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FOREWORD

After a six month period for planning and fuel characterisation, the SKB
experimental programme for the study of the corrosion of spent nuclear fuel
was started in February 1982 at the Studsvik Hot Cell Laboratory. Since that
time, the results obtained from individual tests and from the programme as a
whole, have been published regularly as SKB and Studsvik technical reports
and as articles in scientific journals.

This report presents a new and complementary evaluation of the analytical
results from some of the fuel corrosion tests included in the programme, and
is occasioned by the availability of the more extensive analytical data base
provided by the commissioning for the analysis of radioactive specimens of
an Inductively Coupled Plasma - Mass Spectrometry (ICP-MS) instrument at
the Studsvik laboratory inl992.

Most of the corrosion tests included in the evaluation are still in progress,
and it is hoped that the report will be helpful both for the design of more
specifically-directed corrosion experiments with these fuel specimens, and for
the selection of specimens for post-corrosion destructive examination.
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ABSTRACT

During the last few years, many of the specimens in the SKB programme on
the corrosion of spent fuel have been analysed by the ICP-MS technique,
shortly after conclusion of the corrosion tests, or by the analysis of archive
samples. Together with the previous results, this has made available a much
more extended analytical data base than that available before, and this has
been used in a new evaluation which complements those published earlier.

Some of the new analytical data is for tests performed on fuel specimens
(from two reference fuel rods, one BWR and one PWR) which have been
corrosion tested for over ten years. Most of the data refers to 16 fuel/clad
specimens from a short BWR fuel rod, which had burnups over a range of
27.0 to 48.8 MWd/kg U. Detailed examination and characterisation of three
other fuel specimens from the rod had shown that the specimens with the
higher burnups in this series would have a fuel microstructure and alpha
activity content and distribution which, theoretically, may promote enhanced
corrosion. These specimens had been exposed to over 5 years of corrosion
during nine water contact periods. The corrodants used were a simulated
bicarbonate groundwater and deionised water, and both oxic and nominally
anoxic conditions were included in the test matrix.

Most of the emphasis in the evaluation has, therefore, been on the possible
effects on corrosion behaviour of the linear heat rating and burnup of the
fuels. However, examination of the variation with water contact time of the
fractional release rates of selected fission products and their total release
over the five years of corrosion, have shown that the corrosion rates during
the first few weeks of corrosion of the specimens with the higher burnups
were lower than those for specimens with slightly lower burnup. Later, the
corrosion rates converged for all specimens. This has been interpreted to be
due to burnup-related differences in the fuel microstructure, particularly in
the inter-connecting network of porosity and grain boundaries rather than at
the pellet rim. This is discussed in detail in the report which also estimates
the dissolution rates, normalised for surface area, for fuel/clad specimens and
fuel fragments.
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SAMMANFATTNING

Under de senaste aren har proverna fran SKB;s branslekorrosionsprogram
analyserats med ICP-MS teknik kort efter att korrosionstesterna avslutats.
Analyser av arkivprover fran tidigare experiment har ocksa genomforts. Till-
sammans med tidigare resultat har detta giort det mojligt att sammanstalla en
mycket mer utvidgad analysdatabas an den tidigare tillgangliga och detta har
anvants i en ny utvardering, som kompletterar de som publicerats tidigare.

Nigra av dessa nya analysdata kommer frin experiment med provbitar av
bransle (fran tva referensstavar, en BWR och en PWR), som har korrosions-
provats i over tio ar. Huvuddelen data kommer fran 16 bransle/kapslings-
prover fran en kort BWR stav, som hade en utbranning i omradet 27.0 till
48.8 MWd/kg U. DetaIjerad undersokning och karakterisering av tre andra
provbitar fran staven visade att proverna med hog utbranning i den bar serien
hade en branslestruktur, som teoretiskt borde gynna okade korrosion. Dessa
prover hade exponerats for mer an fem irs korrosion under nio vatten-
kontaktperioder. De korrodanter som anvandes var ett simulerad bikarbonat
grundvatten och avjonat vatten och bide oxiderande och nominellt anoxiska
fbrhillanden ingick i test matrisen.

Mycket av tonvikten i utvarderingen har dArfor lagts pa de moiliga effekterna
av linjar effekttathet och utbranning pa korrosionen. Undersokningar av vari-
ationen av fiigorelsehastigheterna med vattenkontakttid av utvalda fissions-
produkter och deras totala frigorelse under femr irs korrosion visade emelier-
tid att korrosionshastigheterna under de forsta veckorna var lagre for prover
med h6g utbranning an for prover med nigot lagre utbranning. Senare kom
korrosionshastigheterna alt sammanfalla for all prover. Detta har tolkats som
vara orsakat av utbranningsrelaterade skillnader i branslets mikrostruktur,
sarskilt skilinader i det sammanlankade natverk av porositet och komgranser
snarare an skilInader i branslekutsamas periferi. Detta diskuteras i detalj i
rapporten, som ocksa innehiller uppskattningar av upplosningshastigheter,
normaliserat till branslearea, for bransle/kapslings prover och branslefrag-
ment.

iv
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SUMMARY AND CONCLUSIONS

The report presents an evaluation of the results of the corrosion tests in the
SKB Spent fuel corrosion programme which complements the evaluations
published earlier. The new evaluation is based on an extended analytical data
base consisting of results obtained by both the conventional analytical meth-
ods used earlier in the programme and by the direct analysis of sample solut-
ions by the ICP-MS technique, which also provided data on other fission
products (Rb, Ba, Mo and some rare-earths) and neptunium not measured
previously.

By means of the retroactive ICP-MS analysis of archive solutions from the
first five contact periods, detailed corrosion test results for the first nine
contact periods (a total of five years of corrosion) of the Series 11 corrosion
tests are available according to the extended analytical programme. Results
from other corrosion tests with different fuels in the SKB programme are
included in the evaluation for comparison purposes.

The data base is presented in an appendix as tabulations of release fractions
for selected actinides and fission products for the three sampling fractions in
each corrosion test, viz. Centrifugate, membrane filter and vessel strip solut-
ion. In another appendix, the centrifugate results for selected actinide and
rare earth elements are also tabulated as molarities.

The 16 fuel/clad segments in the Series 11 corrosion tests were all from the
same BWR fuel rod but had different burnups (27.0 to 48.8 MWd/kg U) and,
therefore, different linear heat ratings. A detailed post-irradiation examinat-
ion programme had been performed on three fuel specimens with burnups of
21.2, 36.7 and 49.0 MWd/kg U from the same rod. Based on the results of
these examinations, the successive development of the fuel microstructure
typical of the so-called pellet rim effect was expected in the fuel corrosion
specimens at the higher end of this range of burnups, and the steep build-up
of alpha activity at the pellet rim as a function of burnup could be calculated.
The experiment was designed, therefore, to study the possible effects on fuel
corrosion behaviour of linear heat rating (thermal migration effects) and of
burnup at levels where high porosity and high alpha activity were coincident
at the pellet rim and, therefore, represented an enhanced potential for fuel
corrosion due to the effects of alpha radiolysis at the fuel/water interface.

The effect of linear heat rating on the initial large release of cesium to the
corrodant, due to its migration during irradiation, is well known, and was
confirmed again in these experiments. A similar but smaller effect for Rb-85
and Rb-87 was demonstrated at these levels of heat rating. The results for
the former isotope also indicated that the initial release was partly due to the
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solubilisation of Rb-85 which had been formed by the decay of Kr-85 in the
fuel rod void and deposited on the fuel and clad surfaces.

The release behaviours of cesium and rubidium, and in particular of molyb-
denum and technetium, in the Series 11 corrosion tests were also shown to
be dependent on burnup, but not with a linear relationship. The effects were
most pronounced during the first periods of water contact, but later, the
release rates for a given nuclide for samples of different burnup tended to
converge and then stabilise, and the release rates for different fission product
nuclides also showed a tendency to converge. The cumulated release fract-
ions for cesium and rubidium over the 5.09 year corrosion period first
showed an increase with increased burnup, but decreased in fuel specimens
with a bulk burnup exceeding about 45 MWd/kg U. For molybdenum and
technetium the threshold for the decrease was at about 40 MWD/kg U.

These observations have been interpreted as being due to changes in the fuel
microstructure at these higher burnups which affect the access of the water
corrodant to the inter-connected network of micro-cracks and grain bound-
aries. Water ingress and fuel corrosion are successively further impeded due
to the deposition of uranium from solution in this network, together with act-
inides and lanthanides, and probably some components from the bicarbonate
groundwater.

The fractional release rates of strontium were used as quantitative monitors
of the rate of matrix corrosion. The rates for the fuel/clad segment specimens
in the Series 3 and 7 corrosion tests were in fairly good agreement with those
for the Series 11 fuel specimens with similar burnups. For fuel/clad segments,
after about 3 years of corrosion, the rates were almost constant with time in
tests performed in simulated bicarbonate groundwater under oxic conditions.
The effective fuel surface area which is exposed to corrosion at this stage in
the corrosion process has been assumed to be mainly the fuel exposed freely
to the corrodant at the two open ends of the segment. Otherwise, the fuel
fragment surface area has been estimated by assuming the fuel to be in the
form of cubes. In both cases, an arbitrary roughness factor of three has been
applied. Using this methodology, the calculated dissolution rates for segment
and fragment fuel specimens, normalised by the estimated surface areas, have
shown good internal consistency in the SKB programme, and bracket the
values obtained in other programmes.
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INTRODUCTION

The first experiments in the current SKB programme for the study of the corrosion
of spent nuclear fuel were started in the Hot Cell Laboratory of Studsvik Nuclear
AB in February 1982. The spent fuel used in the first experiments (the Series 3
tests), were all from the same fuel rod from the Oskarshamn 1 BWR, (denoted 01-
418-A6), which had been subjected to Post Irradiation Examination (PIE) at the
laboratory, and, therefore, was readily available as source material for the corros-
ion tests. The burnup of the fuel, 42.0 MWd/kg U, was significantly higher than the
average discharge bumup of BWR fuel at that time, (about 28 MWd/kg U), and
was regarded as a clear advantage during the rod selection process.

Since spent nuclear fuel is a heterogeneous material, with a marked radial variation
in the pellets of both microstructure and composition, (fission product and actinide
concentrations), and adjacent pellets in the rod show different cracking patterns, it
was decided that the corrosion tests should be performed on a relatively large
number of specimens in order to obtain a reasonable statistical basis for evaluation
of the test results. Other decisions with regard to experiment design for these early
standardised tests, were to use sections of fuel with adherent Zircaloy clad as test
specimens, and to perform each corrosion experiment as a series of sequential
exposures to static corrodant solution. The complete cross-sections of fuel in the
fuel/clad segments ensured that the radial variations in fuel properties mentioned
above were taken into account, and the presence of the clad restricted access of the
corrodant to the fuel surfaces, giving a relatively close simulation of repository
conditions, assuming ingress of groundwater after breaching of both the waste
canister and the fuel rod clad.

In the dilute, usually high pH corrodant solutions used in the corrosion tests, it was
expected that the formation of colloids, particularly of the actinide elements, would
be probable. Therefore, at the concusion of each contact period between fuel and
corrodant, aliquots of corrodant were centrifuged through membrane cone filters
(Amicon Corp.) of type CT25, which have a >95% retention for molecules of mol-
ecular weight larger than 25 000. Further, after removal of corrodant solution, the
corrosion test vessel, (usually a 250 ml Pyrex flask), was subjected to a desorption
process using 5M HNO3/0.5M HF for about 5 days in order to remove possible
adsorbed or precipitated species from the vessel wall. Thus, for each contact per-
iod, three samples were obtained, defined in this report as mntrifulgate, membrane
filter and vessel strip solution respectively.

Clearly, with a large number of individual fuel corrosion tests, each sampled at
predetermined intervals, and with three fractions to be analysed after each contact
period, the analytical workload was expected to be large, and the analytical pro-
gramme was designed with this partly in mind.
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Directly after centrifulgation, the pH and carbonate concentration in the centrif-
ugate were measured. Al sample fractions were examined non-destructively by
gamma spectrometry, (Cs-134, Cs-137, Ru-106, Ce-144 and Eu-154) following
which, after acid-leaching of the membrane filter samples, analyses were performed
for uranium, Sr-90 and To-99. Alpha spectrometric analysis was carried out with-
out prior chemical separation on small sample aliquots, and counting rates from the
alpha energy peaks at 5.15, 5.50, 5.82 and 6.12 MeV were measured. The peaks at
5.15 and 5.50 MeV each represented alpha particle energies from two nuclides,
Pu-239 and Pu-240, and Pu-238 and Am-241 respectively. The peaks at 5.82 and
6.12 MeV represented Cm-244 and Cm-242 respectively.

This is only a short listing of the analyses applied, but it shows clearly the rather
limited breadth of the analytical programme. A more detailed description of the
standard experimental procedures and analytical methods used has been reported
earlier. /1-1/ Similar types of rather limited analytical programmes have been used
in most of the laboratories in other countries which have research programmes
directed to the study of spent fuel corrosion.

Since fuel corrosion is generally considered to consist of three chronologically
overlapping processes - the rapid dissolution of water-soluble fission products
which had been released to fuel fragnent and clad surfaces during irradiation,
selective attack at grain boundaries giving enhanced release of species enriched
there by diffusion processes during irradiation, and fuel matrix dissolution - much
experimental effort has been directed internationally to distinguish between, and to
quantify, these processes as functions of fuel properties and corrodant parameters.
In such studies, it would be useful if a nuclide could be identified for use as a
monitor of the fuel matrix dissolution/conversion process, i.e. a nuclide which is
homogeneously dispersed as solid solution in the U02 matrix, and which is readily
soluble in the relevant corrodant solutions. The measured concentrations of uran-
ium itself, together with those of the lanthanides and actinides, in most corrosion
tests cannot be used because of solubility limits, and, therefore, there has been
much discussion in the literature and elsewhere, on the possibility of using fission
product strontium as such a monitor. (The diffusion of fission product cesium to
grain boundaries, and its release from, and reaction with, the fuel matrix during
reactor irradiation is already well documented, as is the behaviour of technetium,
which is found in fuel in small metallic particles together with Mo, Ru, Rh and Pd.)

With the limited analytical programme described above, it is difficult to obtain
unambiguous information with respect to these corrosion processes, and in 1991 it
was decided to examine the possibility of applying the ICP-MS (Inductively
Coupled Plasma- Mass Spectrometry) technique to the analysis of samples arising
in the Spent Fuel Corrosion Programme. In short, the technique is based on the
ionisation of sample solution constituents in a high temperature plasma followed by
mass separation and spectral analysis. In principle, the technique has the potential
for the simultaneous analysis of many nulides in the sample solution, which is
clearly advantageous for the study of spent fuel corrosion, since it offers the poss-
ibility of obtaining data on many chemical elements, and even isotopic data which
could be usefil in some cases.
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Accordingly, an ICP-MS instrument - a VO PlasmaQuad supplied by Fisons
Instruments - was purchased by SKB and commissioned for operation with radio-
active specimens during June 1992 in Studsvik Nuclear's Hot Cell Laboratory.

However, the software supplied with the instrument for the correction of isobaric
interferences and spectral evaluation was based on a library of elemental isotopic
compositions only relevant for the lithosphere. Since the isotopic compositions of
the fission product elements are usually significantly different from those of the
natural elements, and, together with those of the actinides, are also often depend-
ent on the fuel burnup and irradiation history, this software could not be used for
the corrosion programme samples. Hence it was necessary to rapidly develop suit-
able software for the correction and treatment of the raw counting data collected
by the instrument.

Many of the problems associated with the development of such software could
have been simplified if methods had been on hand for prior chemical separation of
individual elements or groups of elements before introduction into the instrument,
but these were not available. It was therefore decided to explore the possibility of
performing ICP-MS analysis directly on the specimens arising in the corrosion
programme, i.e., in principle, with all fission products and actinides present.

