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Abstract

The accurate analysis of locally retained fission gas in nuclear fuel is inherently difficult since the physical form under
which it is stored varies from an atomic dispersion to bubbles with a diameter of several hundreds of nanometers. One
of the techniques that has been applied since more than 20 yr is electron probe microanalysis (EPMA). This technique,
however, is difficult to apply in a quantitative manner if the studied materials are inhomogeneous at the scale of the
electron—solid interaction volume. In this paper, a method is developed to analyse a system of gas bubbles distributed in
a solid matrix. It is based on the geometric modelling of a gas bubble dispersion and the assessment of its influence on
the emitted X-ray intensity. The calculation exploits experimental results acquired at different accelerating voltages. The
resulting more accurate analysis of gas retained in nuclear fuel may lead to a better insight in the gas release mecha-

nisms. © 2000 Elsevier Science B.V. All rights reserved.

PACS: 07.85.Nc; 07.78.+s; 82.80.Ej; 64.75.+¢g

1. Introduction

The behaviour of noble fission gases xenon and
krypton and the role they play in the evolution of ce-
ramic fuels with increasing burn-up has been the subject
of numerous studies over the past decades. The noble
gas atoms have a high fission yield and tend to escape
from the matrix as they are insoluble in either UO, or
(U, Pu)0O,. At low operating temperatures, their mobil-
ity is limited and they remain atomically dispersed. With
increasing temperature, the gas atoms form bubbles of
increasing diameter both at intragranular and inter-
granular sites, and a fraction escapes to the free volume
of the rod. The formation of fission gas bubbles causes a
swelling of the fuel pellets, which may result in pellet-
cladding mechanical interaction. The gas escapes to the
free pellets, which may result in pellet-cladding me-
chanical interaction. If the gas escapes to the free vol-
ume of the rod, then the internal pressure of the rod
increases. In both cases the fuel rod integrity may be at
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risk. Debate still continues on the mechanisms that
govern the redistribution of the noble gases and on how
to predict their behaviour quantitatively. Given the large
number of processes that play a role in the escape of
fission gas, it is not surprising to find that a definitive
model is not yet developed.

Important information on the fission gas behaviour is
obtained from retained gas concentration profiles of
individual pellets. Several analysis methods have been
applied to study the fission gas behaviour (for a review,
see e.g. [1]). The most common techniques are: electron
probe microanalysis (EPMA) and X-ray fluorescence
(XRF) on polished cross-sections of fuel pellets; scan-
ning transmission electron microscopy and energy
dispersive X-ray spectroscopy (STEM-EDS) on small
samples taken at different positions from the pellet. To a
lesser extent, also micro-coring and subsequent chemical
dissolution or thermal treatment has been used. The
spatial resolution differs widely between the different
methods (micro-coring: =~ 500 um, XRF: =~ 30 pm,
EPMA: ~1 um and STEM: ~0.001 pm), and the
information that can be obtained by each method varies
accordingly. For example, if entire cross-section ana-
lyses with subgrain resolution are needed, then only
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EPMA can provide the necessary information. The dif-
ferent analysis methods also provide information of a
different kind: micro-coring and XRF yield bulk con-
centrations, while EPMA is a surface near analysis
technique and by STEM thin foils are analysed. When
comparing results from different methods [2], one may
derive important information e.g. on the role of grain
boundaries, but it is of major importance to know as
accurately as possible what exactly is measured by each
method. In this paper, we will focus on the problem of
electron probe microanalysis of gas bubbles in a solid.
The interpretation of the results, obtained with electron
probe techniques, indeed needs to be performed with
extreme care.

Two decades ago, Ronchi and Walker [3] showed
that the clustering of fission gas and the formation of
bubbles result in a loss of signal in EPMA analyses. In
the same paper, they also derived a correction procedure
using the Philibert expression for depth distribution of
X-ray production and this correction procedure was
applied in subsequent research campaigns [1,4]. The
quantitative determination of bubble size distributions
however is a time consuming task, and since the influ-
ence of the correction in many cases is limited, the
correction procedure often can be considered to be un-
necessary [2,5]. But even though the choice of appro-
priate analysis conditions limits the signal loss, the
problem basically persists.

In the present paper, multiple voltage analyses are
proposed as a simple method to judge the necessity to
apply corrections to the measured Xe signal. One may
then decide whether or not the specific problem calls for
a more elaborate analysis and, if necessary, to apply a
correction for the loss of signal due to the clustering of
gas into bubbles. The correction procedure that is de-
veloped below, is based on a geometrical description of
the bubble dispersion and uses the multiple voltage an-
alyses. The geometrical description allows one to treat
the problem using so-called ‘phi-rho-Z’ methods for
X-ray depth distributions [6].

2. Electron probe microanalysis of Xe
2.1. Multiple voltage analyses

The Xe profiles were acquired with a CAMEBAX-R
Microbeam instrument adapted for the analysis of ra-
dioactive samples, and controlled by the XMAS soft-
ware of SAMXx. Its spectrometers are internally shielded
to reduce the background coming from the high gamma
activity of irradiated fuel. Analyses are performed with
high probe currents (typically 50-100 nA), and the PHA
is operated in differential mode. As such, it is possible to
obtain acceptable detection limits with reasonable
counting times even on highly active samples. Quanti-

tative wavelength dispersive spectroscopy (WDS) is
based on comparison with standards. Since Xe stan-
dards suitable for EPMA analysis do not exist, the flu-
orescence yield is determined by interpolation, as
described e.g., by Walker [7].

