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many different sets of parameters for typical irradation conditions in both fast and
thermal reactors. Typical results are given in the text, and the broad parametric study is
contained in Appendices. The equated quantities are the concentrations of gas in
dynamical solution, in intragranular bubbles and at grain boundaries, as well as the
local swelling rate.

As a typical example, some calculations for a fast flux irradiation experiment
(DS irradiation) with mixed (U, Pu) oxides are given which show that experimental
swelling curves can be reasonably well predicted with acceptable parameters. Conversely,
the comparison of calculations and experimental results can serve to better determine
such important parameters as cffective in-pile diffusion coefficients. In addition, the
relative importance of gas bubble mobility and sweeping phenomena etc. can be
evaluated in this way.
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ABSTRACT

Model calculations on fission gas behaviour and fuel swelling during reactor operation
are presented. In its present form, the model allows to quantitatively calculate the
contribution of single gas atom diffusion to the overall fission gas behaviour, a contri-
bution which previously was frequently neglected. Thus the model includes gas atom
diffusion, precipitation into a constant number of bubbles of variable size, multiple
fission induced re-solution of gas atoms from bubbles and precipitation at grain
boundaries which are regarded to be deep sinks. Numerical solutions have been obtained for
many different sets of parameters for typical irradation conditions in both fast and
thermal reactors. Typical results are given in the text, and the broad parametric study is
contained in Appendices. The equated quantities are the concentrations of gas in
dynamical solution, in intragranular bubbles and at grain boundaries, as well as the
local swelling rate,

As a typical example, some calculations for a fast flux irradiation experiment
(DS irradiation) with mixed (U, Pu) oxides are given which show that experimental
swelling curves can be reasonably well predicted with acceptable parameters. Conversely,
the comparison of calculations and experimental results can serve to better determine
such important parameters as cffective in-pile diffusion coefficients. In addition, the
relative importance of gas bubble mobility and sweeping phenomena etc. can be
evaluated in this way.
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1. Introduction

The behavior of fission gases in ceramic fuels has been studied
experimentally and calculations on gas behavior in fuel elements
have been performed since about 1957 (e.g.1,2), the emphasis,
however, of these studies has changed several times. In the
first years, gas release alone was thought to be of importance,
mainly because of the fear that éxcessive fission gas pressure
might cause fuel failure. Later, more sophisticated engineering
techniques provided possibilities of accomodating released gases,
and fuel swelling was considered to be of more interest, especial-
ly after the first irradiations in a fast flux and high burn-ups
from thermal reactor irradiations were available. At about the
same time, trapping of gas in form of interactions of fission
gas atoms with either pre~existing or radiation-induced defects
(3) and the formation of gas-filled bubbles (e.g.4) were noted
to be of importance. The basic physical processes of trapping
and of bubble nucleation, growth, and mobility were studied in
~some detail (e.g. 5-8), and a number of theories and model cal-
culations on the effects of bubbles (e.g. 9-10) were performed.
Subsequently, the observation of the disapnearance of pre-formed
bubbles was confirmed during irradiations at low temperature,
(e.g. 11=13), i,e. the existence of a fission induced resolution

of precipitated gas was proven. The older theories did not al-
low for this effect, some of the more recent ones did (e.g. 13,
14)+, but quantitative calculations on its importance for the

migration of gas to grain boundaries and hence on the contrib-
ution of single gas atom diffusion to the overall release seem

to miss so far. The present paper intends to close this gap.

* The references given so far are tynical ones but do by no
means fully represent the extensive literature. A more com-

prehensive literature survey on fission gas release and bubble
mobility studies in UO2 has recently been presented in ref.(15).
Recent theoretical treatments are comprised in the Proceed-

ings of the Symposium on Theoretical Models for Predicting

In-Reactor Performance of Fuel and Cladding Material (16).
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?. The mathematical model

In this sectioﬁ we want to develop the mathematics to calcu-
late as function of temperature, burn-up, fission rate, and
power history: i) the concentration, c, of dissolved gas;-
ii) the concentration, b, of gas precipitated into intra-
granular bubbles, and iii) the conéentration, g, of gas that
precipitated at grain boundaries and eventually is released to
the plenum, Then, iﬁmgtis the production rate of gas and,
hence, 8t the total[of gas produced, the relation holds

Bt = ¢ +Db +g (1)

thus ylelding a complete balance of the fission gases.

2.1 Precipitation of gas in the absence of irradiation

The first step for resolving the problem is to correlate the
distribution of gas-filled bubbles with the concentration of
gas atoms in solution. To this end, we introduce the simplify-
ing assumption of a homogeneous distribution of bubble nuclei,
and hence of the existence of a certain constant volume, AV,
surrounding each bubble nucleus, as indicated in Fig. 1a,

If ¢ is the concentration of gas in solution and using the nomenclature
as indicated in Fig.1b, we have

- = within the volume element AV: g% = - D Vzc (2)

- at the surface of the bubble (T = I‘o):c(ro) = ¢ (2a)

1
Since the boundary conditions for the diffusion equation are quite
complicated, we introduce as a further reasonable and simplifying
assumption that the net flux of gas atoms through the surfaces of

the volume elements, AV, be negligible, i.e. that
.-)
f“ x (~DVe¢) = 0O ' (2b)
If n is the concentration of bubbles, and assuming that the AV

influenced by any individual bubble are spherical with radius,? ’

we get

B

b3 | |
= 3 TP ‘ | (3)



@ bubble with radius, r,

Fig. la : Schematic representation of the assumption on bubble
distribution and size and shape of the precipitation
volumes, A V.

C Abubble o matrix

C:c“c1

Fig: 1b : Schematic representation of the concentration of gas in
solution around a bubble in a matrix containing a super-
saturation of fission gas.



The boundary condition (2b) has for this case the simple form

2<)

ar’r=9 =0
Equation (2) with the boundary conditions (2a) and (2b) is well ‘
known. A procedure for its solution has been given by e.g. Ham (17),
(see also Appendix I).
As the final result, we obtain

near to the bubble

= - - - L
c = c_ exp ( t/m;) (1 ro/r) for r = r_ (4a)
and, far away from the bubble

= - (4b)
¢ = c_ exp ( t/TB) for r r_

_ 2
where T; =g /BroD.