The software developed for this purpose was in the form of a PC-based spread-
sheet to which the basic measurement data collected in the instrument during
specimen analysis was transferred. In the spread-sheet, corrections were applied
first for expected isobaric interferences; two versions of the spread-sheet, based on
fission product inventories calculated by the ORIGEN code for fuel burnups of
25.0 and 49.0 MWd/kg U respectively, were developed.

The spread-sheet then calculated the sample concentrations of selected nuclides by
means of mass spectrum peak ratios to indium-i 15, which was added to all speci-
mens prior to analysis, and efficiency calibration factors derived from measure-
ments on a range of natural element standards over a wide mass range, (from Rb to
U), and a number of actinide standards. Measurements on the standards were
performed at least twice during each sample measurement campaign.

Details of spread-sheet development and the correction procedures have been
reported earlier. /1-2, 1-3/

Following an appraisal of the spread-sheet's performance in a limited comparison
of results from samples analysed by both the ICP-MS technique and the corres-
ponding "conventional" method, it was introduced into routine use in 1992. Since
that time several hundred corrosion test samples have been analysed by the ICP-
MS technique.

The solution concentrations for selected nuclides which are calculated in the
spreadsheet also require correction for background levels of inactive and radio-
active species in the specimens, and in the instrument itself, and procedures for this
have been developed and tested using the data available in this large analytical data
base. A recent report /1-3/ presents a comparison of the results obtained by the
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ICP-MS technique and the corresponding "conventional" analytical methods where
this can be performed, i.e., for cesium, strontium, technetium, uranium and pluton-
ium- Although there are measurable statistical biases between the two sets of data
in some cases, the comparison suggests that the expanded analytical data base
made available by the ICP-MS technique, even by the "direct" solution analysis
method used, presents the opportunity for a more detailed evaluation of the results
than has been possible hitherto.

Many of the corrosion test samples analysed immediately after commissioning of
the ICP-MS instrument were archive samples from previous samplings, including
samples from all the earlier contact periods from the Series II corrosion tests. This
test series (see below) is one of the most important in the whole spent fuel corros-
ion progranme since it consisted of 16 fuel specimens with a wide range of burn-
ups from the same fuel rod so that the possible effects of fuel properties on the
corrosion processes could be studied. It was, therefore, of particular interest to
apply the broader analytical menu made available by the ICP-MS technique to
these samples.

Of course, the results of retroactive analysis of archive solutions of fission products
and actinides, although they are acidified before storage, must be used with caution
since losses from solution during long-time storage by precipitation and adsorption
can be expected. Indeed, such considerations were instrumental in the decision to
attempt to rapidly develop direct ICP-MS analysis of radioactive sample solutions
in order to avoid even longer storage times.

The plutonium results which are reported in the method comparison programme
/1-3/ confirm, in fact, that measurable losses from solution of plutonium, and pres-
umably of other actinides and lanthanides, had occurred in older archive samples.
This problem will be discussed more filly below in the context of the data base
used for the evaluation.

This report, therefore, presents an evaluation of the presently available results from
the Spent Fuel Corrosion Programme, which are compiled in an analytical data
base combining the results from the analytical programme and methods used earlier
with those from the ICP-MS analytical campaigns.
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2 CORROSION TESTS

The SKB Spent Fuel Corrosion Programme performed since 1982 in the Studsvik
Hot Cell Laboratory has consisted of a number of experimental corrosion test
series of which only 4 test series are considered in this report since the remainder
were terminated long before the commissioning of the ICP-MS instrument. The
experimental results considered here, however, represent the three reference fuels
(2 BWR and 1 PWR) which have been studied in the programme. These four test
series are, briefly, as follows;

a) Series 3 Tests: Fue/clad segments from the Oskarshamn-1 BWR reference rod.
Burnup: 42 MWd/kg U
Sequential static tests under oxidising conditions in deionised water (DW) and
the SKB reference simulated bicarbonate groundwater. (GW)

b) Series 32326 Tests: Selected fuel firgments from the same fiuel rod as Series 3.
Burnup: 42 MWd/kg U
Sequential static tests under oxidising and anoxic conditions in deionised water
(DW) and simulated groundwater with different carbonate concentrations.

c) Series 7 Tests: Fuel/clad segments from the Ringhals-2 PWR reference rod.
Burnup: 43 MWd/kg U
Sequential static tests under oxidising and reducing conditions in deionised
water (DW) and the SKB reference simulated bicarbonate groundwater. (GW)
Reducing conditions were established by several methods; by treatment with
H2/Ar in the presence of a Pd/Pt catalyst; by reduction of the water by means
of crushed rock, and by flowing H2/Ar.

d) Series 11 Tests: Fuel/clad segments from a stringer rod fiom the Ringhals-1
BWR
Burnup: 16 specimens with burnups over the range 27.0 to 48.8 MWd/kg U
Sequential static tests under oxidising conditions in deionised water (DW) and
the SKB reference simulated bicarbonate groundwater. (GW)

Full details of the experimental parameters in individual corrosion tests, and tables
of the analytical results obtained by the conventional analytical procedures are
documented in four internal SKB reports. /2-1, 2-2, 2-3, 2-4/

The test parameters of the corrosion experiments which are included in the present
evaluation are collected in Tables Al- A4 in Appendix A Each table consists of
four sub-tables showing respectively, the corrodant solution and the nominal redox
state during the test, the duration (in days) of each contact period, and the measur-
ed values of the pH and the carbonate concentration (in ppm) of the corrodant
solution at the end of each contact period.

5



Of course, not all the specimens arising from the tests listed in the tables have been
analysed by the ICP-MS technique; as will be discussed later, most of the samples
examined have been centrifigate samples since some difficulties were encountered
with evaluation of the ICP-MS results for membrane filter and vessel strip solut-
ions. Also, only a few samples from the Series 3, 32326 and 7 tests have been
analysed in order to cross-calibrate the results before and after the commissioning
of the instrument, and to allow a comparison to be made between the three refer-
ence fuels.

It will, however, be clearly seen from the compilation of analytical results in the
appendices, and which will be discussed in the next section of this report, which
samples have results from the extended analytical menu. Alternatively, the report
describing the results of the analytical method comparison programme can be
consulted. /1-3/
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3 CORROSION TEST RESULTS

3.1 COMPARISION OF ANALYTICAL METHODS

As has been explained above, there are now two sets of analytical data available as
a basis for evaluation of the corrosion test programme, the results from the
"conventional" analytical programme used from 1982, which has been applied to
almost all samples, and the results obtained by means of ICP-MS direct analysis of
some, but not all, of centrfiugate samples, and a few membrane filter and vessel
strip solution samples. The degree of agreement between the analytical results
obtained by the alternative methods where these can be applied to the same ele-
ment (U, Cs, Sr, Tc and Pu) has been examined and reported recently 11-31. The
analytical results were compared at the release fraction level, i.e. using the invent-
ory values experimentally determined by each method, and are summarised in
Table 3-1.

Table 3-1. Average values of the ratios of ICP-MS results to those from
conventional methods. (Series 11 tests only)

Based on independent specimen inventory values
U Cs Sr Tc P

1.09 1.07 1.13 1.02 1.39

The comparison was made using a large number of results from the Series 11 tests,
witch represented a stringent test of the data, since the inventory values for the 16
specimens had been determined by interpolation between values determined experi-
mentally on fuel pellets from the two ends of the fuel pellet column from which the
corrosion test specimens were taken.

Inspection of the ratios in the table shows that the ICP-MS results for uranium and
the fission products tend to be somewhat higher than those for the conventional
methods, while for plutonium the ICP-MS results were 39% higher on average.
Some of these biases are undoubtedly due to the fact that, with the exceptions of
the analysis of uranium and technetium, different isotopes are measured in the ICP-
MS methods than in the corresponding conventional methods /1-3/, as is shown in
Table 3-2.

Table 3-2. Nuclides measured in the ICP MS and conventional methods.

Method Cesium Strontium Plutonium
ICP-MS Cs-133, Cs-135 Sr-88, Sr-90 _ Pu-240
Conventional Cs-137 Sr-90 Pu-239, Pu-240

7



The main reason for the apparent biases between the methods is that there are
significant differences in the specimen inventories determined by the two methods
for the 5 elements used in the method comparison. As is discussed in the method
comparison report, the differences can be partly explained by the fiLct that the ICP-
MS inventories were determined on new fuel specimens taken later from the same
fuel rods (Series 3 and 7), or on stored archive solutions (Series I1). However, it is
possible that effects specific to the ICP-MS methodology, such as mass discrimin-
ation, concentrations in the plasma or the calibration technique, also contribute to
the observed differences.

When the analytical results were compared using the same inventory values, the
average ratios shown in Table 3-3 were obtained.

Table 3-3. Average values of the ratios of ICP-MS results to those from
conventional methods. (Series 11 tests on)

Adjusted to common specimen inventory values
U Cs Sr Tc Pu

1.09 0.96 0.96 0.96 1.22

It is now seen that for the 3 fission products there is only a 4% difference between
the results from the different methods, while there is still a significant difference for
the plutonium results. The result ratios for uranium analysis are unaltered since the
same inventory values are used in both methods.

The 22% difference between the plutonium results has been discussed in detail in
the method comparison report /1-3/, where it was pointed out that both the two Pu
analytical methods are associated with background correction problems. In the
alpha spectrometric method, background correction of the 5.15 MeV peak, which
is used for plutonium measurement, is complicated by low-energy side tailing of
the larger 5.50 MeV peak. The extent of the background contribution due to the
tailing effect varies from specimen to specimen since it depends on the amount of
residual solids on the counting disk. In the case of the retroactive ICP-MS analysis
of the Series 11 archive solutions, obviously it was not possible to correct the
results fbr the corrosion test specimens for measured background levels in the
batch of corrodant solutions used in the tests since these were no longer available.
Hence, arbitrary standardised backgrounds from measurements on batches prepar-
ed after commissioning of the instrument were also used for correction of the
results from the earlier contact periods. The errors involved in this simplified proc-
edure are quite significant when the sample solution plutonium levels are low, as in
many of the corrosion test samples.

Returning now to the result ratios in Table 3-1, since it is difficult to choose one
set of inventory values as the more "accurate", it was decided that for these five
elements, the average between the release fraction values, where results from both
methods were available, would be used as basis for the evaluation process.

8



3.2 ICP-MS ANALYSIS OF OTHER NUCLIDES

In the version of the PC spread-sheet used for the correction for isobaric inter-
ferences and calculation of solution concentrations for the samples considered in
this report, satisfactory correction procedures have not yet been developed for all
the mass peaks. The concept "satisfictory" in this context implies that good agree-
ment is obtained between the values of release fraction derived from different iso-
topes of the same element. The corrections used are based on ORIGEN calculat-
ions of fission product inventories in fuel at only two burnup levels, (see the
Introduction), and become increasingly more complicated and uncertain in mass
ranges where there are many isotopes, or where there is more sensitivity to the
fissile nuclide mix.

For example, satisfactory agreement has not been attained for Ru and Pd, which
have isotopes which He on the higher mass side of the lower peak in the fission
yield versus mass curve, and are, therefore, particularly sensitive to variation in the
fraction of fissions occurring in plutonium. It would, perhaps, be useful if reliable
results for Ru and Pd were available for comparison with those of Tc and Mo in
order to obtain more complete data on the corrosion behaviour of the fission prod-
uct metal inclusions. However, although the release fractions calculated from diff-
erent isotopes for Ru and Pd show significant differences (occasionally factors of
3 or 4), their concentrations in centrifuigates are very low. As will be shown later in
this report, release fractions for Tc and Mo are usually (relatively) large, and even
accurate Ru and Pd data would not change the conclusions reached during the
evaluation. The release data for these two elements and for Rh, which shows
similar behaviour, has, therefore, not been included in this report.

Other omitted fission products are yttrium (Y-90 is measured, but its release
behaviour partly reflects Sr-90 behaviour), cadmium (large spread between isotope
results), tellurium and iodine. The latter element, iodine, would be useful to have in
the collected data, and concentrations of 1-129 in the centrifulgates are often meas-
urable. However, there are serious reservations against use of the data, largely
because of suspected losses of iodine from the samples during even short storage
times prior to analysis.

The correction procedures for Ba-138 used in the spread-sheet (isobaric interfer-
ences), and for natural background subtraction, however, appear to function fairly
satisfictoriy, and give release data which can be used for comparison with the Sr
data. The Ba-138 concentration derived in the spread-sheet must be corrected for
its component in the natural barium background present in the corrodant solution.
The natural Ba background has been calculated for all specimens by means of their
measured Ba-136IBa-138 ratios. This ratio is significantly different for barium of
natural isotopic composition and for mixtures of fission product isotopes as calcul-
ated by ORIGEN. The ratios are small, and are also sensitive to the fuel specimen
burnup, and the accuracy of the calculated natural barium background is, therefore,
subject to some uncertainty, particularly for low concentration samples.
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The release behaviour of rubidium is of interest for comparison with that of
cesium, and two fission product nuclides, Rb-85 and Rb-87, are in principle avail-
able for this puipose The natural rubidium background in corrosion test solutions
can be calculated by a similar type of internal isotope dilution analysis to that used
for barium, i.e., based on ORIGEN-calculated Rb-85/Rb-87 fission product ratios.
The method appeared to function well on most samples, giving good agreement
between the release factions for the two isotopes, after subtraction of the calcul-
ated natural Rb and Sr-87 backgrounds. It was noticed, however, that for samples
from early contact periods between fuel and corrodant solutions - particularly the
first two contacts in the Seies 11 tests - the method calculated unreasonably high
values for the Rb background levels. After some thought, it was realised that this
effect was due to different release mechanisms for the two Rb isotopes during the
first contacts with water. It has been shown /3-11 that rubidium migrates to the
grain boundaries of the fuel during irradiation, and thus, like cesium, shows a high
release to the corrodant during the first weeks of contact. The Rb-85 isotope, how-
ever, which is formed by the beta decay of Kr-85, is also deposited on fuel and clad
surfaces from the Kr-85 released to the fuel rod free volume during irradiation, and
during the storage time prior to opening the rod for the measurement of fission gas
release. The rapid dissolution of this deposited Rb-85 enhances the release of this
isotope relative to that of Rb-87. This effect will be discussed later. However, as a
consequence of this observation, standardised rubidium backgrounds, the averages
of the values calculated for later water contacts, were used for correction of the
early corrosion test specimens.

Molybdenum, together with Tc, Rn, Rh and Pd, is a constituent of the 4d metal
fission product inclusions which are found in irradiated fuel. For the determination
of its release fraction by the ICP-MS technique, the average of the values calcul-
ated for four Mo isotopes, of masses 95, 97, 98 and 100, is used. The agreement
between the individual values is usually very good.

The rare earth fission products, as a group, constitute a significant fraction of all
fission products, as weight or number fraction. On the basis of the results of much
experience of post-irradiation examination of spent fuel, they are considered to be
homogeneously distributed in the fuel, and they would be excellent monitors of the
dissolution rate of the fuel matrix, if they were not solubility limited in the corrod-
ant solutions used in the programme. The spread-sheet calculates the sample conc-
entrations of a number of nuclides which are of potential interest for evaluation
purposes; La-139, Ce-140, Pr-141, Nd-143, -144, 145, -146, Sm-152, Eu-153 and
Gd-156. However, many of the rare earth nuclides have fairly large cross-sections
for neutron capture, and there is appreciable uncertainty regarding the general val-
idity of the inventory values calculated by ORIGEN which have been used for the
isobaric interference corrections.

A more serious criticism of the rare earth data collected in the retroactive analysis
campaign is that the solution concentrations calculated in the spread-sheet. for
many samples are about the same level as the standardised backgrounds /1-3/ used
for correction, giving negative values of release fraction for a fairly large number of
samples. This, of course, is the same problem as that for plutonium and the other
actinides which was discussed in section 3.1 above, but is an unavoidable conse-
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quence of the decision to perform the retroactive analysis campaign. The release
fration results for the rare earth elements, therefore, are of doubtfidl value but are
included in the evaluation to permit a comparison with values from future analysis.
Only values for La, Ce, Pr, Nd and En are included in the compilation. Some
gamma spectrometric results for Ce and Eu release fiactions (larger values only)
are available and show surprisingly good agreement with the corresponding ICP-
MS results.

