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Abstract

The standard approaches for modelling of the intra- and intergranular bubbles evolution in the UO, fuel are
critically analysed on the basis of available experimental data. It is demonstrated that the main disadvantage of the
simplified treatment of the problem by the standard models can be associated with underestimation of the radiation
effects at low temperatures (below 1500°C) and thermal effects at high temperatures (above 1500°C). The presented
analysis allows a quantitative description of the bubble nucleation mechanism, adequate modelling of the bubble
diffusion growth, and evaluation of the intragranular bubble number density and stable size attained under steady
irradiation conditions. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The influence of fission gases generated in oxide fuels
during irradiation on fuel performance has been the
subject of many investigations over the past 40 yr. The
fission inert gases are known to precipitate into bubbles.
The growing bubbles cause the fuel to swell. In addition,
fission gas bubbles retained in the fuel on grain surfaces
and edges can cause radical changes in the fuel micro-
structure. These changes in the fuel microstructure can
then result in an enhanced gas release and fuel swelling.

Any model that attempts a realistic description of
fission gas release and swelling as a function of fuel-
fabrication variables and a wide range of reactor oper-
ating conditions must treat fission gas release and fuel
swelling as coupled phenomena and must include many
mechanisms influencing fission gas behaviour. Current-
ly, the most advanced models which include the mech-
anistic description of these phenomena are the numerical
codes GRASS-SST [1], FASTGRASS [2], VICTORIA
[3]- These codes consider the effects of production of gas
from fissioning uranium, bubble nucleation, a realistic
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equation of state for xenon, lattice gas diffusivities based
on experimental observations, bubble growth, migration
and coalescence, re-solution, temperature and tempera-
ture gradients, interlinked porosity, etc.

However, some of the code models seem to be
oversimplified and do not allow a realistic description of
many observed phenomena. The basic assumption of
these models is connected with the bubble state de-
scription by the so-called ‘capillarity’ relation and the
quasi-stationary approximation for the bubble growth
based on this relation. Such an approach radically sim-
plifies the theory, since in this case the defect structure of
the crystal (including point defects, such as vacancies
and interstitials, and extended defects, such as disloca-
tions) is practically excluded from consideration (with
the exception of some simple effects such as athermal
behaviour of the gas and uranium atom diffusivities in
the irradiated crystal). However, this consideration is
well grounded only for the description of equilibrium
crystals and generally fails under irradiation conditions
when the fuel matrix is oversaturated with the point
defects (vacancies and interstitials).

In parallel to the fuel behaviour investigations, ex-
tensive experimental and theoretical studies of the metal
crystal behaviour under irradiation conditions were
carried out (e.g. [4-6]). Results of these investigations
unambiguously demonstrated a great influence of point
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defects generated under similar (to the fuel) irradiation
conditions on the bubble nucleation and growth in
metals. However, these results were mainly unaccounted
in the models dealing with the bubble porosity evolution
in the oxide fuel, despite the general character of many
theoretical conclusions.

In the present paper an attempt is made to extend the
general approach of the irradiated metal description to
the modelling of the bubble behaviour in the UO, fuel.
It is demonstrated that in some cases the standard ap-
proach for the bubble behaviour in the fuel (based on
the capillarity relation) can be really used (for example,
at high temperatures above 1500°C). However, in other
cases a more realistic description of bubble interactions
with non-equilibrium point defects must be applied.
Hence, the radiation effects unaccounted in the models
[1-3] become especially important in the case of the large
bubbles evolution (observed on the grain faces and, after
temperature transients, in the bulk of the grains), since
in these cases the mechanism and rate of the fuel
swelling and gas release through the open porosity may
be strongly underestimated by the standard approach
(see Sections 2 and 5).

Naturally, a similar approach to the metal descrip-
tion leads sometimes to quite different results for the
fuel, since many parameters of the two systems differ
significantly. For example, the mechanism of small
bubble interactions with fission fragments in the fuel,
associated with the bubble relaxation in the short living
(=~107!! s) molten zone of fission tracks (considered in
Section 2), can strongly change the intragranular po-
rosity evolution. Or, a relatively small value of the self-
diffusion coefficient in the fuel (in comparison with that
in metals) leads to a significant extension of the initial,
so-called ‘recombination’ stage of irradiation when the
main sink of point defects is their mutual recombination.
As a result, this allows the direct calculation of the
bubble nucleation factor (determined in the codes [1-3]
as a default value varying in a wide range), or a natural
explanation of the stabilisation of the bubble number
density observed under steady irradiation conditions
at T < 1500°C and its self-consistent calculation
(Section 3).

On the other hand, in the case of high temperatures
(= 1500°C) when radiation effects in the fuel can be
mainly neglected, the codes [1-3] generally underesti-
mate thermal effects in the fuel, namely, they do not
consider the thermal resolution of gas atoms from
bubbles. These effects strongly influence the bubble
nucleation mechanism which, at these temperatures,
becomes associated with the fluctuation formation of a
finite size critical nucleus as well as the bubble evolu-
tion in a late stage of irradiation when the thermal
resolution apparently determines the observed
stabilisation of the bubble radius and number density
(Section 4).

2. Intragranular porosity

Electron microscope examinations as well as con-
ventional optical metallography, scanning electron mi-
croscopy and replica techniques, of uranium dioxide
irradiated to doses > 10" fissions/cm?® at temperatures
in excess of 800°C have shown high concentrations
(107-10" ecm~3) of small intragranular fission gas bub-
bles. The distribution of the fission gas bubbles is of
interest because it influences swelling and gas release.
For example, in conditions in which the gas does not
precipitate or forms very small bubbles, the gaseous
component of swelling will be less than in the case of
large (low pressure) bubbles. The precipitation of in-
tragranular gas bubbles will reduce the gas atom con-
centration in the lattice and will reduce gas release by
atomic diffusion.

2.1. Standard approach

In the majority of the currently existing models for
the fission gas behaviour in the UO, fuel, the mechanical
equilibrium state with respect to surface capillary forces
of bubbles is expressed by the capillarity relation:

p—pr=2y/R, (1)

where p is the internal gas pressure, p, the external hy-
drostatic pressure, R the radius of the bubble, y the
surface energy, is the usual approximation for the de-
scription of the growing intragranular bubbles (e.g. see
[1-3,7-9]). In the case of the deviation from this state,
for example, due to coalescence of two bubbles, it is
proposed that the newly formed bubble quickly attains
the equilibrium state after some characteristic relaxation
time by the vacancy diffusion mechanism. This approach
is usually based on the kinetic equation for the diffu-
sional growth of bubbles [10]:

dR/di = (Du/R){1 — exp[(p — pn — 2y/R)Q/KT]},  (2)

where D, =~ D,c¢, is the U atom self-diffusion coefficient,
D, and ¢, the vacancy diffusion coefficient and bulk
concentration, respectively; Q is the vacancy volume in
the UO, matrix (@ ~4.1 x 1002 cm?®). In accor-
dance with Eq. (2) the quasi-stationary state of a bubble
(dR/dt=0) is characterised by the capillarity relation,
Eq. (1).

2.2. Correct description

However, such an approach becomes incorrect in
many cases, since Eq. (2) is valid only for the equilibri-
um crystals, i.e. when the concentration ¢, of vacancies
does not exceed the thermal equilibrium value
¢, Otherwise, for crystals oversaturated with the
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non-equilibrium vacancies, a more adequate expression
has the form [11]

dR/dt = (Du/R){1 — (¢t/cy)
exp[(p — pn — 27/R)Q/KT}; 3)

thus, the capillarity relation, Eq. (1) does not correspond
anymore to the quasi-stationary state (dR/dz =0) if (cJ9/
¢y) < 1. Moreover, under irradiation conditions the
bubble growth is determined also by the diffusion of the
non-equilibrium interstitials and the correct expression
takes the form [4,5]

dR/dt = (Du/R){1 = (Bi/B,) — (] ey)
expl(p — pn — 2y/R)Q/KT]}, (4)

where f; = Djc;, fy = Dycy, D; and ¢; are the interstitial
diffusion coefficient and bulk concentration, respective-
ly. This equation can be also rewritten in the form

dx/dt = Dox'*(3Q/4m) (1 = Bi/B){1 — (c9/cy)
(1—B./B) " expl(p — pn — 2y/R)Q/KT)}, (5

where x is the amount of vacancies comprising the void,
ie. x=(4/3)nR}/Q.

