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ABSTRACT

This paper presents the current status of the Swedish programme
for the study of the corrosion of spent fuel in bicarbonate
groundwaters. Results from the on-going experimental programme
are presented and compared with the data base accumulated over
the past ten years. Release of uranium and the other actinides
was solubility-controlled under the semi-static type of experi-
ments performed. The limiting solubility for uranium under oxic
conditions was consistent with the hypothesis that the redox
potential of the system is assumed to correspond to the U;0,/U;04
transition. The measured release fractions for Y%cs, *sr and
®Tc are discussed and used to exemplify the probable disso-
lution and corrosion processes involved. A substantial part of
the Swedish programme is directed to the characterization of
spent fuel before and after corrosion tests. Recent results are

presented on the identification of possible corrosion sites.



1. Introduction

The direct disposal of spent nuclear fuel is a route in high-
level waste management favoured by several countries, such as
the U.S., Canada, Sweden, Finland and Spain. Common to the
methods proposed for the safe, permanent disposal of spent
reactor fuel is the concept of multiple barriers to
radionuclide release to the biosphere. The outermost barrier is
a suitable geological formation, where the encapsulated waste
will be buried at a depth of several hundred meters. The inner-
most barrier is the limited solubility or dissolution rate of
the ceramic UO, fuel itself and of the radionuclides embedded
in the fuel matrix. Studies of the dissolution of spent fuel in
groundwater started in the late 1970’s {1,2,3], and since then
some thirty papers have been published on the subject, mostly
in symposia proceedings or as laboratory reports (4,5,6,7,8]. A
recent overview of the work performed on spent fuel as well as

on unirradiated fuel has been published by Johnson and Shoe-

smith [9].

This paper is a status report on the Swedish programme with
emphasis on recent results in which their evaluation is per-
formed against the background of the data-base accumulated
throughout the whole experimental programme. In particular,
results from the characterization of spent fuel before and
after corrosive attack are now becoming available and these
will be discussed here. Some preliminary results from these
studies have already been reported [10,11] but not in a compre-
hensive form. An update of the actinide release data, together
with a comparison with results obtained in other laboratories

performing similar experiments, will also be presented.



2. Experimental
2.1 Fuel

Most of the corrosion experiments performed to date have used
20 mm long segments of fuel and clad, or fuel fragments from
two reference rods: rod 418-A6 from the Oskarshamn 1 BWR and
rod D07/B15 from the Ringhals 2 PWR. The rods had maximum bur-
nups of 42 and 43 MWd/kgU, respectively. Fuel specimens were
dry-cut from two different locations in the rods near the maxi-
mum burnup positions. The rods were selected for the corrosion
test programme on the basis of their burnup level and their
integral fission gas release values of 0.7 and 1.06%, respec-
tively. Thus the rods were not subjected to significant thermal
feed-back effects during the irradiation and were therefore
fairly representative of the bulk of discharged fuel in the

Swedish power reactor programme.

Two years ago, an additional BWR rod was included in the expe-
rimental programme in order to study the effects on corrosion
of burnup/linear power. Rod 79B2 was the bottom segment of a
stringer rod irradiated for 8 cycles in the Ringhals 1 BWR. The
local burnup along the fuel column, excluding the end-pellets,
varied between 21 and 49 MWd/kgU, and only during the first
irradiation cycle did the maximum-rated pellet experience a
linear power as high as 25 kW/m. Fuel/clad specimens were dry-
cut from different burnup positions along the rod and subjected

to corrosion testing.

The choice at the inception of the programme of fuel/clad seg-
ments for most of the corrosion tests was based on the require-
ment that the fuel specimens used should be as representative
as possible of the discharged fuel, i.e. that a whole cross-
section of the fuel, with its radially-varying properties and

the clad itself with possible fission product deposits, should



be exposed to the leachant. Additional advantages with the use
of fuel/clad segments are that leachant access to the fuel
surfaces is comparable to the real case. Additional analytical
complications due to fuel fines and dust are reduced although
not entirely eliminated. Fuel fragments have been used occa-
sionally in order to assess the effect of fuel fragment size on
corrosion properties, or, for well-defined fragments, to inves-
tigate the possibility that certain fuel zones are subject to

preferential attack.

2.2 Leachants

Two water types, a synthetic groundwater (Table 1) and
deionized water, have been used in the experimental programme,
although occasionally with adjustments to pH or bicarbonate
content. Deionized water was only used in selected experiments,
partly for comparison with other programmes, and it was always
purged with nitrogen prior to use in order to minimize the

carbon dioxide content.

2.3 Experimental procedure

The specimen, a fuel/clad segment suspended in a spiral of
platinum wire or fuel fragments in a platinum dish, was
immersed in 200 ml of leachant in a 250 ml Pyrex flask. All
tests were performed at 20-25°C, the ambient temperature of the
hot-cell. After completion of each contact period, the specimen
was removed and the test terminated or the specimen was trans-
ferred to a new flask with new leachant. Several 10 ml aliquots
of leachant were centrifuged through membrane filters with
nominal apertures of 1.2-2.0 nm (Amicon Corp. USA). The empty

Pyrex flasks, after a rapid rinse with distilled water, were



stripped of possible adsorbed material (and fuel fines) by
exposure for a few days to 5M HNO,/0.5M HF. All 3 fractions,
centrifugate, membrane filter and vessel strip solution, were

analyzed.