If we assume that ro<<9, the kinetics of precipitation of most
of the gas are described by Equ. (4b), hence by an equation which

is independent of r. By differentiation we get

dec = - dt . (bp)

<
%
This implies a relation between bubble radius, T and bubble
concentration, n, such that

n < 10% em™> for r_~10 R

n < 1014 cm-3 for rOerOO 7.

The above assumption (qg(g) is the most restrictive one made so far*.
It restricts the calculations to those cases where the bubbles are
small compared to the bubble spacing.

Such conditions are indeed frequently observed in post irradiation
examinations of oxide fuels (e.g. 18), though there exist other
investigations (e.g. 19) which indicate larger bubble concentrations.
For such cases, a separate mathematical treatment must be made. Here,
we just want to note that very large bubble concentrations which

imply bubble spacings of the order of the bubble radii, were only

* If r becomes comparable to ¢ (i.e. in the cases of either very big
bubbles or alternatively very high bubble concentrations),Equ.(4a)
will yield an overestimation of c¢ for small values of time. For t o0,

however, the differential equation (4b') will represent a satisfactory

approximation even in these extreme cases.



occasionally obsérved in the replica electron microscope
investigation of the fast irradiation DS , and in particular zones
of the fuel only (see below). In these zones, the accumulation of
bubbles could always be explained by specific mechanisms (e.g.
sweeping by moving sub-grain boundaries etc.), and these few zones

were not typical of the fuel matrix.

If we thus accept equs. (4), we have the solution for the behaviour
of the gas in solution in a solid having a constant initial gas

concentration. This behaviour is indicated in Fig.7b.

2.2. Behavior of the gas under reactor conditions.

The conditions in a fuel element under operation are more compli-

cated. To approach these conditions, we have to take into account

that

a) gas is produced contindusly with a given rate, B (in the following
assumed to be constant)

b) fission events cause a certain resolution of the gas due to knock-

~ on processes of gas atoms with either fission fragments or atoms
of the collision cascades produced by the fission f ragments

c) a certain amount of gas precipitates at grain boundaries where

it may behave differently from gas in an intragranular bubble.

a) The resolution of gas

For the present calculations, we accept the resolution model of
Nelson (20). If a bubble of radius, r_, is bombarded with fission

products, the resolution rate, T', is given by

r'=_‘”f_1’$.;14_ (5)

where is the co-volume (Van der Waals constant) of the gas, d is
the thickness of the shell within a bubble from which a gas atom

may be ejected with a certain probability, n . Since n decreases
strongly with increasing d, we assume for the further calculations
that only atoms from a shell of thickness, d, of 10 X can be finally
resolved. The value of " ‘can either be calculated on basis of a
certain physical model (see below); alternatively it can be measured
directly by observing the fission dose necessary to destroy a pre-

formed bubble population; or else the parameter d»? can simply be



- 10 -

regarded as a phenomenological quantity. For the present purpose
it will suffice to note that the most probable values for n

fall into the range 10-4 to 10_6 sec ! and depend on the fission
rate, S(see Section 4 and Appendix II).

If we further assume that the growth of the bubbles does not create
strains around their surfaces, the concentration (in moles) of gas

contained in a bubble is given by

8x Yr2
o

m = -
3 RT

whre Y is the surface tension of the solid. With a concentration, n,
of bubbles and a homogeneous growth, we get
Bt - c* Serf_.

n 3 RT

whre B again is the production rate of the fission gas, and c*
the concentration of gas that is not precipitated in bubbles. If

we introduce this relation in Equ. (5), we get for the resolution

rate
T'= (Bt - c*) % EET—;-'Z (5a)

b) Precipitation of Gas at Grain Boundaries

- The flux of gas towards grain boundaries can be calculated by using
the well known (e.g. 1) relation |

o0
g =«c[l¥ Z _é%' exp (-n21r2Dt/a2)]
n=1 X n )
wore g = concentration of fission gas in grain boundaries, a = radius
of the grains and D = effective diffusion coefficient for the migration

of fission gas atoms. Therefore

o0

d d § ' 6 = _
E% =PosCa% [ 1- =3 exp(rnax?Dt/az) + égf E exp(-nzﬂ?Dt/azﬂ (6)
neq - : a

ns1

where Pos(f(x)) is an operator defined by Pos(f(x)) = %[f(x)+|f(x)ﬂ-
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This treatment assumes that the gas is deeply trapped at or released
soon from the grain boundary. No allowance is made, at this stage, for
other mechanisms than atomic diffusion for the transport of the gas

to the boundary (see Sections 1 and 24).

2.3. Quantitative description of the behaviour of the gas

We may now quantitatively describe the behaviour of the gas subject
to the above mentioned conditions :

- continuous creation by fission

precipitation in bubbles

resolution by fission events

migration of resolved gas to grain boundaries

trapping at and/or release from grain boundaries.

The relevant differential equation can be written in the form

d de + dc

®solut. " creat. resolut. dcprecip. - dcg.b.
where the differentials at the right hand side are obtained from
equs. (4 b), (5), and (6). After some lengthy but straight forward

calculations, we obtain

K 1
%% =B -~7§ (Bt - ¢ - g) /2 +C (Bt - c - g) - %%
o o0
%% = Pos (g% [1 - Z -—ééa—exp(-nzdf?'Dt/az)+6—§D- exp(—nz’nth/az):, (7)
n=1 JTn a n=1
with
1/2
3 RM
K=D (611;13121') c, = % _"_’K—Q

Equs. (7) are a system of linear differential equations the solution
of which determines the integral functions c(t) and g(t), i.e. the
concentration of fission gas in dynamical solution and trapped at
grain boundaries. Two additional quantities of interest, that can
easily be obtained in the course of the computation, are the con-
centration, b, of gas prepifitated in intragranular bubbles, and the
local swelling due to the bubbles, (AV/V)local . Computation has to

be done numerically with the aid of a computer.
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2.4, Limits of Application

After having derived the mathematics, we want to discuss the
apolicability of fhe above equations. The restrictions imposed by

the mathematical approximationswhile solving Equ. (2) have already

been mentioned. The solution (4b) represents indeed a fairly simple
situation where the gas concentration is indevendent of the svace
coordinates. Its validity falls if @ becomes small enough. However,
even for such more complicated cases, it is always possible to obtain
the correct solution by using a more suitable space and time dependent
precipitation ru;ef Obriously, in such a case, the coordinate r would
also appear in Equ. (7) and an integration over r in AV would become
necessary for getting an average of c(t). As discussed in Section

2.1 and below, however, existing experimental evidence is compatible
with the simnle approach used here which, beyond that, is adequate

to treat the problem of this paner.

