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Abstract

Ž .Unstressed samples of uranium oxide irradiated in pressurized water reactor PWR fuel to a burn-up of 25 GWdrtU
were subjected to thermal treatment in a laboratory furnace at temperatures of 11308C and 17158C for durations varying
between 5 min and 10 h. They were then examined and swelling was measured. Micrographic examination of the samples
showed that the bubbles were lenticular in form and intergranular. The swelling measured can be explained by bubbles
coalescence alone, and a model was therefore developed. This made it possible to establish an equation for the intergranular
swelling of fuel after two operating cycles as a function of time and temperature. q 1998 Elsevier Science B.V. All rights
reserved.

1. Introduction

Ž .Under normal pressurized water reactor PWR operat-
ing conditions, the fission products arising in the uranium
oxide remain trapped in insertion or substitution in the fuel
matrix. Variation of volume or swelling caused by the
formation of such solid and gaseous fission products is
slight and varies as a linear function of burn-up.

The situation is different if the fuel experiences a
sudden power variation and is then maintained at a higher
level of power for a relatively long period. Under the
effect of the temperature, the fission gases precipitate and
coalesce. They form bubbles of gas which cause substan-
tial gas-induced swelling. This depends on a number of
parameters: fuel characteristics, thermal gradient created,
fuel burn-up, and temperature rise and hold time. In this
article, the effect of hold time and temperature on irradi-
ated PWR fuel is studied. A swelling model is then
proposed to simulate the effect of these parameters in
computer codes.

) Corresponding author. Tel.: q33-1 69 08 28 38; fax: q33-1
69 08 28 40; e-mail: zacharie@orgue.saclay.cea.fr.

2. Experimental aspects

2.1. The material

The samples consisted of unstressed pieces of uranium
oxide a few millimetres in size, recovered when taking a
section some 8 mm long.

The samples, whose main characteristics are indicated
in Table 1, were derived from a UO fuel rod having2

operated in a PWR under normal conditions for two
cycles, i.e., with a burn-up of 25 GWdrtU. This fuel has
the advantage of having a simple microstructure, i.e., a
relatively uniform distribution of fission gases dissolved in

w xthe matrix system 1 .

2.2. The thermal treatment

The treatment temperatures range from 11308C to
17158C and the durations vary between 5 min and 10 h,
being representative of the conditions attained in the power
transients created in an experimental reactor. The samples
were placed in a tungsten crucible in a vacuum, then
heated by induction in a high-frequency laboratory fur-
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Table 1
Main characteristics of samples

Fuel rod
Type of rod UO2

Number of cycles 2
Filling gas He

Ž .Internal pressure bar 26

Fuel before irradiation
Ž .Enrichment with U % 4.5235

Ž .Average grain size mm 9.3
3 aŽ .Density by immersion grcm 10.39

Ž .Density by immersion % of theoretical density 94.75

Fuel after irradiation
Ž .Burn-up GWdrtU 25

3 aŽ .Density by immersion grcm 10.39
Ž .Average grain size mm 9.3

a Densification and swelling explain that fuel before and after
irradiation are the same.

nace, previously calibrated with a bichromatic optical py-
rometer. The temperatures were accurate within "208C.
The samples were loaded and unloaded at room tempera-
ture. The temperature rise time was 2.5 min and the
cooling time was 2 min. Details of the treatments carried
out are given in Table 2.

2.3. Metallographic preparation

Polished fractured samples, before and after thermal
treatment, were observed with a scanning electron micro-
scope. In addition to polished sample micrographs, a con-
trol sample, a sample thermally treated at 14108C for 5 h
and another at 17158C for 5 h were fractured and analysed
with a scanning electron microscope.

2.3.1. Polished samples
These were vacuum impregnated with Epoxy. They

were then pre-polished in water with 200, 400 and 600
grade abrasive paper for a few minutes, then with hyprocel

Table 2
Number of bubbles per millimetre of grain boundary as a function
of treatment time and temperature

Ž . Ž .N P Temperature 8CL

Ž .Time min 1410 1545 1630 1715
a5 1700"86 1320"76 1052"46

15 870"49
30 1078"99 655"71
60 1015"97 962"92 788"70 585"83

120 520"35
300 890"56 885"62 710"76 492"32
600 733"55 464"48

paper with diamond compounds of particle sizes of 8 mm
and 2 mm for 20 min. Finally, flush felt was used with a 1
mm particle size solution for 1 min.

