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1. Introduction 
 

In LWR fuel elements at average burnups over 40 MWd/kgU notable structural changes 
arise in the pellet outer zone [1,2]. Original grains with the size of about 6–10 µm subdivide 
into submicron grains (0.1-0.3 µm) and fuel porosity in that region grows up to 20%. This 
process is called “restructuring” and fuel structure formed is called “rim-layer” or “high 
burnup structure” (HBS). Such microstructure changes affect fuel thermal and mechanical 
properties and also gas release from fuel under both nominal operation and accident 
conditions. The problem of obtaining criterion that would determine rim-layer formation 
threshold is of special interest. It would allow to determine dependence of restructuring start 
on initial fuel microstructure and irradiation conditions, i.e. temperature, fission rate, grain 
size, fuel composition and initial porosity. 

In most studies concerned with modelling of fuel performance at high burnups when 
rim-structure is formed many parameters of models are specified using correlation 
dependences derived from experiment [2]. It is generally accepted that HBS is formed 
preferentially in regions with higher burnup and lower temperature. In particular, beginning of 
restructuring process is sometimes associated with local burnup of about 70 MWd/kgU [3, 4]. 

However this approach is not appropriate for modelling focused on establishment of the 
criterion for the onset of rim-structure formation in fuels with different initial microstructure 
and at different irradiation history. Such approach fails to explain a spread of published 
experimental data on burnup dependence of rim-layer width [4, 5]. Besides, rim-structure 
formation in the center of pellets was observed in TANOXOS experiments [6]. However, 
initial fuel microstructure remained unchanged in the periphery of the pellets where local 
burnup was higher and temperature was lower. It indicates that the threshold condition of fuel 
restructuring is not governed by local burnup only but also depends on irradiation conditions. 

The present work deals with self-consistent physical approach aimed to derive the 
criterion of fuel restructuring avoiding correlations. The approach is based on study of large 
overpressurized bubbles formation on dislocations, at grain boundaries and in grain volume 
[2,7,8]. At first, stage of formation of bubbles non-destroyable by fission fragments is 
examined following [8] using consistent modelling of point defects and fission gas behavior 
near dislocation and in grain volume. Then, evolution of formed large non-destroyable 
bubbles is considered using results of the previous step as initial values. Finally, condition of 
dislocation loops punching by sufficiently large overpressurized bubbles proposed in [9] is 
regarded as the criterion of fuel restructuring onset. 

In the present work consideration of large overpressurized bubbles evolution is applied 
to modelling of the restructuring threshold depending on temperature, burnup and grain size. 
Effect of grain size predicted by the model is in qualitative agreement with experimental 
observations.  Restructuring threshold criterion as an analytical function of local burnup and 
fuel temperature is derived and compared with HBRP project data [10].  

To predict rim-layer width formation depending on fuel burnup and irradiation 
conditions the model is implemented into the mechanistic fuel performance code RTOP [3]. 
Calculated dependencies give upper estimate for the width of restructured region. 
Calculations show that one needs to consider temperature distribution within pellet which 
depends on irradiation history in order to model rim-structure formation. 
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2. Modelling of beginning of large gas bubbles formation 
 

In [8] it was shown that gas bubbles non-destroyable by fission fragments can at first be 
formed near the dislocation core due to formation of a peak in vacancy distribution. The 
magnitude of the peak was shown to depend on ratio of average concentrations of vacancies 
and interstitial atoms. Vacancy peak diminishes as average vacancy concentration in UO2 
matrix grows. Average concentrations of point defects vary for the grains of different size and 
different irradiation history. Therefore the analysis of bubbles development near dislocation 
loop requires consistent modelling of point defects and fission gas atoms behavior at the scale 
of one dislocation loop as well as in grain bulk and on grain boundary. 