The ICP-MS background correction problems discussed above also have a serious
adverse affect on the measurement of americium and curium, confirming the earlier
conclusion /3-1/ that the chemical separation of these elements prior to ICP-MS
analysis is advisable. Thus, the curium results used in this evaluation have almost
all been selected from the results obtained by the alpha spectrometric analysis of
Cm-244. Unfortunately, this alternative is not possible fbr americium, since, as
mentioned earlier, the 5.50 MeV peak in the alpha spectra includes contributions
from both plutonium and americium.

Although the same ICP-MS background subtraction procedure was also applied to
the analysis of neptunium, the centrifugate concentrations of this element are
usually much higher than those of Am and Cm, and meaningful results can be
obtained.

3.3 RESULT COMPILATION

In order to facilitate direct comparison of the behaviour of different elements, the
analytical results of all samples, - centrifugates, membrane filters and vessel strip
solutions - have been compiled in the form of release fractions, and are presented
in Appendix B. With the exception of rubidium, for which the release fractions in
centrifigates are given for both Rb-85 and Rb-87 (see above), the data is tabulated
according to chemical element since the release data is often the average of results
from two or more isotopes. The elements selected for the compilation, based on
the discussions in section 3.2 above, are shown in Table 3-4, together with an
indication of the analytical techniques used.

Table 3-4. Chemical elements included in the release fraction compilation.

O I Cs I Sr I Ba I Mo I Tc I U I Np I Px I Cm I La x Cc I Pr I Nd I Eu I
ICtM _ I x Ia x l xl x I x I x I x I x I I X I X I- l I X
OTHE I x I x I I1 I x I x I I x I x I I x I 1 + fx 1

Following the discussion in section 3.1 of the biases between the release fraction
results for U, Cs, Sr, Tc and Pu obtained by the ICP-MS technique and those from
the conventional methods, it was decided to use the averages of the results from
the two methods as the basis for evaluation. This principle has also been applied,
where relevant, to the other elements fisted in the table.
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However, there are some important exceptions to this principle. Only numerical
results have been used in the evaluation so results of the type "less than" or "not
detected" are not acceptable and in such cases the results from the alternative
method, if available, have been selected. Negative results for release fractions, for
example those caused by doubtful background correction procedures, have been
deleted from the tables to facilitate legibility.

Since it has been demonstrated that significant losses of plutonium from solution
had occurred in long-stored archive solutions /1-3/, the alpha spectrometric values
of release fraction have been selected for all archive solutions. In other samples,
the average values have been used. As mentioned above, almost all the curium
values in the tables are also values obtained by the alpha spectrometric method.

Although, as mentioned above, the evaluation will be mainly based on the tabulated
release fractions, and on cumulative release fractions and release rates, some atten-
tion will be paid to the centrifugate molarities of the actinides and lanthanides. A
tabulation of such values is presented in Appendix C. The molarities have been
calculated by means of the centriflugate volumes, the release fractions in Appendix
B and the inventories of individual fuel specimens (in moles/specimen) presented in
Appendix D. This appendix also lists the inventories of key nuclides in individual
fuel specimens which were determined by ICP-MS analysis of inventory specimen
solutions.

The tabulated values of moles/specimen are calculated values, since not all isotopes
of the listed elements are measured by the present ICP-MS/spread-sheet proc-
edure. For the lanthanides, the cited values are based on the measurements of key
nuclides in the inventory specimen solutions, together with the ratios calculated by
ORIGEN of the key nuclides to the other unmeasured isotopes.

For the actinides plutonium, americium and curium, the inventory values are also
derived from measurements on key nuclides (Pu-240, Am-243 and Cm-244) in the
inventory specimen solutions. In this case, these measurements were complement-
ed by measurements on isotopic composition of the separated plutonium to give
values of inventories of the chemical elements. It can be noted here that for the
Series 11 fuel specimens the tabulated values have been obtained by interpolation
of the results on the inventory specimens. Further, it must be remembered that not
all the tabulated values are constant with time, but change due to the growth and
decay processes of the radioactive isotopes. This effect, however, is neglected in
this report, since all measurements, on corrosion test samples and on inventory
specimens, were performed during roughly the same period of time.

3.4 ACCURACY

It is clear from the discussions in the preceding sections that it is difficult to quote
values for the accuracy of the tabulated results. For a particular nuclide, the conc-
entrations in the samples arising in the programme can vary by five or six orders of
magnitude; the samples, at least when analysed without prior chemical separations,
are of varying complexity with regard to their constituent elements; the tabulated

vA results in the appendices are a mixture of average values of several analyses, and
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results of single analyses. (In order to limit the analytical work-load and instrument
contamination during the ICP-MS retroactive analysis campaign, the early Series
II samples were only analysed once.) Further, the procedure used for constructing
the unified tables of release fractions measured by different analytical methods,
which have been shown to yield results differing significantly, itself possibly
introduces uncertainties of the order of 5 - 10%h.

In the recent report on comparison of the results of the different analytical methods
11-31, it was shown that, for corrosion tests on fhel/clad segment specimens, the
ICP-MS results displayed good linearity with the conventional method results
down to values of release fraction of about E-05. At lower concentrations, there
was increasing scatter in the results.

In the corrosion test programme, after several years of water contact, the contact
periods were usually lengthened to several hundred days. A measured release fract-
ion of E-05 in such a test would correspond to a fiactional release rate of some-
what lower than E-07 Iday, which is about the level of the rates observed for Cs,
Rb, Sr, Ba and Mo release to the bicarbonate groundwater under both oxic and
anoxic conditions. The comparison of release rates of these and other nuclides, for
example in order to investigate whether or not congruent dissolution is occurring,
will be an important part of the evaluation presented in section 6 of this report. In
the absence of definite values of analytical accuracy, it is first at this stage in the
evaluation, when the degree of convergence between release rates of several elem-
ents can be examined and compared, that a subjective judgement can be made of
whether or not the results are sufficiently accurate for the purposes in hand.

For very low release fractions, for example those for actinides and lanthanides, and
for uranium and technetium in experiments performed under anoxic or reducing
conditions, the evaluations will be based on groups of results rather than individual
results.
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4 SPENT FUEL SPECIMENS

One of the parameters varied in the Spent Fuel Corrosion Programme is the spent
fuel itself, or rather, the source of the fuel (BWR or PWR), the burnup and linear
heat rating of the fuel specimen (its irradiation history) and the experimental proc-
edure used in effecting contact with the corrodant solution (as fuel/clad segments
or as fragments of fuel). The properties of spent nuclear fuel which are of most
significance for its corrosion in groundwaters have been reviewed and discussed in
a recent report 14-11, which also presented the results of detailed fuel characterisat-
ion studies on the three reference fuels used in the corrosion programme.

As has been mentioned in section 2 of the present report, two of these reference
fuels consist of one BWR fuel rod and one PWR fuel rod of burnups 42.0 and 43.0
MWd/kg U respectively, and have been used in the Series 3 and 32326 corrosion
tests (BWR) and Series 7 corrosion tests (PWR). Although there are some differ-
ences in burnup between the fuel specimens used in these corrosion tests and the
respective nominal value, they are fairly small and have been ignored in the eval-
uation, unless specifically referred to.

The third reference fuel consisted of the lower segment of a stringer rod from the
Ringhals-I BWR, which, because of the neutron flux gradient, contained fuel with
burnups ranging between 20 and 49 MWdlkg U. The 16 fuel specimens from this
rod, which were used in the Series II corrosion tests, had burnups varying from
27.0 to 48.8 MWdlkg U, and were very suitable for the study of the effects of fuel
properties on corrosion behaviour. The life-averaged linear power of the 16 Series
11 fuel specimens ranged from 9.4 to 16.9 kWMm, which can be compared with
values of 18.4 and 17.7 kW/m for the Series 3 and Series 7 fuels respectively.
(Note, however, that such a comparison has very restricted relevance, since in
practice the variation of linear power during the irradiation can have relatively
large effects on fuel structure and migration processes.)

One of the experimental aims of the Series II experiments was to study the poss-
ible migration of fission product strontium to grain boundaries during irradiation by
measuring the Sr-90 release rate as a function of varying pellet linear heat rating.
Since all the pellets in the test came from the same rod, the fuel burnup became a
second variable, and thus, a second experimental aim was to study the effect of
burnup on fuel corrosion behaviour. Of particular interest in this respect were the
so-called rim effects which occur in fuel pellets during irradiation. These effects are
illustrated in Figure 4-1 by the some of the results of the fuel characterisation work
performed on the fuel pellet in the Series 11 fuel rod which had the highest linear
power rating.

The figure presents curves showing the radial variation within the fuel pellet of
both the burnup and the total alpha activity at the time of the measurements.
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During the irradiation of U0 2 fuel pellets, there is a build-up of plutonium at the
pellet rim due to resonance capture of neutrons in the epithernal range, and this
results in steep gradients of both bumup and alpha activity in this zone. Note that
these effects occur at all levels of burnup, but, for a particular fuel pellet, increasing
burnup leads to a higher fraction of the fission events occurring in isotopes of plut-
onium, and to a build-up of higher mass isotopes of other actinides (usually with
shorter half-lives) due to multiple neutron capture reactions and beta decay. Thus,
as can be seen in Figure 4-1, the radial distribution of alpha activity is much steeper
at the rim than the corresponding cure for burnup.

This has marked consequences for the fuel pellets in the segment rod used for the
Series I I corrosion tests, and constitutes an important parameter which is varied in
this test series. Under the anoxic or reducing conditions which are expected in the
future Swedish deep-rock repository for spent nuclear fuel, oxidation and dissolut-
ion of the fuel due to alpha radiolysis of the water in the immediate proximity to
the fuel surface could represent the main corrosion process /4-2/. In the figure, it is
seen that in pellet 47 the alpha activity is about 3 times higher at the pellet rim than
at the pellet centre which would indicate that corrosive attack would be favoured
at the pellet rim.

Two other fuel pellets, with burnups of 36.7 and 21.2 MWd/kg U, in the segment
rod used for the Series 11 corrosion tests were also examined in the fuel character-
isation programme /4-1/, and the results from these examinations have been used in
Figure 4-2 to illustrate the variation of the fuel's alpha activity over all the 16 fuel
specimens used in the Series 11 tests.
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The curve showing the variation along the pellet stack of the alpha activities at the
pellet rim has been calculated by interpolation of the values measured on the 3 fuel
characterisation specimens. These values are compared with the alpha activities of
the bulk fuel (representing a complete cross-section of the fuel pellet) for each of
the 16 fuel/clad specimens, which were calculated from the individual actinide
inventories obtained by interpolation between the experimentally measured values
in the two inventory specimens. Note, however, that the specific alpha activity at
the pellet centre is somewhat lower than the bulk fuel value.

Clearly, the potential for alpha radiolysis, as measured by the local alpha activity,
is seen to vary by about a factor of 15 over the 16 fiiel specimens, i.e., from the
pellet centre of the lowest burnup pellet to the rim of the highest burnup pellet. The
beta activity in each fuel pellet also shows a maximum at the pellet rim due to the
burnup gradient, but because of the longer range and smaller absorbtion of beta
particles in water, their radiolytic effect is less localised than for alpha particles.

Another radially-varying ratio in the fuel pellets, the U-236/U-235 ratio, will be
discussed briefly here since it may be useful as an indicator of corrosion site and is
usually measurable in centriligate solutions by the ICP-MS technique. Although it
is difficult to measure in the solid pellet, the U-235 content of the fuel decreases by
fission and neutron capture reactions as irradiation proceeds, while the U-236 con-
tent increases. The relative rates of these reactions are governed by the neutron
spectrum effects mentioned above, and are expected to result in a radial profile of
the U-2361U-235 ratio somewhat similar to the burnup profile shown above in
Figure 4-1.

In the BWR reference fuel used for the Series 3 corrosion tests, values of the
isotopic ratio over a range between 0.95 and 1.4 were measured on randomly
selected fuel particles and pellet rim scrapings /4-1l, but it was not possible to
establish to which values of radius these results corresponded. Such experimental
data is not available for the Series II fuel specimens, but it will be assumed arbitr-
arily later in this report that there is an increase of about 30% in the U-236113-235
ratio at the pellet rims compared with the pellet centres for these fuels.

Apart from the rim effects discussed above, which essentially refer to the radial
distributions of fission products and actinides, even changes in the fuel microstruct-
ure, occurring at or near the pellet rim, are observed in irradiated fuel /4-11. How-
ever, the structural changes appear only in fuel with a value of bulk fuel bumup
exceeding a somewhat varying threshold within the range 40-45 MWd/kg U.

The most noticeable structural change is the formation of a zone of high porosity at
the pellet rim, and such zones have been observed at the peripheries of pellets from
the reference BWR (42.0) and PWR (43.0 MWd/kg U) fuels, (Series 3 and 7 corr-
osion tests respectively). Of the three ceramographic specimens examined from the
Series 11 segment rod, with bulk burnups of 21.2, 36.7 and 49.0 MWd7kg U, a
porous rim zone was observed only in the 49.0 MWdlkg U specimen.
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In addition to the zone of high porosity, the fuiel pellet rim is also associated with a
zone showing loss of definable grain structure in a process where the original fuel
grains sub-divide into numerous smaller grains. In the case of the 49.0 MWd/kg U
specimen, the zone containing significant populations of the sub-grains extended
more than 200 microns into the pellet from the periphery, but traces could be
found even at positions 1.5 mm from the rim. In this pellet the zone of high poros-
ity was only about 20 microns wide.

During similar SEM examination of the Series 11 ceramographic specimen with a
burnup of 36.7 MWd/kg U, no high porosity zone and no loss of definable grain
structure were observed at the rim. Thus, if these structural changes have a meas-
urable effect on the corrosion behaviour of spent fuel, such effects could only be
expected in those corrosion tests with fuel specimens in the series with bumups
higher than 36.7 MWd/kg U, i.e., fuel specimens 11-5 to 11-16.

So far in this section, only certain intrinsic properties of spent fuel pellets have
been considered. However, the physical form of the fuel specimens, particularly
those aspects which determine the degree of contact between the fuel surfaces and
the corrodant solution, will also be discussed here in order to give further back-
ground information necessary for the evaluation of the experimental results.

As has been mentioned above, almost all the fuel specimens used in the corrosion
tests considered in this evaluation have been in the form of fuel/clad segments,
usually about 20 mm in length. During the corrosion tests, the specimens were
suspended in a spiral of platinum wire in (usually) 200 cm3 of the selected coffod-
ant. Hence, direct physical contact between the fuel specimen and the corrodant is
limited to the fuel surfaces at the two open ends, the free volumes represented by
the cracks in the fiuel itself and the residual pellet/clad gap, as can be seen in the
polished transverse cross-section of the pellet in Figure 4-1.

Values of the rod free volume - the sum of the last 2 terms, pellet cracks and the
residual pellet/clad gap - can be estimated /4-1/ at a given pellet position from the
results of profilometry measurements and clad compression measurements on the
intact fuel rod prior to cutting out the fuel specimens. For the 16 fuel/clad
specimens for the Series 1 corrosion tests, which had burnups ranging from 27.0
to 48.8 MWdfkg U, the estimated free volume in a 20 mm long fuel/clad segment
varied from about 0.06 cm3 at the low burnup end to about 0.04 cm3 at the high
bumup end. The average rod free volume before irradiation was about 0.07 cm3 in
a 20 mm long segment.

The free volume in the PWR reference fuel/clad segments (also 20 mm long) used
for the Series 7 corrosion tests was estimated to about 0.01 cm3 since in this rod
diametrical clad creepdown had also reduced the volume.