Rather surprisingly, no conclusive evidence of significant
amounts of colloidal or adsorbed actinide species has been
obtained from the analytical results on over 200 membrane fil-
ters and strip solutions, with some reservations in the case of
2cm. Cesium and strontium nuclides, however, were shown to be
retained on the membrane filters, under both oxidizing and
reducing conditions, to the extent of 5% and 12% respectively
in groundwater, and 16% and 66% in deionized water. Successive
centrifugations of the same leachant through new filters showed
that these values were roughly the same on each centrifugation.
Appreciable adsorption of cesium and to a lesser extent stron-
tium nuclides on the leachant vessel was also observed in expe-
riments of long duration. The fraction of the total release
thus adsorbed being dependent on residence time and not on
molar concentration. The total release values reported for

these nuclides include the contributions mentioned above.

Most experiments have been performed with 50 ml of air above
the leachant, but data has also been obtained for anaerobic
conditions. Such conditions have been created by three differ-
ent methods: 1) by performing the experiments under an argon
atmosphere, 2) using synthetic groundwater which had been
reduced by circulation over crushed bore-cores, and 3) by hav-
ing a palladium black catalyst present in the solution. None of

these experiments were instrumented.



2.4 Analysis

Elemental analysis was performed by laser fluorescence for
uranium, a-spectrometry for plutonium and curium, y-spectro-
metry for the major y-emitting fission products and radiochemi-
cal separation and B-counting for *sr and ®Tc. For strontium,

technetium and molybdenum optical emission ICP was also used.

3. Corrosion tests: actinides

The results for the actinide releases obtained within these
experimental series are similar. It is therefore instructive to
discuss also the results obtained within research programmes
other than the Swedish programme. The tuff groundwater used in
the US Yucca Mountain programme and the Swedish granitic
groundwater are similar; both are bicarbonate type groundwaters
with low chloride content and data obtained in the Yucca Moun-

tain Program are of particular interest for comparison with

Swedish data.

The US and Swedish studies were performed on light water reac-
tor fuel (PWR and BWR) of higher burnup; in the US programme 30
MWA/kg U and in the Swedish program slightly over 40 MwWd/kg U.
The differences in burnup have an impact on the fuel inven-
tories of plutonium and neptunium. In a very low burnup fuel,

2py dominates while other plutonium isotopes grow in with

increased burnup.

3.1 Uranium

The concentrations obtained for uranium in both groundwater (2

mmol/L HCO;) and deionized water are shown in Figure 1. The



data are plotted against cumulative contact time. Over the
first week of contact, the concentration increases to 4-10°
mol/L and remains constant at that level for 500 days. At
longer cumulative contact times, there is a slow increase in
concentration and after some thousand days, the concentration
is 2:10° mol/L. In the Yucca Mountain Project, the average
concentrations were 6-10% mol/L (series 2; fused silica leach
vessels [12]) and 1.3-10° mol/L (series 3; stainless steel
leach vessels [13]). The cumulative contact times were in the
range of 500 to 1,000 days. Thus, the data are in good agree-
ment with our data for the comparable cumulative contact times.

For deionized water, the uranium concentrations are consider-
ably lower. There is also a wide spread in the data, with an
average of 6-10® mol/L. However, many of the data points
plotted in Figure 1 are reported as less than values, which
accounts for some of the apparent spread and also adds uncer-

tainty to the value of the average concentration.

3.2 Plutonium

As for uranium, the plutonium concentrations in solution rapid-
ly attain a constant value. The plutonium data obtained so far
within the Swedish program are shown in Figure 2. The plutonium
concentrations after short term exposures are relatively high,
with a spread between 10° to 10® mol/L. At longer contact
times, the concentrations drop and appear to level out at just
below 10° mol/L. For deionized water the concentration remains

high, independent of contact time with an average value of

1.3-10% mol/L.

These data are compared in terms of fractional releases with

the uranium fractional releases. For contact with groundwater,



the ratio between plutonium and uranium normalized releases is
almost 10? for longer exposure times. For deionized water, the
corresponding number is ~10. This is due to a combination of
higher plutonium concentrations and considerably lower uranium
concentration in deionized water as compared to groundwater,
where the complexation with carbonates results in an increase

of several orders of magnitude in uranium solution concentra-

tions.

The actinides are expected to be in solid solution with the UOQ,
fuel and will be mobilized congruently with the oxidative dis-
solution of the fuel matrix. However, as discussed, the ratios
between the release fractions show that the release of pluto-
nium to the leachate is independent of the uranium release.
This together with the observation that the solution concentra-
tions are constant with time clearly indicate solubility con-
trol of the plutonium release. A comparison between plutonium
concentrations from fuel corrosion experiments performed in
groundwater are given in Table 2. In addition to LWR reactor
fuel, data from leach experiments performed by CEA Marcoule on
Phenix fuel has been included [14]. Phenix is a fast breeder
reactor and the fuel studied had a plutonium dioxide content of
ca 20 %. As can be seen in Table 2, there is a fairly good
agreement between the data from the different laboratories,
particularly in view of the different fuel types used for the
studies. Even for a low burnup fuel (ca. 0.5 MWd/kgU), the
steady state plutonium concentration is close to what is found
for high burnup fuel despite the fact that the Pu content of
this fuel is only ca. 1 % of that in the other fuels. Also for
the fast breeder fuel, the Pu concentration is in fair agree-

ment. For this experiment, no pH value was reported.