Another point that should be discussed is the boundary condition (2b).
Actually, if a net flux of gas atoms flows towards the grain boundary,

¢ will be < O on the side of AV which is nearer to the grain boundary,
ana it will be >0 on the opposite side. To obtain Equ. (7), this flux

was assumed to be negligible and thus to not affect the gas concentration
within each A V. This assumption is obviously reascnable only if A VYV is
small compnared to the grain size which is the case for most exveri-
mental conditions. Yet, one has to realize that the presehted model
looses its validity not only for very high, but also for very low bubble

concentrations.

The second type of restrictions originates from the assumed vhysical

features. Some important phenomena were willingly disregarded in the

present treatment

- @) the dependence of the nucleation density for bubbles on the ir-
radiation conditions

- b) the mobility of bubbles at high temperatures

-~ ¢) the sweeping of bubbles due to moving dislocations, dislocation
networks, and grain boundarie=s

- d) the resolution of gas precipitated at grain boundaries

*Such a more elaborate rule would lead to a slightly smaller
value of b and would not affect its asymptotic behavior
shown in Section 3.3
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- e) the effect of the thermal gradient (thermodiffusion)

- f) the effect of solid fission products

A quantitative treatment of the second and third of these phenomena
is certainly not necessary below temperatures at which self-diffusion
processes are sufficiently slow (Dsd’£10_12 cn® sec-l, corresponding
to a bubble mobility of about 1 pm per month in a typical oxide fuel

and for a volume diffusion mechanism for bubble mobility).
Thus, the model should fully represent the behaviour of fission gases

in fuel zones which are below certain temperatures. These are roughly
1800°C for oxides (21). Even for higher temperatures, the model yields
a fair prediction of the contribution of atomic scale diffusion to the
overall behavior of the gas. At these temperatures, bubble mobilities
and sweeping phenomena set more important. A typical bubble velocity
near the center of the fuel will be about 300 Pm/month and will thus
be comparable to the velocity of the migration of single gas atoms.
Even in this case, the competing processes of resolution and preci-
pitation establish an equilibrium between free gas atoms and gas
trapped in bubbles that can be adequately described by the presented
model provided realistic assumptions on the bubble nucleation densities
are introduced. It will be shown below that the contribution of single
gas atoms alone satisfactorily explains experimental results on the
general behavior of fission gases in oxide fuels thus serving as
indication that the bubble mobility processes are not necessarily the
factor determining the reactor behavior. 4

Fig. 2 recalls once more the general assumptions made while

establishing the model.

3. Application of the model to the fast irradiation experiments
DS1 and D32,

In the following, first results of the calculations will be presented.
To this end, curves are shown which give the time (or burn-up)
dependence of the four most important quantities

¢, concentration of gas in dynamical solution

g, concentration of gas at grain boundaries

‘b, concentration of gas in intragranular bubbles

( Agﬁ/aoc the local swelling due to intragranular bubbles.

al’
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For these calculations, a set of "normal' parameters was selected
(see table Ik As characteristic temperatures, 1000, 1200, 1500, 2000,
and 25OOOC were chosen, and in addition the effect of radiation
enhanced diffusion at low temperatures was calculated.

The production rate,f,and the grain sizes, a, as well as the bubble
density, n, were chosen as empirical parameters from the fast
irradiation experiment DS1 (see ref. (18) for details).

In brief, the DS experiment is a fast flux irradiation of copre-
cipitated mixed oxide (20 % Pu, U fully enriched) with an original
grain size of about 10 pm and varying ratios of O/M of 200, 1.95 or
1.935. The pellet density was high with 96 %,the smear density was 90 %,
with a pellet diameter of 5.3%8 mm. The fuel pins were irradiated with
' a max. linear power of 565 W/cm at a maximum cladding temperature

of 660°C. Following irradiation, both conventional ceramography and
an extensive replica electron microscopy study (see ref. (18)) were
performed. The grain sizes, a, were obtained from ceramographic
pictures (see Table I); the bubble density was observed to be fairly
constant over the pin radius and to fall into the range

. 5.1013 cm—jénﬁ 5.1014cm—3, with a size distribution of the bubbles
centered around a maximum of about 300 2 (range 100 to 500 R).
No obvious evidence for bubble mobility was observed. Sweeping

phenomena did occur, but were not typical for big areas of the fuel.

The remaining parametersare the resolution rate, 3, and the effective
gas diffusion coefficient, D. Both were selected on basis of the
arguments of Section 4. In addition, the varametersof D, a, n,and n
were varied in the course of a broad parametric study. A more complete
review of all the computations is presented in the Appendices.,

In the following some representative results will serve to explain

the basic featuresof the model.

3.1. Time and temperature dependence of c (gas in atomic (dynamical)

solution).
Fig. 3 shows the variation of the concentration of gas in solution,
¢y, With irradiation time, for the conditions of Table I and for
different temperatures. At the edge of the fuel, at temperatures
below 1000°C, most of the gas stays in solution for normal irradiation
times (e.g. 75 % of the total created fission gas at t = 1 year and
T = 1000°C). For higher temperatures, the percentage of the gas

in solution is much smaller, and can be summarized as follows (for
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the values of D, n, etc. of Table I):

temperature irradiation time
(°c) 1 min 1h 14 1 month
1200 ~99 98 80 9
1500 98 sk ~0.1 ~0
2000 85 ~0.1 ~0 ~0
2500 2 ~0.1 ~0 ~0

A variation of the parameters D,n,q, and a was performed.

