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ABSTRACT

In addition to dissolution of the UO, matrix, the
corrosion of spent nuclear fuel in groundwater
appears to occur, at least in the short term, by
the rapid dissolution of fission product phases
formed during reactor irradiation, and by selec-
tive attack at zones or segregations in the fuel
enriched in fission products.

The Electron Probe Micro-Analysis (EPMA) technique
offers the possibility of identifying and analyzing
such phases and segregations in spent LWR fuel,
although the small amounts expected to be present,
and the background radiation, present a signifi-
cant analytical challenge.

This report describes preliminary work performed
to examine the application of the EPMA technique
to this problem. The fuel specimen examined had
been power-bumped to a linear power rating some-
what higher than those generally experienced by
commercial LWR fuel, so that fission product
mobility had been enhanced. Steep concentration
gradients for xenon and cesium within individual
fuel grains, probably due to grain boundary sweep-
ing during grain growth, were detected and measured.
With changes in the analytical technique, it is
possible that even strontium could be determined.
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1 INTRODUCTION

Based on substantial experimental programmes,
performed mainly in Canada, Sweden and the
U.S.A. on the dissolution of spent reactor fuel
in groundwaters, the current hypothesis is that
the dissolution can be represented by three

processes:

1. The rapid dissolution of water-soluble
compounds of principally cesium and
iodine which were released from the
fuel matrix during reactor operation
and condensed or formed reaction pro-
ducts in fuel cracks or in the neigh-
bourhood of the fuel/clad gap.

2. Dissolution at preferred sites, for
example, at grain boundaries.

3. Matrix dissolution.

The first process, which gives rise to the
so-called "instant release fraction" of cesium
and iodine nuclides within the first few days
of water contact, appears to be relatively
insensitive to the chemical composition of the
groundwater or whether oxidizing or reducing
conditions prevail. The magnitude of the
"instant release fraction", not unexpectedly,
has also been shown to be similar in magnitude
to the release of the inert gases krypton and
xenon from the fuel during reactor operation
(1, 2, 3, 4).

Canadian workers later published results (5, 6)
which showed that for CANDU fuel specimens
exposed to a short 5-day leaching period in
deionized water, only fuel which had experienced

rapp\nfp8831/BEm
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a linear power rating higher than about 40 kW/m
during irradiation gave release ratios of about
unity for Cs~137 and I-129 relative to xenon
release. For fuel with lower linear power
ratings (25-40 kW/m), the release ratios were
substantially lower, and only approached unity
after 92 days leaching. This effect was attri-
buted to retention of migrated cesium and
iodine in the very small grain boundary gas
bubbles, and to the limited inter-connected
porosity characteristic of this fuel.

Hence, distinction between the first two of the
processes listed above, “instant release" and
"selective dissolution', is to a great extent a

gquestion of definition.

Nothing definite is known about the chemical
state of the cesium and iodine species in the
fuel which are dissolved during the first few
days of water contact, or even their distribu-
tion in or on the fuel or clad for commercial
LWR UO2 fuel. Based on the numerous published
reports of the outward migration of cesium and
iodine observed in higher-powered fuel, it is
usual to assume a location "in or near the

fuel/clad gap" even for commercial fuel.

In the case of cesium, it is also postulated
that the readily soluble cesium could be pre-
sent as a '"cesium uranate" phase, an assumption
based on observations-usually qualitative and
not quantitative - of such phases in high
temperature fuel (7) and on Cordfunke's work on

the Cs-U-0 system (8) where it was shown that
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CSZU4012 could be formed near the periphery of

fuel pellets.

In this context, it can be noted that for the
BWR reference fuel used in the Swedish program-
me (Burnup: 42 Mwd/kg U), about 1% of the total
Cs-134 and Cs-137 inventories was released to
the groundwater leachant (123 ppm bicarbonate)
during the first 7 days of contact, a value in
good agreement with the integral fission gas

release from the whole fuel column of 0.7%.