As it will be shown below, at T < 1500°C the value of
(cy/cY) attains several orders of magnitude (e.g. (c4/
¢,)~10™ at T=1000°C), whereas (1-p;/B,)~ 1072
Therefore, the application of the capillarity relation,
Eq. (1) becomes invalid under these conditions, since the
quasi-stationary state of a bubble (dR/d¢=0) derived
from Eq. (5) corresponds to a new relationship:

(P —pn = 27/R)Q = —kTIn[(c. /cF)(1 = Bi/By)]- (6)

At 1000°C the difference between Ap =p—p, and the
capillary pressure 2y/R is negative (i.e. corresponds to
depressurised bubbles) and attains ~ 10k7T/Q ~ 10 GPa,
and continues to increase with the temperature decrease
(along with the increase of (c,/c5%)).

At T > 1500°C, as shown below, the radiation-in-
duced concentration ¢, really does not exceed the ther-
mal equilibrium value ¢%; thus, Eq. (2) becomes valid at
high temperatures. However, at 7' < 1500°C, applica-
tion of Eq. (4) instead of Eq. (2) for the bubble growth
can strongly change the kinetics of the intragranular
porosity evolution.

In order to demonstrate this statement, it is sufficient
to consider the behaviour of a solely growing bubble
during a time interval between two subsequent collisions
with other bubbles. It should be noted that the Brown-
ian mobility of bubbles is considered in many theoretical
papers to be significant (mainly on the basis of obser-
vations [12]), leading to a relatively high frequency of
mutual collisions. However, in the subsequent tests [13]
it was clearly demonstrated, that at 7' < 1800°C the
Brownian motion of bubbles is negligibly slow, owing to
the high facetting of their surface (and/or to the ‘5-metal

particles’ attachment invariably observed in large bub-
bles [14]). Therefore, the time between two subsequent
collisions of a bubble (in the absence of temperature
gradients in the grain) is really very large. In this case the
analysis of the growing bubbles behaviour can be per-
formed on the basis of Egs. (2) or (5) along with the
corresponding kinetic equation for the number of gas
atoms N in a bubble:

dN /dt = 3D,c,(3Q/4m) x'/
x [1 = NK,(3Q/4m)" | (3Dyeox' )], (7)

where D, and ¢, are the gas atom diffusion coefficient
and bulk concentration (number of gas atoms per U
atom), respectively, K, is the rate of the radiation-in-
duced resolution of gas atoms from a bubble; and with
the Van-der-Waals equation of state:

p(xQ — bN) = NkT, (8)

where b=8.5x107% cm’/atom is the Van-der-Waals
constant for the Xe gas. Since b is very close to 20, in the
following consideration Eq. (8) will be represented in the
simplified form:

pQ(x —2N) ~ NkT. (8)

For small bubbles, however, the Van-der-Waals ap-
proximation might be too rough [15] and a more realistic
equation of state (EOS) should be used in the numerical
calculations. In the present paper in order to perform
analytical calculations and/or estimations, this (Van-der-
Waals) approximation will be applied.

It should be noticed, however, that Eq. (7) based on
the usual consideration of the gas subsystem in the
models [1-3], lacks a term corresponding to the thermal
resolution of gas atoms from bubbles. Neglection of
such a term is often grounded, however, in many im-
portant cases it does not allow a correct description of
the system behaviour (in particular, at 7 > 1500°C, as
shown below in Section 4).

2.3. Qualitative analysis of bubble evolution

It is rather illuminating to perform the analysis of the
two differential equations (in the simplest case, Egs. (2)
and (7)) in terms of the phase portrait of the system,
Fig. 1 (compare with [5, 16]). Intersection of two nodal
lines dx/d¢=0 and dN/d¢=0 determines a critical point
I of the stable node type, i.e. particles (gas atoms (V) and
vacancies (x)) move toward the node from all quadrants
in the neighbourhood. In the case of applicability of the
ideal gas law (instead of more realistic Eq. (8)) the nodal
lines are described by relationships N ocx*?and
Nocx!73, respectively. The critical point apparently de-
termines the radius of the stable bubbles and explains
the validity of the ‘bimodal’ bubble size distribution,
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dx/dt=0; (Nocx??)

dN/dt=0; (Neacx'?)

X
Fig. 1. Schematic diagram of nodal lines in the simplest case of
‘capillary’ bubble evolution. Velocity vectors and the critical
point I (stable node) are indicated. x, N are amounts of va-
cancies and gas atoms, respectively, comprising a bubble.

observed in the steady-state tests and usually repre-
sented by the models based on Egs. (2) and (7). When a
bubble deviates from this stable state, diffusion fluxes of
the gas atoms and point defects arise which return the
bubble back to the initial state.

For small bubbles with R<5 nm corrections to the
ideal gas law become valid, and in the Van-der-Waals
approximation for very small bubbles with R~ 1-2 nm
the nodal line dx/df=0 can be satisfactorily described
by the limit expression x = (b/Q)N ~ 2N. In this case the
radius of the stable bubble determined by the intersec-
tion of the two nodal lines (i.e. the critical point I) is

Ry = (6Dgcg/Kg)l/2- )

In the case when Eq. (2) is substituted by Eq. (5), the
nodal line dx/d¢=0 is described by the equation [16]

N = [xIn(S,) — Ax**]/{(b/Q)[In(S,) — Ax"/}] = 1},
(10)

where S, = (¢, /) (1-Bi/B,), A=(2/3)(36nQ?)"/3/kT, and
changes its form with temperature decrease, Fig. 2. At
some temperature below 1500°C (i.e. when S.>1) the
second critical point II (of the saddle type) appears
which can be reached from the first critical point only
due to thermal fluctuations and/or collisions of bubbles.
Along with a further temperature decrease the two
points approach each other and finally disappear. For
the above presented values of the parameters (cS9/
¢,)~107* and [1-(B/B,)] =~ 1072 attained at T=1000°C,
the critical points are knowingly absent, Fig. 3. In this
situation bubbles grow unrestrictedly (along the dashed
line in Fig. 3). This is generally in contradiction with
observations [17-20], which is evidence that the size of
bubbles stabilises (R~ 0.5-1 nm) the growth in some

N‘r

Fig. 2. Nodal lines in the case of non-equilibrium crystal
oversaturated with point defects. Two critical points I (stable
node) and II (saddle point) are indicated.

N g

dN/dt=0

T TT T Ty

Fig. 3. Nodal lines and trajectory of growing bubbles (dashed
line) in the absence of critical points (corresponding to the low
temperature case in Fig. 2).

period of time in the reactor steady operation regimes in
a wide temperature interval (from 800°C to 1800°C).