The most drastic effect was observed while
varying D, For the slowest kinetics possible (lower limit
for the effective rare gas diffusion coefficient, D, see
Section U4), upper limits for c were obtained., Typical values
are 97 % at t = 1 year and T = 1000°C, or 2 % at t = 1 h and
T = 2500°C, etc.,

In all cases, saturation levels were achieved at high enough
values of time, This is typical for the physical assumptions

- of the presented model, i.,e, a fraction of the gas atoms is
énabled to escape to the grain boundaries without ever being
temporarily trapped in a bubble, In a similar and physically
less satisfactory model where all gas atoms are assumed to be
trapped in bubbles before they, following resolution, are able
to diffuse towards grain boundaries, ¢ reaches a minimum and in-
creases with increasing time (actually with V;; see Fig, 1 in
ref,.(22)). At the same time, the quantity g gets smaller (see
below and Appendix III).

3.2 Time and temperature dependence of g (gas precipitated at

grain boundaries)

Fig, 4 shows the percentage of fission gas precipitated at grain
boundaries for radiation enhanced diffusion and 5 temperatures
for "normal conditions" (Table I)., For high temperatures, an
essential part of the gas reaches grain boundaries in relatively
short irradiation times, This gas can probably be considered to
essentially represent the amount of gas released to the plenum,
since interlinkage of intergranular bubbles and cracking along

grain boundaries during power changes will cause the release of

most of this gas, especially in the hot part of the fuel..
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The effect of varying the main parameters n, 73, and D is shown
in Fig. 5 for a fuel temperature of.1500°C. Curve 1 is taken
from Fig, 4 and represents the"normal conditions" of Table I,
The effect of varying the bubble density (n - 100 stands for a
bubble density increased by a factor of 100) is seen to be
small, A decrease of a factor of 10 in the resolution proba-
bility, o shifts the curve by a factor of about 5 towards
higher values of time, Taking the lowest reasonable limit for D

(see Section 4) has a similar effect,

The maxima in Figs, 4 and 5 at small values of the irradiation
timéporrespond to the free diffusion of gas in the virtually
virgin undamaged fuel, As soon as bubble formation sets in
(see Section 3.3), £ remains practically constant whereas Bt

increases thus causing g/Bt to decrease again. These maxima are

relatively unimportant in practice since thd@otal gas concentration

Bt, is still small at these small values of t, Appreciable
amounts of gas reach the boundaries only at irradiation times
in excess of t = 105 sec corresponding to the onset of the
steep part of the curves, These parts of the curves are due to
gas atoms that had undergone multiple precipitation into and

resolution from bubbles,

Time and temperature dependence of b (gas precipitated in

intragranular bubbles)

Fig. 6 shows the percentage of gas precipitated into intra-
granular bubbles for radiation enhanced diffusion and 5 tempera-
tures for the conditions of Table I, The rate of precipitation
into bubbles depends strongly on the fuel temperature: at e.g.
1500°C, most of the created gas is in bubbles after?irradiation
time of only 1 day whereas one month is needed before bubbles
form at a fuel temperature of 1000°C. At this temperature, b/Bt
never increases to 100 %, '

At longer irradiation, b reaches a saturation value because of
the resolution effect., Since Bt continues to increase, b/Bt is
seen to decrease, It is interesting to note, that the time for
this relative decrease is much less dependent on fuel tempera-
ture than the precipitation rate., In fact, for t ®1 month, b/Bt
is very little dependent on fuel temperature and varies only

between about 20 and 80 %,
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As in Section 3.2, Fig., 7 shows the effect of varying bubble
density (by a factor of 100), resolution rate (by a factor of
10), and the effective gas diffusion coefficient (see Section 4)

for a fuel temperature of 1500,

Fig. 8 shows the influence of a systematic variation of the
effective gas diffusion coefficient, D, on the percentage of
gas in bubbles at 2000°C. As expected, a decrease in D leads

to a shift towards higher values of time. The range of D-values

9 ~-12 2

considered in Fig. 8 (1077 to 10 cm sec-l) corresponds to

the maximum scatter in literature results (see Section 4),

Finally, Fig., 9 gives a complete balance of the total gas
content, again for a fuel temperature of 1500°C and the con-
ditions of Table I, The gas in solution, ¢, decreases while
bubbles form (increase in b). When b reaches saturation, essen-
tial amounts of gas reach grain boundaries (curve for g, labelled

"ginks" in Fig. 9)

Comparison with post-irradiation examination.

The predictions of the model can successfully be compared with
data of the post-irradiation examination of the DS fuel ele-
ments. Fig. 10 shows the calculated amount of gas precipitated
at grain boundaries as compared to experimental determinations
of gas release (dots for about 1 and 7 % burn-up or roughly

1 andv9 months irradiation time (18,23)). The upper curve
corresponds to the diffusion coefficients of Table I, the
lower one to intermediate values of D (see Section 4 and
Appendix IX). The range of predicted values is seen to closely
describe the range of observed release. This agreement indicates
that much of the gas is easily transported from the grain

boundaries to the plenum.

Fig, 11 finally shows the calculated time dependence of the
local swelling for various temperatures, At high temperatures,
a saturation in swelling is predicted within a relatively short

irradiation time. For conventional irradiation times, the local
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as Dlow correspond to the lower boupdary of the area for Stage II}
The model calculations indicate that the most probable values

of D should be near to those of the boundary between the areas of
Stages IIA and B, This would imply that resolution affects trap-
ping of gas atoms as well and that hence many of the very.low D-
values obtained for high burn-up oxide during post-irradiation

annealing are not representative for in-pile conditions.