When analysing the Xe concentration on cross-sec-
tions of fuel rods that have been subjected to high linear
power, one observes a pronounced drop of the Xe signal
at the centre of the fuel pellet (Fig. 1). The thermal re-
lease of volatile fission products is a well-known phe-
nomenon, and if one measures the composition of the
gas in the free volume of the fuel rod, Xe is indeed
found. On the basis of Xe-profiles, such as represented
in Fig. 1, one may calculate the amount of released gas
and compare the result with a direct analysis of the gas
contained in the free volume of the fuel rod. The fission
gas release, calculated on the basis of the profile of Fig. 1
and taking into account the axial form factor of the
power during the transient test, is estimated as 29%. A
direct analysis of the gas contained in the free volume
shows a release of only 7%. The systematic underesti-
mation of the xenon concentration by EPMA analyses is
a known phenomenon and is attributed to both signal
loss related to the formation of bubbles [3] and to the
loss of grain boundary stored gas during sample prep-
aration [4].

In a standard EPMA measurement, one chooses the
accelerating voltage in order to minimize correction
factors, and in general on overvoltage ratio between 2
and 3 is recommended [8]. In nuclear fuel, one is usually
concerned with characteristic lines of energies between 2
and 6 keV, in which case an accelerating voltage of 10—
15 kV would in theory be ideal. If the same analysis
would be performed at different accelerating voltages,
then one expects to obtain identical results, with a slight
decrease of accuracy if the X-ray correction factors are
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Fig. 1. Xe concentration variation as a function of radial po-
sition (top). The electron beam accelerating voltage was chosen
as 15 kV. The scan is acquired on a cross-section of a fuel pin
(bottom).
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large. In some cases, however, the measured Xe con-
centration itself is function of the accelerating voltage.
In Fig. 2, Xe profiles are shown for three high burnup
fuel samples (approximately 55 GWd/tM), each with a
different irradiation history and microstructure. It is not
surprising to find that the profiles of retained Xe are
different for each sample, but it is quite unexpected to
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Fig. 2. Variation in apparent Xe concentration as a function of
radial position for different accelerating voltages. The three
figures display the profiles for three different fuel pins, each with
a different irradiation history and/or microstructure. Details
about the fuel and irradiation history are given in Table 1. The
solid line shows the radially averaged 15 kV Xe profile. The
dotted line displays the calculated radial temperature profile.
(a) Xe profiles of sample A. The analysis conditions do not
influence the measured retained Xe profile. The dashed line
represents the concentration of Xe generated during the last
quarter of its burnup accumulation. (b) Xe profile of sample B.
The Xe profile show a slight dependence on accelerating voltage
in the transition zone. (c) Xe profile of sample C. In the tran-
sition zone, the Xe profile is largely influenced by the applied
accelerating voltage due to substantial intragranular bubble
development.

find that the experimental conditions of the analysis
have a major influence on the profile in one case
(Fig. 2(c)), while they have only a moderate influence
(Fig. 2(b)) or no influence at all (Fig. 2(a)) in other cases.
The essential parameters of the fuel and its irradiation
characteristics are summarised in Table 1.

The sample of Fig. 2(a) was taken from a fuel rod
that had experienced a relatively high linear power (35
kW/m) during 113 h at a burnup of 40 GWd/tM, i.e., at
about three quarter of its end-of-life burnup. During this
period, its centerline temperature raised to 1375°C and
an important fraction of its fission gas (21%) was re-
leased. The last quarter of the irradiation was performed
at a lower linear power level and no additional gas was
released. The retained fission gas profile of Fig. 2(a)
reflects this power history. At the periphery, the mea-
sured amount of Xe equals the generated quantity. In
the region 0.75>r/ry > 0.4, the retained fraction
gradually decreases to a constant value slightly less than
30%, which equals the amount generated after the power
transient. Post-irradiation examination of the fuel by
scanning electron microscopic (SEM) observations
failed to reveal intragranular bubbles all along the pellet
radius, and the EPMA profiles of retained Xe do not
depend on the applied accelerating voltage.

The rod from which the sample of Fig. 2(b) was
taken, experienced a power transient of 60 kW/m during
24 h and its end-of-life. The fission gas is retained only in
the outer regions and shows a sharp drop to zero re-
tention between 0.9 > r/ry = 0.7. In this transition zone,
microscopic observations showed intragranular bubbles
in the region 0.85 > r/ry > 0.75. At the position where
intragranular bubbles were found, the EPMA profiles
acquired at different accelerating voltage also show a
slight difference.

The sample of Fig. 2(c) is taken from a fuel rod with
large grained fuel (40 um) which was base irradiated up
to 56 GWd/tM at relatively low power and experienced
a power transient of 35 kW/m during 24 h at its end-
of-life. After the base irradiation, the fission gas release
was found to be 1.9% in a sibling rod with the same
microstructure and irradiation history. After the tran-
sient test, the fission gas release was 7%. The retained
gas profile shows that at radial positions »/ry > 0.8, the
measured Xe concentration equals the generated
amount and the measured amount of Xe is independent
of the applied analysis conditions. At positions r/ry <
0.5, the Xe concentration approaches zero, again irre-
spective of the experimental conditions. In the transition
zone, however, the apparent Xe concentration depends
on the applied accelerating voltage: the higher the
applied potential, the higher the measured Xe concen-
tration. The difference between an analysis performed at
30 kV and one performed at 10 kV is maximal at relative
radius r/rp = 0.65 and amounts to more than 50%.
The microscopic examinations of this sample showed
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Table 1
Fuel pellet and rod characteristics
A B C