Assuming the absence of isotopic effects, such
a release corresponds to about 0.4 mg of cesium
in the standard 200 ml leachant volume.
Assuming, further, that the leached cesium was
present in the fuel as Cs2U4012, that the phase
dissolved congruently and that the dissolved
uranium was retained in solution, this would
give about 1.4 mg of uranium in the 200 ml
leachant, a value about 7 times higher than

those observed.

Experimental evidence for the second process,
selective dissolution, consists mainly of
leaching results reported by both Swedish and
Canadian workers (9, 10, 11), which showed
persistently high release fractions for cesium
nuclides relative to the corresponding release
fractions from uranium after contact times of
several years. This appears to be the case even
for the release of strontium, although here,
the initial release is more than an order of
magnitude lower than for cesium. For the high
burnup BWR and PWR reference fuels used in the
Swedish programme, the release fractions for
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both cesium and strontium have been shown to be
the same in both bicarbonate groundwater and

deionized water (9).

Further, it has been demonstrated (1, 9) that
the leaching behaviour of strontium in high
burnup fuel specimens taken from different
parts of the same fuel pellet column is sig-
nificantly different, suggesting the effect of
local irradiation history.

Clearly, a great deal of work remains to be
done before an adequate understanding of these
two leaching processes is attained. The problem
is to a large extent an analytical problem,
since the magnitude of the effects sought are
extremely small and the elemental compositions
to be determined represent a severe test of the
sensitivity and accuracy of available investi-

gational techniques.

The detailed characterization of spent fuel
before and after its exposure to groundwater is
an important part of the Swedish programme.
This report presents the results of SEM/EPMA
examination of a spent fuel specimen performed
with the aim of method development. The fuel
specimen selected for examination had a burnup
(37 MWA/kg U) somewhat lower than the reference
BWR and PWR rods, but had been subjected to a
power bump test in Studsvik's R2 test reactor.
The local maximum power which the specimen had
experienced was 43 kW/m, so that fission
product mobility was expected to be appreciably
higher than in typical LWR fuels.
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2 EXPERIMENTAL

A thin diametral strip was cut out from a
metallography specimen prepared from a BWR fuel
rod with a burnup of approximately 37 MWd/kg U,
which had been subjected to a staircase ramp
terminating at a local linear heat rating of
approximately 43 kW/m, with a hold time of 12
hours. The surface was ground and polished in a
non-aqueous medium, with 0.05 um alumina as the

final stage.

The uncoated specimen was mounted in a holder
together with the X-ray standards. The EPMA was
performed on a JEOL JXA-840 analytical SEM,
equipped with two wavelength dispersive X-ray
spectrometers, partly shielded with lead. The
analysis was controlled by a LINK AN10000 X-ray
microanalysis system, with stage and beam

automation.

The analysis was performed with a beam current
of 300 nA at an accelerating voltage of 20 kV,
in order to give a reasonable peak-to-background
ratio for the active specimen. The electron
beam current, peak and background heights were
measured on the standards prior to each measure-
ment series, or after any change in the instru-
ment operating conditions. The standards and
X-ray lines are shown in Table 1. In the case

of Xe and Cs, pseudo-standards were used, since
suitable analysis standards for these elements

were not available.
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After the standardization, the stage was driven
to the specimen position, beam points for
analysis were programmed, and a digital second-
ary electron image was stored with the analysis
points. The peak and background heights were
then measured for each element at each point,
together with the beam current. After the
measurement series was complete (usually about
30-60 minutes), the image was recorded again,
in order to check for any drift due to heating

or charging.
The results were then corrected for changes in
beam current (21%) and a ZAF correction was

calculated (for the listed elements).

Table 1 EPMA standards and X-ray lines

Element Standard Line Crystal
Sr SrF2 Lal TAP
Xe Te* Lal PET
*
Cs Ban Lal PET
Nd NdF3 Lal PET
U UO2 Mal . PET

rapp\nfp8831/BEm
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3 ANALYSIS

The measured concentration for each fission
product (atom %) was normalized to the measured
concentration of uranium, in order to avoid any
effect of local porosity. In the discussion
below, all the concentrations refer to atom %
excluding oxygen (i.e. assuming there is no
oxygen). There were, however, many other non-
negligible sources of error, some of which will

be briefly discussed here.