Clearly, these volumes are very small compared with the total corrodant volume of
200 cm3, but this was accepted during planning of the tests, which were designed
to give a relatively close simulation of repository conditions. However, the limited
access of the corrodant to the open fuel porosity and grain boundaries, firther
reduction of access due to precipitation from uranium saturated solutions, and
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mBing of the egressed corrodant with the 200 cm3 reservoir must be considered in
the evaluation of results.

Finally, it can be pointed out that polished fuel cross-sections as in Figure 4-1 can
give a misleading impression of the fuel/clad specimens, which were cut out from
the rod using pipe-cutters. Thus, the course surface and chipped fuel fragments of
a PWR specimen shown in Figure 4-3 are more typical of the specimens used.
Also, each fbekclad segment contains fuel fragments of varying size and morph-
ology, as is shown in Figure 4-4.

Figure 4-3. Open end of a PWR fuel/clad specimen from the Series 7 corrosion
tests. (x 6)

Figure 4-4. Fuelfragments-from the BAR reference fuel (x 3)
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5 CORROSION TEST PROCEDURES

In a short description of the corrosion test procedures in the Introduction to this
report, it was mentioned that the analytical programme was applied to samples
from three fractions originating at the conclusion of each corrosion test contact
period, i.e., centrifugate, membrane filter and vessel strip solution. Thus, the centri-
fugation of the corrodant solution through the membrane filter 11-1/ yielded a
centrifugate which was free of fuel fines, while it was hoped that analysis of the
other two fractions would give useful data on possible colloid formation, and on
precipitation and absorption processes in the corrosion vessel.

It was pointed out in the preceding section that the fuel specimens, whether in the
form of fuel/clad segments or as fuel fragments, are always associated with small
amounts of fuel fines. Since the specimens are in direct contact with the corrodant
water sample, and are subjected to movement during the sample preparation oper-
ations, there is a significant possibility of "contamination" of the membrane filter
and vessel strip fractions by these fuel fines.

Further, as was pointed out above, the compilations of selected analytical results
on filter and strip samples in Appendix B, are incomplete, since many of the sampl-
es were not analysed by the ICP-MS technique.

In this section, therefore, the analytical results on membrane filter and vessel strip
solution samples will be briefly evaluated, partly in order to examine the possibility
of their contamination with fuel fines, and partly to attempt to develop correction
factors which can be applied later to the results from centrifugate analysis.

5.1 VESSEL STRIP SOLUTIONS

The probability for the occurrence of precipitation and/or adsorption effects during
corrosion tests in deionised water or the simulated bicarbonate groundwater would
be expected to increase with increasing fuel/water contact times. In order to test
this hypothesis, the total uranium contents (in micrograms) in the vessel strip solut-
ions from corrosion tests performed in simulated groundwater under oxic and
anoxic conditions, and in deionised water are presented in Figures 5-1, 5-2 and 5-3
respectively. Since the duration in days of the contact periods normally, but not
always, increased as the sequential corrosion test proceeded, the uranium weights
are plotted against the corresponding cumulative contact time (CUTI in the result
tables in the appendices). This method, therefore, presents the results from a given
specimen test series in the correct chronological order, i.e., in the order of sample
taking, but the figures can be somewhat misleading for comparison between results
from programmes with different patterns of contact period durations.
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Figure 5-1. Total uranium contents (micrograms) of vessel strip solutionsfrom
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FIgure 5-3. Total uranium contents (micrograms) of vessel strip solutionsfrom
corrosion tests performed in deionised water (D)9.

The data in all three figures show large scatter, some of which is caused by the
choice of cumulative time as the abscissa variable, since the samplings plotted for
the Series 3 fragments and the Series 7 fuel/clad segments occurred later in the
corrosion tests compared with the Series 11 results. Clearly, however, there is a
trend towards lower uranium contents in the vessel strip solutions as the number
of contact periods increases, which would suggest that the primary source of the
uranium in the solutions is due to dissolved fuel fines, shaken or washed out of the
fuel specimens during the handling in the hot-cell during the sampling procedure or
experimental start-up.

For the 10 fuel/clad segment specimens used in the Series 11 GW-OX corrosion
tests, the total uranium found in all 9 of the vessel strip solutions analysed in the
sequential tests, varied from about 0.3 to 2.2 mg, with no apparent correlation with
specimen burnup. On average, about 76% of the total uranium weight was found in
the first two vessel strip solutions, that is, those from the shortest contact periods
of 7 and 21 days duration at the start of the corrosion tests.

However, although this is convincing evidence that the source of most, if not all,
the uranium in the vessel strip solutions is fuel fines, it is also necessary to invest-
igate the actinide and fission product contents in the strip solutions in order to
confirm or modify that conclusion.
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In Figures 5-4 and 5-5, the available release fraction data for the actinides Np, Pu
and Cm in vessel strip solutions has been compared with the corresponding release
fiactions for uranium for corrosion tests performed in the simulated bicarbonate
groundwater under oxic and anoxic conditions respectively. The figures also show
the line which demonstrates a 1:1 ratio between release fractions.

However, it should be noted here that such comparison of release fractons is
strictly only valid for samples corresponding to bulk fuel. i.e., on a complete cross-
section of the fuel pellet, since all release fraction values are derived from inventory
values determined by destructive analysis of whole fuel pellets. In the discussion of
fuel and fuel pellet properties in the preceding section, it was shown that, due to
the rim effect, the local burnup varies by about 60% over the pellet diameter, and
hence the local fission product and actinide inventories also show similar variat-
ions, but for individual nuclides these can be both smaller or larger than 60%. Since
it is usually difficult to define unambiguously the origin within a fuel pellet of the
material in a given specimen, the comparison of release fractions is associated with
appreciable uncertainty. Note that these comments also apply to centrifugate and
membrane filter samples.

With these comments, and the discussion earlier in this report of the accuracy of
actinide measurements, in mind, inspection of Figures 5-4 and 5-5 suggests that
there appears to be reasonable agreement between the release fractions for U, Np,
Pu and Cm over about 3 orders of magnitude of release fraction (or solution conc-
entration) and this can be interpreted as evidence that the vessel strip solutions
consist mainly of fuel fines.

When the comparison of release fiactions is extended to fission products, however,
it appears that some precipitation and/or adsorption effects are evident. In this
evaluation the comparison is made between the release fractions for U, as above,
with the release fiactions of 4 fission product elements which will be discussed
later in this report with respect to defining congruent or non-congruent dissolution,
i.e., Rb, Cs, Sr and Ba. The results for vessel strip solutions for corrosion tests
performed under oxic and anoxic conditions are presented in Figures 5-6 and 5-7
respectively.

As in the actinide comparison discussed above, there are close similarities between
the results for corrosion tests performed in groundwater, regardless of whether
they were performed under oxic or anoxic conditions.

It is also seen that the results for strontium are in reasonable agreement with the
uranium release fractions, and thus with the behaviour of the other actiides. For
cesium and barium, however, and to a lesser extent rubidium, there are large devia-
tions from a 1:1 relationship with uranium release, even considering the comments
on inventory variations discussed above.

In order to investigate this effect, the release fractions for the fission products have
been corrected by subtraction of the contribution equivalent to the corresponding
uranium release fiaction, giving in effect a measure of the "excess" release fraction
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Figure 5-4. Comparison of release fractions; U versus other actinides in vessel strip
solutions from corrosion tests performed under GW-OX conditions.
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Figure 5-5. Comparison of release fractions; U versus other actinides in vessel strip
solutionsfrom corrosion tests performed under GW-ANOX conditions.
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Figure 5-6. Comparison of release fractions; U versus selectedfission products in
vessel strip solutions from corrosion tests performed under GW-OX conditions.

Series 7 & I1: GW-ANOX

I,OE1-03

4Rb

1.0BNA Sr

X Be E33~~~X

z
I.OE1-05

I ,OE-061 C

I .0B-07

1,05-08 1,05-07 1,05-06 1,0E-05 1.05-04 1,011-03

RELEASE FRACTION: URANIUM
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assumed to be due to precipitation or adsorption in the corrosion test vessel.
Although there is some scatter in the data, the values of "excess" release fraction
are clearly proportional to the release fractions in the corresponding centrifligates,
and there seems to be no consistent correlation with contact time between fuel and
corrodant water.

Average values of the ratios between the "excess" release fractions in the vessel
strip solutions and the corresponding centrifigate release fractions from corrosion
tests performed in the simulated groundwater (oxic and anoxic conditions) are
presented in Table 5-1. Ratios for Mo and Tc are included in the Table together
with the values for Rb, Cs, Sr and Ba.

Table S-1. Average values of the ratios between the "excess" release fractions
in the vessel strip solutions and in the conresponding centrifugates.

:~~~R Cs ISr IBa IMo ITc
GW-OX 0.0191 0.027 10.0151 0.052 10.008 10.006
GW-ANOX 0.043 0.035 (0.151) 0.093 0.069 (0.730)

Clearly, the values of the ratios are in general quite small - corresponding to a few
percent of the centrfigate release fractions - and may partly represent a few
residual millilitre of centrifilgate remaining in the corrosion vessel prior to intro-
duction of the strip solution /1-1/. The high ratios for Sr and Tc in GW-ANOX
tests, however, are based on a few results with large scatter, and in the case of Tc
are the result of comparison with very low centrifugate release fractions.

Somewhat higher values of the ratios are listed for Ba, and for all the fission prod-
ucts in the GW-ANOX tests, but the quality of the data is probably not adequate
for a definite acceptance of their correctness.

The discussion above has concerned only tests performed in groundwater. As can
be seen in the collected test parameters in Appendix A, although analytical data is
available for about 50 corrosion tests performed in deionised water, under both
oxic and anoxic conditions, the various series of sequential contact periods have
included unplanned low pH periods (due to contamination in the hot-cell), and
planned contact periods with groundwater. Because of these perturbing effects, the
deionised water results often show abrupt trend changes, sometimes revealed in
contact periods subsequent to the initiating event. Thus, the results from these tests
must be evaluated in smaller groups to avoid confusing generalisations.

However, in order to permit a qualitative comparison with the groundwater test
results, the release fractions for actinides and for selected fission products in vessel
strip solutions from DW-based corrosion tests are compared with the uranium
release fractions in Figures 5-8 and 5-9.
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5.2 MEMBRANE FILTER SPECIMENS

In the sampling procedure for centrifugation through membrane filters, 10 cm3 of
corrodant solution, after removal of the fuel specimen, is sampled by pipette,
avoiding proximity to the bottom of the corrosion vessel. Thus, if the membrane
filters also retain fuel particles from the corrodant solution, these are very unlikely
to be particularly large, which can be the case for the vessel strip solutions discuss-
ed above.

Figures 5-10, 5-11 and 5-12 present the analytical results for uranium retained on
the membrane filters for corrosion tests performed in groundwater under both oxic
and anoxic conditions, and tests performed in deionised water respectively. Note
that the values plotted represent the uranium calculated for the total volume of
corrodant solution, which was usually 200 cm3 .

Comparison of the figures with Figures 5-1, 5-2 and 5-3, the corresponding figures
for the vessel strip solutions, shows that the uranium retained on the filters is one
to two orders of magnitude lower than the uranium found in the strip solutions,
and that there is no observable trend with cumulative contact time. There is also a
great deal of scatter in the results, which is mostly due to the very low amounts of
uranium measured in the individual membrane filters. Since only 10 cm3 of the
corrodant solution was centrifuged through each filter, the total uranium measured
was usually less than 5 micrograms, and at this level there was a significant vari-
ation between the results from duplicate or triplicate analyses. The results tabulated
in Appendix B are the average values of multiple analyses.

The results from corrosion tests performed in deionised water (Figure 5-12) show
particularly large scatter, and a much wider range of values of measured retained
uranium. As for the corresponding vessel strip results, detailed examination of the
results indicated that it is necessary during evaluation to consider individual results
rather than using general factors. Thus, comparison of the uranium release fract-
ions with those for the actinides and selected fission products has again been limit-
ed to the results of corrosion tests performed in groundwater.

Actinide and fission product data from tests in simulated groundwater under oxic
conditions are presented in Figures 5-13 and 5-14, and the corresponding data for
anoxic conditions are presented in Figures 5-15 and 5-16.

Clearly, there is much more scatter in the experimental data for the actinides than was
observed in the corresponding figures for the vessel strip solutions, even when results
at about the same level of release fraction are compared. It is possible that this reflects
differences in efficiency for the removal of different species from the filters during the
acid leaching procedure prior to analysis, /1-1/ It can also be noted that the alpha
spectrometric method for the determination of plutonium is subject to severe back-
ground subtraction problems in this type of specimen, with low Pu counting rates in
the presence of higher levels of Cm isotopes, but it is surpising that the scatter is
larger for the plutonium release fractions in the GW-OX tests, than in the GW-ANOX
tests. However, the release fractions for Np, Pu and Cm do not appear to be signific-
antly larger than those for U in the membrane filter specimens.
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As in the case of the vessel strip solutions, much of the scatter in the fission
product data is due to its correlation with the release fractions in the corresponding
centrifuigates rather than with the U release fractions on the membranes. Therefore,
the same procedure of subtracting the U release fractions was used to calculate the
"excess" release fractions for the fission products, thus assuming that they were
selectively retained on the filters in proportion to the total concentration in the
corrodant solution. There was too little data available for Rb and Ba, but the aver-
age values for the ratios between release fractions in the membranes and the centri-
fugates for Cs, Sr and Tc in tests under oxic conditions, and for Cs and Sr under
anoxic conditions are presented in Table 5-2. The average value for Sr under
anoxic conditions is shown in parentheses because of appreciable scatter.

Table 5-2. Average values of the ratios between the "excess" release fractions
in the membrane filter specimens and in the corresponding centrifugates.

Cs I Sr I Tc I
GW-OX 0.037 0.102 0.043
GW-ANOX 0.044 (0.203)

Together with the values in Table 5-1, these ratios can be used in the discussion of
release fiactions and rates in centrifugates in the next section, since in the possible
absence of experimental values, they can be used to estimate release fiaction values
for the vessel strip and membrane filter fractions.
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6 EVALUATION

Because of the wide bumup range of the fuel specimens in the Series 11 corrosion
tests, and the extensive programme of characterisation of the fuel specimens used,
the interpretation of the analytical results from these tests are of central importance
for the evaluation of the programme as a whole. As has been mentioned earlier in
this report, most of the retroactive application of the 1CP-MS analytical technique
has been directed at archive samples, mostly centrifuigates, from this test series in
order to obtain a broader data base to facilitate such evaluation. To some extent,
therefore, in this report the results of the Series 3 and 7 tests have been regarded as
tests of the general validity of the conclusions reached for the Series 11 tests.

The following evaluation will be almost entirely based on the tabulations of release
fractions collected in Appendix B. These release factions have also been used to
calculate fractional release rates and molarities when required. Most attention has
been devoted to consideration of the results for centrifuigates which usually contain
almost all the material released during corrosion. Results for membrane filter speci-
mens and vessel strip solutions will be used either in the form of the tabulated
individual results or in the form of general factors such as those discussed in
section 5. For convenience, the evaluation has been divided into sub-sections with
separate but related themes.

6.1 CUMULATWE RELEASE FRACTIONS

As mentioned above, the 16 fuel specimens in the Series 11 corrosion tests were all
from the same fuel rod, but had different linear heat ratings and burnups. One of
the main aims of the experiments was to examine the possible migration during
irradiation of fission products to fuel grain boundaries, which could result in
enhanced release to the corrodant due to selective attack.

In Table A-4 in Appendix A it can be seen that ten of these fuel specimens, with
burnups ranging from 27.0 to 48.8 MWd/kg U, were subjected to nine consecutive
contact periods in the SKB simulated bicarbonate groundwater /1-1/ under oxic
conditions, with a total contact time of 5.09 years. The cumulative release fractions
for selected fission products and uranium in the 9 centrifugates for each specimen
are plotted in Figure 6-1 as a function of the specimen bumup. Note that the range
of burnups also corresponds to a range of life-averaged linear powers from 9.4 to
16.9 kWMm.