Rod type BWR BWR BWR
Pellet diameter (mm) 10.36 10.36 10.52
Enrichment (%*°U) 4.9 49 32
Pellet density (% TD) 95.5 95.5 95.5
Grain size (um) 10 10 40¢
Diametrical gap (um) 192 192 132
Cladding Zry-2+ Zr liner Zry-2 + Zr-liner Zry-2
Fill gas (He) pressure (MPa) 2 2 0.3
Burn-up (GWd/tM) 55 55 56
Base irradiation conditions (kW/m) ~ 30 ~ 30 <30
Max LHGR (kW/m) 35 60 35
Burnup at max LHGR (GWd/tM) 40 EOL EOL
Hold time of max LHGR (h) 113 24 24

#Large grain sizes were obtained by doping with Nb,Os and applying an elevated relative moisture (85% at 25°C) in the sintering

atmosphere.

extensive intragranular bubble development in the re-
gion 0.85 > r/ry > 0.45, ie., in the region where the
measured Xe signal is a function of the accelerating
voltage.

In this paper, it will be shown that it is indeed the
development of intragranular bubbles that results in a
spurious loss of Xe signal and it will also be shown how
radial Xe profiles acquired at different accelerating volt-
ages may be exploited not only to detect this effect, but
also to account for it quantitatively. We will essentially
work with the experimental results obtained from sam-
ple C, which has a grain size that is considerably larger
than usual, offering the possibility to separate grain
bulk effects from grain boundary influences. Throughout
the study, all EPMA data were acquired exclusively
from the centre of individual grains taking care that the
grain boundaries are not hit by the electron beam.

Qualitatively, one may understand the effect caused
by the accelerating voltage by looking at the difference

between SEM images acquired at different applied
voltages. At low accelerating voltages (Fig. 3(a)), only
those bubbles are visible that intersect the free surface,
at higher voltages on the other hand (Fig. 3(b)), one also
observes sub-surface bubbles. Since the bubbles that
intersect the free surface obviously do not contain any
Xe, there is a concentration gradient between the very
surface where the Xe content is zero and depths larger
than the bubble diameter, where the gas in the bubbles is
preserved (Fig. 4). Since at higher accelerating voltages
the electrons penetrate deeper into the material, it is
clear that increasing the accelerating voltage results in a
higher apparent Xe concentration.

In order to appreciate the approach that is worked
out in the following paragraphs, the depth distribution
of both excited and emitted X-rays at different acceler-
ating voltages will first be assessed. In Figs. 5(a)—(d) the
generated and emitted distributions are given for the
Xer, signal at different accelerating voltages ranging

Fig. 3. Influence of the accelerating voltage on the details revealed on a polished cross-section. Both images are made exactly at the
same position, but with different primary beam accelerating voltage. (a) H.T. =7 kV, the image only reveals the bubbles that intersect
with the surface. (b) H.T. =30 kV, in addition to the bubbles that intersect the surface, also subsurface Xe-filled bubbles are visible as

dark spots.
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from 10 to 50 kV. All calculations are performed for a
homogeneous distribution of Xe in a UO, matrix with a
density of 10.96 g/cm3. If a low accelerating voltage of
10 kV is applied, then the emitted X-ray distribution
almost equals the generated distribution and the maxi-

Free surface

> O <«

Fig. 4. Schematic representation of the influence of bubble
formation on the residual Xe concentration close to the free
surface of a sample. At the very surface, only open bubbles are
found and at depths larger than the bubble diameter (D), all
bubbles are closed.
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mal depth is about 0.3 um (Fig. 5(a)). With increasing
primary beam voltage, X-rays are also generated at
larger depths: up to 0.7 um at 15 kV, 1.1 pm at 20 kV,
2.4 pm at 30 kV and 5.5 pm at 50 kV. It is also clear that
at high accelerating voltages the emitted signal is only a
small fraction of the generated X-rays. One also per-
ceives that while the maximal probed depth increases by
a factor of 18 when increasing the accelerating voltage
from 10 to 50 kV, an important fraction of the emitted
X-ray signal is generated in the top layer even for high
accelerating voltages. Hence, it is more useful to con-
sider the cumulative depth distribution curves of the
emitted signal rather than the maximal depth of X-ray
generation (Fig. 6). From these curves one can read the
fractional contribution to the emitted X-rays of a top
layer of given thickness. The thickness of the layer which
accounts for 90% of the total emitted signal is 0.16 um
at 10 kV, 0.32 um at 15 kV, 0.45 pum at 20 kV, 0.76 pm
at 30 kV and 1.10 pm at 50 kV. The contribution to the
total signal which is generated in the first 100 nm
amounts to 72% at 10 kV, it drops to 44% at 15 kV, but
still accounts for 20% at 30 kV and 15% at 50 kV.
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Fig. 5. Depth distributions of generated and emitted Xe;, X-ray intensities as a function of primary beam accelerating voltage. The
calculations are performed in the assumption of atomic dispersion of the solute atoms (Xe) in the matrix (UO).
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As is schematically represented in Fig. 4, the pre-
cipitation of noble gas in bubbles will give rise to con-
centration gradients near the surface of the sample and

Cumulative depth distribution of emitted Xe; , intensity
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Fig. 6. Cumulative depth distribution of emitted Xe;, X-ray
intensity for different primary beam accelerating voltages.

hence influence the EPMA analysis. Since the bubbles
have characteristic diameters ranging from a few nm to
several hundreds of pm, it is clear from the above dis-
cussion on the probing depth by EPMA that the mea-
sured signal will be affected by the bubble formation,
whatever the experimental conditions be. In the paper, it
will be shown that if one exploits the fact that different
depths are probed when different accelerating voltages
are used, one may extrapolate the measured signal to the
true bulk value of Xe retained in bubbles.