3.3 Comparison with calculations

Calculations using the EQ3/6 code [15] (version 0288) have been
performed in order to determine if the steady state actinide
concentrations observed under oxidizing conditions could be
related to solubility control by a precipitated actinide phase.
The thermodynamic data base for uranium was the SKBUl [16]. For
plutonium the data base provided with the code package had been
modified as discussed by Puigdoménech and Bruno [17]. The most
stable phases that may form in the uranium-groundwater system
are uranyl silicates. However, it is probable that schoepite
formation is the kinetically favoured secondary phase. Calcula-
tions using the EQ3/6 code for a system with pO, = 0.2 atm pre-
dicts higher uranium concentrations in solution by at least a
factor of 10. Even though there is a rather wide spread in the
uranium concentration data, no measurement as high as predicted
has been recorded. Also for neptunium, high concentrations are
predicted, much higher than are observed in the Yucca Mountain
Project [12, 13]. Neptunium concentrations have not yet been

measured in the Swedish programme.

The experiments have been performed with air present. At the
same time the predominant oxidation state of uranium in the
solid phase is +4. Hence, the system is not at equilibrium, a
fact that makes it difficult to use equilibrium codes for the
calculations of speciation in the solution phase. In order to
handle this problem we have used the following reasoning: The
uranium oxides UO,,, are semiconductors with a noticeable elec-
tric conductivity. Thus, the UO,,, phase can be considered as a
redox buffer, which has a much larger buffering capacity than
the solution/gaseous phase. The redox potential for systems
with 0<x<1 is much lower than the redox potential calculated
from the partial pressure of 0,. Solubility calculations were

performed assuming that the redox potential is determined by
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the transitions between various UO,,, phases. The results
obtained for the U;0,/U;0; equilibrium are presented in Figures 3
to 5 together with data from experiments performed at different
pH values. As shown in Figures 3 to 5, there is a quite good
agreement between the calculated solubilities and the measured
data. At low pH values, the agreement is less good. However,
these experiments had a short duration (ca. 20 days), and equi-

librium might not yet have been attained.

The neptunium data indicate that if there is a solubility con-
trol, the solid phase must be a Np(IV) phase. If Np(V), most
probably NpO,0H, controlled the solubility, the solution con-

centration would have been in the millimolar range.

The plutonium solubilities are not redox sensitive within the
range of redox potentials relevant for the experiments. Thus,
the Pu data neither supports nor contradicts the hypothesis
that the solution concentrations are controlled by the U;0,/U;04
redox potential. However, the data base used for the EQ3/6 cal-
culations fails to explain the difference of over one order of
magnitude in Pu concentrations in groundwater and DIW. At lower
pH, the differences between calculated solubilities and
measured concentrations becomes quite large. However, the uran-
ium and plutonium ratio in solution is close to that in the
fuel itself. This indicates that the plutonium most probably is
not in equilibrium but controlled by the uranium dissolution.

4. CORROSION TESTS: FISSION PRODUCTS

Certain individual fission product nuclides,such as *Tc, '*1
and %’cs, are of specific interest for safety analysis because
of a combination of factors such as radiological toxicity,
fission yield, half-life and water transport through the buffer
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and rock zones surrounding the waste package. Safety analysis
must consider the fate of other fission products with shorter
half-lives when one considers the scenario of a possible early

canister failure caused by, for example, manufacturing defects.

The release of the actinides, including uranium, is solubility-
limited, and hence measurements of their concentration in solu-
tion under the experimental conditions cannot yield quantita-
tive measures of the on-going dissolution process or processes.
Here, it is useful to the measure the release of one or more
fission products which are monitors of the corrosion rate of
the fuel matrix. This requires that fission product "monitors"
be homogenously distributed throughout the fuel and that their
solubilities in the leachant be sufficiently high so that solu-
tion saturation is not attained. Obvious candidates as cor-
rosion "monitors" are the rare-earth fission products which are
formed with high fission yield and form solid solutions with
UO,. However, their release to the leachant is subject to the
same solubility constraints as the actinides. Thus, extensive
measurements of fission product release have been performed.
There is now a good understanding of the various processes
involved in the corrosion and dissolution of spent fuel and in
the selective release of certain fission products. There is
still, however, some uncertainty in the definition of matrix
dissolution by means of a fission product "monitor", as the
currently favoured candidate, *Sr, appears on the basis of some

measurements to be enriched at the grain boundaries.

4.1 Cesium, Strontium and Technetium

Under oxic conditions, these three elements together with io-

dine, which will not be considered further here since its
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release data is not as extensive as for the others, are fairly
readily solubilized. However, the variation of their release
behaviour as a function of time show such differences that at

least partly different release mechanisms are indicated.

4.2 Cesium

For cesium and iodine, there is an abundant literature regard-
ing its migrétion to grain boundaries, fuel surfaces and clad
in operating reactor fuel. At higher values of linear power the
release has been shown in numerous studies to be closely corre-
lated to the release of the fission gases krypton and xenon.
Thus, in the first few weeks of contact between spent fuel and
water, there is a rapid solubilization of cesium nuclides, the
so-called "Instant Release Fraction". This is illustrated in
Figure 6 which presents release rate data for "'Cs under oxic
conditions for fuel/clad segments from the three reference fuel
rods in the Swedish Programme. The data plotted for the Ring-
hals-1 fuel rod, which contained fuel of burnup varying from 21
to 49 MWd/kgU, refers only to fuel specimens of burnup between
43.8 and 46.5 MWd/kgU, i.e., at about the same burnup level as
the specimens from the other two rods. Data from tests in both
the reference groundwater and deionized water are presented.
There is no apparent difference between the "'Cs release rates
even though uranium concentrations in the leachants differed by
two orders of magnitude. After the initial rapid release of the
Instant Release Fraction, the release rates decrease fairly
guickly but, with the data so far available, appear to level
off with time. Note also that the Ringhals 1 fuel, with some-
what higher burnup and integral fission gas release, exhibits

lower and less-steeply varying release than the other two refe-

rence fuels.
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4.3 Strontium.