Modelling of gas bubbles evolution up to the beginning of formation of large non-
destroyable bubbles is discussed in [8]. Bubbles nucleate in thermal spikes along the tracks of 
fission fragments and their radius is determined by local Xe concentration: ( )

1
3

b sp Xe Xer r c= Ω  

for intragranular bubbles and ( )1/ 3
3b sp Xe s spr r n r= Ω  for intergranular bubbles. Here spr  is the 

spike radius, XeΩ  is the volume of Xe atom, sn  is the surface density of Xe on grain 
boundary. The bubbles are then destroyed by fission fragments, unless their size is greater 
than critical. It was supposed the critical size approximately equals the track radius. Since the 
grain radius is sufficiently larger than inter-dislocation distance, for consistent modelling the 
spherical grain is divided into concentric zones and in each zone one dislocation loop and its 
influence area is considered with the account of inter-zone transport. The following system of 
equations for point defects and Xe atoms concentrations near the dislocation was solved [8]: 
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where Q  and XeQ  are the amount of Frenkel pairs and Xe atoms, respectively, generated per 
one fission, iΛ , vΛ , ,Xe iΛ , ,Xe vΛ  are the effective drift lengths of point defects and Xe atom. 
Xe atoms are considered in three states: interstitial position, state coupled with vacancy and 
atoms in gas bubbles. α  is the frequency of Xe knock-out from vacancy state into the 
interstitial one, Xeβ  is the recombination coefficient for free vacancies and interstitial Xe 
atoms. Xe atom in bubble is considered to occupy two vacancies. Coefficients for capture of 
Xe atoms by bubbles and Xe knock-out from bubbles are 2in sp spNη = Ω F  and 

( 2
tr tr2 1out bV F r rη = + )  correspondingly, where spN  is the average amount of spikes per 

fission fragment track. Inter-zone fluxes j  are calculated as j D c= Δ . 
On the grain boundary zero conditions are used for point defect concentrations. 

Concentration of Xe atoms on grain boundary is determined by balance of diffusion transport 
and irradiation-induced resolution from the grain boundary. 

Calculations were carried out for grains with two different sizes. Dislocation density 
depends on grain diameter, the larger is the grain, the smaller is the dislocation density. The 
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following values were used for the calculations: for large grain 40gr μ= , 13 -210 mdn = , for 

small grain 10gr μ= , 14 -210 mdn = . Burnups at which non-destroyable bubbles form in fuel 
with small and large grains are compared in Fig.1. Non-destroyable bubbles in large grains 
are formed at first on dislocations and then on grain boundaries. In fuel with small grains 
large bubbles develop at first on grain boundaries and then on dislocations. 

The subsequent evolution essentially depends on bubbles and vacancies concentration 
after formation of non-destroyable bubbles. Large non-destroyable bubbles are sinks for 
vacancies and Xe atoms. Capture of vacancies by the bubbles increases the bubble radius and 
accelerates the process further. If concentration of bubbles and vacancies is high enough, 
instability develops that could lead to formation of overpressurized bubbles. In turn, 
concentration of non-destroyable bubbles is determined by a fuel volume in which radius of 
bubbles exceeds the critical value. This volume can be larger for small grains since the 
magnitude of peak in Xe distribution near dislocations is smaller and peak is wider in small 
grains [8]. As a result one could expect slow growth of bubbles radius in large grains and fast 
matrix cleanup from vacancies and Xe atoms in small grains. At the same time, before 
completion of matrix cleanup bubbles in small grains grow faster than in large grains, due to 
larger supply for vacancies. These peculiarities eventually give contribution to differences in 
HBS formation conditions in fuels with different grain size (see below). 
 
3. Modelling of large gas bubbles evolution 
 

Evolution of non-destroyable bubbles is described with the following simplified kinetic 
model for the averaged concentrations of point defects and Xe atoms. The averaged  
concentrations are considered spatially uniform. Capture of point defects and Xe by bubbles 
and irradiation-induced resolution of Xe atoms from bubbles is taken into account. Since 
uranium self-interstitial atoms (SIA) and Xe atoms can only occupy free vacancies in the 
bubbles, their flux is limited by the overpressure factor: 

3(3 ) (2 )Xe v bx N rπ= Ω ,  (6) 
where XeN  is the number of Xe atoms in the bubble. The system of equations describing these 
processes can be written as follows: 

4 (1i i i v b b i iC AF C C r c C xDβ π= − − − ) , (7) 
4v i i v b bC C CC AF r c Dβ π= − − v v , (8) 
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[ ]24 4 (1b b b v v v i ir r r D C D C xπ π= Ω − − ) , (10) 