2.2. Modelling the bubble distribution

SEM observations of sample C (Fig. 7) show that the
bubble size distribution varies with the radial position.
At radial position r/ry = 0.69 (Fig. 7(a)), intragranular
bubbles with an average diameter of 200 nm are ho-
mogeneously dispersed. Some larger, well-separated
lenticular bubbles decorate the grain boundaries. At
radial position r/ry = 0.65 (Fig. 7(b)), bubbles have
coarsened to an average diameter of 300 nm, but are still

Fig. 7. SEM images showing the variation in bubble size distribution with radial position (sample C): (a) radial position r/ry = 0.69;

(b) #/ro = 0.65; (c) r/ro = 0.55; (d) r/ry = 0.09.
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distributed homogeneously, and grain boundary deco-
ration is more pronounced. At r/ry = 0.55 (Fig. 7(c)),
the average bubble diameter is 500 nm, and grain
boundary bubbles are more abundant and at least par-
tially interconnected. Fig. 7(d) shows the morphology at
the pellet centre (r/rg = 0.09). Large bubbles have de-
veloped inside grains (their average diameter is 1.5 um),
and large interconnected pores decorate the grain
boundaries.

At each radial position, a distribution of bubble sizes
is found. The structure we are thus dealing with, is a
polydispersed system of spheres filled with a (probably
highly pressurised) noble gas mixture in a ceramic ma-
trix (Fig. 8(a)). Apart from the gas spheres, numerous
other precipitates are present in the UO, matrix, and a
number of elements remains atomically dissolved. We
will, however, neglect the minor influence of the other
fission products on the Xe signal and consider only the
gas filled spheres and the UO, matrix.

In the early days of electron microprobe analysis,
quantitative analysis was performed with the aid of the
so-called ZAF correction methods that essentially use
the depth distribution profile for generated X-rays de-
scribed by Philibert [9]. These methods provide satisfy-
ing results for samples which are homogeneous on the
scale of the electron—solid interaction volume and for
which the absorption of generated X-rays is weak. For
samples which are inhomogeneous in depth or in which
absorption is high, the ZAF corrections are not appro-
priate since the profiles calculated on basis of the Phil-
ibert model are too crude a representation of the true

depth distribution of the primary X-ray generation. The
X-ray model developed in [3] to account for the clus-
tering of Xe in nuclear fuel made use of this Philibert
expression and as a consequence of the limitations of
this expression, the variation of the emitted Xe signal
with accelerating voltage was not correctly predicted.
During the 80s, several researchers [10-15] developed
X-ray models that improve on the Philibert approach.
With the development of the so-called ‘phi-rho-Z’ X-ray
correction models, electron microprobe analysis of lay-
ered structures (2D homogeneous systems) became
possible. However, a straightforward correction model
to analyse systems that are truly inhomogeneous in three
dimensions does not exist. In the case of retained fission
gas analysis, one is interested to know the average
concentration of Xe in a zone with a specific bubble
distribution. Experimental electron probe analyses of
such systems are therefore usually performed with either
a defocussed beam or a scanning probe which covers an
area of several tens to a few hundred pm?, to obtain an
average Xe concentration of a substantial volume. Al-
though it is well-known that this method does not pro-
vide a true average, since the X-ray correction factors
vary with the local composition, this wide beam aver-
aging is common practice. We will now develop a
mathematical description of such a 3D inhomogeneous
system in order to be able to apply X-ray correction
models.

Let us consider the generated primary X-ray intensity
along a line A4; perpendicular to the sample surface
(Fig. 8(a)). A line crossing a polydispersed system of

Fig. 8. (a) Schematic representation of the bubble configuration: the ceramic matrix is dark grey, closed bubbles are light grey and
open bubbles are white. Vertical intersections (4;) are also drawn. (b) Averaged linear intersection, with a schematic representation of

the linear parameters L; and A, and the period a.
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spheres will intercept the particles with a mean intercept
length (see e.g. [16])

Ly =2(D) )

with (D) the average diameter of the spheres. The mean
free edge- to-edge distance between two intercepts reads
as

z:§<D>(l ;,VVV) )

with 75 the volume fraction of spheres.

An average linear section (Fig. 8(b)) through the
matrix can thus be described as a periodic sequence with
period

a=Li+4 (3)
and the density function for the unit cell reads as

R(&) = pyo, for 0< &L,
=px. for A< ¢é<a,
=0 elsewhere. (4)

For the density of the matrix, the theoretical value
should be taken (pyo, = 10.96 g/cm’), and the density
of the gas inside the bubbles has to be determined from
iterative calculations.

The one-dimensional structure (Fig. 9, left) can thus
be written as

po(z) = Z R(z—n-a), with n = integer. (5)

The structure defined in (5) is infinite in all dimensions:
it is homogeneous alone x and y and varies periodically
along z.