The extended analytical data base made available by combining the results obtained
by means of the ICP-MS technique with those from the earlier methods permits the
comparison of the behaviour of three fission product "pairs"; cesium and rubidium;
molybdenum and technetium; and strontium and barium.
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Figure 61. Series 1 corrosion tests: Cumulated release fractions in the centri-
jugates from the 10 GW-OX corrosion tests (9 contact periods: Total corrosion
time 5.09 years)

Inspection of the figure leads to a number of comments:
a) For four fission products, Cs, Rb, Mo and Tc, the observed increase, at least

initially, of the cumulative release fraction with increased fuel temperature
and/or burnup supports the generally held view that these fission products are
mobile in the fuel during irradiation.

b) Rather unexpectedly, however, their cumulative release firctions are seen to
decrease for corrosion tests on the fuel specimens with the highest bumups. The
decreases are largest for Mo and To, where the cumulative release fiactions for
the 48.8 MWd/kg U fuel were lower than for the 27.0 MWdfkg U fuel. The
burnup values corresponding to the maximum cumulative release fiactions were
about 40 and 45 MWd/kg U for Mo/Tc and Cs/Rb respectively.

c) The highest cumulative release fiactions observed were those for Cs with values
of almost 0.01, in good agreement with the measured integral fission gas release
(0.011) for the fuel rod.

d) The curve for Rb-87 is considered to represent the enhanced release behaviour
due to migration to grain boundaries during irradiation and selective dissolution
during the corrosion tests. As discussed earlier in this report, the Rb-85 curve
contains a component, corresponding to a cumulative release fraction of 0.002-
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0.003, due to deposition of Rb-85 on fuel and clad surfaces during decay of the
fission gas Kr-85 in the rod free volume prior to sampling, and its subsequent
dissolution.

e) The results for Sr and Ba show no clear trend with regard to possible correlat-
ion between cumulative release fraction and linear heat rating/burnup.

f) The cumulative release fractions for all the six fission products were higher than
the values for uranium, which were presumably subject to solubility limitations
during each individual contact period.

g) These comments, of course, relate strictly only to centrifigate samples, but are
not affected significantly by considerations of the fission product and uranium
contents of membrane filter specimens and vessel strip solutions.

In the Series 11 experimental series, three fuel specimens with bulk burnups of
21.2, 36.7 and 49.0 MWd/kg U were subjected to an extensive programme of
post-irradiation examinations, including detailed characterisation of the fuel struct-
ure by scanning electron microscopy /4-11. The results from these investigations
were discussed fully in section 4 of this report, where it was pointed out that steep
radial gradients of both burnup and alpha activity in the pellets indicated that the
pellet rim, where these reached maximum levels, could be a favoured site for
oxidative corrosion driven by alpha radiolysis. Further, effects related to higher
burnups such as the development of a narrow band of higher porosity at the fuel
pellet periphery, and to the formation of populations of small (sub-micron)
particles of recrystallised U02 which decorate grain and pore surfaces in a much
wider peripheral zone, could also be important factors.

In the fuel characterisation specimen with a bulk burnup of 36.7 MWd/kg U,
particles of recrystallised U0 2 were seen at and near the pellet periphery, but no
zone with high porosity was observed. In the specimen with a bulk burnup of 49.0
MWd/kg U, a narrow zone of high porosity, about 20 microns wide, had formed,
and recrystallised U0 2 particles were observed in a zone extending over 200
n-crons into the pellet from the rim. Thus, in the fuel specimens in the Series 11
corrosion tests, these structural effects at the pellet rim develop successively over
the burnup range 36.7 to 49.0 MIWd/kg U, and if they, together with the high alpha
activity level at the pellet rim, cause enhanced corrosion of the fuel, this would be
expected to be seen as an increase in cumulative release fiaction with burnup for
the six specimens with the highest burnups in Figure 6-1, instead of the patterns of
decrease noted above.

The most probable explanation for the observed effects is that burnup-related
structural changes in the fuel at these levels of burnup reduce the surface area
accessible to attack by the corrodant water during the corrosion tests. In section 4
of this report it was shown that differences in fuel swelling (a burnup-related
effect) reduced the free volume in the fuel/clad segments over the burnup range of
the Series 11 fuel specimens. However, the decrease in available water/fuel contact
area postulated here as the cause of the lower cumulative release firctions is
thought more likely to occur as changes in the interconnected network of grain
boundaries and porosity. Thus although the zone of small pores at the pellet pen-
phery represents, in principle, a population of potential corrosion sites with a high
absorption of alpha particle energy in pockets of water, in practice, the pores may
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be closed after reactor shut-down and therefore inaccessible for water ingress
during subsequent corrosion.

Similarly, the small grains of recrystallised U0 2 can be regarded as potential sites
for selective oxidative attack, or as possible nucleation sites for uranium precipit-
ation from saturated corrodant solutions in the grain boundaries, with increased
impedance to water ingress as a consequence. Currndy there is no direct experi-
mental evidence favouring either mechanism, but the observed decreases in cumul-
ative release fraction shown in Figure 6-1 represent indirect support for the latter.

The amount of uranium in a fuel specimen which could have been deposited in the
micro-cracks and grain boundaries due to uranium saturation in the corrodant
solution can be estimated if it is assumed that it is identical with the uranium
"deficit" represented by the difference in the measured release fractions for U and a
suitable monitor of matrix corrosion. The problems associated with the selection of
a nuclide suitable as a monitor of fuel matrix dissolution, with particular reference
to the possible use of Sr-90, were discussed in the Introduction. It had been hoped,
with the commissioning of the ICP-MS instrument, and the possibility it offered for
the analysis of fission product Ba-138, that if good agreement was found between
the release fraction results measured by means of the Sr-88 and -90 isotopes, and
Ba-138, this would strongly support the view of these isotopes as reliable monitors
of matrix corrosion.

Inspection of Figure 6-1 shows that, although the cumulative release fractions for
Sr and Ba are of similar size, they cannot be regarded as being in particularly good
agreement. Further, as will be shown later in this report, there is a significant
difference between the release behaviours of Sr and Ba during the early contact
periods under GW-OX conditions, and although some of these apparent dissimil-
arities may be due to the poorer quality of the Ba data (problematic background
correction procedure), it can not be assumed that both Sr and Ba are evenly
dispersed in the fuel, and are released congruently with matrix dissolution.

However, some added support for the use of Sr isotopes as monitors has been
found on comparison of the ICP-MS release fraction results for Sr-88 and Sr-90. It
has been suggested that Sr-90 can be enriched at grain boundaries by migration of
its short-lived Kr and Rb precursors. This would apply even more to Sr-88, but
since the release fractions calculated from Sr-88 measurements only show a slight
bias (about 5%) with respect to the corresponding Sr-90 results for later contact
periods, this hypothesis appears unlikely.

The Sr cumulative release fractions presented in Figure 6-1, therefore, have been
fairly arbitrarily assumed to represent the total amount of dissolved uranium, and
the differences between the Sr and U release fractions for each contact period are
regarded as the amounts of U lost from solution, and deposited on the internal fuel
surfaces. In Figures 6-2 and 6-3 are presented the calculated uranium deposition
rates for the nine contact periods for the GW-OX and GW-ANOX specimens
respectively. The corresponding results for corrosion tests performed in DW
during at least part of their corrosion test programme are not presented since they
are complicated by low pH contact periods and changes of corrodant.
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The calculated total weights of the uranium deficits (or deposited uranium) for the
nine contact periods are presented in Table 6-1, where they are compared with the
analytically measured uranium contents of the corresponding centrifugate, mem-
brane filter and vessel strip specimens. Much of the observed variation in the
weights of the U deficits depends on uranium inventory weight variations.

Table 6-1. Comparison of the total uranium weights in the three analysed
fractions in the corrosion tests with the calculated uranium deficit weights.

.______ _____GTOTAL URANIUM WEIGHTQcrs
SPECBMEN BURNUP CORRODANT CENTR FILTER STRIP DEFICIT

11-1 27.0 GW-OX 2313 98 989 7245
11-2 30.1 GW-OX 2473 107 534 9034
11-3 32.7 GW-OX 5144 189 1005 12221
11-4 34.9 GW-OX 2858 128 623 11738
11-5 40.1 GW-OX 3537 145 2191 14320
11-8 43.8 GW-OX 3392 125 318 12010

11-10 45.8 GW.OX 2505 167 621 14589
11.11 46.5 GW-OX 3105 184 961 12187
11-12 47.0 GW-OX 2758 227 1621 13647
11-16 48.8 GW-OX 2901 149 316 13039
11.6 41.4 GW-ANOX 60 6 309 4738
11-9 44.9 GW-ANOX 300 32 1536 5007
11-i5 48A4 GW-ANOX 204 23 1983 6182

It was postulated in section 5 of this report that much of the uranium found in the
membrane filter and vessel strip specimens was due to fuel fines. Inspection of the
table shows that, even if that was not the case, the calculated uranium deficit is
much larger than the sum of all the fractions analysed, including the centrifugates.

Returning now to Figure 6-2, it will be shown later in this report that the steep
decrease in the (so far hypothetical) uranium deposition rate after the first few
weeks of water contact, and the levelling out after longer contact times are similar
to the curves of release rate of strontium and other fission products as a fnction of
water contact time, which suggests a causal relationship. This is also the case for
the GW-ANOX results which are presented in Figure 6-3.

Obviously, this concept of successively reduced access to fuel internal surfaces
must be confirmed by detailed examination of corroded spent fuel, and by specially
designed re-dissolution tests.

The cumulative release fractions for centrifiagates from other corrosion test series
are compared in Tables 6-2 and 6-3 with values for the Series 11 tests which have
been discussed in detail above. The comparison must be limited to only a few nucl-
ides, since ICP-MS data is not available for most of the older contact periods.

For corrosion tests under GW-OX conditions, which are presented in Table 6-2,
the results for 4 specimens from the Series 7 tests on PWR fuel are compared with
the results for specimens 11-5 and 11-8, which have similar burnup values. The
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Series 3 corrosion tests on fuel specimens 3-1, 3-2 and 3-3 were unfortunately
perturbed by some contact periods with inadvertent low pHL (See Table A-1 in
Appendix A) and, therefore, the cumulative release fractions presented in Table 6-2
refer only to the periods with "normal" pH. For comparison with these fuel/clad
segment specimens, the cumulative release fractions for corrosion under oxic
conditions of specimen 3-24, which consisted of a single fuel fragment of the same
BWR reference fuel, with a weight of 0.9891 g in contact with 200 cm3 of the
simulated bicarbonate groundwater, are also included in the table.

Table 6-2. Comparison of cumulative release fractions for corrosion tests on
specimens of different fuel, but with similar burnups. (GW-OX conditions)

CUMULATIVE RELEASE FRACIO E(CENlFUGATES)
CORROSION CONTACT BURNUP Cs Sr Tc U

TEST TME (d) (lWdIkgU) _
7-3 688 43.0 8,95 E-03 7,66 E-04 8,05 E-04 6,74 E-05
11-5 1861 40.1 8,69 E-03 1,21 E-03 6,23 E-03 2,56 E.04
I 1-8 1861 43.8 986 E43 1,25 E-03 S S0 E Z03 Z95 E-04
7-4 2960 43.0 8,42 E03 1,01 E-03 ,07 E 188 E04
7-5 2960 43.0 1,03 E-02 1,17 E-03 5,42 E-03 2
7-6 2961 43.0 9,51 E-03 1,03 E403 1,68 EJ04
3-2* 3800 42.0 1 12 E 02 1,28 E03 _
3-3* 3974 42.0 1,43 Ej02 2,05 E-03 6,37 E-04

3-24** 2460 42.0 1 3,33E3 Ej03 5,11 E03 I1,75 E-03

* Only comact periods with "normal" pH ** Fuel fhagmt

When it is recalled that the cumulative release fractions for uranium are also dep-
endent on the number of water contact periods, it can be seen that the cumulative
release firctions for the fuel/clad segments presented in the table show satisfactory
agreement. The 3-3 corrosion test results, however, are the exceptions in this case.
The results for Sr and U for the 3-24 corrosion tests are significantly higher than
the results for fuel/clad segments, reflecting the higher water/fuel ratio in tests with
fuel fragments. (Higher by a fictor of about 15)

Table 6-3. Comparison of cumulative release fractions for corrosion tests on
specimens of different fuel, but with similar bumups. (GW-ANOX conditions)

CUMULATIVE RELEASE FRACr1O1S RU"GAThS)
CORROSION CONTACT BURNUP Cs Sr Tc U

TEST TIME_(d_ ___dL)

7-7 688 43.0 9,04 E 03 5,14E-04 4,55 EQ04 2,40 E-05
7-8 938 43.0 9,37 E-03 3,94 E04D 3,69 E-04 147 EM
7-9 938 43.0 1,07E-02 4,75 Ej04 1,48 E-04 1,08 E-05
7-10 1807 43.0 1,03 E 02 4,46 E04 8,44 Ei05 9,03 E-06
11.6 1895 41.4 7,44 E-03 3,16 E-04 2,73 E-05 4,11 E-06
11-9 1896 44.9 7,95 E-03 3,44 E04 2J13 E-05 1,82 E-05

11-15 1897 48.4 1,01 E.02 4,00 1,57E05
7-11 2974 43.0 , E S,83 3 1 ,1 E0
7-12 2974 43.0 7,5 1,54 E04
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6.2

The corrosion tests which are compared in Table 6-3, were all nominally perform-
ed in the simulated bicarbonate groundwater under anoxic conditions, but the
methods for imposing the anoxic conditions on the groundwater differed between
the 7 and 11 experimental series /1-1/. In the Series 7 tests, the groundwater had
been circulated over crushed bore-hole rock for several months before being
transferred to the corrosion test vessel, while in the Series 11 tests, anoxic condit-
ions were maintained by flowing HJ/Ar over the suface of the corrodant.

In spite of these differences, it is seen that the cumulative release fractions show
fairly small scatter.

ACTINIDES AND LANTHANIDES

In section 6-1 above, the cumulative release fractions for uranium were compared
with the corresponding values for selected fission products, all of which had higher
values of cumulative release fraction, partly because uranium release in each cont-
act period is limited by solubility considerations, and partly because of selective
dissolution.

Here, the uranium cumulative release fractions are compared with those of the
actinides and lanthanides, which are all assuned to be homogeneously dispersed in
the fuel matrix, but which are also assumed to be solubility limited when released
by dissolution of the U0 2. The values for the Series 11 corrosion tests are shown
in Table 6-4, together with values for strontium for comparison purposes.

Table 6-4. Series 11 corrosion tests: Comparison of cumulative release
fractions of actinides and rare earths with uranium and strontium.

