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Abstract

Two models determining threshold conditions for onset of UO2 fuel restructuring are developed. In
the first model the conditions for fuel restructuring are related with  development of the Kinoshita instability.
The second model is based upon attainment of critical values by radius of overpressurised bubbles.
Possibility of large bubbles formation on dislocation lines is considered with account of Xe atoms drift in the
field of mechanical strain of dislocation and irradiation-induced Xe drift in vacancy concentration gradient.
Computer simulations of behaviour of point defects and Xe atoms near dislocation core are carried out,
results are compared with experimental data. The computer program is developed which consistently
calculates point defects and Xe atoms distributions inside fuel grain with account of their behaviour near
dislocation core.
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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 formed fuel structure is called rim-layer or high burnup structure (HBS).

Such microstructure changes affect fuel physical properties: porosity growth influence thermal

conductivity in rim-zone and it was shown experimentally that fracture toughness of the fuel

increases after restructuring [3]. General phenomenology of restructuring is described in [4].

The problem of obtaining criterion that would determine rim-layer formation threshold is of

special interest, because it would allow to determine dependence of restructuring start on initial

fuel microstructure and irradiation conditions, i.e. temperature, fission rate and grain size. Proposed

correlation criteria (e.g. [5,6]) are based on experimental data, and they have considerable spread

with respect to new experimental data. Besides, it is not clear how to extrapolate them beyond the

region of parameters at which the experiments were carried out.

One of the first works dealing with examination of a possible mechanism of fuel

restructuring was Kinoshita’s work [7]. Here author suggests using condition of development of

instability in spatial distribution of crystal structure defects as the rim-layer formation start

criterion. In [7] a system of nonlinear rate equations describing variation of point defect

concentrations, dislocation density and concentration of fission gas atoms coupled with vacancy

clusters was studied numerically. It was found that the instability be developed if, at least, bulk

diffusion coefficient of uranium interstitials is doubled and diffusion coefficient of uranium



interstitials determining their sink to grain boundary and dislocations is kept the same. Instability

was numerically shown not develop in case of equality of these diffusion coefficients. However

there was no physical explanation in [7] why such a difference of uranium interstitial diffusion

coefficient can arise. Also in published literature is absent a closed-form solution of the stability

problem of homogenous distributions of defects in nuclear fuel under irradiation conditions.

Similar instability was considered in [9] to explain a cause for dislocation periodic pattern

formation in irradiated metals and alloys. However, due to much smaller concentrations of point

defects in irradiated metals, issue of non-linear dependences of point defects fluxes to dislocation

on point defects concentrations was not analyzed in [9] and expressions for instability scales were

obtained without account of mutual point defects recombination.

Another model of restructuring was proposed in [10]. Here reaching of threshold

concentration by noble gases is taken as restructuring criterion.  Threshold concentration is

determined by possibility for gas bubbles to become non-destroyable by fission fragments. After

that gas bubbles will keep growing and ultimately will become overpressurized which could lead to

pulling out of dislocation loops into matrix. However, approach proposed in [10] failed to explain

observed dependence on grain size. According to [10], for larger grains fission gas release is

smaller due to diffusion time increase and threshold Xe concentration has to be reached earlier,

therefore, restructuring should start earlier for larger grains. Experimental data show opposite

dependence. Thus, the grain size effect remains still unexplained.  One of the possible explanations

is that not only grain boundary is the possible location for large bubbles formation but dislocations

too. It is known that the larger is the grain, the smaller is dislocation density.

In the paper we consider two approaches to determine beginning conditions for high burnup

structure formation in UO2. The fist is based on the concept of the Kinoshita instability. The

theoretical results will be presented according to [8]. The second approach supposes that a possible

mechanism of rim-layer formation is conditioned by large gas bubbles growth up to critical radius.

It is shown that large intragranular bubbles are expected to form mainly on dislocation lines due to

effect of vacancy peaks formation in the vicinity of the dislocation core [14].

2. The principal results on the Kinoshita instability.

The essence of the Kinoshita instability [7] is «unbalancing» of point defect fluxes to

dislocation. Under the assumptions that point defects annihilate only on dislocations and with each

other, the point defect fluxes to the dislocations are balanced with irradiation-induced knock-out of

interstitials from the dislocations, and the volumetric concentration cdisl of the dislocation loops is

constant, analytical expressions for the instability were derived [8]. Fluxes of point defects to

dislocation Ji,v (per unit dislocation line length) are convenient to characterize with the following

dimensionless parameters:
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[12,13] are the diffusion coefficients (including the irradiation-activated component) of the U-

interstitials and vacancies correspondingly and ci,v are their concentrations. We used 330 CT = °

and 19 310  fission/(m s)F = ⋅&  in the following calculations.
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disl 02q c aπ=  , 10
0 5.4 10 ma −= ⋅ is the lattice

parameter. For 21 -3
disl 2.27 10  mc = ⋅  the dislocation loop radius equals: -8

disl 1.4 10 mr = ⋅ . β is

the point defects mutual recombination coefficient, i 0 vD a Zβ = , where Zv=0.6 is a «number of

sites of interaction of uranium interstitials with a vacancy», i.e. a dimensionless geometric

parameter, which is a factor in corresponding formula for reaction constant.

