

in transient annealing [133]. According to the model, the

gas bubbles close to the grain boundary should increase

in size compared with the bubbles in the centre of the

grains. This has been observed for He bubbles in metals

[85] and also for ®ssion gas bubbles in irradiated UO2 in

annealing [55,134]. The conditions in the experiment in

[133] do not correspond to irradiation, since the solid

inclusions attached to the bubbles inhibiting their

movement were not present. The debate about possible

bubble migration along vacancy gradients continues

[135,136].

3.4.5. Ostwald ripening

Coarsening of gas bubbles by Ostwald ripening oc-

curs through resolution and subsequent re-absorption of

the atoms and vacancies into the bubbles [137]. The re-

dissolved gas atoms are absorbed into larger bubbles

rather than smaller ones, which gradually shrink.

Coarsening by Ostwald ripening is strongly reduced

if the bubbles are overpressurised [129,137]. An

adequate supply of vacancies is therefore necessary for
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relaxing the overpressure in bubbles in irradiated UO2

to trigger the Ostwald ripening process. The grain

boundaries act as e�ective sources of thermal vacancies,

and in annealing experiments the bubbles close to the

boundaries are seen to grow more rapidly than in the

bulk material [55,106,138].

Ostwald ripening in the development of the intra-

granular bubble population in irradiation is most

probably not very signi®cant, but in annealing it is cer-

tainly not negligible.

4. Discussion

Uncertainty concerning the distribution of gas be-

tween bubbles and matrix, as a function of time, tem-

perature, ®ssion rate and gas concentration, appears to

be the main obstacle to modelling the behaviour of in-

tragranular gas. Correct release values should be pre-

dicted using models based on experimental observations

of the corresponding phenomena. A summary of rele-

vant mechanisms is presented in Table 2, together with

their references. It is to be noted that only indirect evi-

dence exists for some important phenomena, such as

Ostwald ripening and thermal resolution.

Mechanistic modelling of the development of the

intragranular bubble population, and the concentration

of gas at grain boundaries during time-varying condi-

tions in LWR fuel irradiation, require knowledge of the

following models, at the very least:

· resolution from intragranular bubbles,

· resolution from grain boundary bubbles, and

· thermodynamic treatment of the growth of intra-

granular bubbles.

Also, the development of the bubble structure at ele-

vated temperatures cannot be properly described with-

out an understanding of bubble migration and

coalescence. A model for the bubble size distribution

would perhaps be necessary to handle transient condi-

tions. Models for bubble nucleation and grain boundary

sweeping may also be important.

A model for bubble growth by vacancy and gas atom

collection can perhaps predict the observed overpressure

in the bubbles, if the vacancy absorption is assumed rate

controlling and slow enough. However, the e�ect of

vacancy scabbing by passing shock waves from irradi-

ation spikes is certainly worth considering. The available

experimental data also indicate the necessity of em-

ploying a bubble growth model by dislocation loop

punching, especially in transients.

The behaviour of intragranular gas in fuel perfor-

mance codes is modelled in various ways. The codes can

be divided into two categories: integral codes and codes

dedicated only to FGR ± so-called separate e�ects

models. The models in integral codes are usually rela-

tively simple, since the codes are required to calculate

many other phenomena, too. However, codes dedicated

solely to the FGR calculations may even contain fuel

temperature as an input parameter.

The models can also be classi®ed by their funda-

mental approach to bubble/single gas atom di�usion:

· no migration of bubbles, only single gas atom di�u-

sion,

· di�usion of both single gas atoms and bubbles, and

· only bubble migration considered.

Models in the last category are not evaluated, since in

the LWR fuel single gas atom di�usion dominates up to

1800°C [139].