The resolution probability n was calculated (see Appendix II) on

basis of Nelson's suggestions (20) and considerations of sticking
probabilities and thermal desorption. In addition, experimental
determinations are available (24,25) yielding a range of about

3 x 10-5sec-l to 3 x 10-hsec-l. The calculated value is of the
order of 5 x 10~

5 6sec-l
for high temperatures., Therefore, n was varied within this range.

sec”! for low temperatures and 3 x 10

Conclusions and summary

The present paper presents the equations for calculating the
contribution of fission-induced resolution and diffusion of
single gas atoms to the overall behavior of the fission gas,

In the present stage, the fission gas bubbles were allowed to
grow and shrink, but bubble mobility was not included. How-
ever, since no empirical relations enter into the model, it

can be used in its present form as basis of a more general model

which includes bubble mobility and sweeping effects.

The model allows to calculate the concentration of gas in dy-
namical solution, precipitated into intragranular bubbles and
at grain boundaries, as well as the local swelling rate. It is
thought to quantitavely describe fission gas behavior at rela-
tively low temperatures (e.gy 1‘5180000 for oxide fuels),

In addition, it yields interesting results for all possible

fuel temperatures.

Comparison with experimental data of the DS irradiation shows
satisfactory agreement, The amount of gas release and of local

swelling can be predicted successfully, In addition, the maximum
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in swelling at intermediate temperatures observed experimentally
follows directly from the model, For high temperatures and irra-
diations to a few % burn-up, a saturation in swelling is pre-

dicted,

This agreement between calculations and post-irradiation exami-
nation implies that bubble mobility and sweeping phenomena do
not necessarily determine the fission gas behavior, This again
is in agreement with experimental observations. The slow mobi-
1lity of the bubbles is probably due to a conta _mination of the
bubble surfaces with solid fission products which makes the
bubbles move via volume diffusion of the lattice atoms rather

than by ( the faster process of) surface diffusion,

In summary, the model is seen to adequately describe the gas
.behavior in oxide fuels where the bubbles do not grow inde-

finetely but rather reach a constant size.

In Appendices V to IX, a more extensive variation of the para-
meters, D, a, n, and 7) is presented. Such a parametric study to-
gether with a confrontation with post-irradiation examinations
is hoped to allow a satisfactory definition of fhe two basic pa-
rameters, D and R which are difficult to determine in another

way and which cause mest of the scatter at the present stage.
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of symbols

|} O H W

6o o

O B e m-(‘\wgﬂ-—jbﬂo\—]ﬁé\ EHO

Q R o p

precipitation volume, assumed to be spherical, surrounding

3

each bubble nucleus, cm
radius of AV, cm

bubble radius, cm

3

concentration of gas in atomic (dynamical) solution, mole cm_

3

concentration of gas at grain boundaries, mole cm

3

concentration of gas in intragranular bubbles, mole cm

concentration of gas that is not precipitated in a bubble,

3

mole cm

3

concentration of gas in thermal solution, mole cm

number of gas atoms in an individual bubble, mole

c-cl, mole cm"3
net flux of gas atoms through the surface of AV, mole cm"BSec-1

relaxation time for precipitation, sec

3

concentration of bubbles, cm
production rate of gas atoms, mole cm-3sec-l
resolution rate, mole sec-1

thickness of bubble shell subjected to resolution, cm
resolution probability for a given gas atom, secm1
critical energy for resolution, eV -

Van der Waals constant, cm3 mole-l

3

. . - -1
fission rate, cm “sec

surface tension of solid, dyn em™ 1

1 mole-l

gas constant, erg K~
temperature, °x
effective diffusion coefficient for mobility of single gas atoms,
em*sec™!

grain size in fuel microstructure, cm
irradiation time, sec
-3/2

differential precipitation constant, sec

differential resolution constant, sec-l
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Appendix I : Derivation of the precipitation laws

Here, we want to derive the solution for precipitation of gas

from a super-saturation into bubbles in the absence of irradiation.

Hence, we want to solve the diffusion equation (sge Seetion 2.1)

J¢c
.S-€=-DV20

with the boundary conditions

c(ro) = cq,y and

Jd¢c

— =0

(Er r=
Here, r, is the radius of the bubble and ¢ the radius of
each surrounding (spherical)volume element AV, influenced

by the bubble.

The solution of Equ. (I-1l) has the form
o0

c=cy + z:: an(t)fh(r)

n=0
where the %; are eigenfunctions of the operator*; with
eigenvalues An'
Hence
dan(t)

2
T = —DAnan( t)

since the %; are orthogonal functions.

From Equ. (I-2) follows
oQ

' _ o 2
cwc - ¢ = EZ; a, exp(-t[ln D) ?n

with

fo) -
a < ,4?6'°r7t=o Y, ar-

For the above case, the q;'s have a simple form :

%L = An exp {_;Ah (r_ro)J

(1-1)

(I-1a)

(I-1b)

(1-2)
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and therefore, with Equ. (I-la)
sinA_ (r-r )
- A n 0

Pa = 44

Since because of Equ. (I-1lb)

P

2r r=?=o '

the equations for the eigenvalues are easily obtained
tgAn (r-ro) = An?'

For the case of g$>ro, i.es a small bubble concentration, one

obtains

AE
Po

The values An are larger and can eventually be approximated to

(2n+1)w/49 y i.e. the functions f; (n >0) represent solutions

3 ro/?3 , and

Avo (l—ro/r).

that disappear very fast with increasing irradiation time, t.

We still want to determine the values of an and An.