0Xe Xe Xe b XeC C Q Ft c N= + − . (11) 
Eq. (11) is the conservation law of amount of Xe atoms. The second term in Eq. (9) 

describes effect of irradiation-induced knock-out of Xe atoms. Parameters of bubbles and 
vacancies and Xe concentration calculated with consistent model (Eqs.1-5) up to the moment 
of non-destroyable bubbles formation are taken as initial values for the system of Eqs. (7)-
(11). Both intragranular and intergranular bubbles are modelled. Due to smallness of the 
volume occupied by non-destroyable bubbles on grain boundaries, their formation and growth 
can be considered to weakly affect kinetics of bubbles, vacancies and Xe atoms in the grain 
volume far from grain boundary. 

The calculations indicated two stages of kinetics of non-destroyable bubbles on grain 
boundary in small grains (Fig. 2). At first, rapid growth takes place while matrix is rich with 
vacancies and Xe atoms. Then non-destroyable bubbles are formed on dislocation inside grain 
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and decrease of radius and increase of pressure in grain boundary bubbles happen due to 
cleanup of matrix from excessive vacancies by the intragranular buubles. As a result, radius 
and pressure of intergranular bubble in small grain can become larger compared with large 
grain, as illustrated in Fig. 2. 

Punching of dislocation loops into matrix by bubble happens if the following criterion 
for pressure and radius of the bubble holds [9]: eqP P Gb r> + , where 2eqP rσ=  is the 
equilibrium pressure of gas in bubble, G  is the shear modulus and b  is the Burgers vector. 
Let us assume that the onset of rim-structure formation is related to large overpressurized 
bubbles formation and punching of dislocation loops into the crystal matrix. So the criterion 
has the following form: 

34
3

2Xe B

b Xe Xe b

N k T Gb
r N rπ

σ+
>

−Ω  (12) 

( Bk  is the Boltzmann's constant) and is governed by parameter: 

34
3

Xe b

b Xe X

N r
r Nπ

ξ =
−Ω e

. (13) 

Calculated evolution of the overpressure parameter ξ  for large and small grains is 
shown in Fig. 3. It can be seen that rim-structure formation can start earlier for small grains, 
which is in accordance with experimental results in accordance with [13]. 

 
Fig.1. Evolution of bubbles 
radius up to attainment of 

the critical value (black line). 

 
Fig.2. Evolution of  

bubbles radius 

Fig.3. Evolution of overpressure 
parameter of gas bubbles 

 
 
4. Modelling of the threshold conditions for rim-structure formation depending on fuel 
temperature and burnup 
 

The model of the threshold conditions based on criterion (12) also allows considering 
dependences of the threshold on temperature and burnup. Since the threshold conditions are 
related to attainment of substantial bubble overpressurization and the latter is defined as a 
fraction of bubble volume occupied by fission gas atoms, one needs to take into account the 
processes affecting fluxes of vacancies and gas atoms into bubble.  

These processes involve thermally activated diffusion and vacancy generation, which 
increase vacancy flux to bubble and hinder overpressurization. In turn, flux of Xe atoms onto 
bubble is proportional to Xe concentration in matrix which is defined by local burnup and 
diffusion coefficient depending on temperature and vacancy concentration.  

To derive analytical closed-form estimates of the threshold conditions depending on 
temperature and local burnup the following approach is used. We consider critically 
overpressurized bubble (i.e. satisfying Eq. (12)) of certain radius and its evolution at specified 
vacancy and Xe concentrations corresponding to given burnup and temperature. If 
overpressurization decreases then formation of critically overpressurized bubble is impossible 

 4



and rim-structure does not form under the given conditions. Such approach provides upper 
estimate of threshold temperature (at given burnup) and lower estimate of threshold burnup 
(at given temperature) for the onset of rim-layer formation. 