2.3.1. Small bubble relaxation mechanism

The main reason for this discrepancy of the theory
with observations is apparently connected with an un-
accounted additional physical mechanism of bubble in-
teractions with fission fragments. Up to now such
interactions were considered only in the equation for the
gas subsystem (i.e. Eq. (7)) in the form of the radiation-
induced resolution of gas atoms from bubbles. However,
one should also take into consideration interactions of
fission fragments with the vacancy subsystem which
becomes especially important for small bubbles (R~ 1
nm). Indeed, in accordance with the contemporary mi-
croscopic theory of the material interactions with high
energy fission particles (see, for example, [21]), molten
zones appear in the fission fragment tracks during some
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short time interval t*~10-''s. Despite the apparent
smallness of this time interval, it appears to be large
enough for high temperature annealing of a small bub-
ble with R~1 nm and its (partial) relaxation to the
equilibrium state in the molten zone of the track with
diameter ~10 nm. Such a state in the liquid phase is a
mechanically equilibrium bubble described by the cap-
illarity relation, Eq. (1), and the relaxation time to this
state can be estimated as t, ~ R/vs, where v, is the sound
velocity in the melt. This estimation can be deduced in a
similar way to the solution of the problem of an empty
void shrinkage in the incompressible liquid [22] by
generalisation to the case of a gas filled void, [23].
Assuming v,~10°m/s, R~1 nm, one gets T~
10712s < 7

The simplest way to account for this mechanism is the
introduction in Eq. (5) of an additional term, describing
bubble relaxation as a result of its collisions with fission
fragments. Under the assumption that the path volume
Vi is equal to w2 L, where r, ~ 5 nm, L~ 6% 10~* cm are
the track radius and length, respectively, a mean time
between collisions of a small bubble with particles is es-
timated as 1o~ 2V F)~' ~ 10% s, where F~ 10" s~! cm™3
is the fission rate [21]. Correspondingly, an additional
term K, (x—xp(N)) is introduced in Eq. (5), where K, <
7!, and x(N) corresponds to the capillarity relation
expressed in terms of the values x and N. In the consid-
ered case of small bubbles with R < 1 nm this relation is
completely determined by the Van-der-Waals constant
b~8.5x10723 cm? and can be reduced to the form x; (N)
=~ (b/Q)N =~ 2N. A proportionality factor in the relation
K, < 15! may significantly differ from 1 reflecting the
probability of incomplete relaxation of a bubble during
short-term (t* ~ 10~!! s) annealing in the molten zone of
a track. Finally, one gets instead of Eq. (5):

dx/dr = D, (3Q/4m) % A (1 = B./B){1 — (¢9/c,)

x (1= pi/B,) " expl(p — pn — 29/R)Q/KT]}
— Ky(x —x (V). (11)

Analysis of Eq. (11) shows that the additional term in
the r.h.s. recreates the critical point at the intersection of
the two nodal lines dx/ds=0 and dN/dt=0 and, thus,
leads to the stabilisation of the bubble radius in the
steady stage of irradiation also in the case of low tem-
peratures (see Fig. 4).

2.3.2. Large bubble evolution

It should be emphasised, however, that the above
proposed mechanism of small bubble annealing be-
comes invalid for bubbles with a diameter substantially
exceeding the width of the fission particle tracks
(2R > 10 nm). Under steady irradiation conditions this
limitation is insignificant, since the radii of the bubbles
are stabilised and usually do not exceed ~1-2 nm.

N‘r

dx/dt=0

X

Fig. 4. Nodal lines with account of the small bubble relaxation
mechanism (leading to the transformation of Fig. 3).

Under transient conditions the situation can radically
change. For example, it was observed in the tests [24]
that during a power transient the fuel temperature rises
rapidly, leading to the growth of large (10-500 nm
diameter) fission gas bubbles. Such large bubbles can-
not be annealed in the molten zone of tracks and
probably conserve their dimension x or reduce it but
essentially less effectively (for example, by the vacancy
radiation resolution mechanism similar to the above
discussed gas atom resolution from bubbles). In this
case the system behaviour is again described by the
phase portrait similar to Fig. 3, i.e. large bubbles (with
R>5 nm) formed during the transient period grow up
unrestrictedly, without any preference to the ‘capillary’
state.

Since in this case (in the absence of restrictions im-
plied by the capillarity relation, Eq. (1)) the gas atom
diffusion is not anymore the rate determining step of the
bubble growth kinetics, on the one hand, and owing to a
relatively small value of the gas atom flux to the growing
bubble (e<Dyc,) in comparison with the effective flux of
point defects (<D, (1—-fi/,)), on the other hand, bubbles
become essentially depressurised and grow up very
rapidly (along the dashed line in Fig. 3) in comparison
with the usually proposed evolution (along the nodal
line dx/dt=0). In particular, this may lead to a signifi-
cantly larger and quicker swelling of fuel than usually
expected.

3. Irradiation effects

Essential factors determining the system behaviour
and entering in Eq. (3) are the non-equilibrium point
defect concentrations ¢, (vacancies) and ¢; (interstitials).
For their calculation one can use the rate theory con-
tinuum model of Brailsford and Bullough [25]:
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de,/dt =
dCi/dt =

K + K. — Dycyk? —
K — DiCikiz —

aDicicy,
(12)

aDicicy,

where K is the atomic displacement rate, K. the rate of
thermal vacancy production, kﬁ(i) the sink strength for
vacancies (interstitials), o the recombination constant
(~4nr./Q, where r. ~0.1-0.5 nm). Under PWR reactor
normal operation conditions K= Fz,Q , where F is the
fission rate, z,~ (1-5)x 10° is the damage formation in
the fission track volume, Q~4.1x1072* cm® is the
specific volume of the uranium atoms, thus, for the
typical value F=10" cm~3s™!, one can estimate
K~107-10"% s~
If voids and dislocations are the only fixed sinks:

kf =4np R+ Z,py, ki2 =4np,R + Zipy, (13)

where pp, and pyg are the void number and dislocation
density, respectively; the dislocation sink strength con-
stants Z, and Z; for vacancies and interstitials are of the
order of unity, but Z; is a few percent larger due to the
higher elastic interaction between dislocations and in-
terstitials, than with vacancies.

For the calculation of the bulk concentrations ¢, and
¢, the grain boundary sink strength k2 b can be ne-
glected in comparison with the bulk sinks k2 . (after some
initial irradiation period when k2, becomes >1010 cm™2),
since

k;.b/kle.i ~ 3/(Rekvi) < 1,

where R, is the grain radius [25].
In the steady state (dc,/dt=dc¢;/dt=0) the general
solution of Egs. (12) is

= (Dyk2 /2D30) [~ (1 + ) + (1 + ) + )],
= (k2 /20)[=(1 — ) + (1 + p)* + )",
where

n=40K/(DKK)), p=

(14)

’

Ken/(4K) (14)

3.1. Low temperatures, T<1500°C

A T < 1500°C, K. < K; as it will be demonstrated
below. On the other hand, n occurs to be rather large
(>1) during a very long initial stage of the steady-state
period of irradiation. Indeed, at T~ 1000°C D, ~ 10—
1072 cm?/s (see Eq. (18) and/or compare with data
presented in [26]), and the relationship n>>1 is valid
until the parameters k?, k? attain the value ~10'-
102 cm™2, i.e. practically up to the maximal observed
number density of the bubbles (with R~~1 nm),
pp~10"7-10"" cm~3. At higher temperatures (up to
1500°C) this relationship is valid in a slightly reduced
range of the parameter k7; variation owing to some
possible increase (within one order magnitude, [26]) of

D,. At lower temperatures (below 1000°C) the uranium
self-diffusion coefficient D, becomes completely ather-
mal and independent of temperature:

D, ~ AF,

where 4~ 1.2x107% cm?® [25,26]; thus, D, ~107'° cm?/s
at the fission rate F~ 10" cm™3 s~!. As shown below
(Eq. (18)), D, becomes also temperature independent
and, thus, the applicability range of the relationship
7> 1 does not reduce. This is a rather important con-
clusion, since in this case the general solution, Eq. (14)
can be radically simplified:

¢y ~ (KQK! |4 d2k2Dy) ' ~ (KQ/4mr.Dy)"?, (15)

Dici ~ Dvcv(ké/kf), (16)

i.e. ¢y, ¢; become practically independent of the amount
of voids and dislocations in the crystal, since the mutual
recombination of the point defects dominates in this
stage. Owing to D, =~ D,c, = Djc;, finally one gets

¢y = KQ/4nr Dy, (17)

~ 4nr D} JKQ. (18)

Correspondingly, at 7 < 1000°C (D, =~ 107! cm?/s) one
gets ¢, ~ 107, D, ~ 107" cm?/s. At higher temperatures
(up to 1500°C), D, increases slowly up to its thermal
value at 1500-1600°C, D, = 10~'5 cm?/s. Therefore, the
calculated value of ¢, reduces to ~107°, i.e. ¢, attains its
equilibrium value at ~1500°C, ¢ ~ exp(-2.2 eV/kT) ~
6x 1077 [26].