Ifat t =0, ¢ = ¢, + c, (see Fig.1b), we obtain

% hac A r
a =/clfdr= cAsin/\.(r-r Yrdr 4= —2 22
n - 4y o/n ) on n o An

(12 03
Hence A2 = S . > n? (1-3)
Y ] 9 “(g-r )-r
n (o} (o]

1

This implies, that the terms for larger values of n decrease
very rapidly. Already the term for n = 1 represents <1 % of ¢ for
values of time of about 7;: l/ﬂlzD. Therefore, we may restrict

ourselves on the term with n = 0.
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Thus we get
co? . 3’rO
= 5.t exp (—t/Tb) sin { (r—ro) -Es'}

Near to the bubble surface, where r - ro:zo, ¢ is given by

¢ xc_ exXp (-t/TB) (l-ro/r) - ' (I-ka)
and far away from the bubble, hence for r>‘>ro
cmc_ exp (-t/hb). (I-4b)

Appendix II : On the choice of the resolution parameter,

The dynamical resolution of the fission rare gases krypton
and xenon due to interaction with fission spikes which is
known to cause a certain solubility of the gas and which may
lead to the destruction of bubbles during irradiation (4)

can occur via two mechanisms

a) either by direct energy transfer to the gas atoms from
fission products or from lattice atoms belonging to the
related collision cascades, or

b) by a "sputtering' mechanism which consists in the'ejection
of material by fission spikes from one side of the bubble
thus burying gas atoms on the other side.

Direct collisions of precipitated gas atoms with fast neutrons

are much less effective (2¥) and can be neglected.

In the following, we want to calculate the resolution due to

process a). The quantity characterizing any resolution process

is the probability, b, per second of a gas atom being dissolved

from a bubble. This probability is determined by

i) the probabilities q'and q" to gain more energy than a

certain minimum energy, E s by collisions with either

fission fragments (%) or 3;:h lattice atoms (n") of the
collision cascades

ii) the probability of the gas atom to remain stuck in the
lattice and not be reflected or desorbed instantaneously,

i.e. the sticking factor S,
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The calculated values can be compared to experimental data
measured at Berkeley (24,25) by observing threshold fission doses
adequate to destroy preformed bubbles. The results are

€1.2 x 10~ sec™! at 200°C

L

5 n ;
n< 3.6 x 107 sec  at 1200°C .

2.6 x 1077 ¢
1.8 x 107" <
From this, we conclude that the direct or collision mechanism
a) might well be effective at low irradiation temperatures
since the calculated value falls midway into the experimental
range. At high temperatures, on the other hand, most of the
resolution must be due to mechanism b) or a related process,
e.g. to the increased size of the hot (or even molten) zone

-with the associated stress waves along the fission spike (27).

Since n therefore most probably falls into the range between
- -4 -1

roughly 10 > to 10 sec , most calculations were performed

with these values. In addition, however, n was varied in a

much wider range for a specific fuel temperature (see Appendix VIII).

Appendix III : On the choice of the gas diffusion coefficients

The gas diffusion coefficients were taken from a recent
summary (15) where the behavior of rare gases in UO2 was
‘discussed interms of a System of Stages which was developped
in analogy to the recovery stages observed in e.g. electrical
resistivity studies on quenched or irradiated metals.
Fig. III-1 shows a systematic presentation of the stages.
Similarly to the recovery of metals, the stages are grouped
according to their temperatures with respect to those of
self-diffusion and are attributed to specific transport
processes. Using isochronal annealing programs, the processes
can be separated since one goes to completion after the
other, at least in principle. In reality, there is frequently
still some overlapping. In isothermal experiments, on the
other hand, the Stage that should dominate the release at
the temperature in question will be overlapped with release
due to all other stages that occur at lower temperatures.
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Stage IIA is due to unperturbed mobility of single
.gas atoms involving vacancies in some kind or
another.

Stage IIB is due to temporary trapping of gas, i.e. to
weak interactions of gas atoms with radiation
damage or pre-existing defects, or with other
gas atoms.

Stage III involves gas mobility at unusually high
temperatures and is due to strong trapping of
gas at preexisting defects or in gas-filled
bubbles.

The system of Stages in UO2 is discussed in detail in

ref. (15). The most representative data are summarized in

an Arrhenius diagram in Fig. III-2. This figure intends to
summarize the present state of knowledge of the diffusion of
rare gases in UO2. The diffusion of single gas atoms or
Stage ITA is represented by the area 1, covering the

scatter in results. The present authors feel that the

upper half of area 1 is most representative for truly
undamaged UO2. Stage IIB or trapping is covered by area 2,
which is expected to be of a finite width due to different
types of defects contributing to trapping. At low temperatures
and near to the surface, Stage IA sets in as indicated by
area 3. During reactor irradiation, the fission rate
dependeht "diffusion" dominates at lower temperatures, as
shown by area 4.

Stage TA mobility is responsible for the decreased re-solution
probability at increased temperatures (see Appendix II).

For our present purpose, Stages IIA and B are of more direct
interest, in addition to the fission rate dependent diffusion
at low temperatures (area 4).

For the calculation, a set of high, medium and low values
of D were chosen from the border lines of area 1 (upper
line = Dhigh§ lower line of area 1 = upper line of area 2 =

lower boundary of area 2 = D, ). A priori,

Dmedium; low
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In the simplified model, the basic system of differential
equations is easier to treat than equ. (7) since the square
bracket in the expression for dg/dt in equ. (7) can be
replaced by '

o0
%g EZ: l§ eXP(—naﬂth/ag)]
n
and a short time solution can be obtained

__(EVE ¥ C + 6G(1+Ct)/VEDe |, B(1+Ct)
dt = 1 + 2 GVE 1+2GVT

where K and C are as in equ. (7) and G = 3/a (D/jt)l/2

In this case, both the concentration of gas in bubbles, b, and
at grain boundaries, g, increase linearly with the irradiation
time. Therefore, it would a priori not be possible to

predict which of the two competitive mechanisms of swelling
and gas release would dominate. This would rather depend on

the fuel and irradiation parameters. It seemsworth remarking
that the concentration of bubbles, b, and thus also the

swelling coefficient do not reach a saturation value as
they do in model B.

In contrast, ¢ increases asymptotically with the square root
of time. This is indicated in Fig. IV-2 (dashed lines) where
also the behavior according to the physically more realistic
model B (full lines) is shown. The effect of a variation

of bubble density (increase by a factor of 100) or re-solution
probability (reduced by a factor of 10) is shown in Fig. IV-3
(see also Appendix VII for a similar variation for model B).
Again, the same asymptotic behavior is noted, according to

the approximate solution for large values of t of the above

equation

cw¥ CPﬁ?K
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Parametric study

In the following appendices V to IX, results of an extensive
parametric study will be presented.