The scanning electron microscope examinations, which
are shown in Fig. 1 show the presence of intergranular
bubbles in virtually all the treated sample pictures. At
14108C for 5 min and 11308C for 300 min, hardly any
boundaries can be distinguished. For the remainder of the
thermal treatments, the bubbles are in sufficient quantities
to localise all the grain boundaries within 5 min.

On the other hand, the intragranular bubbles, which are
smaller in size, are only observable with a small number of
very high temperature treatments.

To describe the development of the intergranular bub-
bles as a function of treatment time and temperature, the
following observation criteria were adopted: the size and
shape of the bubbles, the number of bubbles per unit
length of grain boundary and the bubble networks.

The bubbles are lenticular in shape, and around 1 mm
in size. As treatment time and temperature increases, they
tend to elongate and broaden. Up to around 60 min, an
increase in bubble size is observed, followed by change at
a slower rate. Finally, the higher the temperature, the
larger the bubbles become.

The micrographs show that as a function of time and
temperature, the number of bubbles per unit length of grain
boundary diminishes and the distance between the bubbles
increases.

Finally, during the thermal treatments, the bubbles can
Žcombine and form channels as can be seen in Fig. 1 eM in
.the area between the arrows .

2.3.2. Fractured samples
Intergranular bubbles of lenticular shape were ob-

served, increasing in size with temperature, as well as
networks of bubbles at the edges common to a number of

Ž . Ž .grains tunnels which converge at triple-points Fig. 2 . At
17158C, the intergranular bubbles tend to interconnect
more than at 14108C. These tunnels sometimes communi-
cate with bubbles interconnected at the grain faces. Non-
interconnected bubbles are also observed at the grain faces,
increasing in size with temperature. In some cases, the

Ž .tunnels pass through the initial pore Photo C of Fig. 2 .
At 17158C, spherical intragranular bubbles are observed

Žwith an average diameter between 20 nm and 150 nm Fig.
.3 . Analysis revealed an area free of intragranular bubbles

in the vicinity of the grain boundaries.

3. Image analysis applied to intergranular swelling
determination

3.1. Processing of polished sample images

The process for determining fractions per unit volume
of the porosity of untreated samples and of samples after
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Fig. 1. Micrographic examination of samples.

thermal treatment was qualified beforehand. This consists
Ž .of three stages: A Acquisition of grey scale images

obtained from the scanning electron microscope in the
Ž .back-scatter mode with polished sections Fig. 4 . The

section analysed is restricted to a window representative of
the entire surface corresponding to 150 images, at magnifi-

Ž .cation of 2000 and 3500. B Thresholding the images to
make measurements and counts. To obtain the binary

image, a method of automatic thresholding based on analy-
sis of the grey scale histogram data is used. Of the
different available methods, that one which maximises the

w x Ž .entropy of the image 1 gives the best results. C Process-
ing of the binary images: to eliminate the background
noise of the binary image, the images are filtered by an
openrreconstruct operation. Furthermore, to minimise the

Ž .effect of defects grain pick-up , an openrreconstruct op-
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Ž .Fig. 2. Scanning electron microscope examination of fracture samples 25 GWdrtU with and without thermal treatment: Intergranular
bubbles–bubble interconnection–tunnels.

eration is performed for a size of 3.2 mm to eliminate large
w xelements which do not participate in swelling 2 .

3.2. Analysis

3.2.1. Measurement of porosity
Automatic analysis essentially related to variation of

Ž .the degree of porosity A P . According to the stereologi-A

Ž . Ž . w xcal relationship A P sV P 1 , it was possible toA V

determine the swelling of the material using the following
formula:

V P yV P A P yA PŽ . Ž . Ž . Ž .Ž . Ž .Ž . Ž .f fi iv v A A
S s s ,3 1yV P 1yA PŽ . Ž .Ž . Ž .f fv A

1Ž .
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Fig. 3. Formation of intergranular bubbles in a fractured sample
Ž .25 GWdrtU treated at 17158C for 5 h.

