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Abstract

In order to interpret the recent observation that xenon depletion, pore formation, and grain subdivision occur

successively at increasing local burnups, a rate-theory-based model is used to investigate the nucleation and growth of

cavities during low-temperature irradiation of UO2 in the presence of irradiation-induced interstitial-loop formation

and growth. Consolidation of the dislocation structure takes into account the generation of forest dislocations and

capture of interstitial dislocation loops. The loops accumulate and ultimately evolve into a low-energy cellular dislo-

cation structure. The cell walls have been previously identi®ed as recrystallization nuclei. The calculations indicate that

nanometer-size bubbles are associated with this cellular dislocation structure while the observed micron-size bubbles are

presumed to be either preexisting pores deformed by adjacent grains and/or new pores formed in the new recrystallized

grain-boundary junctions. Subsequent to recrystallization, gas released from the recrystallized grains feeds the preex-

isting pores and the recrystallized grains may appear to form a preferential concentration of subdivided grains around

the growing pores. This picture is illustrated in a sequence of photomicrographs of irradiated U3O8: Ó 2000 Elsevier

Science B.V. All rights reserved.

1. Introduction

In a recent paper, Spino et al. [1] described experi-

mental evidence that xenon depletion, pore formation,

and grain subdivision occur successively at increasing

local burnups. The rim region of high-burnup fuels is

characterized by an exponential growth of porosity to-

wards the pellet edge: a narrow band of fully recrystal-

lized porous material exists at the pellet periphery, and a

rather wide adjacent transition zone with partially re-

crystallized porous areas appears dispersed within the

original matrix structure. The pores become more sep-

arated from each other toward the pellet interior, and

Spino et al. [2] observed local-recrystallized regions

around large pores (�1.0±1.5 lm), extending a few sub-

micrometers from the pore surface. For this reason,

models for grain subdivision have been proposed that

interpret the phenomenon as a consequence of the for-

mation of pressurized gas bubbles via a loop-punching

mechanism [2,3]. However, it is di�cult to account for

bubbles of the size observed to be su�ciently overpres-

surized in an irradiation environment. In the tempera-

ture range associated with rim formation (<773 K),

estimates of bubble overpressure are more than a factor

of 3 lower than that required for irradiation-induced

creep of UO2 [2]. Irradiation provides an overabundance

of defects that work toward bubble equilibration.

However, the presence of a cellular dislocation structure

could facilitate recrystallization (grain subdivision) by

the mechanism proposed by Rest and Hofman [4] and

observed by Ray et al. [5] and by Nogita and Une [6]. In

the model proposed by Rest and Hofman, impurities

that form during ®ssioning of the material di�use as

vacancy-impurity complexes to cell walls, where they

Journal of Nuclear Materials 277 (2000) 231±238

www.elsevier.nl/locate/jnucmat

q Work supported by US Department of Energy, O�ce of

Arms Control and Nonproliferation, under Contract W-31-

109-Eng-38.
* Corresponding author.

0022-3115/00/$ - see front matter Ó 2000 Elsevier Science B.V. All rights reserved.

PII: S 0 0 2 2 - 3 1 1 5 ( 9 9 ) 0 0 2 0 1 - 9



e�ectively pin the wall, i.e., the movement of the wall is

hindered. Not all cell walls are uniformly a�ected by

impurities; the walls containing no impurities continue

to undergo subgrain coalescence that results in viable

nuclei for recrystallization. Recrystallization is induced

when the energy per nucleus is high enough that the

creation of grain-boundary surfaces is o�set by the

creation of strain-free volumes, with a resultant net de-

crease in the free energy of the material. In the analysis

presented here, one candidate for such an impurity is

identi®ed as a ®ssion-gas atom.

The interstitial loops accumulate and ultimately

evolve into a low-energy cellular dislocation structure.

Previous calculations of the dislocation density (usually

taken as the interstitial loop line length) have ignored

these constraints on the growth of the loop size distri-

bution [7±11]. To remedy these shortcomings, a coupled

model for the calculation of the dislocation density and

cavity-size distribution in UO2 is presented below.