Both typical thermal reactor conditions (Appendix V) and

fast flux conditions (Appendices VI to IX) will be considered.
Specifically, the following parameters will be varied in
addition to varying the fuel temperature

- the gas diffusion coefficient, D

- the bubble density, n

~ the re-solution probability, ]

- the grain size, a.
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Appendix V : Thermal reactor conditions

The following conditions (see Table V-1) were selected for
thermal reactor irradiations : the quantities depending

on the fission rate, i.e. the gas production rate and. the
resolution probability, m, were both decreased by a factor
of 10 as compared to fast flux conditions. The microstruc-
ture (grain size, a) and the bubble density, n, remained
unchanged. For the gas diffusion coefficients, values called
previously D were chosen with the exception of lOOOOC, where
because of the smaller fission rate and the fact that at
1000°C the radiation enhanced diffusion ig expected to
contribute to the gas mobility, a lower D value was chosen
(see Table V-1).

Some results have already been shown in Fig. IV-4 where c is
compared for fast and thermal conditions. Similar curves for
the improved model are shown in Fig. V-1. Essentially,

all curves for the thermal reactor are shifted to higher
values of time because of the decreased value of B. Due to
the decrease in M, ¢ is always smaller in the thermal
reactor (by about a factor of 10).

Table V-1

Parameters for thermal reactor conditions

Temperature Dnorm N a
(cn® sec™™) pm
1000 1.5x10°18 | 10
1500 5x10712 | 20
2500 3x10"% | 100
B =2.9x 10712 moles em™? sec™t
n = 10 cp73 N =1.9 x 107° sec7!

y = 107 erg cn™2
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trapping as in typical for post-irradiation annealing.

If re-solution affects trapped gas atoms in a similar

way as it affects gas atomspreéipitated in a gas bubble, the
values of Dmed could reasonably well represent in-pile
conditions.

a) Calculations with D

NOTM
Figs. VI-1 and VI-2 show the time dependence of ¢ and g

for five temperatures and for radiation enhanceddiffusion
in a logarithmic scale where again calculated values

are shown for very high values of time to indicate the
mathematical behavior (even if the corresponding burn-up
could never be reached inpractice). Figs. VI-3 and 4

show the percentage of ¢ and g , and Fig. VI-5 shows

the percentage of b as function of irradiation time. The
temporary saturation in g indicated in the logarithmic
plot (Fig. VI-2) corresponds to the maxima in g /Bt on
the linear scale (Fig. VI-4).

b) Calculations with D
A med

The corresponding results for c¢, g, and b calculated
with intermediate values of the gas diffusion coefficients,
Dmed,are shown in Figs. VI-6 to 8. All other parameters
were the same for these two sets of calculations.

A comparison of the results shows that the decrease in D
leads to a shift of all curves towards higher values of
time though differences of practical interest are evident
maintly for low fuel temperatures. This is indicated in
the following table VI-2 which gives the values of ¢, g,
and b for irradiation times of one month and one year,
respectively, corresponding to about 1 and 12 a/o burn-
up. The values for Dnorm are always given first, whereas
the values for Dmed are given in brackets. Obviously,

at one month, the behavior at 250000, and at one year,
the behavior above 2000°C are practically identical for

both sets of D-values.
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values of ¢ for all times of practical interest.

This behavior can be understood by considering an
approximate relationship for ¢ at very high values of time,
t, which shows that c is proportional to N and inverse

©0
proportional to nl/2

C.o%q/Vﬁ‘

Fig. VII-3 shows that at high burn-up and at low fuel
temperatures, the choice of the parameters affects the
resulting c-values quite considerably. In contrast, at
higher fuel temperatures (see below), ¢ is always very
small at higher burn-up, quite independentlyof the choice
of the parameters. |

The amount of gas precipitated at grain boundaries, g,

(see Figs. VII-2 and 4),and hence the expected release, is
quite small at any realistic values of thdirradiation time.
A variation of the parameters does not affect g by more
than about a factor of 2 to 3 even for high burn-up.

The concentration of gas in intragranular bubbles, b, never

reaches 100 %. A decrease in M or an increase in n again
show a very similar trend. The value of b is increased

by more than a factor of 10 for e.g. t = 1 year. The expected
maxima lie at the same value of t, which, however, is
unrealistically high. In practice, therefore,b is expected

to steadily increase and not reach saturation. Even if the
curves for Q/lo and b.100 look similar, one should note,
however, that the resulting swelling will be much greater
for the case of q/lO due to the smaller bubble density.












b) Fuel temperature of 1500°C

The results for a fuel temperatﬁre of lBOOOC and a variation
of D, n, and n are shown in Figs. VII-6 to 11.
The concentration of gas in dynamical solution, c, (see Figs.

VII-6 and 8) is small for any irradiation time of practical
interest unless very low values of D are used. For such low
values, the corresponding curve resembles those calculated
for D - and 1000°C. In fact, D at 1000°C (see Table
VI-1) is practically identical with Dlow at 1500°C (see also
Appendix III) illustrating the unsatisfactory state of the
present knowledge on effective in-pile gas diffusion coef-
ficients. The model calculations presented here are hoped

to yield a better definition of these values by comparing
calculations with experimental results (see below).

The concentration of gas precipitated at grain boundaries, g,

is equally drastically affected by changing D from Dnorm
tp Dlow' A change in bubble density by a factor of 100, on
the other hand, does not appreciably affect the results,
whereas a decrease in n by a factor of 10 shifts the curve
for &/Bt towards higher temperatures by about a factor 10
due to the longer life-time of the gas in bubbles. The
maxima in g/Bt (Fig. VII-9) corresponding to the temporary
saturation in g indicated in Fig. VII-7 are due to free
gas diffusion before appreciable bubble growth sets in.
They are unimportant in practice since the total amount of
gas created is still low at these small irradiation times.
It might be noted that for the case of Dlow,as already ob-
served for a fuel temperature of 1000°C (see Fig. VII-2),
g does not reach such a temporary saturation level but
rather approaches asymptotically the line Bt (line 1 in

Fig. VII-7).