3.1 Specimen activity

The specimen activity contributes greatly to
the background intensity, despite the partial
shielding of the spectrometers. In order to
reduce this background, a relatively narrow
voltage window was used in the pulse height
analyser. This could have decreased the ac-
curacy somewhat when dealing with variable

count rates.

Since the standards were measured with the
active specimen present, no other corrections
were made to deal with the specimen-induced
background. The activity background intensity
varied by up to a factor two between the diffe-
rent elements, and with the specimen position.
The activity background intensity was similar
for both the specimen and the standards, and in
all cases the peak-background count rate was

approximately zero.
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3.2 Standards

When using standards for quantitative EPMA, the
measurement on the standards can also be a
source of error. Two of the major problems
encountered here were the lack of suitable
standards for Xe and Cs, and inhomogeneity/
porosity in the ceramic standards. Te and Ba
were used as pseudo-standards for Xe and Cs
respectively, and the relative line intensities
of the pseudo-standards to the elements were
estimated by extrapolation from other nearby
elements. Inﬁomogeneity/porosity related spread
in the measured intensity was most marked for
the U0, and NAdF., standards. This effect was not

2 3
corrected for in this study.

A special problem was encountered with the Sr
standards, where the background intensity was
very high and variable. This was probably due
to an inappropriate choice of wavelength used
for the background measurements, in an attempt
to avoid possible overlapping with other ele-

ments present in the specimen.

3.3 Overlapping lines

In addition to U and O, a high burnup fuel
specimen also contains small amounts of a large
number of fission and neutron capture products.
These elements have X-ray lines which may
overlap with the analysed elements' lines, or
affect the background intensity measured on
either side of the analysed lines. An example
of this is a number of U lines in the vicinity
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of the Cs Lal line. Despite the use of a pulse
height analyser to filter out higher order
reflections of higher energy X-rays, a scan on
the U02 standard showed substantial variations
in the measured intensity in the vicinity of
the Cs line. It was possible, however, to
choose wavelengths for the background measure-
ments which gave the correct " background"

intensity on U02 at the CsLo.l line wavelength.

For Nd, the peak-background intensity measured
on the UO2
centration of about -0.08 atom %, i.e. the Nd
concentrations measured on the specimen were
probably 0.08 atom % too low. This problem was
not encountered with the other analysed elements.

standard gave a calculated Nd con-

3.4 ZAF correction

The AN10000 performed a full ZAF correction for
the elements analysed. However, the fission and
neutron capture products not analysed (about 5
atom % in total), as well as oxygen, were not
included in the correction. This is not a

significant source of error.

3.5 Minimum detectable concentration

The sensitivity of concentration determinations

can be expressed in terms of the minimum detect-
able concentration, i.e. the smallest concentra-
tion detectable at the 20 level. The sensitivity

can thus be expressed as
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(P-B) 2 2 (op%+ 05°)

where P and B are the peak and background
intensities (heights), and

and o. are the standard deviations of the
sgread 1% the intensities.

The standard deviations of the background

intensities were determined from the measure-

12

ments on the specimen. Similarly, the standard

deviation of the peak intensity for Nd was

estimated from the measurements, since N4 is

immobile, and has a relatively constant fission

vield over the area investigated. For the other

elements the stahdard deviation of the peak

intensity was assumed to be the square root of

the peak count.

The estimated minimum detectable concentration

for each analysed element is given in Table 2,

for the typical levels found in the specimen.

For Sr, the minimum detectable concentration is

seen to be far larger than the typical amounts

measured in the specimen, while for the other

fission products the sensitivity is of the
order of 10% of the measured concentrations.