CUMULATIVE RELEASE FRACIONS (9 Coitapes): GW-OX Conditions
EXPT Sr U Np Pu Cm La Pr Nd
11.1 6,97E-04 1,78-04 4,94E45 125E-05 (8,98E-08) 3,27E-06 (8,02E-07) 2,34E-06
11.2 7,32E-04 1,6SE-04 3,70E-05 1,08E45 (8,38E- 5,22E-06 3,17E46 4,28E46
11.3 1,llE43 3,50E-04 9,92E-05 2 60E05 I,81E45 8,22E-05 S S
11.4 1,OOE-03 2,11E-04 3,99E-05 8,99E-06 2,35E-06 1 04E4S 6,72E46 9,89E406
11.5 1,21E-03 2,56E-04 4,18E-45 9,97E-6 2,60E-06 149E-05 7,77E-06 1,18E-05
11.8 1,25E-03 2,95E-04 4,67E-05 7,71E-06 1,17E-06 5,0-5 0
11.10 1,14E-03 1,8SE44 5,61E45 1,OOE45 3,98E-06 1,61E-05 1,12E.05 1,44E05
11.11 102E03 2,25E-04 4,33E45 1.O1E-05 4 1,58E-05 1,24E-05 1,57E-05
11.12 1,99E 1,E 2 L545 9,34E46 1,1SE-05
11.16 L04E43 2,05E44 4,21E45 45 2,1lE-06 8,9E6 7,07 ,8E-06

CUMULATIE RELEASE FRACTIONS (9 Cntact eods):GW-ANOX Conditions
EXPT Sr U |Np | Pu Cm La | Pr Nd
11.6 _ 3,16E04 4 7,1IE406 |7,92E407 |(1, E7)(1,63E-07) 2,34E-06 |6,40E407 7,1OE-07
11.9 _ 3,4E04 1, 2E051 L21E406 (1,32E-07) (4,35E-07) 2,86E-06 1,29E-06 1,04E-06
1.lS 4,00E 04 1,S7E45 |(1,2SE46)| 3,06E-07 I(1,11E-06) 6,75E-06 | 3,46E06 3,03E06J

The values given in parentheses are for specimens for which values of release fract-
ion for 3 or more individual contact periods are not available for summation.
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Results for corrosion tests performed in the simulated bicarbonate groundwater
under both oxic and anoxic conditions are presented. In the compilation of release
fractions in Appendix B, results such as 'less than", or 'Not detected" have been
registered as zero, and, as a consequence, some sets of release fractions for an
individual fiuel specimen are incomplete but have been summated. In such cases,
the cumulative release fraction has been calculated, but when 3 or more individual
results are not available, the value is reported in parentheses in Table 6-4.

The ratios of the cumulated release fraction values in the centrifugates in Table 6-4
to the corresponding values for uranium are given in Table 6-5.

Table 6-5. Series 11 corrosion tests: Cumulative release fractions in Table 6-4:
Ratios to uranium cumulative release fractions.

RATIOS OF CUMULATIVE RELEASE FRACTIONS (9 Contacrjs): GW-OX Condiions
EXPT Sr U | p Pu Cm La Pr Nd
11.1 3,92 1,0 0,278 0,070 (0,0005) 0,018 (0,005) 0,013
11.2 4,44 1,0 0,224 0,066 (0,005) 0,032 0,019 0,026

.3 3 17 1 0 0.24 0,074 0,052 0,235 0,158 0200
11.4 4,75 1,0 0,189 0,043 0,011 0,049 0,032 0,047
115. 4,73 1,0 0,163 0,039 0,010 0.058 0,030 0046
11.8 4,23 1%0Q 0,158 0026 0 008 0044 0,027 0 040
11.10 6,1 X,0 0,303 0,054 0,022 0,0S7 0,060 0,077
11.11 4,54 1,0 0,192 0,045 0,021 0,070 0,055 0,070
11.12 5 39 1,0_ 0,245 0,055 0,012 0,058 ,4 0,058
11.16 5,05 I,0 0,205 0,07 0,010 0,043 0,043
RATIOS OF CUMULATIVE RFLEASE F1CflONS (9 Co n= CGW-ANOX Conditions

EXPT Sr U Np Pu Cm La Pr Nd
11.6 76,8 10 0,193, (0,042) (0,040) 069 0,155 0 173
11.9 18,9 1,0 0,067 (0,00 (0,024) 0,157 0,071 0,057
11.1S 25,6 1,0 (0,080) ,0 (0,071) 0,431 0,221 0,193

The values given in the table refer to the cumulated release fractions for all the nine
contact periods for which analytical data is available.

In section 3 of this report, the relatively poor reliability of the actinide and lanth-
anide analytical data, particularly with respect to the necessarily somewhat arbitr-
ary background correction procedures, has been discussed in detail. The scatter in
the data reported in the tables, therefore, is not unexpected. In spite of this, how-
ever, general trends can be clearly seen. (The anomalous results for specimen 1 1-3
represent an exception; durng the 6th contact period this specimen experienced an
unexplained increase in corrosion rate which in some respects has persisted during
later contact periods. This will be discussed later in the report.)

Thus, it is obvious that in the centrifuigates, there are "deficits" relative to uranium
of both actinides and lanthanides. Since these deficits are relatively large, they can
not be explained by "losses" to the membrane filter and vessel strip fractions, and
the tentative conclusion in section 5, that the actinide and lanthanide contents of
these factions are due to fuel fines, is still valid.
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The apparent plutonium deficit was observed shortly after the start of the corrosion
programme in 1982, as was the marked decrease in Pu concentration in the centri-
fiugates when contact period durations were lengthened after the first few contacts.
This effect has been reviewed previously /6-11 and will not be considered further
here.

Inspection of the data in Tables 6-4 and 6-5 suggests that, if the "deficit" actinides
and lanthanides are co-precipitated with or scavenged by the deposited uranium
deficit, they would be enriched in the deposit with respect to uranium. An attempt
to confirm this enrichment effect was performed several years ago when small
traces of dehydrated schoepite scraped from a fuel specimen corroded in deionised
water were dissolved and analysed 16-21. The evaluation of the measurements was
complicated by contamination of the sample with traces of fuel, but no convincing
evidence of actinide enrichment was observed. Clearly, it would be useful if this
type of experiment could be repeated under more favourable circumstances.

When evaluating the results of the retroactive ICP-MS analytical campaign, /1-3/,
it was observed that substantial losses of plutonium and curium had occurred in
archive solutions which had been stored for long times. Because of this effect, the
values of release fiactions for these elements in early contact time specimens listed
in Appendix B, have been based largely on the results of radioactivity measure-
ments. The values given in Tables 6-4 and 6-5 for Np, La, Pr and Nd, however, are
the results of ICP-MS analysis and can, therefore, be too low because of storage
losses.

The ICP-MS results for the later contact periods (6-9) in the Series 11 tests were
obtained shortly after sampling, however, and are expected to be more reliable.
The average values of the centrifugate molaiities of these four contact periods, are
presented in Table 6-6, where they can be compared with the values for the latest
contact periods in the Series 3 and 7 corrosion tests.

Table 6-6. Comparison of actinide and lanthanide molarities: average of
latest contact times for tests under GW-OX conditions.

Moles/dn 3
S oim BURNUP U Np Pa Cm La Nd
11-1 27.0 7,OOE-06 3,15E-10 8,02E-10 (1,03E-13) 1,47E-10 45E10
11-2 30.1 781E-06 4,03E-10 6,32E-10 5,82E-13 3 64E-10
11-3 32.7 2,23E-05 2,61E-09 1,16E-08 1,76E11 1,27E- 4,61E08
11-4 34.9 1,OOE-05 6,12E-10 6,06E-10 S,98E-13 6,15E-10 1,66E-09
Il-S 40.1 1,17E-05 9,47E-10 8,37E-10 1,41E-12 7,25E-10 1,84E-09
11-8 43.8 1,22E-05 1,13E-09 8,39E-10 2L39E-12 5S, -10 2,08E-09
11-10 45.8 8,91E.06 1,41E 09 1,14E-09 4,04E-12 5 8E-10 3,12E-09
II-I1 46.5 9,93E-06 1,21E-09 1,37E-09 2,93E-12 5,21E-10 1,76E O9
11-12 47.0 8,97E-06 I,20E.09 1,40E-09 4,38E-12 6,OOE-10 2,59E-09
11-16 48.8 9,03E.06 1,17E.09 2,01E-09 2,50E-12 3,37E-10 1,5E.09
3-2 42.0 1,51Ej05 1,97E-09 5,OE-10 3,79E-13 1,09E.09 l ,SO E-09
3-3 42.0 2,96E-05 1,63E.09 S,36E-10 6,36E-12 3,05E-09 6,99E-09
7 Mean 43.0 I1,32E-0 I 3,77E09 I1,57E 9 I2,15E-12 I7,71E-10 1,81E-09
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The molarity results for the Series 11 corrosion tests, again excluding the results
for fuel specimen 11-3, show a range of scatter which could well be due to the
arbitrary or uncertain background correction procedures which have been discuss-
ed above. Thus, it is difficult to decide unambiguously whether or not solubility
limits have been reached for any element. Comparison with the results for the
average of the Series 7 corrosion tests, and, in particular, the observation of the
difference in the results from specimens 3-2 and 3-3, suggest that saturation has
not been reached.

6.3 LOW pH DISSOLUTION / REDISSOLUTION EFFECTS

In the preceding sections, it has been postulated that during the first few years of
corrosion in bicarbonate groundwaters and deionised water of fuel/clad segments,
there is a continuous formation on the fuel surfaces, possibly preferentially in the
interconnecting network of porosity and grain boundaries, of deposits, which
contain mainly uranium, actinides and lanthanides. From the available analytical
results on the three sample fractions in the corrosion tests, centrifugates, membrane
filters and vessel strip solutions, it can be deduced that the actinides and lanthan-
ides are present in the deposit in higher concentrations than in the spent fuel itself.

An unsuccessful attempt to confirm such enrichment by analysis of a precipitate of
schoepite found on a PWR fuel specimen corroded in deionised water was
mentioned above. However, during the corrosion programme, some fuel specimens
have been subjected to low pH contact with various corrodants either inadvertently
by contamination, or by planned contact periods. Also, some specimens have
experienced changes of corrodant or redox conditions during the sequential corros-
ion tests, again, either inadvertently or by design. The results of such contact per-
iods can be of interest in the context of possible redissolution of the precipitates
mentioned above, and will be considered briefly here.

The centrifugate fractional release rates for all contact periods performed at lower
than normal pH are listed in Table 6-7. They include the results of tests made over
10 years ago /2-1/ on fuel/clad segments of the BWR reference fuel, (Series 3.4
and 3.5), which were contacted for about 20 or 91 days with pH-adjusted corrod-
ant solutions, using HCl for adjustment, after long cumulated contact times at the
normal pH. The other results refer to tests where the normal corrodant had been
inadvertently contaminated by the HNO3/HF solution used for vessel stripping in
the hot-cell. The ratios of the release rates to the corresponding uranium values are
tabulated in Table 6-8.

The release fractions for the 6th contact period under GW-OX conditions for fuel
specimen 11-3 were appreciably larger than the values for its 9 sibling specimens,
and enhanced release fractions for some nuclides were also observed for the sub-
sequent contact periods. The release fractions for the 11-3 corrosion test are
compared with those for specimen 11-4 in Table 6-9. Finally, the release fractions
for the 3 Series 11 corrosion tests which were corroded first in deionised water,
and then in groundwater under anoxic conditions are presented in Table 6-10.
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Table 6-7. Low pH contact periods: Fractional release rates. (centrifugates)
cOan. Contact tim a") _ FRACTONAL RELEAE RATE (/d- -

EXPT CORR. pH COTI Rb-85 IRb-87 Ca sr Da MO To U I Np PO Cm Ca Eu Nd

3.4.7.2 OWV-OX 2,00 20 1 1___ ,86E-05 2,51E045 7,47E-05 ____ 7,60E.06 3,180-03 3.22E-05 2.57&0-0

3.2.5 OW-OX 2,30 91 1,56E045 1,37E05 ____ ____ 1,13E045 1,23E-06 6,71E046 7,99E046 8,26E-06

3.538.3 OW-OX 3.40 20 1,23"50 1,32E045 1,02E043 0.4E-06 7,930-0 2,52E046 3,33E-06

33.3..91 OW-OX 3.63 91 _________ 9,08E046 8,470.06 ____ 4,31E046 ____ 4,900-08 3,7704 1,18E046 1.46E046

3.4.8.3 OW-OX 3,70 23 _____ 1,24E043 1,540.035____ 1,93E-03 ___ 1,5E006 6,400-0 7,50E-06 7,T70904

3.5.7.2 ow-OX 4,10 22 6,50E046 1,02E.05 3,92E046 4,93E046 4,29E046 7,45E406 7,64E046

3.3.9 O W-OX 4,20 1 218 1,56E046 8,6E-07 4,71E047 3,380-07 11,319046 1,61E046 1,18E046

3.2.9 OW-OX 4.25 1 218 _____2,68E046 1,43E046 V3E3-07 7,02E047 1,840.06 1,12E046 1,44E046

3.4.8.91 GW.OX 4,30 91 ,1,70E0- 1,32E-03 7,35E046 1,70E046 2,16E046 2,15E046

3.3.5 0W-OX 4,75 91 ____ 5.62E046 3,33E046 3,34E07 1,310.07 6,"9907 1,46B046 1,13E046 ___

3.4.6.3 GW.OX 4,90 20 7,60E046 9,20E046 7,43E046 1,65E046 6,83-046 1,22E045 9,15E046 ___

3.3.10 GW-OX 5,10 174 3.03E46 1,77E046 1,57E046 1,83E46 4,300-08 3,71E04 6,610.08

3.3.6,3 (1W-X 3,30 20 6,60046 9,65F046 4,20E-07 1.46E-06 2,879046 2.94E046 3,11E046 ___

3.2.10 OW-OX 6,60 174 2,63E046 6,04E047 2,41E-W 3,83E049 3,07E049 8.16E049

ExpF CORR.. p11 Can Rb-85 Rb-87 Cs *- St Bs MO To U Nv Pu Cm LA/Ca Pr/Eu Nd

1. 14 4 O-W--OX 3,64 91 3,E3046 4.31E46 6,13E046 30-21046 ~6,62E046 3.63E047 6,290-07 ;1,21046 1,47E46 1,32E46 6,34E047 7,46E047 7,71E047 k8OE007

1 O7. W-OX 3,80 j 91 1,910-06 1,990E46 1,66B046 1,20E046 1,66E046 2,91E.07 5,33E049 1,190046 1,01E046 9,35E047 4,68E047 2,09E047 1,97E047 2,300-07

3 O.3 1W-OX 3,90 I 91 16,24E046 4,16006 1 13,44E046 I1,48E047 1,79E047 3,44E-07 1,96E047 ____

3.1.10 ow-OX 5,20 174 3,76E046 3,21E046 2,06E046 1,13E046 0.2E046 1,39E046

111.13.4 1 DW.ANX 1 4,67 1 91 1 6,020-07 1 3.92E-07 1 7,820-07 I 8,47E0- I 2,07E047 I 1,02E047 I 1,37046 I 1,64E047 I 1,100407 I 6,80E046 J~,,,,,,, 6,930EI11 7_,600-0Ei.~

Table 6-8. Low pH contact periods: Fractional release rates. (centriffugates): Ratios to uranium.
RATIO TO URANRUM _______

OXPTr CORR.. pH COTI Rb-85 Rb-S Ca Sr Ba MO To UP P m C u N

3.4.7.2 GW-OX 2,00 20 _____ _____ 0.73 1,02 _____ _____ 1,00 0.31 1.29 -1,31 ~ 104

3.2.5 OW-OX 2,30 91 1,38 1,22 1,00 0,11 0,59 0,71 0,73

3.3.8.3 OW-OX 3,40 20 _____ 1,21 1,30 1.00 0.12 0,78 0,25 0,33

3.3.8.91 GW-OX 3,65 91 ____ 2,11 1,97 1.00 0,01 0,83 0,27 0,34 ____

3.4.8.3 OW-OX 3,70 23 ____ ____ 0,64 0,80 ____ ____ 1.00 0,07 0,33 0,39 0.40 ____

3.5.7.2 OJW -OX 4.10 22 _ _ _ _ _ _ _ _ 1.66 2,61 1__ _ _ _ _ _ _ _ _ _ _ _ _ _ 1.00 ___1__26 ___ _0 __ 1___90 _ __ __ __9__ __