The concentration of gas in intragranular bubbles, b
the typical bell-shaped curves (Fig. VII-10) are obtained
for all parameters except for Dlow' Since bubbles are ex-
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perimentally observed at a fuel temperature of'15OOOC and
gquite low burn-up, we may conclude, that the valuz of Dlow
cannot be reprnsentative for in-pile conditions. '

The precipitation of gas into bubbles (values of t between

some minutes and several days in Fig. VII-10) is seen to depend
on the bubble density, n, but not on the value of the re-
solution probability, m. In contrast, the saturation level

of b (right part of the bell-shaped curves in Fig. VII-10)
depends strongly on m and not very much on n.

Fig. VII-11 shows the influences of variations of D and 7
in more detail. The curves for Dnorm (n and q/lO) are taken
from Fig. VII-10 for comparison. If D is decreased to D

(see Table VI-1), the bell-shaped curve is shifted to h?;ier
values of t without appreciable change in shape, though the
curve does not reach the 100 % level. An increase in n

leads to a lowering of the maximum and to a decreased rate

of precipitation.
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c) Fuel temperature of 250000
The time dependence of c, g, and b for a fuel temperature

of 25OOOC and a variation of D, n, and n is shown in Figs.
VII-12 to 1l6. '

The concentration of gas in dynamical solution,c, is always

very low, even for a low D-value.

The concentration of gas precipitated at =rain boundaries, g

is even less affected by the value of the bubble density
than it is at 15OOOC (see above). A reduction of the re-
solution probability, n, by a factor of 10 again shifts
the curve towards values of t which are higher by about

a factor of 10 as well. Even for D y & increases rapidly

low
to high values indicating an important release.

The concentration of gas in intragranular bubbles, b, shows

a similar behavior. The differences in the preéipitatiod;ate

(left side of the bell-shaped curves in Fig. VII-16) are of
mathematical interest only, since independently of the

parameters used (even for Dlow)’ practically all gas is
precipitated in bubbles following a few hours irradiation.
The right part of the curves shows that b is affected mainly
by the values of n and D, but that the differences are not
drastic at irradiation times at which the gas content of

the fuel is high. This implies small swelling rates at

high fuel temperatures.












- 66 =

Appendix VIITI : Variation of the re-solution probability at

a fuel temperature of 1200°¢C

The calculations for a fuel temperature of 1200°C and a
variation of n between the "normal" value (see Table VI-1)
of 1.9 x lO_5 sec—1 and decreased to O in 4 steps with a
factor of 10 each is shown in Figs. VIII-1 to 5.

Fig. VIII-1 chows that with decreased n the saturation level
for high values of t decreases as well. With n = 0,
saturation 1is not achieved even at unrealistically high
values of t, but rather ¢ decreases approximately with t—l/g.
Fig., VII-3 shows that the practical interest of this behavior

is limited, especially at high burn-up.

In contrast, the dependences of g and b on 1 are of important
practical interest for this medium fuel temperature where

the kinetic processes are slow compared to the creation rate
of gas. Fig. VIII-4 shows that only for the two highest
values of n and for realistic irradiation times any important
release can be expected. For low and medium burn-up, g is
small for all values of 7.

Similarly, any loss of gas from bubbles within realistic

values of €t will only be expected for the three highest values
of n (Fig. VIII-S ). For high burn-up, b and hence the

swelling can vary by about a factor of 5 if n is reduced

by a factor of X0.
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Appendix IX : Variation of the gas diffusion coefficient, D,

and the grain size, .a, at a fuel temperature
of 2000°C.

The calculations for a grain size of 10 um are shown in -
Figs. IX-1 to 5. Th~ gas diffusion coefficient i3 varied in
four steps be*ween 1072 and 10712 ¢m®sec™t. This region
corresponds to the combined scatter of Stage II A (free gas
diffusion) and Stage II B (trapping) at 2000°C (see Fig.

ITI-2).

The concentration of gas in dynamical solution, c,is shown

in Figs. IX-1] and 3. The equilibrium value is reached very
. fast (within *1d) and is roughly inversely proportional to D.

The percentage of gas at grain boundaries, g, (see Figs. IX-2

and 4) shows pronounced maxima at small values of t which in-
crease with increasing diffusion coefficients. Again, these
maxima are unimportant for practice due to the small gas
concentration at these small values of t. The subsequent
transport of gas to the grain boundaries depends very little
on D. Both phenomena are due to the fact that the kinetics
are very fast as compared to the chosen small grain size

(see also the different behavior for a = 100 pm shown below).

The concentration of gas in intragranular bubbles, b, (see

Fig.IX~-5) shows a similar behavior, i.e. a strong dependence
on D is only observed for short times (rate of precipitation),
whereas the behavior after having attained saturation is
identical for the three higher values of D, as already
observed for g (see Fig. IX- 4). This again is due to the

fast mobility and the small grain size which leads to a
sudden transition from the state of predominant precipitation
to a predominant migration to the grain boundaries (see

Fig. IX-2). Such an effect is not observed for bigger grain
sizes (see below).
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The results for a grain size of 100 pm and the same four
values of D are shown in Figs. IX-6 to 10. In contrast to
the results for a = 10 pm, differences are observed for
c, g, and b for the different D-values. Basically, the
curves showing the percentage of ¢, g, and b (Figs. IX-8
to 10) are shifted towards higher values of t if D is
decreased thus reflecting the decrease in kinetic rates.
This behavior is typical for conditions in which none of
the competing vrocesses of creation, precipitation, re-
solution and migration to the grain boundaries dominates
the remaining ones.

In the remaining figs. IX-11 to 13, the effect of varying

the grain size for a given value of D (= 10710 ¢p sec )

is shown. Obviously, the percentage of ¢ does not change
appreciably with a variation of a. In contrast, both g

and b show the expected retarded release and a corres-
ponding increase of swelling if a is increased. One should
note that the details of the trend presented in Figs. IX-12
and 1% are representative only for the particular temperature

and D-value used.
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