The corresponding data for *Sr release (Figure 7) show that
during the first few weeks of water contact, the Ysr release
rate is constant, before showing about the same decrease with
time as the values for *'Cs. There are appreciably less scatter
in the data, such that all the measured values after the first
month are included within a narrow envelope. At this stage, the
slope is close to -1. The Ysr values are always lower than the
corresponding values for "Cs. The statistical scatter in the
results for both *Sr and "e€s is less than is apparent in Figu-
res 6 and 7. As was mentioned above, the fuel/clad segments
from both the Oskarshamn 1 BWR and the Ringhals 2 PWR fuel rods
were cut out from different, but nearby, parts of the rod.
Local differences in post-irradiation fuel characteristics were
not expected over such short axial distances. However, there is
an apparent correlation between the release rates for both "cCs
and *sr over the duration of the corrosion tests and the posi-
tion of the specimen in the fuel rod. Figure 8 presents the
cumulative release fractions of *Sr for the fuel/clad segments
taken from the PWR rod. The odd- and even-numbered specimens,
respectively, were taken from positions immediately adjacent to
each other between the 3rd and 4th spacer grids, where time-
varying power effects would be very similar. The burnups of the
two groups was shown to be practically identical by measurement
of the ™cs/"cs ratios on all leachant solutions. The mean
value for the odd-numbered segments was 0.509 * 0.006; for the

even-numbered, 0.510 * 0.007.

Figure 8, however, shows a small but clear and persistent dif-
ference in the *Sr release rates between the two groups. Admit-

tedly, the effect is a small one. Even after 5 years of cor-
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rosion, with a fractional release rate of 107/day and still
decreasing with time, less than 0.1% of the *Sr inventory had
been released to the leachant under (conservative) oxic condi-
tions. Modelling of spent fuel corrosion and dissolution must
establish in the long term if these observed effects are indeed
representative of a preferential corrosive attack at zones in
the fuel enriched in *Sr, or whether the release rates in the

later stage of Figure 7 represent matrix dissolution. If the

latter alternative is true, a reasonable
difference between the release behaviour
res 6 and 7) reflects only the migration

hypothesis is that the
of ¥'cs and *sr (Figu-

of cesium during irra-

diation. The Instant Release Fraction (first few weeks), repre-

sents cesium released from the fuel grains to fuel/clad sur-
faces. The difference in the later stages of corrosion repre-
sent attack at grain boundaries (which slowly open) enriched in
migrated cesium. Such cesium-enriched zones at the individual
grain level have been demonstrated during the electron probe
microanalysis (EPMA) examination of power-bumped fuel ([18].
Whether similar strontium enrichment had occurred could not be
determined due to imprecision in the measurements at these

detection levels.

4.4 Technetium

The available data on *Tc release under oxic conditions are
presented in Figure 9. The measured release rates for the two
reference Ringhals rods are in broad agreement, although with
more scatter than was observed for "'Cs and *Sr. Compared with
these two nuclides, the presence of ®Tc at or between the fuel
grain boundaries in fission gas bubble sites has been well
documented over the past quarter of a century. Metallic inclu-
sions of Mo, Tc, Ru, Rh and Pd, usually, but not always, with a



15

composition corresponding to their respective fission yields,
have been observed in zones of fuel cross sections determined
by operating temperatures and burnup. The inclusion sizes
observed by optical or scanning-electron microscopy are in the
micron range, but Thomas et al.[19] have shown by transmission
electron microscopy that spent PWR fuel contained inclusions
down to sizes of tens of nanometers, the larger of which were
located at or close to the grain boundaries. An estimate of the
amount of such inclusions in the reference Oskarshamn 1 BWR and
Ringhals 2 PWR fuel by dissolution and filtration [20] showed
that 4.5 and 4.9 mg/g fuel, respectively, could be separated,
of which 10 weight percent consisted of ®Tc. The access of
water through fuel cracks and networks of fission gas bubble
sites to a fairly large technetium source term is thus rela-
tively easy. The release of *Tc is probably controlled only by
the oxidation of the inclusions. The release is maintained at a

rate of between 107 and 10°% /day, such that after a few years

it exceeds those for “'cs and *’sr (Figure 9).

4.5 Reducing conditions

The data presented and discussed above were obtained from expe-
riments conducted under oxic conditions, which is a conserva-
tive case, since the deep-rock granitic groundwaters are known
to be reducing. Although there are experimental difficulties in
establishing and maintaining reducing conditions in a hot-cell
environment for long periods, a number of uninstrumented cor-
rosion tests have been performed on the reference fuels, where
reducing or anoxic conditions have been imposed by the three
methods described in the experimental section. The effects of
anoxic conditions (pure argon environment) on fractional
release from a series of fuel/clad specimens from the Ringhals-