Ž . Ž .where V P and V P are the volume-relatedV Ž i. V Ž f .
porosity factors before and after treatment, respectively,

Ž . Ž .A P and A P are the area-related porosity factorsA Ž i. A Ž f .

Fig. 4. Back-scatter mode image of a two-cycle UO specimen2

treated at 15458C for 1 h.

Fig. 5. Intergranular swelling as determined by image analysis, as
a function of treatment time at different temperatures.

before and after treatment, respectively. Accuracy of mea-
surement is estimated at "1%.

It is to be noticed that the swelling determined by
electronic image analysis only covers bubbles of thick-
nesses greater than 0.1 mm. As bubbles of smaller sizes
are essentially intragranular, image analysis provides a
measurement of swelling of intergranular origin. The re-
sults are shown in Fig. 5.

3.2.2. Measurement of grain size
Grain size was not measured by an automatic grain

segmentation method. We used standard ASTM E112-88
which enabled us to evaluate the average size and to

Ždemonstrate that this average grain size measured with an
.optical microscope does not change with the thermal

treatments. This was equal to 9.3"0.3 mm.

3.2.3. Number of bubbles per unit grain boundary length
As we did not segment the grain boundary network

using an automatic method, the measurements of the num-

Fig. 6. Number of bubbles per millimetre of grain boundary, as a
function of treatment time, at different temperatures.
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Fig. 7. Surface of a grain boundary.

ber of bubbles per unit grain boundary length were made
manually from photographs. The number of bubbles per

Ž .unit grain boundary length measured is designated N P .L

The results are shown in Table 2.
The curves as a function of time in Fig. 6 show in

quantitative form the observations made in Section 2.3.1.
These are of identical shape, for each temperature. During
an initial phase lasting 60 min, the number of bubbles per
unit grain boundary length diminishes considerably; this
phenomenon then slows down. Furthermore, for a given
treatment time, the number of bubbles per unit grain
boundary length decreases with temperature.

3.2.4. Bubbles size
Determination of the size of an object in R 3 is a

stereological problem with no general solution without
hypothesising or modelling. In our case, we considered an
average uniform bubble size. With this hypothesis, from
the measurements of the number of bubbles per unit grain

Ž .boundary length N P and the measurements of swellingL

G by image analysis, the variation of radius r of the
Žaverage area of boundary occupied by lenticular bubbles r

.is defined in Fig. 7 was deduced. Calculation will be
discussed next.

Ø First, the relationship was sought between the bubble
Ž .concentration N P and the number of bubbles per unitv

Ž .grain boundary length N P . Using the calculations givenL

in Appendix A, the following was obtained:

2 N PŽ .L
N P s , 2Ž . Ž .v

rsinCll

Ž .where r is the average radius of curvature Fig. 8 and C

the contact angle. The average grain size ll remains
virtually constant with irradiation and thermal treatments.
It is taken to be equal to the initial size of the grain, before
irradiation and before thermal treatment, i.e., 9.3 mm.
Furthermore, angle C of encounter of the two halves of

w xthe cavity is approximately equal to 568 6 .
Ø Furthermore, intergranular swelling is equal to the

product of the concentration per unit volume of intergranu-
lar bubbles and the average volume of a lenticular bubble:

GsN P V . 3Ž . Ž .v

The volume of a lenticular bubble is given by the
equation

3VsF r , 4Ž .v

w xwhere 5

2p 2F s 1ycosC 2qcosC .Ž . Ž .v 3

Ž . Ž .By substituting relationship 2 for N P and for Eq.v
Ž . Ž .4 volume V in Eq. 3 , bubble radius of curvature is
obtained:

1r2
ll sinC G

rs .ž /2 F N PŽ .v L

However, the average radius r of the boundary area
Ž .taken up by the cavity Fig. 5 is given by

rsrsinC ;

hence

1r2
ll sinC G

rs sinC . 5Ž .ž /2 F N PŽ .v L

Ø Bubble size variation was thus deduced and the
corresponding curves are shown in Fig. 9. It can be seen

Fig. 8. Diagram of a lenticular bubble at a grain boundary with an energy of g when the surface energy is g .j s
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Fig. 9. Mean radius of grain boundary bubble as a function of
treatment time, at different temperatures.

that bubble size increases substantially for around 60 min,
followed by a second phase when it varies more slowly.
The higher the temperature, the greater the size.