3.6 Accuracy

The overall accuracy of the measurements is

difficult to ascertain without comparison or
benchmarking with other, more accurate, ana-
lysis methods. However, a rough guide to the

relative accuracy can be estimated from the

identified error sources. The estimated total

error, relative to the mean measured concentra-
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tion of each element, is given in Table 2.
Since the total error contains both systematic
and random errors, some of which are indepen-
dent of the actual element concentration in the
specimen, the relative error is larger for
lower concentrations and smaller for higher
concentrations than the mean. The random errors
(such as the minimum detectable concentration
described in point 3.5 above) are the measured

or estimated 1lo values (where applicable).

The total error in the Nd measurements can be
halved by correcting for the U line overlap
effect (see point 3.3). An improvement in the
relative accuracy of both Nd and U could also
be attained relatively easily by "fixing" the
value of the peak-background intensity to
estimate the scatter due to porosity or inhomo-

genity in the standards.

Table 2 Detection sensitivity and estimated

overall accuracy

Min. gggectable conc. Relative accuracy
Element Atom % %
Sr 1.0 300
Xe 0.1 6
Cs 0.05 10
Nd 0.07 20
U 0.3 4
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3.7 Spatial resolution

The spatial resolution of the X-ray analysis is
determined to a large extent by the source size
of the X-rays. This in turn is determined by

the volume of the specimen material in which

the characteristic X-rays are generated. Other
factors affecting the resolution are secondary
fluorescence (i.e. characteristic X-rays genera-
ted by other X-rays), drift in the electron
beam or specimen position, and local variations

in density (pores or cracks).

For the instrument conditions used in this
study, the effective X-ray source size for the
analysed lines has been estimated to be approxi-
mately 0.6 um in diameter (12). This assumes a
point electron beam, and no secondary fluorescence.

The '"qualitative" resolution (i.e. ability to
detect well-defined areas of different

composition) can also be estimated with the

formula (13):

(g 1-5 _ g 1-5)
o] Cc

d=7.7 x 1072

O |

where d is the resolution in um
p is the specimen density in g/cm3
EO is the accelerating voltage in kV

E_ is the critical excitation potential
of the X~ray line in kV

This formula also gives a value of about
0.5-0.6 pm. However, the electron beam diameter

was of a similar size, so that the resolution
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was approximately 0.8 um. Belk (14) considers
that the attainable resolution for gquantitative
analysis is about 3-4 times poorer (i.e.

approximately 3 um).

There is a secondary fluorescence contribution
to the SrLo.l line due to excitation by the UMa
emission, as well as an effect on all the
analysed lines due to excitation by the UL and
continuum X-rays. The total secondary
fluorescence effect on the resolution is
difficult to quantify, but is not considered a

major limitation to the resolution.

The drift in the position of the electron beam
relative to the specimen was checked by
comparing the image acquired prior to the
analyses with the image acquired afterwards. In
most cases there was some observable drift,
sometimes as much as 5 um. The drift was
probably due to specimen heating and charging,
and varied according to the location (more
drift near to cracks or the edge of the spec-

imen) and time.

The effect of local changes in the density due
to cracks or pores is difficult to assess.
Large pores and cracks could be expected to
significantly increase the X-ray source volume,
possibly affecting the resolution by a factor

of two.

The depth resolution (i.e the depth from which
the X~-ray emissions emanate) was probably less
than 1 um in all cases apart from close to

cracks or large pores.
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4 RESULTS AND DISCUSSION

A photomacrograph of a longitudinal section of
a portion of the power-bumped rod is presented
in Fig 1, which also shows the location of the
thin, 1.5 mm wide fuel section removed from a
mid-pellet position for the measurements
described in this report. Fig. 2 presents a
series of photomicrographs showing the fuel
structure in the as-polished condition from the
fuel pellet centre out to near the pellet

periphery.