16

1 BWR rod are illustrated in Table 3. Actinide solubilities
have been discussed earlier in this paper and the release frac-
tions are included here only as a comparison. The change in
redox conditions has a major effect on the solution concentra-
tions of *Tc, decreasing by two orders of magnitude, while only
minor decreases in the cumulative release fractions were noted
for *'cs and *sr. The average ®Tc concentrations under reducing
conditions were found to be 6-10° mol/L. This value is to be
compared with a technetium solubility of 3-:10® mol/L, con-
trolled by TcO, which is the stable phase under the experimen-
tal conditions. The agreement is quite good. However,
technetium was also present in the fuel in metallic form and
more definite conclusions will have to await the results of
further studies. For "Cs and ®¥sr a comparison of their release
rates gives more information on the mechanisms involved (Tables
4 and 5). The release of ™ Cs during the first 21 days of cor-
rosion is independent of redox conditions, confirming that the
Instant Release Fraction consists of a readily-solubilized spe-
cies. During this period the *Sr release rate shows a more
marked difference between oxic and anoxic conditions, particu-
larly during the second contact period, when the fractional
release rate has already fallen below the 10°%/day level. During
the last contact period, the rates for both nuclides are below
this level, even under oxic conditions, but at this stage "cCs
release is more redox-dependent. For the first time, its
release rate under reducing conditions is lower than the rate
for ¥sr, suggesting that corrosive attack occurred at sites
already relatively depleted in Y'Cs, either during reactor ope-

ration or previous attack.

These observations are broadly confirmed by the results on the
other fuels and with the other methods for maintaining reducing

conditions, but at longer contact times, the *Sr release rate
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is lower than that for "Cs. The initial release of Sr-90 under
anoxic conditions may be mainly due to dissolution of fuel
already partly oxidized, probably during air-contact prior to
the tests, but that even at this stage, there is an underlying
fractional release rate of the order of 5-107/day. With the
available data it is not possible to state which mechanism or

mechanisms are responsible for this release.

5. Corrosion sites

It would be a major step forward in defining the mechanisms for
spent fuel corrosion and dissolution if it could be experimen-
tally established whether or not preferential attack occurs and
whether the sites for such attack are dependent on fuel pro-
perties such as burnup and irradiation history. The Instant
Release Fraction, of course, is dependent on these parameters,

but as shown above, this appears to be independent of attack on

the bulk fuel.

5.1 Fuel fragment corrosion tests

In order to undertake a more systematic search for possible
corrosion sites, an experimental series was started at the end
of 1985 in which selected fragments of fuel from the reference
Oskarshamn 1 BWR rod were exposed to long-term contact with
four different leachants. Three were modifications of the bi-
carbonate groundwater (Table 1) with identical compositions
except for bicarbonate molarities which were 1.0, 2.0 and 4.0
mmol/L, respectively. The fourth leachant was deionized water.
The groundwater with 4.0 mmol/L bicarbonate and the DIW, there-

fore, represented the extreme cases for uranium solubility.
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The use of fuel/clad segments for corrosion tests meant that a
representative cross-section of the fuel was exposed to the
leachant. Sieving tests on the Oskarshamn 1 fuel, however,
showed that 70 weight percent of the fuel was in the form of
fragments larger than 4 mm. It was thus possible to select
individual fuel fragments delineated by two radial fuel cracks
and the pellet periphery which were approximately representa-
tive of the bulk fuel and also exposed well-defined fuel sur-
faces formed in the reactor to the leachant. The effects of
radial variation in fuel morphology, possible evidence of local
attack and formation of alteration products could be studied by
examination of the fragments after completion of the corrosion
tests. The burnup of the Oskarshamn 1 fuel used in the experi-
ments was 41-42 MWd/kgU, and so, in addition to the usual peri-
pheral enhanced a activity [20]), the fuel was expected to show
some development of the features of the fuel rim zone typical
of high burnup: increased porosity and a marked change in grain
size and morphology [21]. Hence, parallel with the corrosion
tests on the fuel fragments, the reference fuel has been char-

acterized with respect to these features.

Figure 10 shows the radial variation in fuel porosity, the Nd/U
atomic ratio as determined by EPMA, and a activity measured by
the photodensitometric scanning of an autoradiography film. The
a activity distribution is plotted on an arbitrary scale, nor-
malized to the activity at the pellet centre and refers only to
the distribution some 10 years after discharge from the reactor
and roughly half-way through the fragment corrosion tests. In
contrast with porosity and burnup distribution, which are time-
independent in spent fuel, the local a activity and nuclide
composition is determined by both irradiation history and decay
time. At shorter cooling times, the o gradient at the fuel edge

is much steeper due to curium nuclides, in particular *2Cm.
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The fuel pellet rim, because of this combination of increased
porosity and local a dose rate,is obviously a zone where pre-
ferential corrosive attack could occur. The enhanced burnup at
the rim has been attained predominantly by fission of plutonium
nuclides, whose fission yield curves show a marked increase in
yield for Tc, Ru, Rh and Pd and a somewhat lower yield for a
number of elements which forms oxides and remain in solid solu-
tion with the UO,, as compared with the case for fission of °U.

This will have the effect of increasing the fuel’s O/M ratio.

Studvik’s SEM is only equipped with local radiation shielding,
which does not permit the examination of whole fuel cross-sec-
tions. Instead, thin (0.2 mm) diametral strips, 1.5 mm wide are
prepared from the cross-sections previously examined in the
fully-shielded optical microscope. The cut sides of these fuel
strips can be regarded as a continuous fracture surface so that
both the as-polished fuel structure and the underlying morpho-
logy can be examined across the entire diameter. The character-
ization of the reference Oskarshamn 1 fuel included an examina-
tion and creation of a photomosaic of the as-polished rim zone
which will be presented for comparison with corroded specimens.
A systematic examination of the fracture surface with emphasis
on the rim zone was also performed. At the periphery (Figure
11) the fuel displayed the same loss of grain structure report-
ed by other workers [21,22,23]. Grain edges and faces, particu-
larly at fission gas bubble sites (Figure 12), were decorated
by spherical particles with a size of a few hundred nanometres.
Whereas the high porosity zone in this fuel was only 30-40 um
wide, large populations of these small particles were observed
in a zone extending 250 um in from the rim and even inwards to
a radial position of 4 mm, although with sharply reduced fre-

guency. Attempts to identify this material by X-ray diffraction
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examination (XRD) of small pieces of fuel rim have so far been

unsuccessful, only the normal UO, pattern being observed.