The requirements for the instability development could be satisfied because under the fuel

irradiation conditions a peak in vacancy concentration forms near an edge dislocation thus

enhancing uranium interstitial recombination [14]. Such «shielding» of the dislocation core reduces

the uranium interstitial flux onto the dislocation. Similarly, vacancy flux increases. Simulations of

the point defects behavior near the dislocation core allowed to compute point defect fluxes and the

instability parameters. The dependence of instability increment on wave number and the

dependence of the maximum increment on fission rate and dislocation density are presented in

Figs. 1,2.

Calculations were carried out for the instability increment using developed computer

programs and analytical results at various values of parameters. Proportional dependence of the

instability increment on fission rate ( F& ) corresponds to the burnup criterion determining

polygonization start of UO2 fuel, because instability development is determined by a value F Γ& ,

which does not depend on F& . The value F Γ&  has a physical meaning similar to a threshold

burnup. As dislocation density increases polygonization will start earlier, which is also in

accordance with experimental observations. In this model the instability increment is independent

on temperature explicitly, which do not involve the thermal diffusion coefficient Di. However, as



temperature increases the dislocation density decreases due to annealing (in this model the

dislocation density is a free parameter), and it might prevent instability from development.

3. Overpressurized bubble formation.

The second model for condition of beginning of HBS formation is based upon the following

assumptions: along a track of fission fragment spikes are formed due to cascades. Since the spike

regions are rich in vacancies, it is possible to nucleate for small gas bubbles, which consist of noble

gas atoms gathered from this region. Then the bubbles can grow due to gas flux onto them. But, if

their radius will not reach critical value, which equals on the order of magnitude track radius, they

will be destroyed by next fission fragment passed through this region. All gas atoms will be

knocked out into the matrix and the whole process repeats. However, if for the time between two

successive fission track interactions the bubble grows enough, it may keep growing and ultimately

become ovepressurized. Since we are interested mainly in threshold criteria, it is enough to

determine conditions, under which non-destroyable bubbles will form.

In this model bubbles are supposed to be “solid”, i.e. their volume is equal to total atomic

volume of Xe atoms and no extra vacancies are present. The radius of such bubbles is determined

by local xenon concentration: ( )
1

3
b sp Xe Xer r c= Ω , where 9

sp 5 10 mr −= ⋅ is the spike radius and

29 3
Xe 8 10 m−Ω = ⋅ is the xenon atomic volume.

At first, some general transport properties of gas atoms in UO2 matrix will be discussed. Xe

atoms in the matrix can be either in interstitial state or coupled with vacancies. Interstitial atoms are

captured by free vacancies, and, under irradiation, there is a process of irradiation-induced knock-

out of vacancy atoms back into interstitial state. It is possible to consider their diffusion with the

mutual transitions. The diffusion equations with the account for capture and knock-out can be

written as:
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where α is knock-out coefficient and Xeβ is coefficient of recombination of vacancies with xenon

atoms. α  equals to the order of magnitude irradiation-induced intermixing rate, which is equal to:

2VFν = & . Here V is the track volume, and F& is fission rate. Assuming spatial scales to be enough

large, i.e., diffusion times much greater than recombination and knock-out times, one can consider

that interstitial Xe and Xe coupled with vacancies are in local dynamic equilibrium. Thus the last

two terms in the equations compensate each other with enough accuracy: , ,Xe v v Xe ic c cα β . At

high burnups vacancy concentration is high enough for , ,Xe i Xe vc c .



Combining equations (4), (5) and expressing ,Xe ic  and ,Xe vc  via Xec  one can obtain the

diffusion equation for total Xe concentration:
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Effective Xe diffusion coefficient sufficiently decreases with the increase of vacancy

concentration ( ,
eff rec
Xe Xe i
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D Dτ
τ

). An important effect of radiation-induced drift of Xe atoms in

gradient of vacancy concentration (2nd term in (6)) here also exists.

Then, distribution of xenon and point defects near edge dislocation has some peculiarities.

The drift of uranium and xenon interstitials occurs near the dislocation in the field of its strain, thus

a region depleted with uranium interstitials forms, thus leading to growth of vacancy concentration

in this region. On the contrary, xenon interstitials can be accumulated near the dislocation core.