33.9 OW-OX 4,20 1 2189 _ _ _ _ _ _ _ _ 3,32 1,75 __ _ _ _ _____ 1,00 0.12 2,78 3,41 2,31 _ _ _ _

3.29 OW-OX 4,25 218 _ _ _ _ ____ 7,59 4,06 _____ _____ 1,00 1___99_ 5.21 4_6_4_0

34.8.91 OW-OX 4,0 91 ____ 2,32 1,79 ____ 1,00 0.23 0,29 0.29 ____

33. OW-OX 4,75 91 _ ___ ____ 10.52 6,32 ______ 1,00 0,24 1_31 2_73_2_12

34603 (1W-OX 4,90 20 ___ ___ 1,02 1,23 _____ 1,00 0.22 0.92 1,64 1,23 ___

33o OW-OX 5,10 174 _____1,92 1,12 _____1,00 0.01 0,03 0,02 0,04 ___

336.3 (1W-OX 5,30 20 ____ 13,73 23,00 ______ 1.00 3,47 6,83 7,01 7,40 ____

3.210 GW-OX 6,60 174 109,02 25,05 __________ -1,0 _____ 01 013 0,34

0XP CORRL p Cl R-5 R-7J a S a M To I u Iu mN/C&P/E

1144 W-X 3 491 4.40 3,56 5. 2,491,4 [0.301031 1,00 1,121 [1,091 0,52 0.621 0,64 0.67

P 4iiIDW.OX 1 3,80 1 91 11,611 1,601 1,39 -1,01 ] 1,40 1 0.241 05 1,0 08 0,791 0,39 1 0,18 0,7 09

13.1.9 1 DW-OX I 3.83 1 218 1 1 1 1.66 [ 0.92 1 1[ 1.00 [0.12 10.50 0.43 10.66
-4

13.1.5 |-- I 1V-OX I 3.90 I 91 I I I 1.81 1 1.19 1 1 1 1 1.00 1 1 0.04 1 0.05 1 C
l -I 2 I -,56 l l I 1.00 I

1A0-00-4 I



Table 6-9. Comparison of release fractions: Specimens 11-3 and 11-4. (GW-OX)

RELEASE FRACllONS: CENTRIFUCGATES
EXPT CORR. I COTI Rb-SS Rb-87 Cs Sr Da Mo Tc U PU Cm La Pr Nd
11.3.1 GW-OX 8,32 7 1,40E-03 7,32E-04 3,29E-03 8,41E-05 1,43E-04 3,57E-05 2,90E-05 1,35E-05 3,42E-06 2,61E-06 1,88E-07
11.3.2 GW-OX 8,32 21 3,33E-04 2,64E.04 5,21E-04 1,71E204 3,58E-04 1,06E-05 1,18E-05 1,20E-05 1,13E-06 2,69E-06 5,75E-07 2,24E.06 1,55E-06 2,082E06
11.3.3 GW-OX 8,40 _ 63 1,38E-04 1,20E-04 8,80E-05 7,13E-05 2,09E-04 4,20E-05 1,23E-04 7,57E-06 2,78E-07 8,t5E-07 2,33E-07 1,62E-06 7,63E-07 9,07E-07
11.3.4 aW-OX 8,35 91 1,72E-04 1,52E-04 1,39E-04 7,48E-05 1,32C-04 6,15E-05 3,13E-04 2,ZE-05 2,99E-06 1,27E-06 1,02E-06 8,28E-07 1,08E06
11.3.5 GW-OX 8,49 182 1,87E-04 1,74E-04 2,01E-04 S,57E-05 8,07E-05 2,31E-04 8,39E-04 1,12F-05 1,692-06 3,502-07 1,99E-07 6,38E-07 5,59E-07 9,03E-07
11.3.6 GW-OX 8,29 371 5,46E-04 5,35E-04 7,40E-04 3,S6E44 1,56E-04 1,12E-03 1,25E-03 1,48E-04 5,86E05 1,14E45 1,29E-05 6,09E-O5 3,84E-05 4,97E205
11.3.7 OW-Ox 8,58 413 3,23E-04 3,084-04 3,77E-04 1,29E-04 5,73E-05 1,65E-03 1,67E3 7,33E-05 1,89E-05 3,48E406 2,19E-06 1,15E-05 7,33E-06 8,54E46
11.3.8 aW-OX 8 S,41 301 1,80244 1,65E-04 2,02E-04 7,17E-05 3,27E-05 8,19E404 6,56E.04 2,28E-05 5,87E206 1,93E-06 1,41E406 5,33E-07 3,91E-06 4,46E.06
11.3.9 aw-OX 8,52 413 1,K6E-04 1,S8E-04 1,89E-04 9,66E-05 3,07E-05 9,6E004 7,63E44 3,45E5 6,366 1,44E-06 6 3,63E-06 2,07E-06 2,24E-06

11.4.1 aW-OX 8,30 7 2,39E-03 1,19F-03 4,88E-03 1,32E2-04 2,02E-04 5,33E- 4,26-05 1,61-E45 1,26E-05 2,99E-06 8,13E-08 2,55E408
11.4.2 GW-OX 8,45 21 3,49E-04 2,87E-04 4,922 04 1,97C-04 3,272-4 7,17E-06 1,22E-05 8,83E-06 7,932-07 2,28E-06 7,16E-07 2,46E-06 1,68E-06 2,15E-06
11.4.3 OW-OX 8,45 63 1,69E-04 1,48E-04 1,19E.04 9,27E-05 1,94E-04 4,70E-05 1,40E-04 9,86E-06 6,04E-07 1,16E406 4,97E-07 1,62E-06 1,53E46 1,89E-06
11.4.4 OW-OX 8,35 91 2,1IE-04 1,89E-04 1,43E-04 8,38E-5 1,6E244 1,08E404 5,25E-04 2,71E-05 2,00E-06 1,14E-06 2,30E-07 1,66E-06 1,29E-06 2,35E-06
11.4.5 aW-OX 8,45 182 1,96F-04 1,83E-04 1,79E-04 6,01E205 ,01E-4 4,19E-04 1,1OE-03 1,32E-05 2,392-06 4,10E-07 2,21E-07 7 7,83E-7 1,07E406
11.4.6 aW-OX 8,34 371 2,62E-04 2,501-04 3,24E-4 1,12E404 2,98E45 1,03E-03 1,29E-03 2,49E-05 2,19E-06 2,38E-07 5,08E-07 1,16246 4,38E47 1,16E406
11.4.7 GW-OX 8,57 413 3,05E4 2 90-44 3,24E-04 1 ,23244 3,402 05 1,28E-03 I 1,27E3 4,08E45 5,92E-06 2,92E-07 6,76E-081 5,26-071 3,44E07 4,50E-07
11.4.8 aW-OX 8,51 301 1,97E-04 1,83E-04 2,06E-04 I 8,53E-05 2,97E45 7,36E-04 6,08E-04 2,76E-05 5,79E-06 2,51E-07 6,69E-08 6,IOE-07 1286E-07 3,56E-07
11.4.9 0W-OX 8,53 413 2,35E-04 2,37E-04 2,37E-04 1,19E-04 I 3,86E-05 9,71E-04 I 7,89E-04 4,29E-05 7,64E-06 1 225E7 4,61E-08 1,50E-06 I 3,66E-07 438E47
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Table 6-10. Effect of changing corrodant from deionised water to bicarbonate groundwater.

RELEASE FRACTIONS: CENTRIFUQATES
EXPT CORR. COTI Rb-85 Rb-87 C Sr Ba Mo Tc U Np Pu Cm La Pr Nd
11.7.1 DW-OX 6,84 7 3,61E-03 1,33E-03 6,IOE.03 1,82E-05 1,5IE-04 9,21E-06 2,27E-4S 9,62E406 1,28E-05 4,84E-06 1,68E-07
11.7.2 DW-OX 6,6S 22 1,49E-04 1,04E-04 2,42E-04 1,21E-05 7,39E.05 2,35E-05 2,41E.05 2,26E.06 2,41E.05 8,77E-06 1,02E.07 4,16E.07 5,82E-48
11.7.3 GW-OX 8,40 62 2,1IE-04 1,97E-04 1,42E-4 2,94E-04 2,92E404 5,06E-05 2,09E-05 1,99E.05 7,81E-06 3,28E.06 2,21E-07 1,60E-06 8,60E-07 1,12E-06
11.7.4 DW-OX 3,80 91 1,74E-04 1,73E-04 1,51E.04 1,09E-04 1,51E-04 2,65E-05 4,85E-05 1,08E-04 9,23E-05 8,51E-05 4,26E-05 1,90E-05 1,80-E05 2,09E-05
11.7.5 DW-OX 6,67 182 6,32E-05 6,21E-05 3,00E-05 2,28E-06 5,73E-06 1,55E-05 1,81E-05 2,45E-08 2,28E-05 4,30E-06 1,14E-07 4,30E-07 3,33E-07 4,27E.07
11.7.6 DW-OX 7,58 372 1,69E-04 1,67E-04 9,OOE-05 1,47E-04 6,04E-05 1,06E-05 9,80E-05 4,89E.09 1,32E-05 2,62E-06 2,61E-06 1,5IE-05 5,21E-06 6,60E-06
11.7.7 OW-ANX 9,76 414 6,08E-04 6,OSE-04 6,88E-04 6,60E-05 2,69E-07 8,01E-03 1,36E-06 9,24E-05 1,14E-06 1,61E-07 2,04E-07 2,48E-07 1,84E-07 2,38E-07
11.7.8 OW-ANX 9,51 328 1,4E44 E-04 E4 2,81-04 98,96E-05 4,02E-06 6,59E-04 2,32E-07 8,44E-06 3,43E-07 9,53E-09 _ _ 2,43E-7 7,47E-08 1,06E-07
11.7.9 GW-ANX 9,41 420 3,40E45 3, 7,96E-45 8,03E-05 7,44E-06 4,40E-05 1,51E-06 3,85E-O5 5,76E-07 7,67E-08 2,22E-07 7,36E-07 5,14E-07 5,22E-07

RELEASE FRACTIONS: CENTRIFUOATES
EXPT CORR. pH COTI Rb185 Rb-87 Cs Sr Ba Mo Tc U No Pu Cm . La Pr Nd
11.14.1 DW-OX 6,72 7 1,S5E-03 6,88E-O4 3,40E-03 2,88E5-O 8,44E-51 5,69E-05 6,59E-51 1,91E-05 1,01E-05 2,45E-06 1,22E-46 3,60E406 1,54E-06 1,72E406
11.14.2 DW-OX 6,70 22 2,36E-03 8,52E-04 3,27E-03 2,11E-06 6,58E-06 4,71E-05 2,52E-05 3,06E-06 2,23E-05 7,28E-06 1,89E-08 6,O0E-08 7,52E-09
11.14.3 DW-OX 6,33 62 2,92E-04 2,02E-04 3,69E44 2,64E-05 2,22E-05 6,06E-05 6,65E-5O 1,24E407 7,20E-5| 2,27E-05 | | 2,03E-08 3| 1 311E49
11.14.4 DW-OX 3,64 92 4,85E-04 3,93E-04 5,57E-04 2,75E-04 6,02E-04 3,31E-05 5,72E-05 1,10E-04 1,34E-04 1,20E-04 5,77E-05 6,78E-05 7,02E-05 7,37E5-O
11.14.5 DW-OX 6,10 181 3,86E-05 3,88E-05 2,29E4-5 9,60E-07 6,07E-6 3,99E-05 2,97E-05 E2,40-09 1,66E-0 3,16E-06 4,17E-8 2,76E-08 2,79E-08
11.14.6 DW-OX 5,90 372 6,86E45 6,60E-05 5,29E-05 3,63E-05 1,62E5-0 2,32E 05 2,15E-05 9,53E-09 1,65E5-O 1,60E406 4,50E-07 1,08E-06 1,61E-07 3,38E-47
11.14.7 GV-ANX 9,66 414 6,64E-04 6,59E-04 2,03E-43 1,29E-04 5,25E406 7,40E-03 9,51E-07 3,03E.05 8,15E-07 1,17E-07 3,95E-08 2,24E-07 1,24E-07 2,06E-07
11.14.8 GW.ANX 9,04 328 7,65E5-O 6,67E-05 2,08E-04 8,95E-05 7,804-06 1,90E-04 2,60E-07 1,12E5-0 5,99E-07 3,47E-08 7,33E-8 7,77E-07 4,26E-07 6,01E-07
11.14.9 GW-ANX 9.21 420 5,39E-05 5,42E5- 1,24E-04 8,93E-45 2,81E-05 1,26E-04 2,58E-06 8,43E45 2,42E-06 I 2,13E-07 | 1,17E-04 6,71E-07 6,01E47|

RELEASE FRACTIONS: CENTRIFUGATES
EXPT CORR. pH COTl Rb-85 RW7 Csa Sr Ba Mo Tc U Np Pu Cm La Pr Nd
11..13.1 DW-ANX 5,90 1 7 4,72E-O3 1,66E-03 7,62E-03 1,31E-05 5,75E-51 1,30E-5 5,28E-06 4,05E-06 4,37E-07 5,12E48 6,30E-07 3,25E-07 3,15E-07 4,00E-07
11.13.2 DWV-ANX 6,79 21 9,16E-O4 3,69E-04 1,75E-03 3,04E-06 3,03E-45 8,06E-06 3,39E-06 8,13E406 9,39E-07 9,22E-08 5,14E-08 1,31E408
11.13.3 |DW-ANX 5,92 63 6,19E-5O 5,90E5-O 2,23E-04 4,03E-06 1,35E405 1,01E-05 7,11E-07 7,88E.06 7,26E-07 2,36E-09 9,47E-08 1,20E-07 1,97E48- 1,25E-07
11.13.4 DW-ANX 4,67 91 5,48E-05 5,39E-05 7,11E45-0 7,71E-06 1,88E5-O 9,24E-06 1,43E-06 1,49E-05 1,00E-05 6,19E-7 1 6,33E-09 2,37E-08 5,75E-08
11.13.3 DW-ANX 4,04 181 8,06E-5| 7,80EOS| 7,66E-5O 1,45E-04 1,38E-04 8,94E-06 3,1SE-06 | I,IOE-05 2,19E-06. 1,28E-06 6,32E-07 2,34E-07 3,02E-07 3,80E-07
11.13.6 DW-ANX 3,94 370 5,48E-05 I,02E5-0 6,40E-05 7,58E-05 1830E-05 4,57E-06 1,I05-OS 1,15E-05 1,23E-06 5,27E-07 4,43E-06 6,45E-06 1,0 4,97E-06
11.13.7 |OW-ANX 9,71 414 4,34E-5| 3,40E-05 6,19E-05 1,21E5-0 1,43E-06 3,28-4 1,52E45 7,00E-07 8,58E-07 | 5,30E-08 1,41E-08 2,28E-07 9,12E-08 1,57E507
11.13.8 GW-ANX 9,01 328 4,22E-05 3,16E5-O 9,20E-05 9,93E4-5 7,38E-06 3,32E-04 I 1,SOE-06 2,20E-07 1,02E-07 1,87E-08 | | 3,70E48| 1,92E-08 |291E-08
11.13.9 UW-ANX 9,22 420 |5,11E5- |E,14E45 7,10E-05 2,21E-05 1,91E-05 1,76E-04 5,5E-06 | 1,18E05 I 1,46E-07 4,03E-07 9,92E-07 5,28E-07 |3,65E47



Inspection of Tables 6-7 and 6-8 shows that there is no clear relation between the
ratios of the release rates of the various components in the centrifugates and the
pH of the corrodant solution as measured at the end of the contact period. This is
not unexpected since other experimental parameters such as the pH, duration or
corrodant type in previous contact periods could also be expected to be of import-
ance. Further, some scatter in the data can be caused by analytical flyers. However,
it is clear that, at the most, the composition of the material dissolved during the
low pH exposures approaches the composition in the uncorroded fuel, but there is
little substantial evidence of re-dissolution of previously deposited actinides.

Because of this experimental inability (so far) to demonstrate the actinide "deficit"
effect discussed above, it is reasonable to re-question the validity of the assumption
made previously in section 5 of this report that most if not all the uranium (and
actinides) found in the membrane filter and vessel strip fractions are due to fuel
fines. However, when the total material balances for uranium, the other actinides
and lanthanides for all three fractions analysed are studied in detail, it is found that
in almost all contact periods, there is a clear deficit of plutonium, neptunium and
curium in these tests. Deposition on fuel and clad surfaces is still the most favoured
explanation for the effect.