3.1.1. Nucleation factor

It is important to notice that Eq. (17) allows the
calculation of the so-called nucleation factor Fy, intro-
duced in many models as a default value (usually vary-
ing in a wide range 107*-1077) to determine the
probability that two gas atoms that have come together
actually stick and form a bubble [1-3]. It is easy to un-
derstand that for the stability of such a bubble at least
one vacancy must be located in the position of the two
atoms collision; otherwise, the formed bubble will im-
mediately disintegrate. This can be demonstrated if one
formally extends the bubble state equation, Eq. (8), to
small bubbles with N =2. Indeed, it is generally accepted
now that gas atoms diffuse in neutral trivacancies (i.e.
clusters of a U vacancy and two O vacancies), or
charged trivacancies (i.e. clusters of two U vacancies and
one O vacancy), rather than in single vacancies [25,26].
In the first case (neutral trivacancies) at least three
additional U vacancies are necessary to form after
collision a stable bubble obeying a restriction of Eq. (8):
x/N = b/Q>2. Such an event has a very low probability
proportional to ¢}. However, in the second case (charged
trivacancies) only one additional vacancy is necessary.
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The probability that a vacancy is located in a certain
position (of a two atoms collision) is exactly equal to the
vacancy bulk concentration ¢,. In this case the nucle-
ation factor can be deduced from Eq. (17):

Fn =c¢y = KQ/4nr.D,. (19)
Therefore, at 7" < 1000°C

Fy & 2,07 JATr A,

or

Fu~ 107 - 1074 (20)

and at higher temperatures (up to 1500°C) Fy smoothly
reduces within one order of magnitude (along with the
possible increase of D,):

Fyr 10— 107, (21)

These values are in reasonable agreement with the de-
fault value Fy ~ 107*-1077 accepted in Refs. [1-3].
Hence, this result can be considered as an indirect con-
firmation of the charged trivacancy diffusion mechanism
of gas atoms in UO, at high temperatures.

Above 1500°C the thermal equilibrium concentration
c9 should be used for evaluation of the nucleation fac-
tor:

=~ &~ exp(—2.2eV/kT). (22)

It should be kept in mind, however, that the obtained
results for the nucleation factor Fy are valid until the
critical nucleus size is small in comparison with the
minimal bubble size, Ry =2y/(c Pilcs)<(3QIm)'/? (see
Section 4.2). Otherwise, the correct description should
be based on the calculation of the activation barrier for
the fluctuation formation of the critical nucleus (see
Section 4.3). Thus, Egs. (20)-(22) are valid only in a
certain gas concentration range, attained during various
periods of irradiation (e.g. under steady irradiation
conditions they are not valid during some initial (‘in-
cubation’) period at each temperature and during a late
stage period at high temperatures, see Section 4.3).

3.1.2. Sink strengths

In order to calculate the parameter (1-fi/f,) at
T<1500°C which at these temperatures is equal to
1-(K2/k?) (see Eq. (16)) and, thus, becomes a small value
(«1), one should take into account that in this case an
additional problem of calculation of the dislocation
density pg (determination of the dislocation sink
strength Z;,pq) arises. In the initial stage of irradiation,
when the bubble number density p, is low while the
dislocation density is finite and determined by the ori-
ginal state of the crystal (usually estimated as pg ~ 10°
cm™?), 4npy R < Z;py; therefore, one gets k7 ~ Zipq, k?
~ Z,pg, and 1= Bi/B, =~ 1-Z,/Z; ~ 1072 from Eq. (13).

Along with the irradiation dose increase, the bubble
number density p, and dislocation density pg simulta-
neously increase. While the bubble sink strength 4np, R
does not exceed the dislocation sink strength Z;,pq , the
value 1 - f;/f, remains the same. From the analysis of
the equation for the radius Ry of the growing interstitial
dislocation loops (with the Burgers vector b) [28]

dRy/dt = b (ZDic; — Z,Dycy)
~ b ' Z,Dve\[(Z:) ) (k; [K) — 1],

it is straightforward to see that while 47p, R < Z;ypq is
valid (i.e. k2 =~ Zpy, k* = Z,py), the dislocation loop
growth is strongly suppressed (with respect to the bubble
growth):

dRL/dt X [(Zi/zv)(zv/zi) - 1] — 0.

In the opposite case of a large number density of bub-
bles, 4np,R> Z;i p4, and k? = k? ~ 4npy R, the bubble
growth turns to be suppressed (with respect to the loop
growth), since from the equation for the growing bubble
radius:

dR/dt =~ R (Dyc, — Dicy);
in this case one can deduce
dR/dt =~ R™'Dyc,(1 — K2 /k}) — 0.

Therefore, it is logical to assume that after some time the
relationship 4mp,R ~ Ziyps becomes valid, and the
further growth of the bubbles and dislocation loops
occurs self-consistently, in accordance with this rela-
tionship. In this case 1- i/, remains ~10~2. Indeed,
this conclusion can be selectively confirmed by some
data found in the literature. For instance, in the tests [24]
both densities p, and py were measured after some pe-
riod of the steady irradiation: p, =~ 10'® cm™3, pg ~ 10'°
cm~2, and the mean bubble radius R ~ 4 nm, thus, the
approximate equation 4np,R ~ Z;,pq was really valid.

After completion of the ‘recombination stage’, n < 1
and dislocations and bubbles become the main sinks
determining the steady-state concentration of the point
defects, i.e. Eqgs. (15) and (16) become invalid. As al-
ready mentioned, at 7" < 1500°C the transition to the
new regime occurs at a late stage of the steady irradia-
tion, when the bubble number density attains p,~ 1017
10" cm3. In the new regime the general steady-state
solution Eq. (14) can be reduced to the form

Cy & K/kav, or K~ kaVcV ~ kau.

As already mentioned, at 7' < 1000°C D, depends only
on the fission rate F and does not depend on tempera-
ture. At higher temperatures (up to 1500°C) D,
smoothly increases within one order of magnitude.
Therefore, in the new regime k2 attains the steady value:
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~K/D, =~ z,Q/A. (23)

This value depends weakly on temperature, being k2 ~
10"-102 cm~2 at T < 1000°C and possibly reducing
within one order of magnitude at 7' < 1500°C. More-
over, in all these cases k2 corresponds to the maximum
value attained in the recombination stage (see Section
3.1). Indeed, after substitution of Eq. (18) in Eq. (14°)
one can see that the value k2=K/D, calculated in
Eq. (23) determines the upper limit of the recombination
stage providing n=1.

This means that the maximum value of k2 attained at
T < 1500°C in the recombination stage is practically
final and does not increase anymore during the subse-
quent stage. Since k%,i =4np,R+ Z,;ipq, and, as shown
above, 4npy, R =~ Z;,py, then the attained stabilised value
of the bubble number density is p, ~ 10'7-10'® cm~3 (for
the bubbles with R ~ 0.5-1 nm), in a fair agreement with
experimental data for the number density observed un-
der steady irradiation conditions [17-20]. Thus, using
the most recent and reliable data [20] one can evaluate
4npyR ~ 6x 10" cm~? in a wide temperature range 900
1700°C.