2. Matrix model

The model consists of a set of coupled equations for

the time rate of change of the vacancy (cv) and inter-

stitial (ci) concentrations, the interstitial loop diameter

(dl) and density (nl), the density of forest dislocations

(fd), the cavity radius (rc) and density (cc), the average

number of gas atoms in each cavity (Ng), and the con-

centration of gas atoms in solution in the fuel matrix

(cg). These equations are

dcv�t�
dt
� K ÿ arcv�t�ci�t� ÿ kv�ql�Dvcv�t�

ÿ 2X1=3bvDvcv�t�nl�t�=pdl�t�; �1�

dci�t�
dt
� K ÿ arcv�t�ci�t� ÿ ki�ql�Dici�t�

ÿ
���
2
p

Dici�t�ci�t�=X2=3

� 2X1=3bvDvcv�t�nl�t�=pdl�t�; �2�

dnl�t�
dt
�

���
2
p

2
Dici�t�ci�t�=X5=3 ÿ 4vl�t�nl=dl�t�

ÿ 2Xÿ2=3bvDvcv�t�nl�t�=pdl�t�; �3�

ddl�t�
dt
� g�t� vl�t�

�
ÿ �dl�t� ÿ d0� n

0
l�t�

nl�t�
�
; �4�

dfd�t�
dt
� d�pnl�t�dl�t��

dt
; �5�

drc�t�
dt
� kv�ql�Dv cv�t�

ÿ ÿ c0
v�t�
�ÿ ki�ql�Dici�t�; �6�

dcg�t�
dt
� Gÿ 16pfnrgDgcg�t�cg�t� ÿ 4pDgrc�t�cc�t�cg�t�

� bNg�t�cc�t� ÿ 6

dg

Dgocg�x; t�
or

����
r�dg=2

; �7�

dcc�t�
dt
� 16pfnrgDgcg�t�cg�t�=Ng�t� ÿ 16pDccc�t�cc�t��;

�8�

dNg�t�
dt

� 4prcDgcg�t� ÿ bNg�t� � 16pDcNg�t�rc�t�cc�t�;
�9�

where

c0
v�t� � cT

v eÿ Pgÿ2c=rc�t�ÿr� �=XkT ; �10�

vl�t� � 2

bv

ziDici�t�� ÿ zvDvcv�t��; �11�

and

q�t� � ql�t� � fd�t�; �12�
where

ql�t� � pnl�t�dl�t�: �13�
In the above equations, K is the damage rate in dpa/s; ar

is the recombination coe�cient (discussed below);

bv � 1
2
ah110i and X are the Burgers vector and atomic

volume, respectively, where a is the lattice constant

�a � 5:47� 10ÿ10 m�; Dv, Di, and Dg are the vacancy,

interstitial, and gas-atom di�usivities, respectively; kv�ql�
and ki�ql� are the vacancy and interstitial sink strengths

[12]; fn is the gas bubble nucleation factor; b is the gas-

atom re-solution rate from bubbles; rg is the gas-atom

radius; G is the gas-atom generation rate in atoms/cm3/s;

zv and zi are the vacancy and interstitial bias factors; cT
v

is the thermal equilibrium vacancy concentration; Pg is

the internal gas pressure in the cavity; r is the external

stress on the cavity (assumed� 0); dg is the grain diam-

eter; and c is the surface energy. The fourth term on the

right-hand side (RHS) of Eq. (2) and the ®rst term on

the RHS of Eq. (3) represent the nucleation of loops by

di-interstitials; the last terms on the RHS of Eqs. (1)±(3)

represent the loss of interstitial loops due to adsorption

of vacancies; the ®rst term on the RHS of Eq. (5) and the

second term on the RHS of Eq. (3) represent the gen-

eration of forest dislocations by loops; the two terms on

the RHS of Eq. (6) represent the change in radius of a

cavity due to the in¯ux of vacancies (growth) and in-

terstitials (shrinkage), respectively; the last term on the

RHS of Eq. (7) represents the di�usion of ®ssion gas

atoms to the grain boundaries. This term is estimated in

a separate 2-D calculation that does not include the

defect behavior equations. Loop growth is treated in a
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straightforward manner. Instead of calculating loop size

distribution, an average loop density, nl�t�, and diame-

ter, dl�t�, is calculated by Eqs. (3) and (4), respectively.