Accumulation of interstitial Xe atoms near the dislocation and radiation-induced drift in the

gradient of vacancies concentration lead to formation of a peak in xenon distribution, because, as it

was stated above, total xenon concentration approximately equals concentration of vacancy xenon.

It is important that, due to the drift nature of effect, not absolute value of vacancy concentration

means, but relative value, i.e. one can expect that at higher burnups and in small grains, where

vacancy concentration is larger, formation of gas bubbles near the dislocations could be

suppressed. Thus, it is necessary to simulate correctly gas atoms and point defects near the edge

dislocation.

4. Results of simulations.

Analytical simulations prove difficult because of non-linearity of point defect sinks onto

dislocation. At first, the problem at the scale of one dislocation can be solved numerically. The

following system of diffusion equations with the account of drift in the field of dislocation,

convective drift caused by dislocation motion, mutual recombination of uranium interstitials and

vacancies, irradiation-induced knock-out and capture of interstitial Xe atoms by vacancies.
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We used the same correlations uranium diffusion coefficients and for the xenon diffusion

coefficients. 910 m−Λ = is the drift length for the point defects and Xe atoms. We used
23 -13 10 (s )Fα −= ⋅ &  and Xe iβ β= . 43 10A = ⋅  is the number of point defects generated per one

fission act.

The system is quasistationary, thus to simulate different grain regions and burnups effective

sinks ,i vz are introduced, by varying them different v

i

c
c ratio can be achieved. Total Xe

concentration is also an external parameter (the system of Eqs.(8-11) is conservative with respect to

xenon) which simulates Xe production.

The results of calculation show that xenon peak forms near the dislocation core (Fig.3) and

vacancies are absorbed by interstitial xenon (Fig. 4, 5). Calculations for different v

i

c
c ratios show

that with the growth of vacancy concentration vacancy peak diminishes and Xe concentration near

the dislocation core decreases (as it was stated above). Experimentally measured [2,11] bubble

radii correspond to different grain regions and time (Fig. 6), except the large radius which may

correspond to non-destroyable bubble (it agrees with burnup about 90 MWd/kgU which is

considered to be sufficient for rim-layer formation).

In turn, v

i

c
c ratios should be found consistently with the solution of non-stationary system at

the scale of grain size, with the nonlinear sinks to dislocation taken from the near dislocation core

problem. The following effects due to grain size are expected. In large grains, dislocation density is

smaller, therefore, interstitial sinks are lower, and average vacancy concentration is lower, so

vacancy peaks near dislocation may form and large gas bubbles may form near the dislocation.

Preliminary calculations show indeed the considerable difference between bubbles on

dislocations and bubbles far from dislocation in large grains, and such difference quickly vanishes

with time in small grains due to larger vacancy concentration (Fig. 7,8).

The further growth of the gas bubbles is limited by the supply of vacancies and Xe atoms.

The steady state is established when the process of Xe diffusion transport into the bubble is

balanced with the irradiation-induced knock-out of Xe atoms from the bubble, and the vacancy flux

onto the bubble is balanced with the uranium interstitial flux onto it.

Since xenon atoms are accumulated near the dislocation core and vacancy concentration is

higher than the average one, bubbles near the dislocations will grow for the longer time and



become overpressurized earlier. Similar phenomenon may happen in the small grains, because

vacancy concentration in them is higher than in the larger ones. Further development of the model

will include self-consistent account of the processes determining Xe atoms and vacancies

concentrations in the bubble.

Conclusion

This paper deals with study of two possible mechanisms of high burnup fuel restructuring,

namely, the development of the Kinoshita instability and the formation of large gas bubbles, which

are non-destroyable by fission fragments. The principal results on the Kinoshita instability derived

in [8] are presented. A peak in Xe distribution may form due to drift of Xe interstitials in the field

of mechanical strain of a dislocation and irradiation-induced Xe drift in the gradient of vacancy

concentration. Computer simulations of point defects and noble gas atoms behaviour near the edge

dislocations show that in large grains bubbles can nucleate on dislocation lines. In future it is

planned to develop the model more consistent by accounting for dislocations kinetics, irradiation-

induced knock-out of fission gas atoms from grain boundary into the grain bulk and kinetics of

large bubbles growth with account of Xe atoms and vacancies transport.
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Fig. 1. Instability increment dependence on wavelength vector

Fig. 2. Dependence of maximum instability increment on fission rate and on dislocation

density



Fig. 3. Xenon concentration profile along the line perpendicular to dislocation line and

Burgers vector

Fig. 4. Concentration of vacancies near dislocation core without effect of recombination with

Xe atoms



Fig. 5. Concentration of vacancies with taking into account of recombination with Xe atoms

Fig. 6. Comparison of calculated radius of intragranular bubbles with experimental data

[2,11]

Fig. 7. Relative bubble size evolution for different grain sizes



Fig. 8. v ic c  ratio evolution for different grain sizes