3.1.3. Bubble system stabilisation

In order to evaluate a relationship between the values
k? and R in the stage of the bubble system stabilisation,
an additional consideration of the gas atom conservation
should be carried out. In this stage all generated gas at-
oms diffuse to the grain boundaries (without being cap-
tured by the stabilised, or ‘saturated’ intragranular
bubble system), thus the balance equation takes the form

GQ = kg_b_Dgcg,

where G=fF, f ~ 0.25 is the number of gas atoms
generated per one fission, kg ~ 3k,/Ry an approximate
expression for the sink strength of the grain boundary
(under condition k7 >>k;,) [25], Ry &~ 5 um the grain
radius. Using Eq. (9) for the bubble radius, Ry = (6Dyc,/
K,)'/?, one gets a relationship for the radius Ry of the
stabilised bubbles:

Ry = (6Dyc/Ky)"? ~ (2BQRy: [boky)'?, (24)
where by = K,/F is assumed ~107-10"17 cm?® [29,30].
Thus, with temperature increase from 1000°C to 1500°C
the bubble radius slightly increases by a factor 1.5-1.8
(along with a k2 decrease within one order of magni-
tude), 0.6 nm < Ry < 1 nm, in reasonable agreement
with observations (e.g. [20]). Since k? s 4nRy v, for the
total volume of bubbles V3, (per cm®) one gets

Vo = 4nR3 p,/3 ~ 2BQR Ky /3by.
The stabilised volume calculated in this equation cor-

responds to the total amount (per cm?) of the gas atoms
in the bubbles ¢, ~ Vi/b ~ V}, 12Q:

Co & PRyky/3by ~ 10" atoms/cm’, (25)

in reasonable agreement with the measurements
[19,20,31]. In these tests performed in a wide tempera-
ture interval 1000-1700°C and various burnups exceed-
ing 2x 10% fissions/cm?, the total amount of gas atoms
in bubbles was ~(1-3)x 10" cm~ and the radius of
bubbles was ~0.6-1 nm.

It is interesting to note that this result can be used for
independent evaluation of the radiation resolution
factor by. Using the experimentally measured value ¢, ~
(1-3)x 10" atoms/cm?, one obtains from Eq. (25)

~ BRyky/3cp, ~ 10751077 cm?, (26)

in the above indicated measured temperature and irra-
diation ranges, that is in a reasonable agreement with
more direct (but relatively rough and performed for
large bubbles R < 5-7 nm) measurements of K, = Fb in
[29], K, ~ 107°-10~* s7!.

The estimation of b, obtained in Eq. (26) can be also
justified by the following consideration. In the tests [20]
with a burnup of 2x10% fissions/cm?, the gas concen-
tration in the matrix did not exceed the total generated
value 5x 10 em™3, ie. ¢, < 2x107%, Thus, using the
first part of Eq. (24) for the 1000°C test (in which Ry =
0.5-0.6 nm and D, ~ 8x10~!7 cm?*/s [32]), one deduces
the upper limit for the radiation resolution rate,
K, <3.2x107* (or by < 3.2x10717 cm?, if F=10" fis-
sions/(cm® s)). At such a low temperature ¢, was really
very close to the total generated value 5x10" cm™3,
since ¢, was evaluated in [20] as ~ 1x 10" atoms/cm?
(i.e. only ~20%) and the gas content in the intergranular
bubbles is even smaller (10-15%) at this temperature
[33]; thus, the calculated upper limit K, &~ (2-3)x 107% s~!
should be very close to the real value.

This value practically coincides with the latest mea-
surements [30] and can be further used for the evaluation
of Dyc, from the experimental data [19,20,31] for the
bubble radius:

Dycy = R2AKy /6 = (2 —5) x 107" cm?/s. (27)

This equation determines the stabilised value of c,, if one
uses data for D, from [32], which are generally accepted
and well confirmed (for example, by recent measure-
ments [34]), see Table 1.

3.2. High temperatures, T>=1500°C

At T = 1500°C the thermal effects dominate over the
radiation ones, K. > K, and the general solution,
Eq. (14), self-consistently transforms into

¢, ~ K. Jk2D, ~

2 2) (28)
Dic; = Dyey(k; /k)) (K/Ke) < Dyey;

therefore, 1— f;/f, =1—(Dici/Dycy) = 1.
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Table 1
The single gas atom diffusion coefficient in UO, under irradiation, F ~ 10'* fissions/(cm? s) (after Turnbull [31])
T (°C) 800 1000 1100 1200 1300 1400 1500 1600 1700
D, (em*s)  2x107V 8x 10717 1.5x1071¢  45x1071 1.7x107%  6.3x107% 2x107! 58x107  3.8x10713

In contrast with the low temperature case, Eq. (28)
does not imply any limitations to the value of k2.
Therefore, additional (thermal) mechanisms should be
considered in order to explain the observed stabilisation
of this parameter at high temperatures.

4. Thermal effects

As already mentioned in Section 2.2, an additional
term representing the thermal resolution of gas atoms
from bubbles is usually not considered in the equation
describing the behaviour of the gas subsystem, Eq. (7)
[1-3]. It will be demonstrated here, however, that at high
temperatures namely such a process determines the
mechanism of bubble nucleation, becomes responsible
for the observed stabilisation of the bubble number
density at a late stage of steady irradiation and signifi-
cantly influences the gas system behaviour during high
temperature annealing of irradiated fuel.

4.1. Thermal resolution of gas atoms from bubbles

In the Van-der-Waals approximation the account of
the thermal resolution of gas atoms from a bubble
transforms Eq. (7) into the following one:

dN/dt = 3Dy, (3Q/4m) %'/
x [1 — (3Q/41)° NK, / (3Dgcex')
— (p/pe)exp (b(p — pe) /KT)], (29)

where p =kTN/Q(x—2N) is the bubble pressure (p>>py)
and p. the partial gas pressure in equilibrium with the
solid solution of gas atoms in the fuel matrix, which
determines the critical nucleus radius R =2y/p.. As-
suming Henry’s law behaviour up to the terminal solu-
bility ¢, one gets p. = (ps/cs)c,. However, the ratio (p,/c)
is unknown, thus, it can be only roughly evaluated from
the available indirect data. It is known from the litera-
ture [35] that the solubility of He in UO, measured in the
pressure range 5-10 MPa at 1200°C, yields (ps/cs) =
1.5x10'2 Pa. On the other hand, for the fission gas (Xe
and Kr) it can be evaluated on the base of observations
[36] that under steady irradiation conditions at
T=1200°C visible bubbles appeared at burnup of
~3x10" fissions/cm?, which corresponded to the gas
concentration ¢, ~ 3x107*. Assuming that a bubble
formed due to sticking of two atoms (see Section 3.1.1)
and continues to grow up if its radius R = (3Q/n)"/? ex-
ceeds the critical nucleus radius R, one gets an esti-

mation at T=1200°C: (ps/c;) ~ 3x10'3 Pa. This value
will be used hereafter for quantitative estimations,
bearing in mind that it can increase with temperature in
accordance with the Arrhenius law. A similar conclusion
about the existence of the critical nucleus size associated
with the observed threshold value of the gas concen-
tration, was derived in Ref. [31].

4.2. Bubble system stabilisation at high temperatures

It is clearly seen that when the second (irradiation)
term in Eq. (29) dominates over the third (thermal) one,
the steady solution dN/df=0 determines the critical
point I, calculated in Eq. (9) and stabilised under the
condition of Eq. (27), Dyc, = R%K,/6. On the other
hand, when the third term dominates over the second
one, the steady solution determines the critical nucleus
size: Rer = 2y/(cqpslcs). At temperatures 800-1000°C (D,
~ (2-8)x 1077 cm?/s [32], Ry ~ 0.5-0.6 nm [18,20]) the
value of ¢, attained under the stabilisation condition,
Eq. (27) is rather high, ¢,* ~ 1073~102 and corresponds
to a very small value of R, * < 0.1 nm. This means that
at low temperatures the irradiation induced resolution
always dominates over the thermal one. However, with
the temperature increase the value ¢, * decreases, leading
to the increase of the critical nucleus size R.* in the
stabilised state. Coincidence of the two radii Rj* ~ R.*
~ 1 nm occurs (assuming K, ~ (1-3)x 107 s7!, (py/c;) ~
3% 10" Pa) when D, ~ (0.3-1)x107* cm?/s, i.e. at T ~
1400-1500°C. At T > 1500°C, when the saturation
condition, Eq. (23), is not anymore valid, the bubble
system stabilisation occurs under the condition Ry = R,
which determines the value of the attained concentration
e ~ (292 K,¢5%3ps2D,)'/? and corresponding radius R ~
(129D4cs/psKe)' 3.