2.3. Implementing an X-ray correction procedure for a
bubble distribution

A microprobe analysis is performed on a polished
sample and the penetration depth of the electron beam
is of the same order of magnitude as the parameters
L; and A. It is therefore crucial to take into account
the effect of the intersection of the structure described
by Eq. (5) with the free surface of the sample. This
interaction will indeed largely influence the measured
X-ray intensity. To account for the effect of the free
surface, one must calculate the X-ray intensity for all
possible intersection configurations (Fig. 9). In prac-
tice the number of different configurations that have
to be calculated (N.) is determined by convergence
criteria. The density function of the ith configuration
reads as

. ia
pilz) = polz = 4i)  with 4, = o, (6)

C

o P

Ax

L]

Fig. 9. Different configurations of the same 1D representation
of a bubble distribution. Each configuration is defined by the
position of the zero level (z = 0). Symbols in the figure refer to
formula (6).

N. being the number of configurations i=0,1,...,
N, — 1.

A bubble which intersects with the free surface no
longer contains Xe (Fig. 9, middle). The sample prepa-
ration also involves grinding and polishing, which
damages the top layer and Xe will thus also be lost from
bubbles which are entirely closed, but which intersects
with this damaged zone. If the bubbles are in overpres-
sure, then they can only remain intact if the covering
layer is strong enough to counteract the internal pres-
sure. To account for these effects, a depleted layer with
thickness J is assumed.

Since the hypothetic 1D structure is built on the
average intersection which occurs off-center, the top-
most position of a closed Xe-‘layer’ is found at depth
(see Fig. 10)

1

1—

This condition may be introduced in (6) by imposing
that
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<A>

Fig. 10. Schematic drawing showing the topmost position of an
intact bubble and how this configuration is represented in the
corresponding 1D representation.

_ 5
Pxe(z) =0 for z< 4; and Ai<L3+h:ZL3+6. (8)
For each configuration (6) and taking into account the
condition (8), the X-ray intensities of uranium, oxygen
and xenon are then calculated and averaged

L= L) 2=U,0Xe. ©)
€ =0

In this expression, f,(p;(z)) is the calculated k-ratio for
the considered element («) for a configuration (i). These
calculated X-ray intensities (expressed as k-ratios) are
finally used as input to determine the apparent Xe
concentration for a given bubble distribution. For the
present study, we have implemented (9) using the para-
bolic PAP method, according to the approach described
in detail in [6]. Mass absorption coefficients are taken
from [17].

In Fig. 11, the results are represented of model
calculations showing the variation of the apparent gas
concentration as a function of bubble diameter. It
should be noted that the bulk Xe concentration is kept
constant. The fundamental aspects of the calculated
curves of Fig. 11 are identical to those of the experi-
mental curves of Fig. 2(c). When the gas is dispersed
atomically, the measured Xe concentration is indepen-
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Fig. 11. Calculation of the X-ray intensity yield as a function of
bubble diameter. The difference between 10 and 30 kV is
maximal for bubbles of diameter 400 nm and amounts to more
than 50%. The bulk Xe concentration is kept constant and the
calculated reduction in signal is thus the sole result of bubble
information and growth. The apparent Xe concentration con-
tinues to rise with accelerating voltages but it will never be
possible to obtain the true bulk value due to the limited escape
depth of the Xey, line.

dent of the accelerating voltage. when bubbles develop,
the Xe signal is reduced and becomes a function of the
accelerating voltage: the lower the applied accelerating
voltage, the lower the apparent Xe concentration.

2.4. Discussion of the model parameters and calculated
X-ray intensities

The X-ray intensity calculation (9) makes use of
several parameters defined in expressions (1)—(8). The
independent parameters are:

e bubble diameter ((D));

e bubble volume fraction (74);

e number of configurations (N.);

e density of the gas (py.);

o thickness of the depleted layer (9).

They are discussed below.

e The bubble size distribution is described by two
parameters (D) and V4, which both vary with radial
position. For the example presented in this paper, the
bubble size distributions are determined on the basis
of SEM observations of the polished fuel pellet cross-
section. However, one should remember that small
bubbles and nanoclusters remain unresolved in a
SEM analysis. A second limitation is the fact that
SEM observations provide only a two-dimensional
analysis of the sample. The 3D distribution parame-
ters must be derived by stereological calculations. We
have used the Saltykov area analysis method (see e.g.
[16]) to determine the true size distribution at differ-
ent radial positions. From these size distributions,
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Fig. 12. Variation with radial position of the average bubble
size and bubble volume fraction for sample C.

one may then derive the local average diameter (D).
Its variation with radial position is represented in
Fig. 12.

e The bubble volume fraction, V4, can either be calcu-
lated from the derived bubble size distribution or
directly measured. The volume fraction of a polydi-
spersed system of spheres (Vy) is equal to the area
fraction (44) of the intersection of these spheres with
the plane of polish. The area fraction, 4, equals the
sum of the areas of all circular sections divided by the
total area analysed. The variation with radial posi-
tion of the bubble volume fraction is also represented
in Fig. 12.

e The number of configurations (NV,) is imposed by con-
vergence criteria. If one uses as criterion that the con-
vergence should be within 1%, then N, should be
chosen such that

Ly + 2

< 20 nm. (10)
Cc

e For a known concentration of gas and bubble vol-
ume fraction, the gas density is fixed by dividing
the weight percentage by the bubble volume fraction.
The bulk concentration of Xe obviously is not known
beforehand, and has to be calculated iteratively. In a
first approach, the generated X-ray intensity is calcu-
lated assuming complete retention of the produced
fission gas. The calculated X-ray intensity is then
compared to the experimental value, and the calcula-
tion is iterated. It was found that the gas density only
marginally affects the correction factors related to the
bubble distribution, hence this iteration converges
rapidly.

o The thickness ¢ of the depleted layer is difficult to cal-
culate independently as it is a function of both bubble
pressure and sample preparation. In the case of over-
pressurised bubbles, gas may be released due to the
mechanical instability of a pressurised bubble close
to a free surface. The stress in a thin layer of width
w between the free surface and a bubble of radius
R and internal pressure p is given by

JZ%W_ (11)

In this expression, 7y is the solid—gas surface tension.