The values which we obtained at 17158C and 5 h are
w xcomparable with those that Kashibe and Une 7 measured

Ž .in irradiated UO fuel 25 GWdrtU thermally treated at2

18008C for 5 h. Bubble sizes vary between 0.6 and 0.8
mm.

4. Interpretation of intergranular swelling

To analyse intergranular swelling, we considered to
determine the phenomenon or phenomena which control
intergranular swelling, at high temperatures. We then es-
tablished a theoretical model for which an equation was
derived linking swelling to treatment time and temperature.
Finally, the equation was validated with experimental re-
sults.

4.1. Growth by coalescence andror absorption of atoms

The micrographs, as well as the measurements made,
indicated a decrease in the number of bubbles per unit
grain boundary length and an increase in bubble size with
treatment time and temperature. Furthermore, the distance
between the bubbles increased. The observations suggested
a coalescence phenomenon.

It is to be noted that no increase in the number of small
bubbles with treatment time was observed, which could
have indicated continuous germination.

The question then arose as to whether this mechanism
of coalescence predominates in intergranular swelling or
whether it is in competition with bubble growth by in-grain
atom absorption.

Assuming that coalescence is the main mechanism
controlling intergranular bubble growth, we determined the
theoretical relationship between intergranular swelling G
and the number of bubbles per unit grain boundary length

Ž .N P and examined whether the experimental data agreedL

Fig. 10. Intergranular swelling of treated samples, against squared
temperature, as a function of the number of bubbles per 1 mm of
grain boundary.

with these laws. During coalescence of intergranular bub-
bles, the number of gas atoms M, trapped in the grain
boundary area remains constant. For the purpose, a perfect
gas was considered associated with lenticular bubbles in
equilibrium. The calculations shown in Appendix B gave

G A
s 6Ž .2 N PT Ž .L

which is equivalent to

log GrT 2 s log Ay log N , 7Ž .Ž .Ž . L

where

2
Mk 2

As sinCsconstant,ž /g ll Fs v

where M is the number of fission gas atoms per unit grain
boundary area, g the surface tension and F the shapes v

factor for the volume of the bubble.
Fig. 10 shows the experimental relationship between

intergranular swelling against temperature and the number
of bubbles per unit grain boundary length against tempera-
ture. The experimental data describe a straight line, for
which the corresponding equation obtained by linear re-
gression from the data points is as follows:

G %Ž .
log sy0.9log Nj rmm Tq0.1.Ž .

T

The slope of y0.9 is virtually equal to the factor of y1
Ž .proposed in the theoretical relationship 6 . The coefficient

Ž .A is equal to 1.3 %mm . The theoretical relationship and
the experimental readings thus agree. The hypothesis of
bubbles coalescence in intergranular swelling thus ap-
peared to be borne out.

4.2. Model for swelling by coalescence of bubbles

We considered it is necessary to establish a theoretical
model, based on the phenomenon of coalescence.
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The initial hypotheses were those proposed by Green-
w xwood and Speight 8 . The fission gas atoms in the matrix

were created by prior irradiation in a nuclear reactor at a
relatively low temperature. At the initial instant of heat
treatment, the fission gas atoms precipitated instanta-
neously at the grain boundaries to form N seeds per unit0

grain boundary area, of radius r .0

The gas was considered to be perfect.
It was assumed that intergranular swelling was due to

Žthe phenomenon of bubbles coalescence alone and there-
fore the growth of bubbles by absorption of atoms originat-

.ing from inside the grains was disregarded . During heat
treatment, bubbles become mobile and it was considered
that they migrated at random, i.e., that there was no mutual
attraction between them. When two bubbles meet, they
merge and to re-establish its equilibrium the new bubble
immediately absorbs openings, the number of which de-
pends on the size of the bubble. Over time, the number of
bubbles diminishes and the size of the bubbles increases.

Bubbles located at grain boundaries are not spherical
but lenticular, with a radius of curvature r.

We planned to establish the equation for intergranular
swelling as a function of the treatment time and tempera-
ture, calculated on the basis of the radius of curvature.

Unlike in the Greenwood and Speight model, we did
not determine the rate of bubbles coalescence, nor did we
make any hypotheses concerning the mechanism causing
random migration of the bubbles.