The ®rst term on the RHS of Eq. (4) is the net growth

rate of existing loops, which is the di�erence between the

growth by absorbing interstitials while emitting vacan-

cies and the shrinkage by absorbing vacancies. The

second term is the change of the average diameter due to

the formation of new loops (di-interstitials) with diam-

eter d0 [11]. In Eqs. (1)±(4), direct defect cluster forma-

tion in the cascade has been neglected. In addition,

annihilation of adjacent dislocations due to stress in-

duced glide has been omitted from the RHS of Eq. (5).

The dislocation loops accumulate according to Eq. (3)

and ultimately evolve into a low-energy cellular dislo-

cation structure. It is assumed here that loop growth

(Eq. (4)) continues until a cellular dislocation micro-

structure forms, i.e.,

g�t� � CACq

���������
p

f �m�
r

ÿ dl�t�
���������
ql�t�

p
� 0; �14�

where f �m� � ��lÿ m�=2�=�1ÿ m�, m is Poisson's ratio

(0.31), CA � 3 for cupic cells and Cq is within a factor of

2 or so either way of unity [13]. The condition given by

Eq. (14) is obtained by minimization of the total energy

(dislocation line energy plus the energy stored in isolated

terminating dislocation boundaries). Once Eq. (14) is

satis®ed it is assumed that a stable cellular dislocation

microstructure with a ®xed cell size has been attained. In

reality, the continued pileup of dislocations on the cell

walls will result in a decrease in cell size in order to

maintain the lowest energy con®guration.

When Eq. (14) is satis®ed, the loops can no longer

grow (see Eq. (4)) and the interlocked loops form a

cellular dislocation structure. The dislocations associat-

ed with forest dislocations, fd�t�, are assumed to be lo-

cated primarily on the walls of the cellular dislocation

structure. Thus, fd�t� is absent from the defect sink terms

kv�ql� and ki�ql�. Once Eq. (14) is satis®ed, interstitial

loops and forest dislocations generated within the cells

continue to accumulate on the cell walls and increase the

angle of the wall evolving the cellular dislocation

structure into a subgrain boundary structure. This pic-

ture of recrystallization will be treated in a future pub-

lication.

3. Matrix analysis

Eqs. (1)±(16) were solved numerically for a ®ssion

rate of 2 ´ 1013 ®ssions cmÿ3 sÿ1 and a fuel temperature

of 1073 K. The vacancy and interstitial migration en-

thalpies, evm and eim, respectively, and the dislocation

bias factor for interstitials, zi, are the more sensitive

parameters in the theory for these operating conditions

(low temperature).

The vacancy, interstitial, and gas-atom di�usivities

are given by

Dv � x2
i a2tveÿevm=kT ; �15�

Di � 2

3
x2

i a2tie
ÿeim=kT ; �16�

and

Dg � DT
g � DI

0 f
�
; �17�

where f
�

is the ®ssion rate in ®ssions/cm3/s,

tv�5� 1013 sÿ1� and ti�5� 1012 sÿ1� are the vacancy and

interstitial jump frequencies, respectively, and DT
g is the

thermal component of the gas-atom di�usivity. xi

x2
i � 0:025

ÿ �
is a factor that takes into account the de-

viation from stoichiometry. x2
i has been estimated to be

in the range 10ÿ2±1 [14]. The irradiation-enhanced dif-

fusion coe�cient given by Eq. (17) with

DI
0 � 3:5 � 10ÿ30 cm5 lies within the scatter of the

measured di�usion coe�cients in oxides, mixed oxides,

carbides, and nitrides [15].

Ionic charge e�ects (not included in the rate theory

model given by Eqs. (1)±(9) may be important in point

defect recombination barriers/wells, etc. For an f.c.c.

lattice, the reaction rate constant, ar, for vacancy/inter-

stitial recombination that appears in Eqs. (1) and (2),

assuming that Dv � Di, is given by [16]

ar � 12

x2
i a2

3

2
Di

�
� Dv

�
� 18Di

x2
i a2

: �18�

ar can also be expressed as [17]

ar � 4priv�Di � Dv�=X � 4privDi

X
; �19�

where riv is the radius of the recombination volume.