A bubble will remain closed as long as the stress o is
smaller than the critical fracture stress o, of UO,. The
condition on the width w reads thus as

_PR-2

20, (12)

w = w

It is clear that for bubbles in thermodynamic equilibri-
um, w; will vanish. Experimental results reported by
Thomas [18] and Kashibe et al. [19], show that equilib-
rium is reached only in large bubbles. They also show
that pressure rapidly rises for smaller bubbles, in which
case one may neglect the term 2y in expression (12) and
w; becomes proportional to the product of the bubble
pressure and radius. The proportionality factor 1/20,
however is poorly known. The theoretical value for the
critical fracture stress ¢ in UO, equals 3.0 x 10'° N/ m,
while experiments show that fracture occurs at stresses
of about 1.4 x 108 N/m’, i.e., 200 times smaller. The
large discrepancy is explained by assuming that small
flaws are present at the surface of the test specimens [20].
While the theoretical value may be appropriate for nm-
size bubbles, the much lower macroscopic value should
be used when stability of larger bubbles is considered.
Since there exists no criterion that defines the range of
application of either of the two values, it is not possible
to calculate w, reliably.

The problem is even more complicated, since not
only overpressurised bubbles are unstable close to the
free surface, but the sample preparation itself introduces
damage. Again, the degree to which grinding and pol-
ishing introduces damage to sub-surface bubbles will
depend on the local bubble size. No effect is expected in
the case of atomically dispersed Xe, while large bubbles
may be more easily damaged by the sample preparation
process. This can be expressed by an effective damaged
zone with w,

w, =0 for atomically dispersed gas,
wy = f((D)) where bubbles have developed. (13)

Combining the sample preparation induced damage
with the bubble stability condition results in a depleted
layer width 6 = w; + w,. In view of the fact that neither
of the parameters w; and w, can be calculated with
confidence, an experimental method to estimate its value
was searched for. It is possible to estimate the value of ¢
when taking full advantage of the multiple voltage
analyses.

If one takes the ratio of analyses performed at dif-
ferent accelerating voltages, the influence of the geom-
etry is separated from concentration variations. The
ratios of the apparent Xe concentrations (10 kV/30 kV
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Fig. 13. Ratio of the concentration profiles as a function of
relative radial position. The markers represent experimental
data, and the curves are calculated on the basis of the bubble
size distribution data of Fig. 12 and with a depleted layer width
0 as expressed in formula (14a) and (14b).

and 15 kV/30 kV) are represented in Fig. 13. At radial
positions /ry > 0.80, the ratios 15 kV/30 kV and 10 kV/
30 kV are equal to 1, which is to be expected in the case
of atomically dispersed Xe. When bubbles develop, both
ratios decrease and the decrease is larger and starts
earlier for the 10 kV/30 kV ratio than the 15 kV/30 kV
ratio. At mid radial position (r/ro = 0.50), the 15 kV/30
kV ratio shows a remarkable rise. If one compares
Fig. 13 with the graph showing the bubble size evolution
(Fig. 12), then it appears that at the same position, the
average bubble size is smaller than at the two adjacent
points of observation. The good correspondence be-
tween features observed in Figs. 12 and 13 confirms that
concentration ratio profiles indeed are sensitive to the
local geometry of the Xe distribution.

In Fig. 13, the calculated concentration ratios are
also given (solid lines). A good correspondence between
experimental and calculated ratios was obtained for

0=0.2(D) for r/ry> 0.65, (14a)
0=80nm for r/ry<0.65. (14b)

This is qualitatively in accordance with the expected
behaviour discussed above: for smaller bubbles (14a),
the pressure related stability condition (12) essentially
holds, while for larger bubbles (14b), damage due to
polishing governs the Xe release from sub-surface bub-
bles (expressed in 13).

3. Discussion

At this point, all parameters needed for the model
calculations are known. Let us first consider the reduc-
tion in apparent Xe concentration related to bubble
formation and growth. In Fig. 14, calculated curves are
compared with experimental data points. The computed
curves are obtained under the assumption of complete
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Fig. 14. Calculated (solid lines) and experimental (markers)
variation in apparent Xe concentration as a function of radial
position and accelerating voltage. The calculated values are
obtained on the basis of bubble size evolution observations
(Fig. 12), assuming complete bulk retention of Xe.

retention. The calculated reduction in apparent Xe
concentration is thus solely the result of the agglomer-
ation of Xe in bubbles and is not related to a true release
of fission gas. The general trend of the experimental data
(Fig. 2(c)) agrees very well with the calculated curves
(Fig. 14) for all three accelerating voltages. The loss of
signal as observed experimentally is thus at least partly
related to the formation of bubbles.