With the temperature increase from 1500°C to
1700°C the diffusion coefficient D, increases approxi-
mately by one order of magnitude, leading to the critical
bubble radius increase R, o Dé/ 3 by a factor of 2. In
reality the observed increase of the bubble radius is
somewhat smaller (=1.3—1.5 times) [20]; this apparently
can be explained by the unaccounted Arrhenius depen-
dence of the factor (ps/cs) on temperature in Henry’s law
for the solid solute of gas atoms.

In terms of the system phase portrait (see Section
2.3), the above described qualitative consideration can
be presented in the following way. As soon as the critical
nucleus size exceeds the interatomic distance, a new
critical point III (of the saddle type) appears at the in-
tersection of the two nodal lines, Fig. 5. With further
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I

Neacx

X
Fig. 5. Nodal lines in the high temperature case (7" > 1500°C)

with account of the thermal resolution of gas atoms from
bubbles. Saddle point III corresponds to the critical nucleus.

decrease of ¢, the critical point approaches to the other
intersection point I (which determines the steady size of
bubbles), and finally coincides with this point, Fig. 6.
This situation corresponds to the final state of the
bubble system evolution, stabilised with respect to both
the bubble size and density number under steady irra-
diation conditions.

Indeed, since the range of the bubble size growth
(between points III and I in Fig. 5) reduces to zero
(Fig. 6), the bubble radius is completely stabilised. Since
this radius corresponds to the critical nucleus, on the
one hand, and significantly exceeds the interatomic dis-
tance, on the other hand, the probability of new bubbles
generation at this stage is exponentially small. More-
over, if one assumes that new bubbles nevertheless ap-
pear after some long period of time, the subsequent
reduction of the gas atom concentration ¢, leads to the

dx/dt=0
1< I TP
.~'7Voc
x* T x

Fig. 6. Nodal lines in the case of the two critical points I and 111
coincidence, corresponding to stabilisation of bubble size and
number under steady state irradiation conditions at
T > 1500°C.

separation of the nodal lines (dashed line in Fig. 6) and
to the disappearance of the critical point (i.e. the critical
nucleus size). In its turn, this immediately leads to the
initiation of the bubbles resolution, the ¢, increase, and
the recreation of the stabilised state of the system. It is
worthwhile to note that such a state is rather similar to
the state described by the Lifshitz—Slyozov point in the
theory of the late stage precipitation and thermal
coarsening in solid solutes [37]. Therefore, the given
quasi-stationary state is stable and corresponds to a late
stage of steady irradiation when all the generated fission
gas atoms diffuse to the grain boundaries without cap-
ture by the stabilised (with respect to the bubble size and
number) system of the intergranular bubbles.

Exact numerical calculations of the two nodal lines
(in the Van-der-Waals approximation for gas atoms in
bubbles) are presented in Figs. 7-10 and completely
confirm the above presented qualitative consideration
(based on the ideal gas law) illustrated in Figs. 5 and 6.

4.3. Bubble nucleation mechanism at high temperatures

As indicated above, nucleation of bubbles is observed
only at a relatively high gas concentration ¢, ~ 3x 1074,
when the critical nucleus size R, = 2y/(cyps/cs) becomes
less than the minimum stable bubble (N=2) size
R=(3Q/m)'/. At 1400°C this value ¢, ~ 3x10™* (at-
tained after ~ 10° s of irradiation) exceeds the stabilised
value ¢,* ~ 3x107° attained later (after 10’-10% s) and
determined by Eq. (27). This means that after ~10° s of
irradiation (when the final concentration ~3x 107> was
initially reached) bubbles were unable to nucleate (since
the critical nucleus radius was too large, R.; ~ 1 nm) and
the gas concentration continued to increase until the
critical nucleus size was reduced to (3Q/n)'/? ~ 0.3 nm.
There upon the gas concentration in the matrix began to
fall down owing to nucleation and growth of bubbles,

75+ 1
60+
«
)
T 45T
=
30 -+
154
10.0 125 143 157 R nm
100 200 ,300 400
X*10

Fig. 7. Numerical calculation of the two nodal lines and one
critical point I at 7'~ 1500°C and high gas atom concentration,
¢, =107? (other parameters: Dy =107 cm?/s, K, =107 s71).
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Fig. 8. Numerical calculation of the two nodal lines and two
critical points I and III at 7 s 1500°C and ¢, =4x 10~ (other
parameters: D, = 1071* cm?/s, K, =107 s71).
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Fig. 9. Numerical calculation of the two nodal lines and two
coinciding critical points I and IIl at 7 =~ 1500°C and
¢, =2.5%107, corresponding to the bubble system stabilisation
(other parameters: D, =10~ cm?/s, K, =107 s71).
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Fig. 10. Numerical calculation of the nodal lines and critical
points at 7 ~ 1500°C: the same as Fig. 9, but K, =10"*s~" and
¢ =5x1073,

until the stabilised value ¢, * was finally attained. Such a
behaviour at high temperatures (with somewhat de-
creasing ¢, = 2y(n/3Q)13(py/c) ™!, owing to the Arrhenius
dependence of pg/c; on temperature) differs qualitatively
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Fig. 11. Schematic representation of the concentration ¢, evo-
lution with time under steady irradiation at various tempera-
tures.

from that at lower temperatures (see Fig. 11), since at
T<1200°C the gas concentration in the matrix monot-
onously increases up to the finally stabilised value
(which is >3x107*, according to Eq. (27)), corre-
sponding to a small critical nucleus size, R, < 0.3 nm.

For this reason, at high temperatures in the stage of
the gas concentration decrease, bubble nucleation occurs
with some activation energy according to the Volmer—
Zeldovich mechanism [37]. Correspondingly, the bubble
nucleation process at 7> 1200°C becomes more hetero-
geneous with the temperature increase and can be asso-
ciated with the increased efficiency of fission particle
tracks as probable nucleation sites. This is in accordance
with electron microscopy observations [20,31] of the in-
creasing amount of bubbles on tracks with temperature
(from ~10% at 1500°C [31] up to ~100% at 1800°C [20]).

Naturally, under conditions of a finite size of the
critical nucleus the description of the bubble formation
by the constant nucleation factor Fy (considered in
Section 3.1.1) becomes invalid, and the correct descrip-
tion has to be based on the calculation of the activation
barrier E, for the fluctuation formation of the critical
nucleus, Fy «< exp(—E,/kT).

4.4. Thermal coarsening of bubbles during post-irradiation
annealing

A relatively rapid growth of the intragranular bub-
bles owing to the gas atom diffusion from the solid
matrix is usually observed during high temperature an-
nealing of irradiated fuel [29,33]. A noticeable decrease
(by several orders of magnitude) of the bubble number
density occurs simultaneously with the bubble size in-
crease. This process of the bubble number decrease in
the currently existing models (codes) is usually associ-
ated with the Brownian motion of the bubbles leading
to their coagulation (via direct collisions) into larger
ones in the grain bulk and transport to the grain
boundaries. However, even a simple evaluation of the
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experimental data shows that a rather low mobility of
the bubbles at 7' < 1800°C measured in [13] does not
allow a correct description of the bubble sizes and
number densities observed in the annealing stage. For
this reason, additional mechanisms of the bubble dif-
fusivity increase under annealing conditions should be
invoked (and will be published elsewhere). A comple-
mentary mechanism of the bubble growth under an-
nealing conditions can be associated with the thermal
effects, discussed in the current Section 4 and generally
unaccounted in the standard analysis of the bubble
system behaviour.