The fuel rod had experienced appreciable re-
lease of the fission gases Kr and Xe, and
redistribution of cesium out towards the pellet
periphery (demonstrated by micro-gamma
scanning) during the power bump, and this is
reflected in the radial variation in structure
and, particularly, the amount and morphology of
the porosity. Spherical or near-spherical
metallic inclusions of the fission product
metals Mo, Tc, Ru, Rh and Pd are also seen to

be present out to over half the pellet radius.

At the peak power position in the rod, where
the ramp maximum linear power was substantially
higher than 43 kW/m, ceramographic examination
after etching (results not presented here),
showed the presence of populations of small
pores within the fuel grains, and also areas
free of such pores. These zones were interpre-
ted as areas swept by the grain boundaries
during grain growth, and such effects were also
anticipated in the central parts of the speci-
men examined in this work. The specimen used

for the SEM/EPMA examination was, of course,
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unetched to avoid fission product loss,so the
internal grain structures are not so clearly

visible.

Since the principal aim of this work was to
assess the possibility of detection and measu-
rement by the EPMA technique of possible con-
centration gradients in individual fuel grains
and at crack surfaces with particular attention
to cesium and strontium, this specimen was

regarded as being particularly suitable.

At a series of radial positions, point scans

have been performed covering individual grains,
grain boundaries and areas of porosity in order
to detect and measure possible local concentra-
tion gradients. Steps of 1-3 um were used to be
able to assess the effective spatial resolu-

tion. Inspection of Fig. 10b indicates that the
measured resolution was in good agreement with

the theoretical value (section 3.7).

Two locations near a fuel crack surface at a
radial position of 2.5 mm, where fuel reaction
with cesium released from the hotter central
portions of the fuel pellet was possible, were

also examined.

Only 5 elements were determined at each

position:

1. Uranium
The measured atomic percentages of the
other 4 elements are reported in the
following as ratios to uranium.

2. Neodymium
This element is regarded as being
immobile within the UO2 lattice and
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its concentration is roughly propor-
tional to the local burnup. (Nd-148 is
the usual monitor of burnup.)

3. Cesium
4. Strontium
5. Xenon

The results for the measurements on individual
grains are presented in Figs. 3-12 as paired
SEM photographs and concentration profiles. The
positions of the individual measurement points
are indicated as crosses in digital image
photographs with arbitrarily arranged grey
scales which are also provided to facilitate

comparison.

Fig. 13 is a SEM photograph of the fuel crack
at a radius of 2.5 mm showing the two locations
which were examined for possible Cs-UO2
reaction zones. Fig. 14 presents the results
for location 1, a large fuel grain separated
from the fuel matrix by a micro-crack,
suggesting the possibility of grain boundary
separation due to weak crack bonding. Fig. 15
shows location 2, where the presence of

secondary phases was suspected.

The burnup of the fuel examined was calculated
to be about 37 MWd/kg U from reactor operation
data, a value sufficiently accurate for our
purposes in this work. Using ORIGEN-2, the
atomic ratios of the 4 fission products meas-
ured relative to uranium were calculated to be:

Xe; 1.1% Cs; 0.55% Sr; 0.25% Nd; 0.76%
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These values, of course, refer to the bulk fuel
and take no account of the enhanced burnup at
the fuel pellet rim or the radial burnup gra-

dient.

The Nd/U atomic ratios plotted in Figs. 3-15
exhibit satisfactory precision (i.e., reproduc-
ibility) but lie at wvalues between 0.4 and
0.5%. Even allowing for the negative bias
reported in section 3.3, this seems somewhat
low. This will be investigated in future work
on more typical LWR fuels when a more thorough
characterization of the fission product

inventories will be performed.

The Sr/U ratios also appear to be low
(0.1-0.2%), but as discussed earlier, the
minimum detectable concentration associated
with the background subtraction method used in
this preliminary work was substantially larger
than the specimen levels. Hopefully this can be

improved upon in later work.