For radial positions r/ry > 0.8, the Xe concentration
reaches a plateau, and the measured concentration is
independent of the applied accelerating voltage. More
towards the pellet centre (r/ry < 0.8), the apparent Xe
concentration starts falling: first for the lowest acceler-
ating voltages, then also for the higher ones. SEM ob-
servations in this zone reveal bubble formation only at
positions r/ry <0.7. Indirectly, we have thus evidence
for the presence of very small bubbles, which remain
unresolved in a SEM analysis. TEM observations have
indeed shown that in the early stage of bubble formation
during transient tests, nm-sized gas filled clusters are
formed (see e.g. [18,19,21]). Such clusters are of course
not revealed by a SEM analysis, but the X-ray signal
seems to be sensitive even to the formation of very small
clusters, especially when the analysis is performed at a
low accelerating voltage. TEM investigations have also
shown that in the early stage of bubble growth, only a
fraction of the bubbles coarsen, while another fraction
stays at the nm scale [21,22]. Some caution is thus in
order when evaluating the lower tail of bubble size dis-
tributions determined by SEM. From radial position
r/ry < 0.6 on, the calculations systematically overesti-
mate the experimental results, which indicates true re-
lease of intragranular Xe. On going further towards the
pellet centre, the Xe value continues to decrease even for
high accelerating voltage analyses. SEM observations
(Figs. 7(g) and (h)) show an increasing fraction of
intergranular porosity, which is excluded from the
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Fig. 15. Experimental (markers) and corrected (solid line) Xe
concentration profile. One observes that retained gas fraction is
systematically underestimated in the region between r/ry = 0.7
and r/ryp = 0.5 at all three accelerating voltages used.

present analysis, and for which it is known that EPMA
is not the appropriate tool to investigate the eventually
retained gas fraction. Other methods such as e.g. X-ray
fluorescence should then be applied [23]. In the present
example, however, there is a broad transition zone in
which the signal loss to a large extent is due to intra-
granular bubble formation and for which the calculation
developed above applies.

Once the influence of the bubble formation on the Xe
X-ray intensity is known, one may compensate for it. In
Fig. 15, the corrected Xe profile is given, together with
the raw data. It is clear that at low accelerating voltage,
the as-measured profiles highly underestimate the
amount of retained fission gas, but the difference be-
tween the raw profile and the one obtained after com-
pensation for the signal loss decrease at higher
accelerating voltages. On the basis of radial profiles such
as those of Fig. 15 and taking into account the axial
power variation during the transient-test one may cal-
culate the total amount of released fission gas. On basis
of the raw profile acquired at 15 kV, a release of 29% is
expected. The 30 kV data lead to an estimated release of
16% and the corrected profile yields a release of 11%.
Latter value is still higher than the amount of released
gas as measured by puncturing the fuel rod, which
yielded a release of 7%. As the present method only
compensates the signal losses of the intragranular frac-
tion of retained gas, it is not surprising to find that the
EPMA based method still underestimates the truly re-
tained gas fraction.

While the need for applying an elaborate correction
of the EPMA data may not be obvious if only a gross Xe
profile or a retained fission gas fraction is looked for, its
necessity may be better appreciated in combination with
observations of the grain boundary bubble evolution
(Fig. 16). At radial position r/ry = 0.65 (Figs. 7(c) and
(d) and 16(a)) grain boundary bubbles are well devel-
oped, but are not yet interconnected. If the EPMA data

Fig. 16. Grain boundary aspect at different radial positions. (a)
at radial position r/ry = 0.65: the grain boundary bubbles are
closed. (b) at radial position r/ry, = 0.55: grain boundary bub-
bles are interconnected and may vent to the intergranular pores.

were used directly, i.e., without compensating for the
signal loss due to bubble formation, then one would
have to accommodate an important fission gas release
from the grain bulk in a structure where intergranular
bubbles are still closed and represent only a small frac-
tion of the total bubble volume fraction. The uncor-
rected 15 kV EPMA data indicate a fractional Xe release
of more than 50% at this position and the 30 kV analysis
about 20%, but after correction for the geometry effects,
it is seen that bulk release does not yet occur. Inter-
connection of grain boundary bubbles on the other hand
is obvious at position r/ry = 0.55 (Fig. 16(b)). At this
position, the Xe profiles also evidence the release of Xe
from the grain interior.

The determination of the point at which gas is re-
leased from the bulk of the grains is important to in-
terpret correctly the role that grain boundaries play in
the fission gas release of this particular sample. Let us
consider the following two cases in more detail. If the
bulk release does not occur at the considered position
r/ro = 0.65, then the gas present in grain boundary
bubbles is accumulated from the adjacent areas only.
The intragranular gas bubbles on the other hand acco-
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modate the average generated amount of Xe. The other
case assumes that bulk Xe release did occur to an
amount of 20% at this position, which is the figure de-
rived from the uncorrected 30 kV profile. In this case,
the grain boundary bubbles have to accomodate an
additional 20% of the total generated amount, while the
intragranular bubbles accomodate the remaining 80%.
The following geometrical parameters apply.

The intragranular bubble volume fraction (Fy) at the
considered position (r/ry = 0.65) is read from Fig. 12:

W = 2.7%. (15)
The volume associated with a lenticular bubble of radius
of curvature r. and contact angle 0, read as

_4m o, 3 |
Vb_3rc(1—2cos9+2cos 9). (16)

The number of bubbles per unit grain boundary surface
area for a given surface coverage fraction (Fg) is ex-
pressed by

Fs

b =" -
nr? sin® 0

(17)

The internal grain boundary surface per unit of volume
(Sy) is equal to

(N

The volume fraction of grain boundary bubbles per unit
of sample volume (Vgpp) is then finally given by

Ve = ny b Sv. (19)

At relative radius r/ry = 0.65, the grain boundary bub-
bles have the following dimensions:

Surface coverage: Fys = 50%, (20a)
bubble diameter: 2r.sin(0) = 600 nm, (20b)
bubble width: 24 = 2r.(1 — cos 0) = 300 nm. (20c)

This yields the following bubble parameters:
r. = 375 nm and contact angle 0 = 53°. On the basis of
the numerical values of (20a)—(20c), the volume fraction
of grain boundary bubbles (Vgps) at r/ro = 0.65 is
calculated

Voss = 0.4%. (21)

This relatively low value is due to the fact that the large
grain size of the present sample results in a small internal
surface: Sy = 5.0 x 10* m?/m?.