Indeed, in the absence of irradiation (K — 0 in
Eq. (12)), the subsystem of point defects (vacancies and
interstitials) attains rather quickly its equilibrium state
(¢y; =c}}) in the annealing stage. This relaxation time at
the annealing temperature 1500°C can be estimated
from Eq. (12) as teq ~ (Dyk?)~! &~ 1071072 s, where
D, =~ 107°-10"' c¢cm?/s is the thermal value of the
vacancy diffusion coefficient [26]. A slower process of
bubble growth occurs owing to the gas atom and point
defect diffusion transport to bubbles. Since Dyc, <D,
where D, ~ 1071°-10~1 cm?/s is the thermal value of the
uranium self-diffusion coefficient, the gas transport de-
termines the bubble growth rate during the annealing
stage. During this growth, extended defects such as
dislocation loops, grain boundaries, etc. serve as sources
for vacancies (necessary for the bubble growth) and af-
ford the equilibrium concentration of the point defects
in the crystal bulk. This may explain the observed dis-
location creep and enhanced bubble growth by disloca-
tion sweeping under annealing conditions [17]. Despite a
relative slowness of this process (in comparison with
thermalisation of point defects), sinking of gas atoms
into bubbles may occur during a few minutes or seconds
at high temperatures. Hence, under conditions of the
tests [29,33], in which fuel samples irradiated at 7 ~
900°C [33] and 700°C [29] to a burnup of ~2x 10% fis-
sions/cm® were annealed at T=1500°C during 5 h, the
characteristic time 7, of diffusional sinking of gas atoms
into bubbles is estimated as 1, & (Dgk2)™! ~ 10% s.

Neglecting the thermal resolution term in Eq. (27),
one obtains that the gas atom concentration c, falls
down practically to zero during the time interval <10%s
of the annealing stage. In reality, however, the critical
nucleus radius R = 2y/[cy(ps/c,)] increases along with ¢,
decrease and attains the mean value of the bubble radius
R at some small but finite value of ¢, (=10~ according
to estimations in Section 4.2). There upon the rapid
diffusion sinking of gas atoms into bubbles ceases and a
slower process of the bubble thermal coarsening (Ost-
wald ripening) commences. This process is qualitatively
equivalent to the late stage precipitation in solid solutes
described by the Lifshitz—Slyozov theory [37] and cor-
responds to a slow growth of the ‘supercritical’ bubbles
(R = R.) and dissolution of ‘subcritical’ bubbles

(R < Ry), affording a simultaneous increase of the mean
bubble radius R and the critical radius R, with R, ~ R.
It should be emphasised that the analogy between the
considered case of the bubbles growth and the Lifshitz—
Slyozov model turns to be very close until bubbles are
sufficiently small. Indeed, small bubbles with R< 5 nm
are strongly pressurised and thus satisfactorily described
by the high-pressure limit expression for the Van-der-
Waals gas: Q, ~ b, where €, is the specific volume of gas
atoms in a bubble, b ~ 2Q is the Van-der-Waals con-
stant (see Eq. (8)). For this reason, the diffusional
growth of a small bubble is described by the equation

dR/d ~ Dye,b(R — Re) [R = (2D,/R)(A = o/R), (30)

where A4 = (b12Q)c, ~ ¢y, 0 = (b/2Q)cs Rer = cgRer = 29(ps/
¢)~!. This equation is similar to the corresponding
equation in the Lifshitz—Slyozov theory, allowing direct
application of these theoretical results to the considered
case of the small bubbles growth.

However, it should be taken into consideration that
for larger bubbles, R ~ 5 nm, the gas state equation,
Eq. (8), is more complicated and the bubble growth
equation, Eq. (30), correspondingly changes its form. In
the low pressure limit (large bubbles) when the Van-der-
Waals equation transforms into the ideal gas law, the
bubble growth equation takes the form

dR/dt = Dyco(1 — Rt /R)KT /2y
= Dy(4 — 0/R)KT /2y, (31)

which has a different power dependence on R in the
r.h.s., loosing the analogy with the Lifshitz—Slyozov
theory. For this reason, one should expect also an other
power dependence on time in the final asymptotic for-
mulas of the theory.

For the semi-quantitative analysis of the experiments
[33,29] in which the mean bubble radius increased up to
~2-5 nm [33] and 2.5-3.3 nm [29] during the annealing
stage, one should take into account that the formal
application of the Lifshitz—Slyozov theory results is only
partially valid (until R<5 nm). For the further ana-
lytical consideration this limitation will be ignored,
keeping in mind that such a simplified procedure allows
only a rough evaluation of the final system state.

The above introduced parameters 4, ¢ and R
completely determine the long-term asymptotic behav-
iour of the system. The characteristic time scale of the
thermal coarsening problem is

T = R;,(0)/Dyo,

where R (0) is the critical radius value in the beginning
of this stage, £=0. Since the thermal coarsening com-
mences when R.. =~ R, the value R..(0) can be satisfac-
torily estimated as ~1 nm (see Section 4.2). Using the
above estimated value of (py/c,) =~ 3x10"3 Pa and D, ~



M.S. Veshchunov | Journal of Nuclear Materials 277 (2000) 67-81 79

2x10~'* cm?/s, one obtains ¢ ~ 0.5x10~'" ¢cm and the
characteristic time scale t* ~ 5x10° s. Since the an-
nealing time (1.8x10* s) is somewhat larger than this
time scale, the asymptotic expressions of the Lifshitz—
Slyozov theory derived in the limit # > t* can be used for
the approximate description of the final state of the
bubble system:

pu(t) = 0.50/2D,0t, (32)

where py is the intragranular bubble number density, O
is the total concentration of gas atoms in the bulk of the
grain in the thermal coarsening stage (including gas at-
oms both in the grain matrix and in the intragranular
bubbles), and

R~ (8aD,1/9)". (33)

Since the fission gas release at 7=900°C [33] and 700°C
[29] in the irradiation stage of the tests was negligibly
small (in comparison with the total generated amount of
~ 5x 10" atoms/cm?) and the grain boundary bubbles
had a rather small number density, practically all gen-
erated gas was in the bulk of the grains (in the matrix
and intragranular bubbles) at r=0, corresponding to Q
~ 2x1073. Therefore, according to Egs. (32) and (33) in
the end of the annealing stage (¢ ~ 1.8 x 10* s) the bubble
number density and the mean bubble radius attain the
values pg') ~ 2.5%107 cm™® and RV~ 1.2 nm, in no-
ticeable disagreement with the measured values pf,’ N
2.4x10" cm~? and R~ 2-5 nm.

However, an agreement can be much better if one
takes into consideration that during the initial stage of
annealing, 7, < 10° s, a significant reduction of the gas
atom concentration ¢, occurs. Simultaneously such de-
fects as vacancy clusters (up to several nm in diameter,
< Dy14), stacking fault tetrahedra, etc. which were
formed under irradiation damage and afforded strong
trapping of gas atoms [14], are recovered during this
time interval. In this case the diffusion coefficient of gas
atoms may significantly increase and approach to its
‘unperturbed’ value measured in the tests with low
damage and gas concentration [14,27]. At 1500°C, the
unperturbed diffusion coefficient is about 4 x 107! cm?/s
[14], hence, using an intermediate value for D, in the
range between two limiting values, 2x10~'* and
4x10712 cm?/s (say, D, = 2% 10713 cm?/s), one can get an
excellent agreement for the calculated bubble size (FU )~
2.6 nm) and number density (p!/) ~ 2.5x10'6 cm~?) with
the measurements [29,33]. Further improvement can be
attained if bubble collisions will be additionally taken
into consideration. In this case thermal coarsening oc-
curs simultaneously with the bubble coagulation process
and thus results in increased bubble sizes and decreased
bubble number densities.