Overpressurization is defined by Eq. (6). Equation for its evolution takes the form: 

Xe v

Xe v

x N N
x N N

⎛ ⎞
= −⎜
⎝ ⎠

⎟ , (13) 

overpressurization does not decrease if the right-hand side is non-negative. 
Kinetics of numbers of fission gas atoms and vacancies in bubbles is given by the 

following equations similarly to Eqs. (9), (10): 
4 (1Xe b Xe XeN r D Cπ= )x− , (14) 

( )( )4v b v v Xe Xe i iN r D C D C D C xπ= + − (1 )− . (15) 
To simplify the analysis we take into account only diffusion fluxes of vacancies (including 
vacancies occupied by Xe), uranium SIA and Xe atoms. Relationship between uranium SIA 
and vacancies concentrations is governed by other sinks (in particular, dislocations). Vacancy 
concentration is found from equilibrium between recombination and generation of point 
defects: vC Q D∝ v . Point defects source as a function of fission rate and temperature was 
taken from [14-16]. 

Temperature dependence of SIA and vacancy diffusion coefficients was taken from 
[17], athermal (irradiation-induced) component [14] was also considered. For Xe atoms the 
following mechanisms are taken into account: irradiation-enhanced diffusion, diffusion 
coupled with vacancies [15,16,18], interstitial diffusion (with regard to irradiation-induced 
knock-out from vacancy state into the interstitial one and capture by free vacancies). It leads 

to the following expression for fission gas diffusivity: 1 d
Xe v v rad

v

kD D c D
c

⎛ ⎞
= Ω + +⎜ ⎟Ω⎝ ⎠

 (Ω  is 

the lattice cell volume). As a result, the condition at which the bubble overpressurization does 
not decrease takes the form: 

( )
1 0 2 0(1 )(2 ) 1

1 (1 ) ( ) ( ) ( )
rad

Xe
v

x x D k a k aC
x k x Q T D T Q T

⎛ ⎞⎛ ⎞− −
Ω + +⎜ ⎜⎜− − Ω Ω⎝ ⎠⎝ ⎠

1≥⎟⎟⎟ , (16) 

As it follows from Eq. (12), critical overpressurization x  is given by formula: 

( )

1

( ) 1
( ) 2 ( )

B b

Xe

k Trx T
G T b Tσ

−
⎛ ⎞

= +⎜⎜ Ω +⎝ ⎠
⎟⎟ . (17) 

Correlations are used for temperature dependencies of shear modulus G  [19] and surface 
tension coefficient σ  [20]. 

In Fig. 4 border of temperatures and burnups area at which rim-structure is possible to 
form is depicted with black line. The border is calculated with Eqs. (16) and (17). At 
temperatures 500 CT < °  (the lower part of curve in Fig. 4) diffusion and generation of 
vacancies are irradiation induced and weakly depend on temperature. At the same time, 
pressure in bubble increases as temperature grows (see Eq. (12)) but mechanical properties of 
the fuel weakly depend on temperature in this temperature range. Therefore at 500 CT < °  the 
higher is the temperature the lower overpressurization is required to attain critical pressure. 
So, the threshold burnup is a decreasing function of temperature. At 1000 CT > °  (the upper 
part of the curve in Fig. 4) thermal diffusion and thermal source of vacancies get involved 
resulting in increase of vacancy influx to the bubble and preventing overpressurization 
growth, and therefore the threshold burnup grows rapidly as temperature increases. At 
intermediate temperatures the threshold conditions depend essentially on irradiation history 
(as schematically illustrated in Fig. 4 with the dashed blue line). 

 5



 
Fig.4. Comparison of the calculated temperature threshold of rim-structure formation 

depending on burnup with HBRP experimental data [10]. 
 

Experimental data from Halden (HBRP project) are plotted in Fig. 4 for comparison. 
Specimens with formed rim-structure are depicted with red, specimens with transient 
microstructure are depicted with brown, specimens with original fuel microstructure are 
depicted with green. One can see the agreement between theoretically calculated threshold 
area and the experimental data. 

To apply the derived criterion to calculations of rim-layer width in fuel pellets irradiated 
in light-water reactor (LWR), one needs to know radial profiles of burnup and temperature in 
the pellets. When fuel is irradiated in LWR, the increased burnup is achieved on pellet 
periphery. It is due to extra 239Pu production as a result of resonant absorption of epithermal 
neutrons by 238U atoms. Consequently, production of Pu and Xe in irradiated fuel depends on 
neutron spectrum parameters. Temperature distributions in the pellet are determined by linear 
power and thermal conductivity of the fuel. So it is necessary to take account of degradation 
of fuel thermal conductivity with burnup. 