Since the diffusion coefficients for doped UO, are not
well-known, the width of the zones that release their gas
to the grain boundaries is estimated geometrically. It is
assumed that a lower limit is given by the average
intragranular bubble radius. All gas generated within
this distance from a grain boundary is thus assumed to

be accumulated in grain boundary bubbles. The amount
of Xe present within a distance 4 (4 =0.150 pm
at r/rog = 0.65) from the grain boundaries is given by

248y Nxe. (22)

The atomic density of produced Xe atoms (Nx.)
amounts to

Nxe = 3.52 x 10% atoms/m’. (23)

With these data, one can now calculate the intragranular
and grain boundary bubble pressures for the two con-
sidered cases. Using the equation of state as proposed by
Brearley and Maclnnes [24] for inert gases at high
pressures, the following results are obtained.

If one assumes that at the considered position true
bulk release did not yet occur, then the intragranular
bubble pressure is calculated to be 500 MPa. In this
scenario, the grain boundary bubbles accumulate the
gas atoms generated close to the grain boundaries only,
and their pressure is 25 MPa, which is approximately
five times the equilibrium pressure for bubbles with a
radius of curvature equal to 375 nm. If on the other
hand, the scenario involving a 20% release from the
grain interior is calculated, then the intragranular
bubble pressure decreases slightly to 340 MPa, and the
grain boundary bubble pressure rises to 1.04 GPa. The
above calculations are only a very rough estimate of
the order of magnitude for the different pressures since
only geometrical effects are considered, the Kr com-
ponent is neglected and bubble distributions are based
on SEM observations only, while it is known that
small bubbles are likely to develop but remain unre-
solved.

What can be learned, however, is that the scenario
involving important release of fission gas from the bulk
of the grains without interconnection of the grain
boundary bubbles leads to a paradoxical result in which
the grain boundary bubbles develop pressures that are
three times higher than the intragranular bubbles. In the
other scenario, the estimated pressures for intra and
intergranular bubbles show a more realistic behaviour:
as long as the release of fission gas from grain interior
does not occur (radial position »/ry = 0.65), the grain
boundary bubbles only accumulate gas from the adja-
cent zones, which is sufficient to build up a moderate
overpressure. When gas release from the grain bulk is
evident also after compensating for the loss of signal due
to bubble development (radial position r/ry = 0.55), the
grain boundaries interconnect (Fig. 16(b)).

4. Conclusions

Electron probe microanalysis probes the surface
rather than the bulk concentration. In the specific case
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of gas bubbles in a solid, a concentration gradient exists
close to the surface of the sample. If its influence on the
apparent gas concentration is neglected, then the re-
tained gas concentration may be underestimated. In
order to account for this, we have calculated the ge-
ometry related effects on the X-ray signal. The param-
eters of the model are either directly determined by SEM
observations, or adjusted through a full exploitation of
multiple voltage analyses. The present analysis method
allows one to better estimate the true retained xenon
profile. Even when a full correction procedure is not
imperative, one might appreciate a straightforward
method that allows one to estimate to what extent the
geometry influences the measured Xe signal. This can
easily be achieved by applying the multiple voltage an-
alyses proposed in this paper. The difference in measured
signal when a different accelerating voltage is applied
provides a rapid method to evaluate in a qualitative way
to what extent the microstructure influences the mea-
surements.

In the examples presented in this study, the multiple
voltage analyses have shown that the EPMA profile is
not influenced by the applied accelerating voltage when
intragranular bubbles do not develop or is only mar-
ginally affected when intragranular bubbles rapidly
vent to the grain boundaries. On the other hand, in
cases where a considerable fraction of the fission gas is
retained in intragranular bubbles, as in the case with
transient tested, large grained fuel, the measured Xe
signal may be highly influenced by the intragranular
bubble evolution. After correcting the Xe concentration
profiles of the latter sample for geometrical influences
on the X-ray intensity, it is seen that true fission gas
release occurs at higher temperatures (i.e., more to-
wards the pellet centre) than estimated from raw data.
The calculated retained gas fraction raises accordingly.
At low accelerating voltages, the retained gas fraction
is highly underestimated, but the signal loss due to
geometrical factors decreases if higher accelerating
voltages are applied. One may thus assume that the
application of an elaborate correction procedure is not
always justified if only a gross profile is searched after.
This was also remarked by Walker and co-workers
[2,5], who decided no longer to apply the correction
procedure developed by Ronchi and Walker [3] and
rather to rely upon profiles acquired at elevated
accelerating voltages.

On the other hand, the full correction procedure has
proven to be indispensable in the confrontation of the
Xe profile with observations of the grain boundary
bubble evolution. A direct interpretation of the uncor-
rected data, even those acquired at an accelerating
voltage of 30 kV, would have led to the conclusion Xe is
released from the grain interior at positions where
interlinkage of bubbles was still absent. After correction
for the influence of bubble formation on the X-ray

signal, the Xe profile shows that release of Xe from the
grain interior occurs with the simultaneous interlinkage
of grain boundary bubbles.
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