With the increase of annealing time and temperature,
the effect of thermal coarsening becomes more pro-

nounced. Indeed, in this case the mean bubble radius
can exceed the above mentioned value 5 nm, and the
bubble radius growth will occur much quicker in ac-
cordance with Eq. (31). Under the main condition of the
Lifshitz— Slyozov theory, R.. = R, it is straightforward
to show that Eq. (32) conserves its form:

pu(t) o< O/ oDyt
whereas Eq. (33) transforms into a new one:
R o t(DyokT /79),

corresponding to a more rapid radius growth. In this
case after annealing at 1500°C during 72 h the mean
bubble diameter can increase up to 100 nm in accor-
dance with observations [38].

Generally, on the base of the above presented qual-
itative analysis one can conclude that the thermal reso-
lution process becomes essential for the description of
the annealing tests, and additionally confirms the ne-
cessity of the corresponding thermal term introduction
in the code equations (e.g. the third term in the r.h.s. of
Eq. (29)).

5. Intergranular porosity

As in the case of the intragranular porosity (see
Section 2.1), the evolution of the intergranular porosity
is usually considered in the quasi-stationary approxi-
mation of mechanical equilibrium bubbles (e.g. [1-
3,9,39,40]. Such an approximation is based on the the-
oretical work [41], in which the kinetics of the inter-
granular bubble growth determined by the diffusional
flux of the grain boundary vacancies was considered.
According to [41], the grain boundary vacancy flux is
evaluated as

Jev.  (2mw/L)DE (! = ¢y(p))

= (2mw/L)DE* {1 — exp|(p — pn — 27/p)Q/kT]}
~ f(2nw/L)Dﬁ'b'(P —pn —2y/p)Q/kT, (34)

where D% is the grain boundary vacancy diffusion co-
efficient, D&% = D&®¢% is the grain boundary self-diffu-
sion coefficient, w is the boundary thickness, p is the
radius of curvature of the pore, L = 1 is a function of the
fraction of the grain boundary area occupied by pores;
thus, the quasi-stationary state (J,. = 0) corresponds to
the mechanically stable bubble:

p—pn—2y/p=0. (35)

However, applying these results to the UO, fuel it
was generally ignored that the original model [41] did
not consider an irradiated crystal. Under non-equilibri-
um conditions of the irradiated crystal the vacancy
concentration in the grain bulk may be so high that the
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vacancy flux J; from the interior of the grain to the
boundary exceeds the grain boundary vacancy flux Jgy,..

In order to determine the applicability range of the
standard approach, one should compare the two fluxes.
In accordance with Eq. (4):

Jy = dnpDye {1 — Bi/B, — (¥ /cy)
exp[(p — pn — 27/p)Q/kT]}
~ dnpD,ct[(1 — B;/B,)(cv /)
— 1= (p=pn—2y/p)Q/kT}; (36)

thus, the ratio of the two fluxes is

Jeb. g = (D5 /Du)(w/p)[(p — 1 — 27/ p)Q/KT]/
(1= (1= Bi/B)(ev/c)
+ (P — v — 29/ p)Q/KT]. (37)

As demonstrated above, the radiation effects become
negligible at 7 > 1500°C (in comparison with the
thermal ones), and (1 - fBi/fy)(cy/cS?) ~ 1. Therefore,
since the value (D&%/D,) ~ 10° is extremely large [42],
Job.1Jg > 1 and the approach of [41] can be reliably ex-
tended also to the case of the irradiated fuel at
T > 1500°C.

However, at lower temperatures, 7 < 1500°C the
expression (1 - fi/f,)(c,/ci?) becomes >1, thus, J, # 0
when p—pp—2y/p =0, and the above mentioned quasi-
stationary condition Jyp, =0 leads to Jyy,./J; — 0. This
means that in reality the bubble state determined by the
capillarity relation Eq. (35) is not stationary but corre-
sponds to the bubble growing due to the diffusional flux
of the point defects from the bulk of the grain. There-
fore, for instance at 1200°C, when (1-pSi/fy)(cy/
¢9) = 10, for large bubbles with p > 10> nm the con-
dition Jyp /J, > 1 is valid only for p—p, = 10x(2y/p),
whereas for p > 1 um it is only for p—p, = 102x(2y/p).

It is quite clear that in such a situation both processes
of the bulk and grain boundary point defect diffusion
should be considered self-consistently in order to des-
cribe the evolution of large intergranular bubbles (with
p>10 nm). Such a consideration shows that the bulk
diffusion starts to dominate already at 1300-1400°C,
This allows the description of the large intergranular
bubble evolution by a line of the type represented by the
dashed line in Fig. 3. Indeed, since the internal pressure
in such bubbles is rather small (in comparison with the
capillary one, see Section 2.3.2), then, as seen from
Eq. (37), the grain boundary vacancy flux turns to be
really negligible in comparison with the bulk one.
Hence, for instance at 1300°C, [(2y/p)—p]QR/kT =~ (2y/p)
QIkT = 1072 for p ~ 1 pm; therefore, Jyp /J, = 107!, The
maximum size of bubbles growing by the grain boun-
dary diffusional mechanism also quickly decreases with
the temperature decrease. Thus, the growth of all the
intergranular bubbles with p > 10 nm can be described at
temperatures below 1100°C neglecting the grain boun-

dary vacancy diffusion flux, i.e. the standard approach
based on the equilibrium crystal model [41] is not valid
in this temperature range.

Since in this case (corresponding to the dashed line in
Fig. 3) the kinetics of the bubble size growth are deter-
mined by the point defect flux rather than by the gas
atom flux (as it was in the standard approach, see Sec-
tion 2.3.2), the bubble growth rate becomes significantly
higher. For the same reason, the internal pressure in
such bubbles is rather low (in comparison with the
capillary one). Both these factors can lead to a signifi-
cant underestimation of the value and rate of the fuel
swelling by the standard models, and can radically
change the behaviour of the system even qualitatively.
For instance, during formation of the open porosity on
the grain faces, the channels formed by the bubble
chains will practically conserve their form after the gas
release from these bubbles (see dash—dotted line in Fig. 3)
and will not shrink (as in the models for the ‘capillary’
bubbles, e.g. [9]). This in its turn will additionally in-
crease the gas release rate from the fuel.

6. Conclusions

In the present paper the standard approaches for
modelling of the inter- and intragranular bubbles evo-
lution in the UQ, fuel are critically analysed on the basis
of the available experimental data. It is demonstrated
that the main source of errors in the simplified treatment
of the problem by the standard models can be associated
with the underestimation of
o the radiation effects at temperatures below ~1500°C

(where these effects dominate over the thermal ones);
e the thermal effects at temperatures above ~1500°C

(where these effects dominate over the radiation

ones).

At low temperatures (< 1500°C) the generally ac-
cepted quasi-stationary approximation based on the
capillarity relation for growing bubbles fails, since non-
equilibrium point defects generated in the fuel under
irradiation conditions significantly change the behaviour
of growing bubbles at these temperatures, especially in
the case of large bubbles formed on the grain faces or
during transients in the bulk of the grains. In particular,
this may lead to a significant underestimation of the
value and rate of the fuel swelling. On the other hand,
the presented analysis of the defect structure evolution
allows a quantitative description of the bubble nucle-
ation mechanism, as well as the evaluation of the bubble
number density and stable size attained under steady
irradiation conditions.

At high temperatures ( > 1500°C) the thermal reso-
lution of gas atoms from bubbles generally unaccounted
in the standard models, becomes the dominant process
leading to a significant increase of the critical nucleus of
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bubbles and, as a result, change of the mechanism and
kinetics of the bubble generation. On the other hand, a
self-consistent consideration of the thermal and radia-
tion-induced resolution processes allows a natural ex-
planation and a quantitative description of the bubble
size and the number stabilisation observed also at high
temperatures under steady irradiation conditions. Under
post-irradiation annealing conditions the thermal
mechanism determines coarsening (Ostwald ripening) of
bubbles and allows a satisfactory description of the high
temperature annealing tests.
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