Two of the fragment corrosion tests have been completed, exper-
iment 3.25 (1427 days in the 4 mmol/L bicarbonate groundwater)
and experiment 3.26 (1521 days in DIW). On removal from the
leachant, fuel fragments from both tests were black, but the
DIW-exposed fragments developed an almost uniform covering of
yellow material within a few seconds after being placed beneath
the in-cell lamp for periscopic examination. This deposit was
identified by XRD as dehydrated schoepite of nominal composi-
tion UO; 0.8H,0, which was also identified previously on the
surfaces of a fuel/clad segment from the PWR reference rod
which had been corroded in DIW [24]. The fragments may have
been initially covered by a film of schoepite containing an
excess of structural water, the amber form mentioned by Finch
and Ewing [25]. This water was lost irreversibly by warming

under the lamp.

A higher water/fuel ratio (200 g/g) was used than in the
fuel/clad segment tests. Together with the free access of water
to the fragment surfaces, this resulted in somewhat higher
fractional release than observed with segments. The cumulative
fractional release values obtained by solution analysis for the
two experiments are presented in Table 6. Apart from the
expected differences in uranium concentrations, the progress of
corrosion has been comparable in the two tests. Note also that
the cumulative fractional release of *Tc exceeds that for *sr
in both tests, confirming the relatively constant release rate
for ®Tc under oxic conditions. After completion of the tests,
specimens of the respective fuel fragments were prepared for
SEM and EPMA examination. Here, however, the specimens were
prepared so that one of the original fragment sides i.e., the
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side of a radial fuel crack, could be inspected in addition to
the pellet rim. Photomosaics of SEM images of the outermost rim
zones of the uncorroded reference fuel and of specimens of the
corroded fragments are presented in Figure 13. Corrosion, de-
monstrated by enlargement and interlinkage of the peripheral
porosity, has occurred in this region, particularly in specimen
3.26, which had shown the largest release fractions of stron-
tium. Note also the crystals of UO; hydrate which are visible
at the fuel surface. Inspection of the fracture surfaces of the
two corroded specimens showed that the small particles found in
the reference material were still present. Although it is im-
possible to quantify their population densities, a visual as-
sessment suggested that the corrosion process did not seem to
have markedly decreased their number. The type of corrosion
shown in Figure 13 was not found on the sides of the fragments
away from the periphery, but there was an apparent enhancement
of the frequency of grain pull-out during polishing of the
corroded specimens as compared with the reference fuel. This
effect is evident over the outermost millimeter of the fuel,
coinciding with the zone in which the small particles at the

grain boundaries had been observed.

The burnup at the rim of the Oskarshamn 1 fuel; as shown by the
Nd/U ratio, was about 80 MWd/kgU; Bleiberg et al. [26], some 30
years ago, reported grain subdivision in UO, irradiated to this
burnup. Inspection of the micrographs in Figure 12 shows clear
evidence of a process of grain subdivision. The particles were

predominantly observed at grain edges and corners, the sites of
fission gas bubble precipitation, where the solid/gas interface
experiences an enhanced deposition of energy from fission frag-
ments and ¢ particles during reactor irradiation at high bur-

nup. This may initiate the recrystallisation of the U0, grains,
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with an increased mobility and release of the fission gases and

perhaps other fission products.

The changes in porosity and grain structure at the rim of high
burnup fuel pellets are currently attracting a great deal of
interest in a number of research centres and, hopefully, the
studies now underway will lead to a much better understanding
of the mechanisms involved. Meanwhile, the two remaining fuel
fragment experiments have experienced over two more years of
corrosion than the experiments described here. These experi-
ments will be terminated in the near future, and systematic

fuel examination programmes performed.

5.2 Effect of burnup/linear power rating on fuel corrosion

properties

From these results, there are still a number of unresolved
guestions regarding the corrosion of spent fuel: a) the role of
®Sr as a possible monitor of the on-going corrosion process; b)
whether the observed small decrease in the release rate of *Sr
under nominally reducing conditions is due to radiolysis
effects or redox-independent processes; c) if radiolysis
effects are significant, the definition of a relationship
between dose and corrosion rate; d) whether corrosive attack is
directly proportional to exposed surface area or whether pre-
ferential attack occurs. It is unavoidable that the observa-
tions from all experimental programmes using presently-avail-
able spent fuel are dominated by relatively short term effects,
and it is therefore essential that a good understanding of
these effects be attained in order to avoid the construction of
corrosion models which are too conservative. Several other

experiments are underway in the Swedish programme, therefore,
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in order to define and quantify these effects, including study
by means of power-bump tests of the possible migration of key
nuclides to grain boundaries, and experiments designed to
measure isotope-exchange processes between the solid and liquid
phases. Only preliminary results are available from these expe-

riments and they will be reported in a later publication.