The variation of the radius of curvature was examined
by dividing the time into different intervals D t such that,
during each D t time increment, each bubble migrates and
at the end of the D t event, each bubble coalesces with
another neighbouring one. Thus there was no coalescence
of bubbles during interval D t, but only at the end of the
interval.

The start of the interval D t was designated t and thei

end of the interval was designated t . Between t andiq1 i

t , the radius was equal to r and at time t , changesiq1 i iq1
Ž .on coalescence from r to r Fig. 11 .i iq1

Fig. 11. Diagram of the variation of the radius of curvature of
intergranular bubbles as a function of time, during thermal treat-
ment.

1. Bubble movement is Brownian. During a time D ts
t y t , a bubble moves over the grain surface by aiq1 i

distance x, equivalent to the mean quadratic path of the
w xbubble and defined by 9

1r21r2xs 4D D t s 4D t y t ,Ž . Ž .Ž .b b iq1 i

where D is the bubble diffusion coefficient, considered inb

points as bubble size dependent.
This can also be expressed as follows:

2x
t y t s . 8Ž .iq1 i 4Db

2. During the time D ts t y t , the bubble moves aiq1 i

distance x without encountering other bubbles. Each sec-
2tion p x of the grain boundary surface only contains a

single bubble. The number of bubbles per unit grain
Ž .boundary surface area N P is thuss

1
N P s ;Ž .s 2

p x

hence

1
2x s . 9Ž .

pN PŽ .s

3. At time t , each bubble encounters its neighbouriq1

and coalesces with it. The radius changes from r to r .i iq1

On coalescence of the bubbles, the sum of the areas of the
bubbles is conserved and the area of a bubble of radius of
curvature r is equal to F r 2 where F is equal to 4ps s
Ž .1ycosc and c is the angle of encounter of the two

w xhalves of the cavity 5 . Merging of two identical bubbles
of area S results in one bubble of area S defined by1 2

S s2S2 1

which is equivalent to

2 2F r s2 F r ;Ž .s iq1 s i

hence

'r s 2 r . 10Ž .iq1 i

'The progression r is therefore geometrical and 2
based. It can also be written as

Ž .iyf'r s 2 r , 11Ž .i f

where r is the radius of curvature of the bubble at t .f f

The variation of the radius of curvature D r is then

'D rsr yr s 2 y1 r . 12Ž .Ž .iq1 i i

4. On coalescence of the bubbles, the number of bub-
bles per unit grain boundary area and the radius of curva-

Ž Ž ..ture r are linked by the relationship Eq. 2 .i

5. It is considered that the larger the bubble, the slower
it moves. It is therefore proposed to introduce into the
diffusion coefficient the term r q where q)1. The effecti

of temperature is represented by the law of Arrhenius.
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Bubble diffusion coefficient D is therefore assumed to beb

of the following form:
yQ 1

D sD exp , where q)1. 13Ž .b 0 qž /RT ri

The radius of curvature calculation is given in Ap-
pendix C. This gives the relationship

1rqq2qq2'4p 2 y1 D M k yQŽ . 0
rs T exp t .ž /F 2g RTž /v s

14Ž .
Radius of curvature and swelling are thus linked as

follows:
G 2 Mk

s r .
T gll s

Swelling in terms of temperature becomes
qq2'4p 2 y1 D MG Mk 2 Ž . 0

s
T 2g Fžlls v

=

1rqq2
k yQ

T exp t .ž /2g RT /s

It is of the following form:
1rqq2G yQ

sD t T exp , 15Ž .ž /ž /T RT

where
1rqq2qq2'4p 2 y1 D MMk 2 kŽ . 0

Ds , 16Ž .
g F 2gž /lls v s

G is swelling, T is temperature, t is treatment time, Q is
apparent activation energy, R is perfect gas constant, M is

number of fission gas atoms per unit, k is Boltzmann’s
constant, grain boundary area, g is surface tension, ll iss

grain size, D is Arrhenius law frequency factor, F is0 v

factor proportional to volume of bubble.
It is to be noted that this equation is only valid when

fG1, i.e., when a D t interval has elapsed.
A theoretical model is thus obtained, based on bubbles

coalescence, with processing time and temperature as pa-
rameters.