Thus, comparing Eqs. (18) and (19)

riv � 18X
4p x2

i a2
� 8:25 � 10ÿ9 m: �20�

The value of the recombination volume given by

Eq. (20) is � 5� 104 atomic volumes. The value of the

recombination volume depends on x2
i : larger values of x2

i

result in smaller values of the recombination volume.

For example, x2
i � 1 results in a value of the recombi-

nation volume given by Eq. (20) of �50 atomic volumes.

This value is consistent with calculated estimates for

copper [18], and with empirical (resistivity) estimates for

copper and other fcc metals [19]. The calculated value of

� 5� 104 atomic volumes is considered to be an e�ective

recombination volume arising because of the e�ect of
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stoichiometry due to charged defects in an ionic material

(UO2).

Some comments are in order on the use of a single-

lattice theory model to analyze a two-sublattice material

(UO2). The value of evm used in the calculations (2.4 eV)

is the uranium vacancy migration enthalpy in UO2 [15].

This is the appropriate rate-limiting (slower) point defect

migration enthalpy for a single-sublattice rate theory

model of UO2. The nominal values used for the other

parameters are eim � 0:6 eV and zi� 1.001 (zv� 1). eim is

taken to be the uranium interstitial migration enthalpy

in UO2 and is assumed to be larger than that for the

oxygen interstitial. Because of stoichiometry constraints,

the uranium interstitial migration enthalpy is the ap-

propriate rate limiting (slower) choice for this single-

sublattice rate theory model of UO2 [14,20].

Fig. 1 shows dl�t�
���������
ql�t�

p
plotted as a function of fuel

burnup for three values of zi (Fig 1(a)), and three values

of eim (Fig 1(b)). The nominal values of these parameters

are zi � 1:001 and eim � 0:6 eV: The calculations shown

in Fig. 1 used a value of CACq

������������������
p=�f �t��p � 5 in Eq. (14).

This is at the lower end of the range of values given in

Ref. [13] for copper and aluminum. The results shown in

Fig. 1 indicate that the transition from a ®ne dislocation

loop structure to a cellular dislocation structure occurs

earlier for larger values of zi and eim. For the nominal

values of these parameters (zi � 1:001; eim � 0:6 eV), this

transition occurs at �60 MWd/kg).

Fig. 2 shows the calculated total dislocation density

as a function of burnup for three values of zi (Fig. 2(a)),

and three values of eim (Fig 2(b)). Also shown in Fig. 2 is

the ®t (over the range 6±44 MWd/kg) to the measured

dislocation density [21]. The calculations shown in Fig. 2

indicate that the calculated dislocation density increases

for larger values of zi (Fig. 2) and larger values of eim

(Fig. 2(b)). For the nominal values of these parameters

(zi � 1:001; eim � 0:6 eV), the calculated dislocation

density is in reasonable agreement with the data at 44

MWd/kg. The trend of the calculations shows a linear

behavior as compared to a parabolic behavior as dem-

onstrated by the data. A reason for this discrepancy

could be the absence in Eq. (5) of stress-induced glide

and forest dislocation annihilation processes (such as

annihilation of adjacent dislocations of opposite sign).

Fig. 1. dl�t�
���������
ql�t�

p
as a function of burnup.

Fig. 2. Calculated total dislocation density q�ql+fd as a

function of burnup. Also shown is ®t (over the range

6±44 MWd/kg) to measured dislocation density from Ref. [6].
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The value of the dislocation bias factor used in the

calculation of Figs. 1 and 2 is substantially smaller than

values associated with the swelling of metals (usually in

the range 1±10%). The very small bias (i.e., zi ÿ zv) used

in the present calculations for UO2 is consistent with the

apparent absence of void swelling in this material.

Fig. 3 shows the calculated interstitial-loop diameter

and density as a function of burnup. The calculated total

dislocation density increases rapidly early in the irradia-

tion (due to nucleation of small dislocation loops) and

then increases at an approximately linear rate as the loop

population coarsens (see Fig. 3) and a dislocation network

is generated. The loop density and diameter increase rap-

idly before reaching a saturation value at � 60 MWd/kg.