Results are, however, available from the first year’s corrosion
of fuel/clad specimens from the Ringhals 1 BWR stringer rod.
Figure 14 presents the gross vy scan of the rod shortly before
commencement of the experiment together with the sampling plan
for corrosion tess specimens and fuel characterization. The
local burnups along the rod, excluding the top end-pellets,
were determined by means of 4y spectrometric measurement of
cesium nuclides in selected pellets, together with the mass
spectrometric determination of burnup in the two inventory
specimens. The values ranged from 21.2 MWd/kgU in the lower
ceramographic specimen to 49.0 MWd/kgU at the top of the fuel
column. Figure 15 shows a simplified irradiation history for
the highest rated pellet over the 8 cycles in the Ringhals 1
reactor. The variation of local power with time was similar
along the fuel column. The build-up of actinides along the rod
was steeper than the burnup profile. Hence, the fuel column
consisted of a series of fuel specimens of the same original
fuel, which had experienced a wide range of burnups and linear
heat ratings; and an even wider range of local o dose rates.
The higher burnup specimens were expected to exhibit successive
development of the characteristics of the fuel rim zone with
respect to porosity and grain structure. An extensive fuel
characterization programme has been performed on fuel pellets
at three burnup levels, 21.2, 36.7 and 49.0 MWD/kgU. It has
included measurement of radial profiles of a-activity, Pu/U

ratio and selected fission product concentrations and a
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detailed examination of fuel structure by optical and scanning
electron microscopy. Although these results can only be briefly
presented, the gradual development of the fuel rim structure,
which was tentatively expected to have a significant effect on
local corrosion properties, is illustrated in Figure 16. The
photomicrographs show the fracture surface at the fuel peri-
phery of the three characterized pellets. The specimen with the
lowest burnup displayed predominantly transgranular fracture;
whereas, in the 36.7 MWd/kgU specimen, the fission gas bubble
network was so developed that intergranular fracture was
observed. Bubble sites and particles (or subgrains) of
recrystallized UO, can be observed on grain edges and faces. In
the specimen with 49.0 MWd/kgU, the characteristics of the high

burnup rim are already well established.

The corrosion tests on the 16 fuel/clad specimens dry-cut from
the rod have been in progress since early 1990, and the results
from the first year’s exposure are now available. Thirteen of
the segments were exposed to the reference groundwater (Table
1), 10 under oxic and 3 under anoxic conditions. The remaining

3 segments were corroded in DIW, 2 oxic and 1 anoxic.

The results were somewhat unexpected. Figures 17 and 18 present
the cumulative release fractions for "cCs and *Sr as a function
of cumulative leachant contact times, and of specimen burnup
for the 10 specimens exposed to oxic groundwater. Figure 17
shows that the Instant Release Fraction for Y'Cs (28 day curve)
varied along the rod from 0.4% to 0.75%, the release showing an
almost step-wise increase at a burnup of 35 MWd/kgU. Even the
%Sr release showed the same effect. From Figure 15, the fuel at
this burnup experienced an average linear heat rating over the

last 6 years of irradiation of only 10-11 kW/m. For exposure
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times longer than 28 days, the release fractions for both nuc-
lides attained a maximum at a burnup of about 44 MWd/kgU, but,
surprisingly, at higher burnups decreased again. The same pat-
tern was also shown by the release fractions for ®Tc (not pre-
sented here), while uranium solubility behaviour was more or
less uniform along the fuel column. It is possible that the
increase in release fractions for Cs, Sr and Tc observed for
fuel with a burnup of about 35 MWA/kgU is indeed related to
linear power, i.e, migration to and enhanced concentration at
grain boundaries due to fuel temperature gradients; although as
seen above, the local power at this position in the rod was
generally lower than one would expect to be required, on the
basis of current fuel performance codes. However, the Instant
Release Fractions for cs, that is, the solubilization of
cesium already released from the fuel grains, show a contact
time dependence during the first 28 days which varies along the
rod (Figure 17). This suggests that leachant access to fuel
surfaces can be at least a partial cause of the effect. Cer-
tainly, the unexpected decrease in release fractions for the
specimens with the highest burnups, where peripheral porosity
and a and -y dose rates to the leachant were also highest,
must be due to other burnup-related structural effects. These
experiments are still in progress and, hopefully, will generate
data both from leachant analysis and fuel examination after

corrosion which will permit a more satisfactory evaluation.

6 CONCLUSIONS

The actinide concentrations in the leach solutions have been
found to be independent of contact time. A comparison between

the experimental results and calculations supports the hypo-
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thesis that the solution concentrations of actinides may be

controlled by a U(IV)/U(VI) redox buffering.

The releases of cesium, strontium and technetium under oxidiz-
ing conditions show different trends. For cesium, there is a
rapid release during the first few weeks, corresponding to the
cesium which has migrated to the fuel/clad gap during irradi-
ation in the reactor. After this release of the Instant Release
Fraction, the release rates decrease fairly quickly but, with
the data so far available, appear to level off with time. The
strontium release rate is constant for the first few weeks,
before showing about the same decreases with time as the values

for cesium.

The strontium release rates are always lower than the cesium
release rates and show no tendency to level off at longer con-
tact times. Assuming that the strontium release rates at longer
contact times represent the UO, alteration rate, a reasonable
hypothesis is that the difference between the release behaviour
of strontium and cesium reflects only the migration of cesium
during irradiation. The early cesium release represents cesium
released from the fuel grains to fuel/clad surfaces. The dif-
ference in the later stages of corrosion represent attack at

grain boundaries enriched in migrated cesium.