4.3. Comparison of the theoretical model with the experi-
mental data points

Let us now see how the experimental values for inter-
granular swelling compare to the above theoretical model

Žand assess coefficient q expressing the speed of the
.bubbles as well as apparent activation energy Q of the

intergranular swelling mechanism. This will make possible
to obtain a semi-empirical law for intergranular swelling.

4.3.1. Effect of treatment time
According to the model previously developed, variation

of intergranular swelling as a function of temperature is
Ž .given by the formula 15 .

Let

yQ
1r qq2C sDT exp .T ž /RT qq2Ž .

Swelling with temperature can thus be written as

G
1r qq2sC t .TT

Fig. 12 shows intergranular swelling with temperature
Ž .as a function of treatment time logarithmic coordinates .

ŽFig. 12. Intergranular swelling of treated samples against temperature as a function of treatment time, for different temperatures logarithmic
.coordinates .
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Table 3
Coefficient C as a function of temperatureT

1r5.4Ž . Ž .Temperature 8C C %rK sT

y31410 0.381=10
y31545 0.52=10

y31630 0.625=10
y31715 0.743=10

If a linear regression is made, for each temperature and for
all the experimental data points, parallel straight lines are
obtained. This would appear to validate the form proposed
as a function of time, for all the treatments. It is then
possible to determine coefficient 1rqq2 which is equal
to the average of the slopes of different curves. The
following is found:

1rqq2s0.185, hence qs3.4.

An analogy can be drawn with the theoretical intragran-
ular mechanisms for random migration which indicate

w xpowers of 3 and 4 10 .
By replacing qq2 by its value, swelling can be writ-

ten as follows:

G
1r5.4sC t .TT

Coefficient C is determined for different temperaturesT

by plotting swelling against temperature as a function of
Ž .time and power 1r5.4 , then by making a linear regres-

sion of the experimental data points through the origin.
The coefficients C thus obtained are given in Table 3.T

4.3.2. Effect of temperature
Let us now study the effect of the temperature covered

with coefficient C . This can be written as follows:T

yQ
1r qq2C sDT exp ;T ž /RT qq2Ž .

hence

C yQT
sD exp .1r qq2 ž /RT qq2T Ž .

Fig. 13 gives C rT 1r5.4 as a function of 1rT. TheT

experimental data points are aligned and thus bear out the
relationship suggested. Throughout the temperature range,
bubbles coalescence is therefore the only predominant
mechanism in swelling. The slope of the straight line is

w Ž .xequal to yQR 5.4 , which makes it possible to determine
Q:

Qs310 kJrmol.

This activation energy of 310 kJ, which corresponds to a
migration of intergranular bubbles, is, as expected, lower

Ž .than the 540 kJ 5.6 eV activation energy of migration of
w xbubbles in the grain 11 . This energy is, furthermore,

higher than the 239 kJ activation energy for self-diffusion

Fig. 13. Variation of the Napierian logarithm of coefficient
C rT 1r5.4 as an inverse function of temperature.T

of the uranium at the grain boundaries, proposed by
w xReynolds and Burton 12 .

The swelling equation can therefore be written as fol-
lows:

1r5.43G y310=10
1r5.4 1r5.4sDt T exp ž /T RT

or otherwise as a function of a parameter H s tT
ŽŽ 3. Ž ..exp y310=10 r RT

G
1r5.4sDH .

T

GrT as a function of H is shown in Fig. 14. The
experimental data points are grouped around the theoreti-
cal curve. It is thus possible to determine the factor D:

Ds0.0061 %rK6.4r5.4 s1r5.4 .Ž .
Finally, the free swelling equation becomes

1r5.43G y310=10
1r5.4 1r5.4s0.0061t T exp .ž /T RT

This reasoning thus makes it possible to suggest the
semi-empirical law for intergranular swelling. Swelling G

Fig. 14. Intergranular swelling of treated samples against tempera-
ture as a function of treatment time corrected for the effect of
temperature.
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is expressed in %, temperature in K, and processing time
in s. The perfect gas constant R is equal to 8.314 Jrmol
K.

The equation can be used for treatment times between 5
min and 10 h and temperatures of 14108C and 17158C. It
only applies to UO fuel with 25 GWdrtU irradiation in a2

PWR.