The results shown in Figs. 2 and 3 are in qualitative

agreement with the behavior observed in Ref. [6] where

dislocation loops were only visible at an intermediate

burnup of�44 MWd/kg. Forest dislocations were present

at all burnups between 20 and 80 MWd/kg. The total

dislocation density (forest and loops) measured in Ref. [6]

increase steadily with increasing burnup between 6 and 44

MWd/kg before reaching an apparent saturation level.

The cell size at steady state, i.e., when

dl�t�
���������
ql�t�

p � 5, is �300 nm. This is the predicted size of

the cellular dislocation structure, or equivalently, the

recrystallization nuclei, and, in the absence of grain

growth, of the recrystallized grains. This value is con-

sistent with those observed by Nogita and Une [6].

Fig. 4 shows the calculated intragranular bubble di-

ameter and density as a function of burnup, compared

with the measured quantities. The calculations shown in

Fig. 4 were made with the value of the bubble nucleation

factor fn� 1, and the value for the gas-atom re-solution

rate from bubbles b� 0. A key assumption of the gas-

bubble distribution calculation shown in Fig. 4 is that

the e�ects of irradiation-induced re-solution of ®ssion-

gas bubbles on subgrain boundaries are small because of

the relatively strong sink-like property of the boundary.

This assumption is generally accepted as valid for high-

angle boundaries that result from fabrication processes

[22]. The assumption made here for the subgrain

boundaries is consistent with the observations reported

in Refs. [6,21] that tangled dislocation networks with

low-angle subgrain boundaries are formed by the inho-

mogeneous accumulation of dislocations.

The calculated bubble diameter (dashed line in Fig. 4)

increases as a function of burnup and is consistent with

the trend of observed intragranular bubble diameters

(triangles in Fig. 4) reported in Refs. [6,21]. The calcu-

lated bubble density (solid line in Fig. 4) increases

rapidly with burnup, peaks at �5 MWd/kg, and subse-

quently decreases with increasing burnup. This behavior

follows the trend of the observed bubble density (circles

in Fig. 4), which peaks early in the irradiation period

and subsequently decreases with burnup. The reason for

the decrease in the bubble density is bubble coarsening

due to bubble±bubble interaction. The small bubbles on

the cell walls are not calculated to contact each other

due to geometrical considerations, but to interact due to

surface di�usion processes. Decreasing the value of fn

decreases the height of the peak of the bubble density

curve shown in Fig. 4 (for example reducing fn to a value

of 0.1 lowers the value of the peak from �8 to

� 2� 1023 mÿ3). Increasing the value of b (for example

to a value of 10ÿ6) totally eliminates the peak: the bubble

density increases throughout the burnup range.

The interpretation given here that the observed

nanometer-size bubbles are associated with the cellular

(or subgrain) dislocation structure is consistent with

observation. In particular, a subgrain structure is ob-

served to begin forming in the fuel at a burnup between

30 and 44 MWd/kg [6]. The boundaries of this subgrain

microstructure will act as a sink for ®ssion gas and will

deplete the intragranular gas density. Di�usion of gas to

subgrain boundaries along with intergranular bubble

interconnection is responsible for the loss of ®ssion gas
Fig. 3. Calculated interstitial-loop diameter and density as a

function of burnup.

Fig. 4. Calculated intragranular bubble diameter and density as

a function of burnup. Also shown are measured average bubble

size (triangles) and number density (circles) from Refs. [6,21].
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from the fuel (i.e., xenon depletion). Subsequent to re-

crystallization, bubbles on the grain boundaries are

calculated to interconnect (see Section 4).

The bubbles are calculated to be near or at equilib-

rium pressures. The lack of substantial overpressuriza-

tion is due to the relatively high dislocation density

(Fig. 2) that acts as a sink for interstitials. On the other

hand, the lack of substantial bubble underpressurization

is due to the relatively low bias used in the calculations.