The technetium release rate is between 103 and 10° /d. Unlike
cesium and strontium, the technetium release rates is indepen-
dent of contact time, such that after a few years it exceeds
those for cesium and strontium. This indicates that technetium
has a different source. Metallic inclusions of Mo, Tc, Ru, Rh
and Pd have been observed in irradiated fuel. The release of
technetium is probably controlled only by oxidation of these

inclusions.
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Under reducing or anoxic conditions, the releases of redox
sensitive elements, such as uranium, plutonium and technetium
are strongly affected, consistent with their lower solubilities
at lower redox potentials. For cesium and strontium, there are
only minor decreases in the release rates. The relatively high
strontium release rate may be due to dissolution of fuel
already partly oxidized. However, with the available data it is
not possible to clearly establish which mechanisms are respon-

sible for the observed release rate.

The characterization of the fuel specimens before and after
corrosion has proven to be a powerful supplement to the solu-
tion analyses. Scanning electron microscopy has demonstrated
enhanced corrosion at the fuel periphery, where the burnup and
the actinide content are highest. Experiments performed on a
stringer rod, with varying burnup along its length, has con-
firmed a dependence on corrosion rate on burnup. However, at
the highest burnups, a decrease in the corrosion rate was
observed. These experiments are still in progress and will,
hopefully, generate data from both solution analysis and fuel
examination after corrosion which will permit a more satisfac-

tory evaluation.
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Table 1:

Composition of synthetic groundwater.

Ion

Na*t K* Mg?* ca’* Si HCO; Cl°  So%

mmol/L

2.8 0.1 0.2 0.45 0.2 2.0 2.0 0.1

pH:

8.0-8.2




Table 2: Average plutonium concentrations (log mol/L)
measured in fuel corrosion experiments in deionized

water and in groundwater.

DI Water Groundwater
Sweden (SKB) -7.9 -8.5*%
-9.1°
-8.9°¢
USA (YMP) -8.4¢
-9.1°
France (CEA) -7.5f
4 average of all data.
b average of contact times > 200 days only.

¢ refers to *Pu for very low burnup fuel. Pu content in
the fuel is ca 1 % of the content in normal burnup fuel.

d fuel from the H B Robinson power plant [12,13].

€ fuel from the Turkey Point power plant [12].

f fast breeder fuel [14].



Table 3: Comparison of cumulative release fractions (1 year) under oxic and anoxic conditions.

Expt. Burnup Redox Bes Psr Pre U Pu

MwWd /kgU
11-05 40.1 oxic 7.8-10% 7.6-10" 1.1-1073 9.1-10% 8.7-10°%
11-06 41.4 Anoxic 7.0-10% 2.1-10% <2.1-10° <2.1-10% ND
11-08 43.8 Oxic 8.1-10% 7.5-10" 1.7-10° 9.5-10° 6.2-10°
11-09 44.9 Anoxic 7.4-10% 1.7:10% <2.3-10° <2.2-10%° ND
11-10 45.8 Ooxic g.1-10% 7.1-10* 7.3-10° 6.0-10° 8.4-10°




Comparison of s fractional release rates (d')

Table 4:
under oxic and anoxic conditions.
Contact | 11-05 11-06 11-08 11-09 11-10
(d) Oxic Anoxic Oxic Anoxic oxic
7 1.04-10%* 0.95-10° 1.01-10%* 0.92-10%* 0.86-10°
21 0.82-10% 1.10-10°% 2.95-10° 3.45-10° 7.52-10°
63 1.56-10% 0.85-10°% 1.91-10% 1.75-10% 2.39-10°
91 1.13-10% 0.23-10° 1.41-10% 0.46-10% 1.39-10°
182 8.19-107 0.95-107 9.82-107 1.47-107 9.55-107




of sr fractional release rates (d')

Table 5: Comparison
under oxic and anoxic conditions.
Contact | 11-05 11-06 11-08 11-09 11-10
(d) Oxic Anoxic Ooxic Anoxic Oxic
7 3.08-10° 0.32-10° 2.15-10° 0.29-10° 1.03-10°
21 1.18-10° 0.08-10° 1.42-10° 0.05-10° 1.48-10°
63 1.50-10% 1.04-10° 1.63-10°% 0.26-10° 1.87-10°
91 1.00-10°% 0.55-10°% 1.05-10% 0.41-10°% 1.12-10°
182 5.29-107 2.81-107 5.37-107 4.59-107 5.03-107




Table 6: Cumulative release fractions for fuel fragments exposed under oxic conditions to
corrosion in 4 mmol/L bicarbonate groundwater (3.25) and DIW (3.26).

Specimen Leachant Contact Cumulative Release Fractions
time (d) U PBes 05y Prc

3.25 GW 1427 2.2-10% 1.2-107 3.3-10°% 4.7-10°

3.26 DIW 1521 5.1-10% 1.2-107 4.6-10% 1.1-10°
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a) Uncorroded fuel, b) Expt. 3.25 (groundwater: 1427 Q)
c) Expt. 3.26 (Deionized water: 1521 d) c)
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Fig. 14 Ringhals I BWR stringer rod: gross gamma scan and
sampling plan.
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Fig 15. Ringhals I BWR stringer rod: simplified irradiation
history.



Fig 16. Ringhals I stringer rod: fuel frac-
ture surface at pellet periphery.

a) Bulk burnup 21.2 MWd/kg U.
b) 36.7 MWd/kg U.
c) 49.0 MWd/kg U.
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Fig. 17 Cumulative release fractions for Cs-137 as a func-
tion of specimen burnup (groundwater: oxic condi-
tions).
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