5. Conclusion

Different unstressed samples of UO taken from PWR2

fuel after two cycles under normal conditions, i.e., with a
burn-up of 25 GWdrtU, were treated in a laboratory
furnace at temperatures between 11008C and 17008C for
periods of between 5 min and 10 h. The intergranular
swelling was measured. The main findings are explained in
this section.

Intergranular swelling as a function of treatment time
and temperature was monitored. At all the temperatures,
there was found to be a rapid increase for the first 60 min
of treatment, followed by slow growth thereafter. The
effect of temperature is significant and swelling increases
with temperature.

This process was also observed on quantitative and
qualitative analysis of the microstructure of the samples
with a scanning electron microscope, as a function of time
and of temperature. There was found to be a rapid in-
crease, in the first 60 min, in the average size of the
bubbles as well as a reduction in the number of bubbles
per unit grain boundary length, followed by a slower
change.

Micrographic examination of the samples, after thermal
treatments, showed that the bubbles were intergranular and
lenticular in shape. As time and temperature increased, the
size of the bubbles increases and their number, per unit
boundary length, decreases while the space between them
increases. At this stage, the phenomenon of bubbles growth
by absorption of fission gas atoms originating from inside
the grains and the phenomenon of bubbles coalescence
were considered to explain these observations. A calcula-
tion showed that the swelling measured can be explained
by bubble coalescence alone, without it being necessary to
consider their growth by absorption of fission gas atoms
Žgas atoms which arrive by diffusion in the grain bound-
ary, are probably evacuated to the exterior and do not

.participate in swelling .
On the basis of the phenomenon of coalescence re-

vealed in micrographic examination, a numerical model
was developed. This model led to an equation giving
intergranular swelling as a function of temperature and
time. This was adjusted to experimental readings of
swelling. These made it possible to establish the constants
of the following equation:

1r5.43G y310=10
1r5.4 1r5.4s0.0061t T exp ,ž /T RT

Ž . Ž .where G is swelling % , T is temperature K , t is
Ž . Žtreatment time s , R is perfect gas constant Rs8.314

.Jrmol K .
This equation represents the phenomenon of free inter-

granular swelling of fuel irradiated by 25 GWdrtU in a
PWR. It is valid for treatment times between 5 min and 10
h and temperatures of 11008C to 17008C.

Appendix A

Given that grain boundaries are distributed at random
in the material, it can be stated that the fraction per unit
area of the bubbles trapped in the grain boundaries is equal
to the linear fraction of the bubbles trapped in the grain

w xboundaries 1–4 . This can be written as follows:

2N P p r sN P 2 r , A.1Ž . Ž . Ž .s L

where r is the mean half cord of the cross-section of the
bubble, r the radius of the cross-section of the bubbles at

Ž .the grain boundary, N P the number of bubbles per units
Ž .of grain boundary area and N P the number of bubblesL

per unit of grain boundary length. Furthermore, the mean
cord is defined by

p
rs r .

4

Ž .By replacing r in Eq. 1 , the following is obtained:

N PŽ .L
N P s .Ž .s 2 r

However, for a lenticular bubble, as schematically
shown in Fig. 8, r and r the radius of curvature of the
bubble are linked as follows:

rsrsinC ,

where

N PŽ .L
N P s . A.2Ž . Ž .s 2 rsinC

Ž .Bubble concentration N P and the number of bub-v
Ž .bles per unit grain boundary area N P are linked by thes

relationship

N P sS J =N P ,Ž . Ž . Ž .v v s

Ž .where S P is the specific area of the grain boundaries.v
Ž . w xUnder the hypotheses, S J can be written 1 :v

S J s4 N JŽ . Ž .v L

Ž .where N J is equal to the reciprocal of the grain size ll .L

Hence

4
N P s N P .Ž . Ž .Õ s

ll
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Ž . Ž .By replacing N P by the formula III.7 , the follow-s

ing is obtained:

2 N PŽ .L
N P s .Ž .v ll rsinC

Appendix B

Let us therefore assume that swelling is due to coales-
cence alone. When intergranular bubbles combine, the
number of atoms of fission gas trapped at the grain bound-
ary surface remains constant. The conservation of the
number of fission gas atoms can be written:

nN P sMsconstant, B.1Ž . Ž .s

where n is the number of fission gas atoms per bubble,
Ž .N P the number of bubbles per unit grain boundary areas

and M the total number of fission gas atoms per unit grain
boundary area.