Interstitial depletion results in an enhanced vacancy

concentration in the lattice. These excess vacancies are

absorbed not only by dislocations, but also by intra and

intergranular cavities.

4. Analysis of pore behavior in recrystallized fuel

Recall the observation made in Ref. [2] of pores

having diameters of 1±1.5 lm that are surrounded with a

preferential concentration of subdivided grains. The

models for grain subdivision that have been proposed to

interpret this phenomena as a consequence of the for-

mation of pressurized gas bubbles via a loop punching

mechanism are not supported by the above calculations,

which indicate that the small intragranular bubbles are at

or near equilibrium pressure. For these bubbles to be

overpressurized (given the observed bubble-size distri-

bution from Ref. [6]), a substantial decrease (one order of

magnitude) in the observed dislocation density is esti-

mated to be required. This is because a reduced dislo-

cation density facilitates increased defect recombination,

and a resultant reduction in vacancy availability for

bubble relaxation. In addition, it is quite apparent from

Fig. 4 that the calculated (and observed) bubble size is

substantially below the bubble diameters observed in

Ref. [2]. The conclusion reached here, therefore, is that

the bubbles observed in Ref. [2] must have some preex-

isting origin, e.g., that is related to the as fabricated po-

rosity or of intergranular nature, i.e., that have formed

on recrystallized grain-boundary junctions. Sintered as-

fabricated porosity has been observed to remain in UO2

fuel at 23 MWd/kg [23]. However, recent TEM studies in

as-fabricated UO2 have demonstrated the presence of

abundant submicron pores with highly strained sur-

roundings, very similar to the rim pores, but without the

associated grain subdivision [24]. A possibility exists that

these kinds of pore, contributing only slightly to the total

porosity because of their small size, survive in-pile

densi®cation. Thus, a signi®cant number of these as-

fabricated pores might survive irradiation so as to serve

as precursors of the characteristic rim-pores observed at

high burnups. In the prestrained regions near these

micropores, the here- described dislocation cell forma-

tion could be preferentially initiated.

To assess the e�ect of recrystallization on the be-

havior of preexisting porosity, a calculation of bubble

growth was performed with the GRASS-SST code [25].

The calculation takes into account ®ssion gas behavior

within the fuel matrix, di�usion to surfaces (e.g., grain

boundaries), and bubble interaction on surfaces. Fig. 5

shows GRASS-SST calculated ®ssion-gas-bubble-size

distribution on recrystallized grain boundaries irradiat-

ed at 773 K to 66.6 MWd/kg. The grains are assumed to

be spherical and to have a diameter of 0.3 lm. The

calculations show that the intergranular bubble sizes are

in the nanometer range. This is consistent with inter-

granular bubbles observed in recrystallized regions of

UO2 fuel (see Fig. 7 of Ref. [26]). Also, shown in Fig. 5 is

the calculated pore diameter assuming a ®xed density of

preexisting pores (this density is taken from that derived

from measured two-dimensional data of Refs. [1,2]). In

the calculation, the gas feeding the pores is that released

from the intergranular interconnected porosity in the

recrystallized material surrounding the pores (the cal-

culated fractional release at 66.6 MWd/kg is � 10%).

The calculated diameter of the preexisting pores is in the

range of the measured average pore diameter data as-

sociated with local recrystallized zones from Ref. [2].

Thus, the calculations shown in Fig. 5 support the

premise that the observed bubbles in Refs. [1,2] are ei-

ther preexisting pores deformed by adjacent grains and/

or new pores formed in the new recrystallized grain-

boundary junctions.

5. Supporting experimental observations

Prior to the discovery of the RIM e�ect in LWR

high-burnup fuel, a very similar occurrence of grain-re-

Fig. 5. GRASS-SST calculated ®ssion-gas-bubble-size distri-

bution on recrystallized grain boundaries (open circles) and for

preexisting pores in the recrystallized region (solid triangle) at

66.6 MWd/kg. The average grain size and irradiation temper-

ature used in the simulation was 0.3 lm and 773 K, respectively.