The codes with single gas atom di�usion are based

almost invariably on the formalism of Speight [140], who

presented his theory on gas atom trapping and resolu-

tion in spherical grains with the solution equivalent to

that of BoothÕs, if the gas atom di�usion coe�cient D is

replaced by the e�ective di�usion coe�cient D0:

oc
ot
� b� Dr2cÿ gc� bm;

om
ot
� gcÿ bm

D0 � Db
b� g

;

�13�

Table 2

Phenomena concerning the behaviour of intragranular gas in sintered UO2 fuel in LWR irradiation

Phenomenon Direct evidence Indirect evidence

Bubble precipitation Yes [43,44,55,57±59]

Linear nucleation of bubbles No Yes [43±47]

Slow mobility of bubbles Yes [117,118,132] No

Migration and coalescence of bubbles Only in annealing [106] Only in annealing [55]

Dislocation loop punching No Yes [59]

Bubble over pressurisation (vacancy starvation) Yes [57,84] Yes [49]

Irradiation resolution Yes [109±111] No

Scabbing of vacancies Yes [114,116] Yes [52]

Thermal resolution and Ostwald ripening No Yes [49,55]

Grain boundary sweeping Only in annealing [106] No
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where c is the concentration of gas in solution, b the gas

generation rate, g the probability per second of a gas

atom in solution being captured by a bubble, b the

probability per second of a gas atom in a bubble being

re-dissolved, and m is the amount of gas in the bubbles

per unit volume.

Further, the model structure presented in [141] con-

cerning bubble nucleation and destruction has been used

as the basis for many codes [48,142±146]. The variations

in the codes appear of course in the method of solving

the equations, and in the slightly di�erent form of the

parameters g and b. Treatments of resolution from grain

boundaries, bubble nucleation and grain growth are also

di�erent. The results of a survey of models in codes

available in the open literature are shown in Table 3.

The data are never exactly current, because development

work on the codes is a continuous process.

Scabbing and dislocation loop punching are not

modelled in the codes listed in Table 3, nor is the bubble

size distribution included. Under transient conditions

the radial pro®le of the total gas concentration, and its

distribution between the bubbles and the matrix, is also

missing. The natural reason for the absence of these

important features in the codes is the rapidly increasing

computing time and the need for storage of many vari-

ables when shifting towards the direction of more de-

tailed models. However, no comprehensive estimates of

the e�ect of the simpli®cations under various conditions

on the results were found in the literature. The numer-

ical methods for solving the problems themselves induce

contributions to the total error.

The weakness of SpeightÕs concept of the e�ective

di�usion coe�cient is that it fails to describe abnormal

conditions properly, e.g. conditions in which the ®ssion

rate changes drastically, or when the temperature

changes in the absence of ®ssion. The results of the

simpli®cations of SpeightÕs model are examined for two

simple cases: zero initial concentration and a rectangular

initial concentration pro®le. SpeightÕs solution is com-

pared with a solution in which the development of the

bubble radius is accounted for by

oR�r; t�
ot

� X
Dc

R�r; t�

 
ÿ bm�r; t�

4pR�r; t�2Cb

!
; �14�

where R is the bubble radius, Cb the bubble density, and

X is the volume associated with each gas atom. The gas

density in the bubbles is chosen to be 3.4 g/cm3, which is

within the experimentally veri®ed range 1.6±3.8 g/cm3.

The selected gas density gives a value of 6:5� 10ÿ29 m3

for X. For the case of the rectangular initial concentra-

tion pro®le most of the gas is assumed to be in the

matrix at the beginning of the calculation, when the

di�usion coe�cient is suddenly increased, simulating a

rapid transient. The total amount of gas in the grain

corresponds to the gas produced up to a burn-up of 25

MW d/kg U under LWR conditions. The values for the

other parameters are shown in Table 4.

The set of non-linear partial di�erential equations is

solved by forming ®rst ®nite-di�erence approximations

from the spatial derivative terms, and applying the four-

point Runge±Kutta method with adaptive step size

control according to [156]. The grain is divided into 65

radial nodes. The accuracy of the solution is checked

against SpeightÕs solution.

The results for the case of zero initial concentration

and a rectangular initial concentration pro®le are shown

in Figs. 6 and 7, respectively. Fig. 7 includes an addi-

tional curve representing a case in which bubble

Table 3

Phenomena included in ®ssion gas release modelsa

Integral code GBR IR TR GBS BN BD BG

COMETHE III-J [147] X X

STAV [148] X X

ELESIM [149] X

FEMAXI-IV [144] X X X X X

FRAPCON-2 [150] X

SIERRA [146] X X X X X

SINGAR [101,102] X X X

ENIGMA [48,142] X X X X X X

FUTURE [151,152] X X X X X X

Separate FGR models by author

Kogai [153] X

Charles et al. [154] X X

Ronchi and Sakellaridas [155] X X X X

Hiramoto et al. [48] X X X X

a GBR ± grain boundary resolution; IR ± trapping and irradiation resolution; TR ± thermal resolution; GBS ± grain boundary

sweeping; BN ± bubble nucleation; BD ± bubble di�usion; BG ± bubble growth.