The number of atoms, n, of fission gas per bubble is
given by the perfect gas equation. Considering the bubbles

Ž .in equilibrium, the Eq. B.1 can be written as follows:

MkT
2N P r s . B.2Ž . Ž .s ž /F 2gv s

Ž .However, the number of bubbles per unit area N P iss
Ž . Ž .linked by Eq. A.2 to the number of bubbles N P perL

Ž .unit grain boundary length. Eq. B.2 becomes

MkT sinc 1
rs . B.3Ž .ž /F g N PŽ .v s L

Intergranular swelling is, furthermore, equal to the
product of the average volume of a bubble and the concen-

Ž .tration per unit volume in the bubbles N P :v

GsVN P .Ž .v

Ž . Ž .According to Eqs. 2 and 4 for the volume of a
lenticular bubble, this becomes

2 N PŽ .L2GsF r . B.4Ž .v sincll

Ž . Ž .By introducing Eq. B.3 into Eq. B.4 , intergranular
swelling and the number of bubbles per unit grain bound-
ary length are linked by

2
MkT 2 sinc

Gs . B.5Ž .ž /g N PŽ .ll Fs LÕ

Appendix C

Ž . Ž . ŽAccording to Eqs. 8 and 10 , the relationship r q1i
. Ž .yr r t y t can be written as follows:i iq1 i

'r yr 4D 2 y1 rŽ .iq1 i b i
s .2t y t xiq1 i

Ž . Ž .If D is replaced by Eq. 13 and x by Eq. 9 , theb

following is obtained:

yQ 1 '4D exp 2 y1 rŽ .0 iqž /r yr RT riq1 i i
s .

t y t 1rpNiq1 i s

Ž . Ž .However, N P is given by Eq. B.2 , therefores

'r yr 4p 2 y1 D M k yQ 1Ž .iq1 i 0
s T exp .qq1ž /t y t F 2g RT riq1 i v s i

This equation is of the following form:

r yr 1iq1 i
sK T , C.1Ž . Ž .qq1t y t riq1 i i

where

'4p 2 y1 D M k yQŽ . 0
K T s T exp . C.2Ž . Ž .ž /F 2g RTv s

Ž . Ž .By replacing r by Eq. 10 and r by Eq. 11 Eq.iq1 i
Ž .C.1 becomes

Ž .Ž .iyf qq2 Žqq2.' '2 y1 2 r sK T t y t . C.3Ž . Ž .Ž .Ž . f iq1 i

We now sum all the D t time intervals which elapse so
as to determine the variation of the radius of curvature r f

at t . At each instant t , f increments D t have elapsed,f f

during which the radius has varied from r to r . Theo f

time origin is t :0

fy1

t y t s t where fG1.Ž .Ý iq1 i f
is0
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Ž .By summing Eq. C.3 from 0 to fy1, the following is
obtained:

fy1
Ž .Ž . Ž .Ž .yf qq2 i qq2Žqq2.' ' '2 y1 r 2 2 sK T t .Ž .Ž . Ýf f

is0

C.4Ž .

However

Ž .f qq2fy1 '1y 2Ž .Ž .i qq2'2 s . C.4aŽ .Ý qq2'1y 2is0

Ž . Ž .By inserting Eq. C.4 into Eq. C.3 , the following is
obtained:

Ž .f qq2'1y 2Ž .Ž .yf qq2Žqq2.' '2 y1 r 2 sK T t .Ž .Ž . f fqq2'1y 2

f Žqq2.'For tG2,3, the term 1r 2 is negligible with
respect 1.

qq2'2 y1Ž .Žqq2.r s K T t .Ž .f f'2 y1Ž .
Ž . Ž .By replacing K T by the expression Eq. C.2

qq2'4p 2 y1 D M k yQŽ . 0Žqq2.r s T exp tf fž /F 2g RTv s

which is equal to

1rqq2qq2'4p 2 y1 D M k yQŽ . 0
r s T exp t .f fž /F 2g RTž /v s

The radius r at time t corresponds to radius r atf f

time t:

1rqq2qq2'4p 2 y1 D M k yQŽ . 0
rs T exp t .ž /F 2g RTž /v s
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