To obtain distributions of local burnup and temperature in pellet the RTOP code was 
used, [11,12]. Calculations were carried out for simple irradiation scenarios. Model conditions 
with constant linear power were considered (17.5, 15.0, 12.5, 10.0 kW/m). Results of 
calculations (rim-layer width versus burnup) are shown in Fig. 5. Criterion (16), (17) involves 
bubble radius br .  At present time the size of the overpressurized bubble is the outer parameter 
of the model. Curves in Fig. 5 were calculated for two different fixed br  values. To provide a 
self-consistent modelling in future the bubbles radii will be calculated by the RTOP code. 

In various fuel performance codes restructuring criterion by threshold local burnup of 70 
MWd/kgU is used, for example [3, 4]. So dependence of rim-layer width on burnup 
calculated with the same burnup profiles and threshold local burnup criterion is also shown in 
Fig. 5. Experimental data are plotted for comparison [4]. 
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Fig.5. Rim-layer width versus average pellet burnup. 

Solid lines: calculation with the RTOP code and criterion (16), (17) 
with two different values of bubble radius br  

(▬: linear power P=10 kW/m, ▬: P=12.5 kW/m, ▬: P=15 kW/m, ▬: P=17.5 kW/m). 
▬ ▬: calculations with the RTOP code and the threshold burnup criterion 70 MWd/kgU . 

▲: experimental data [4], ■: TANOXOS experiment [6]. 
 

It can be seen in Fig. 5 that experimental data have spread which cannot be explained by 
criterion [3, 4], based on conception of local burnup threshold. Besides, criterion [3, 4] does 
not agree with results of TANOXOS experiments [6] where restructuring took place in the 
center of pellet and initial fuel microstructure remained unchanged on the pellet rim (depicted 
with square in Fig. 5). Such unusual structure changes can be attributed to non-conventional 
irradiation conditions. At the first stage fuel was irradiated up to average pellet burnup ~ 40 
MWd/kgU with increased fission rates (there was no fuel-cladding gap and temperature in 
pellets center was about 900-1050°C). At the second stage low-temperature irradiation was 
carried out up to average burnup 65 MWd/kgU (temperature of pellets center was from 350°C 
to 600°C, temperature of the pellets edge was lower than 300°C). During high-temperature 
irradiation large gas bubbles could form in the pellets center which became overpressurized 
while irradiated at low temperatures. 

Therefore rim-layer width at the same average burnup depends essentially on irradiation 
conditions. Dependencies presented in Fig. 5 that were calculated with criterion (16), (17) 
also indicate need to take into account the effect of irradiation history when assessing 
restructured region width using fuel performance codes. As linear power grows fuel 
temperature increases and restructured region width decreases. As noted above, criterion (16), 
(17) gives the upper estimate of rim-layer width. It corresponds to the fact that experimental 
data are mainly below calculated curves. Data of TANOXOS experiments show that such 
estimate can be reached. 
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5. Conclusion 
 

This paper concerns modeling of the rim-layer formation and growth in UO2
 fuel at high 

burnups with using of the RTOP code. Condition of large overepressurized bubbles formation 
and punching of dislocation loops into the crystal matrix by bubbles is used as a criterion of 
the restructuring onset. 

Consistent modeling of non-destroyable bubbles formation on dislocation loops and 
grain boundaries is carried out. Evolution of large non-destroyable bubbles is described with 
simplified kinetic model. Conditions at which the criterion for the onset of submicron grains 
formation is reached are calculated. 

Model of the threshold for rim-structure formation onset depending on local burnup and 
fuel temperature was developed. The model was implemented into the mechanistic fuel 
performance code RTOP. Calculations of restructured region width were carried out at 
various irradiation conditions. It was shown that consideration of irradiation conditions (linear 
power history, neutron spectrum parameters) is required. Results of simplified model are in 
agreement with experimental data on effects of grain size and temperature conditions of 
irradiation on rim-structure formation. The following modernization of rim-structure model 
will involve integration of self-consistent detailed models into RTOP code. These models 
describe kinetics of point and extended defects, bubble porosity and also growth of rim-
structure at different irradiation conditions and initial size of fuel grains. 
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