Also shown are derived three-dimensional porosity data asso-

ciated with local recrystallized zones from Ref. [2] (solid circles).
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®nement in uranium oxide±aluminum dispersion fuel

was reported [27]. The fuel in this case consisted origi-

nally of U3O8 particles, but due to chemical interaction

with the Al matrix the central part of the fuel particles

was reduced to U4O9, a compound very similar to UO2.

An example of the microstructural changes in the center

of these fuel particles is shown in Fig. 6. The similarity

with SEM micrographs of the RIM in LWR fuel [28] is

striking. The purpose of recalling this earlier study is to

o�er support for the premise of the present paper, i.e.,

gas bubbles are not the primary initiators of grain-re-

®nement but rather a result thereof.

Fig. 6(A-1) shows the center of a fuel particle at

approximately 80 MWd/kg burnup. Grain-re®nement

has occurred in some areas, (within the patchy regions).

In these areas, small grains with diameters <0.5 lm can

be observed. This agrees with the reported beginning of

the RIM structure at a similar burnup [28]. The larger

spherical pores in the unrestructured fuel, certainly the

very large one in the center, are the remnants of original

as-fabricated porosity. In contrast to observations re-

ported in Ref. [2], recrystallized material surrounding

these large pores is not apparent in Fig. 6(A-1). As

shown in Fig. 6(A-2), these preexisting ± to grain-re-

®nement ± pores do not appear to be preferentially as-

sociated with the grain-re®ned patches. The pores in the

grain-re®ned structure are rather irregular in shape and,

in the context of the present model, are either preexisting

pores deformed by adjacent new grains and/or new

pores formed in the new grain boundary junctions. At

approximately 130 MWd/kg, as shown in Fig. 6(B-1),

grain-re®nement has occurred in total, the larger pre-

existing pores are incorporated in the new microstruc-

ture while, as shown in Fig. 6(B-2), smaller pores have

developed heterogeneously on the re®ned grain boun-

dary structure.

6. Conclusions

The relationship between xenon depletion, pore for-

mation, and grain subdivision proposed in this paper is

the result of the natural evolution of the fuel micro-

structure. Irradiation-induced interstitial-loop formation

and growth generates forest dislocations. Consolidation

of this dislocation structure in a lower-energy cellular

pattern results in subgrain boundary formation. The

formation of subgrain boundaries in the material pro-

vides short di�usion distances for the matrix gas. In ad-

dition, once the gas reaches the boundaries, intergranular

Fig. 6. Example of the microstructural changes in the center of uranium oxide±aluminum dispersion fuel particles irradiated to

80 (A-1) and (A-2) and 130 (B-1) and (B-2) MWd/kg burnup.
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bubble dynamics lead to long-range porosity intercon-

nections that provide pathways for ®ssion-gas release to

free surfaces. Thus, ®ssion-gas release, or conversely Xe

depletion, is initiated. Continued irradiation leads to the

growth of intergranular bubbles on subgrain boundaries.

Subsequently, irradiation-induced recrystallization oc-

curs in the material surrounding the bubbles. The process

of recrystallization provides additional driving forces for

enhanced intergranular bubble growth (e.g., sweeping up

of matrix gas, etc.). Gas released from the recrystallized

material will feed preexisting pores (e.g., as-fabricated

porosity). The recrystallized grains may appear to form a

preferential concentration of subdivided grains around

these pores [1]. This picture is illustrated in a sequence of

photomicrographs of irradiated U3O8; and is counter to

models of subgrain division (or oriented dislocation re-

distribution) that are based on matrix strain ®elds in-

duced by the balance between pore gas inner pressure

and external stress [29].

In previous work [4], cellular dislocation walls were

postulated to be potential nuclei for recrystallization.

The stored energy in the material is concentrated on the

cell walls. The fraction of immobile walls increases with

dose due to interaction with mobile, irradiation-pro-

duced impurities (i.e., vacancy±solute pairs). The above

analysis suggests that a possible candidate for such an

impurity is a ®ssion-gas atom. This premise is supported

by studies that suggest that ®ssion gas di�uses in

Schottky trios, trivacancies consisting of one U and two

O vacancies [30]. Presumably, di�usive jumps of the gas

atom are correlated with jumps of the slowest moving

specie, the uranium vacancy.
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