P. L�os�onen / Journal of Nuclear Materials 280 (2000) 56±72 67



coarsening has occurred, and the resulting bubble den-

sity is only 10% of the original, while the gas density in

the bubbles and the gas distribution between the bubbles

and the matrix at the beginning of the calculation re-

main unaltered. The bubble radius is then 101=3 times the

initial radius.

There is a clear di�erence in the release fractions

between SpeightÕs approach and the more mechanistic

model. The relative di�erence in the release fraction

compared with SpeightÕs solution is even up to 30%. The

strong e�ect of the reduced sink strength of the bubble

population, caused by its coarsening, on the release rate

is very noticeable. Although weaknesses in the current

simpli®ed models in integral fuel performance codes are

evident, the lack of an e�ective numerical method for

solving the set of non-linear di�erential equations hin-

ders the implementation of the mechanistic models for

FGR in the codes.

5. Summary and recommendations

The behaviour of the intragranular inert gases xenon

(and krypton) in irradiation of LWR UO2 fuel has been

reviewed. Experimental data and models reported in the

literature have been discussed. Only the behaviour of

stable gas was included in the evaluation.

The experimental data revealed the following char-

acteristics of the gas:

1. The gas atom di�usion coe�cient is a function of

temperature, ®ssion rate, burn-up and stoichiometry.

2. The gas has a tendency to precipitate into bubbles,

whose composition is Xe and Kr, lying close to the

ratio of their generation rate in ®ssion.

3. The density of the bubble population and the mean

size of the bubbles are approximately constant over

a relatively wide range of burn-ups and temperatures

in LWR fuel.

Fig. 6. Calculation of ®ssion gas release from a spherical grain

under constant irradiation conditions and zero initial concen-

tration.

Fig. 7. Calculation of ®ssion gas release from a spherical grain

under constant irradiation conditions and a rectangular initial

concentration pro®le.

Table 4

Parameters for the calculation of the release fractions in two cases by applying the bubble precipitation±resolution approach

Exact solution SpeightÕs approximation

b 3� 10ÿ4 sÿ1 3� 10ÿ4 sÿ1

r 5 lm 5 lm

Cb�r; t� 5� 1023 bubbles/m3 5� 1023 bubbles/m3

b 0:26� 1019 atoms/m3 s 0:26� 1019 atoms/m3 s

Zero initial concentration

R�r; 0� 0 1 nm

D 3:028� 10ÿ19 m2/s 3:028� 10ÿ19 m2/s

Constant initial concentration pro®le

R�r; t0� 1 nm 1 nm

D 4:636� 10ÿ17 m2/s 4:636� 10ÿ17 m2/s

c�r; t0� 1:6936� 1026 atoms/m3 1:6936� 1026 atoms/m3

m�r; t0� 5:6711� 1023 atoms/m3 5:6711� 1023 atoms/m3
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4. The bubbles are normally overpressurised in irradia-

tion.

5. The mobility of the bubbles is clearly lower than the-

oretical considerations predict.

6. The bubble population coarsens in transients and in

annealing conditions.

The calculations revealed that SpeightÕs widely ap-

plied approximation for the e�ective di�usion coe�cient

is inadequate in describing the release process under

conditions of changing bubble radius. In transients in

particular, when pronounced bubble coarsening takes

place, the release rate depends strongly on the develop-

ment of the characteristics of the bubble population.

The following recommendations are made from the

reviewed experimental data and from the current status

of modelling:

1. A more elaborate thermodynamic approach should

be considered for bubble growth, which accounts

for the high overpressure observed.

2. A mechanistic approach in modelling the bubble

coarsening process should be applied.

3. An e�ective and accurate numerical method for solv-

ing the set of non-linear equations describing the gas

behaviour in the grains, including the development of

bubble size, should be applied to integral fuel perfor-

mance codes.
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