Xenon and cesium are fission products which are
released from the central parts of the pellet,
to the free internal rod volume in the case of
xenon, and to the cooler outer fuel annulus and
the clad in the case of cesium. Further, as is
demonstrated in this work, the grain boundary
sweeping process produces steep local
concentration gradients within individual
grains which leaves small fuel zones with Xe/U
and Cs/U ratios approaching the bulk inventory
values even at radial positions where general

depletion has occurred.
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It must be remembered that the positions in the
fuel selected for the measurement scans were
specifically located to areas where such gra-
dients could exist, and are not representative
of the bulk fuel behaviour at the same radial

position.

However, the xenon and cesium concentration
profiles shown in Figs. 3-12 illustrate the
general trend for xenon release and cesium
redistribution in addition to local effects. At
a radial position 1 mm from the fuel centre
(Figs. 3 and 4), almost total depletion of both
elements is observed, while at 2 mm and 2.5 mm
(Figs. 5-10) the Xe/U ratio is either zero at
grain boundaries and swept areas or approaches
the ORIGEN-2 value. The Cs/U ratio shows the
same spatial variation as the Xe/U ratio but
the maximum concentrations are still signifi-
cantly lower than the calculated inventory

level.

At 3 mm from the fuel centre (Figs. 11 and 12)
the Cs/U ratio has attained the general level
of the ORIGEN-2 value but the concentration
profiles also show pronounced maxima, probably
associated with grain boundary porosity. At
this position, the Cs and Xe concentration
profiles are very dissimilar, with poor corre-
lation between the positions of the maxima. It
is therefore inferred that the "matrix" cesium
level represents un-redistributed cesium, while
the cesium maxima represent cesium from the

hotter portions of the fuel.

In the case of the measurements performed at

and near the fuel crack at a radial position of
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2.5 mm, the fission product/uranium ratios are
presented as concentration maps. (Figs. 14 and
15). Here, the comments above with respect to
the Nd/U and Sr/U ratios also apply. The Xe
ratio also shows the same steep concentration
gradients associated with grain boundary swee-
ping as was observed in the fuel pellet matrix.

The cesium results, however, show significant
differences compared with the previous scans.
Firstly, the general level of the concentration
profiles are as high or higher than the level
observed at a radial position of 3 mm in the
fuel pellet matrix. The ratio value of 0.48%
measured a few microns into the matrix from the
micro-crack (Fig.1l4b), gives some support to
the hypothesis that the cesium "enrichment"

observed is due to transport along the crack.

Secondly, at each location, one measurement
made with the beam overlapping the fuel/crack
edge gave a Cs/U ratio higher than 3%. This
may, of course, be a consequence of a step
change in the level of background correction,
as is almost certainly the case for the stron-

tium results at the same positions.

rapp\nfp8831/BEm
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5 CONCLUSIONS

The application of the electron probe
microanalysis technique to the examination of a
spent fuel specimen at the individual grain
level has shown that the technique has the
capacity to distinguish and measure fairly
small compositional changes over short (1-2
microns) distances with satisfactory
sensitivity and accuracy for the fission
products Xenon, cesium and neodymium. With some
changes in the measurement technique, further
improvements in accuracy can be attained, and
it is possible that even strontium could be
measured with sufficient accuracy to enable
significant concentration changes to be
detected.

In the fuel specimen examined, which had expe-
rienced a power ramp up to 43 kW/m such that
appreciable fuel restructuring and fission
product migration and release had occurred,
steep local concentration gradients probably
associated with grain boundary sweeping were
detected and measured. An enhanced cesium/ura-
nium ratio in fuel grains at a crack position

was tentatively detected.

Application of the technique to the examination
of high burnup commercial LWR spent fuel speci-
mens is planned for the near future. Later,
specimens which have been exposed to leaching

will also be examined.
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Fig 1. Photomacrograph (x4) showing location of
the fuel specimen used for ceramographic
and SEM/EPMA examinations.
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Figs 3/4b. Concentration profiles.
(See Figs: 3a and 3b)
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Figs 5/6b. Concentration profiles.
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Fig 12a.
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Figs 11/12b. Concentration profiles.
(See Figs 11/12a)
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