The hitherto unexplained change in the corrosion behaviour of specimen 11-3,
which was one of the ten Series 11 tests contacted sequentially with bicarbonate
groundwater (GW-OX), is illustrated in Table 6-9, where the centrifugate release
fractions for the 9 contact periods are compared with the corresponding values for
specimen 11-4. Comparison of the release fractions for the 6th contact period
shows that the values for specimen 11-3 were 2-5 times higher for uranium and the
"mobile" fission products (Rb, Cs, Sr, Ba) than for specimen 11-4. The increase
can be seen very clearly in the release rate plots later in this report, and also in
Figure 6-2. The release fractions for the actinides and lanthanides were about one
order of magnitude higher.

For uranium and the mobile fission products, the differences had largely disappear-
ed in the 7th contact period. It can be seen, however, that the differences for Pu,
Cm and the lanthanides, persist into the 9th contact period. In Appendix B, it can
be seen that for the 6th contact period, the 11-3-6 vessel strip solution had uneven
but high release fractions, indicating the dissolution of residual fuel fines, corres-
ponding to about 600 micrograms of uranium. Probably, the high release values in
the centrifugate sample are due to favourable conditions during the contact period
for dissolution of fuel fines at the bottom of the corrosion vessel.

A tentative explanation for the persistence of the effect for Pu, Cm and the lanthan-
ides, even after the change of corrosion vessel after each contact time, can be that
the loss of fuel particles (about 2 mg) from the fuel/clad specimen during the 6th
contact period, exposed new fuel surfaces to corrosive attack. It will be difficult to
confirm this hypothesis, but special attention will be paid to the appearance of the
fuel surfaces during post-corrosion examination.
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The evaluation of the results from the 3 experiments in the Series 11 tests, (See
Table 6-10), which for the first 2 years were corroded in deionised water, was
made more complicated by inadvertent changes in the corrosion test schedule. It
was originally intended that the tests, two performed under oxic conditions, and
one under anoxic conditions, would be concluded by a number of contact periods
in the bicarbonate groundwater under anoxic conditions in order to study possible
re-dissolution of precipitates by carbonate complexing of uranium. However, as is
shown in Table A-4 in Appendix A, the third contact of specimen 11-7 was by
mistake performed in the bicarbonate groundwater, and it can also be seen that the
deionised water used for all 3 specimens, 11-7, 11-13 and 11-14, during the 4th
contact period, had low pH values indicating contamination with traces of the acid
solution used for stripping the corrosion vessels. (The results for these latter 3
samples were discussed above.)

Thus, at the time for the changeover from deionised water to bicarbonate ground-
water after the 6th contact period, the three fuel specimens had experienced
different, and unplanned, dissolution/precipitation histories, resulting in difficulties
when comparing the results.

For the 2 specimens previously corroded under oxic conditions, the contact with
the bicarbonate groundwater during the 7th contact period resulted in decreased
release fractions for Np and Pu, the expected increased release fractions for U, and
also increased release of Rb, and above all of Cs and Mo. In the case of Mo, the
increase in the cumulated release fraction due to this re-dissolution step gives
values of the same order as for Cs, which is not observed even for tests performed
under GW-OX conditions, so the results are unexpected with respect to the
amounts apparently re-dissolved. Unfortunately, perhaps due to the uncertain
course of corrosion during the previous contacts, there appears to be no evidence
of a constant pattern in the ratios of the release fractions or molarities of the
released species.

The effects of the change from deionised water under anoxic conditions to ground-
water also under anoxic conditions, (specimen 11-13), were marked only by an
increased molybdenum release, and a much decreased uranium fractional release.

It must be pointed out here, however, that these observations may be caused, at
least partly, by the experimental procedure for imposing anoxic conditions in the
corrosion vessels during contact periods 7-9, which is suspected to have been less
effective than in previous contact periods. This effect will be discussed in detail in
the following section of this report, particularly in connection with the evaluation
of the fractional release rate data for the three specimens which were contacted for
all nine contact periods with the bicarbonate groundwater under anoxic conditions,
i.e., specimens 11-6, 11-9 and 11-15.
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6.4 FRACTIONAL RELEASE RATES

In this section, fractional release rates, mostly the results for centrifugates from
corrosion tests performed in the simulated bicarbonate groundwater under both
oxic and anoxic conditions, will be discussed. Hopefully, the more extensive range
of the analytical results presented in Appendix B compared with those available
previously will permit a more detailed evaluation to be performed.

6.4.1 Corrosion tests in bicarbonate groundwater under oxic conditions.

It was shown in section 6.1 of this report, that the cumulated release fractions for
the ten Series 11 fuel/clad specimens, after about 5 years of exposure to simulated
bicarbonate groundwater under oxic conditions, showed large variations, between
both the nuclide or nuclides considered, and also between the fuel/clad specimens
themselves, which had bulk burnups over the range 27.0 to 48.8 MWd/kg U. The
results showed the cumulative release fractions for fission products such as cesium,
rubidium, molybdenum and technetium, which are known to both migrate and form
segregations in operating nuclear fuel, increased with burnup and linear heat rating
up to a bulk burnup level of about 45 MWd/kg U, after which they decreased.
This was somewhat unexpected since the fuel with the highest burnups in the range
had experienced most structural change at and near the fuel pellet rim, combined
with a very high level of alpha activity in the same region. Generally, these condit-
ions have been regarded as potentially favourable for enhanced fuel corrosion and
dissolution driven by alpha radiolysis of the water in immediate contact with the
fuel surfaces.

These effects can be studied in more detail by means of comparisons of the
variations of the fractional release rates during the 5 years of corrosion. It is, for
example, of interest to determine whether or not these differences in corrosion
behaviour between the fuel specimens were constant over the whole duration of
the tests.

The fractional release rates for the fission products cesium, rubidium (both Rb-85
and Rb-87), strontium, molybdenum, technetium and barium are plotted as a
function of contact time in the corrodant in Figures 6-4 to 6-10. Only values for
the centrifugates are presented. Note that the fractional release rate of component
x is defined here as the fraction of the total inventory of component x in the
particular fuel/clad segment which was found in the centrifugate, divided by the
duration of the contact period in days. For comparison with the rates for the fission
products, the uranium fractional release values have been used for the calculation
of release "rates" which are presented in Figure 6-1 1.

On the basis of the cumulative release fraction results in Figure 6-1, the ten fuel/
clad specimens have been considered arbitrarily as 3 groups, with burnup ranges of
27.0 to 32.7, 34.9 to 45.8, and 46.5 to 48.8 MWd/kg U respectively. The plotted
points in Figures 6-4 to 6-11 are colour-coded according to this classification in
order to facilitate comparison.
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Figure 6-4. Series 1I tests: Cesium fractional release rates (centrifugates) versus
time and specimen burnup for the 10 tests performed under GW-OXconditions.
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Figure 6-5. Series 11 tests: Rb-85 fractional release rates (centrifugates) versus
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Figure 66 Series 11 tests: Rb-87 fractional release rates (centrifugates) versus
time and specimen burnup for the 10 tests performed under GW-OXconditions.
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Figure 6-8. Series 11 tests: Molybdenum fractional release rates (centrifugates)
versus time and specimen burnup for the 10 tests performed under GW-OX
conditions.
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Figure 6-9. Series 11 tests: Technetium fractional release rates (centrifugates)
versus time and specimen burnup for the 10 tests performed under GW-OX
conditions.
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Figure 6-10. Series 11 tests: Barium fractional release rates (centrifugates)
versus time and specimen burnup for the 10 tests performed under GW-OX
conditions.
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Note that the apparently anomalous behaviour of fuel specimen 11-3 during the
sixth contact period, which was discussed in the preceding section, is seen clearly
in Figures 6-4 to 6-11 as an abrupt increase in fractional release rate during this
period. Although the high rate decreases later and approaches those of the other
specimens, there is evidence in the data of an enhanced release rate even in the two
subsequent periods. The release rate data for specimen 11-3, therefore, has been
excluded from the average values quoted later in this section.

For the fission products cesium, rubidium, strontium and barium, with the except-
ion of the first two contact periods and the results for specimen 11-3, there is not
much scatter between the results for the nine specimens. There is larger scatter in
the first two periods, which are associated with rapid solubilisation of the so-called
instant release fractions (cesium and rubidium) and much higher release rates for all
4 elements than in the following contact periods. As a consequence, the fractional
release values for these 2 contact periods, together 4 weeks of water contact,
represent large percentages of the cumulative release fractions for the 5.09 years of
corrosion: about 800/c and 700/0 for cesium and Rb-85, about 50% for Rb-87 and
barium, and about 30%/o for strontium.

It is also found that the differences in cumulated release fractions (5.09 years)
between the specimens in the two higher burnup groups which were discussed in
section 6-1, are almost entirely due to the differences in release behaviour in the
first two contact periods. Further, in the higher burnup group, it can be seen that
the release rates in the second 21 day contact period are very similar to those in the
first 7 day period, showing that solubilisation of the fission products and their
arrival in the centrifugate occur later than in the specimens in the second group.
Thus, even the release rate data suggests that access of the corrodant to the fuel
surface is restricted in these specimens compared to those with lower burnup.

The fractional release rate curves for molybdenum and technetium (Figures 6-8 and
6-9) are completely different from those of the other fission products discussed
above. As mentioned previously in this report, this indicates a different corrosion
mechanism. The metallic inclusions of Mo, Tc, Ru, Rh and Pd, which have been
observed during the post-irradiation examination of spent fuel over the past 30
years, are a probable source term for the corrosion process. They have been found
at about micron size in the fuel grains, at the grain boundaries, and even between
the grain boundaries and at fission gas bubbles sites. By transmission electron
microscopy /6-3/, particles with a size of a few tens of nanometers have been
identified at or near the grain boundaries in spent PWR fuel. Thus, dissolution of
the inclusions can occur by direct corrodant/inclusion contact, or during corrosive
attack and fuel dissolution at grain boundaries, or even the fuel matrix itself

Inspection of Figures 6-8 and 6-9 shows that there was an initial pulse of dissolut-
ion of both molybdenum and technetium, which may be due to a slight oxidation of
the fuel, or the exposed metallic particles, during air storage before the start of the
corrosion tests. After this first contact period, the fractional release rates show an
apparent decrease to somewhat lower than the E-06/day level, and then show a
steady increase with contact time until, after about a year of corrosion, they exceed
the fractional release rates for cesium and rubidium. However, during the last two
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years of corrosion, the rates for both molybdenum and technetium decrease and
begin to approach the values for the other fission products.

This behaviour is consistent with a process of gradual infiltration of the micro-
cracks and grain boundaries by the corrodant, oxidation of the inclusions and slow
return to and mixing with the main corrodant volume. If the fuel structure in the
specimens in the highest burnup group permitted a more limited ingress of water
compared with the other specimens, this could explain the observation that the
release rates for the specimens in this group, for both Mo and Tc, tend to be the
lowest values throughout all but the first week of the corrosion test. Gradually
reduced access to the fuel surface by uranium precipitation, and/or the continuous
depletion in the number of inclusions readily available for water contact would
account for the eventual decrease and stabilisation of the fractional release rates.

This gradual stabilisation of the fractional release rates is most marked for the
fission products Cs, Rb, Sr and Ba, and the plotted values are seen to be virtually
constant after 2 or 3 years of corrosion. The values presented in Table 6-11 are the
average fractional release rates and their standard deviations for the specimens in
the 3 burnup groups, and are the averages of the rates measured in the centrifug-
ates in the last two contact periods, i.e., periods 8 and 9. The corresponding values
for Mo and Tc are also included. Although they are not release rates, since the
centrifugates were probably saturated solutions, the values calculated from the U
release fractions are presented for comparison with the fission product rates.

Table 6-11. Series 11 corrosion tests: Fractional release rates after about 3
years of corrosion in bicarbonate groundwater under oxic conditions.

AVERAGE OF VALUES FOR CONTACT PERIODS 8 AND 9.
SPECIMEN 11-1, 11-2 11-4, 11-5, 11-8 11-10 11-11, 11-12, 11-16
BURNUP 27.0 to 30.1 34.9 to 45.8 46.5 to 48.8

MEAN S.D MEAN S.D MEAN S.D
Rb-85 5.42E-07 +1- 0.77E-07 6.85 E-07 +1- 0.59E-07 6.55E-07 +1- 0.27E-07
Rb.87 5.16E-07 +1- 0.49E-07 6.67E-07 +l- 0.55E-07 6.37E-07 +1- 0.16E-07
Cs 5.61E-07 +/- 0.78E-07 6.69E-07 +/- 0.59E-07 7.90E-07 +I- 0.81E-07
Sr 2.07E-07 +/- 0.15E-07 3.19E-07 +/- 0.40E-07 3.12E-07 +/- 0.22E-07
Ba 5.91E-08 +1- 0.62E-08 1.IOE-07 +1- 0.12E-07 9.19E-08 +/- 1.40E-08
Mo 1.85E-06 +/- 0.20E-06 2.25E-06 +1- 0.48E-06 1.28E-06 +/- 0.27E-06
Tc 1.61E-06 +1- 0.17E-06 1.80E-06 +I- 0.21E-06 1.35E-06 +1- 0.12E-06
U 7.40E-08 +J- 0.61E-08 1.07E-07 +/- 0.20E-07 8.64E-08 +i- 0.46E-08

Clearly, the fractional release rates for the two specimens with the lowest burnup
are also the lowest values of the nine fuel specimens at this stage in the corrosion
process. For the other two burnup groups, however, although it is known from the
cumulated release fractions that the highest burnup group has experienced signific-
antly less total release to the corrodant than the intermediate group, this is not
evident from these average rates late in the corrosion process, with the exception
of molybdenum and technetium which are lower than for the low burnup group.
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The release rate data for the rubidium isotopes and cesium presented in the table
are in good agreement, and in this respect the ICP-MS data is a useful comple-
ment. It had been hoped that the data for barium would represent a similar sort of
corroboration for the strontium results, but, although the cumulative release fract-
ions for these two elements were rather similar (see Figure 6-1), the fractional
release rates given in Table 6-11 differ by a factor of about 3. It can also be noted
that the Ba release rates early in the corrosion process were significantly higher
than those for strontium.

It has been shown above that the steady state fractional release rates are dependent
to some extent on the fuel burnup in the Series 11 fuel, with the same pre-irrad-
iation specifications, but with different linear power ratings and burnups. It is also
of interest to compare the corrosion behaviour, as measured by the fractional
release rates, of fuel specimens with similar nominal burnups but from different
fuel batches and of different types.

Accordingly, the fractional release rates for selected fission products from fuel
specimens in the Series 3 and 7 corrosion tests, are compared in Figures 6-12 and
6-13 with the results from specimens in the Series 11 corrosion tests with
comparable burnups; viz., specimens 11-5 and 11-8, with bulk burnups of 40.1 and
43.8 MWd/kg U respectively, which bracket the Series 3 and 7 bulk burnups of
42.0 and 43.0 MWd/kg U respectively. Fractional release rates for cesium, rubid-
ium (Rb-87) and strontium are presented in Figure 6-12, and barium, molybdenum
and technetium in Figure 6-13.

Only the results from the latest contact periods for the Series 3 and 7 corrosion
tests are included. This is partly because ICP-MS results were available only for
these samples, partly because of the inadvertent low pH periods during the Series 3
tests, and because in the Series 7 tests, the earlier contact periods were of such
long duration that the release results can not be plotted meaningfully against any
specific contact time.

The agreement between the fractional release rates for the three fuel types is seen
to be reasonably good. There is, of course, some scatter in the data, but this is not
surprising when it is considered that results for two fuel/clad segments from the
Series 3 tests, and four from the Series 7 tests are included in the comparison.

A comparison with the fractional release rates determined during corrosion tests on
fuel fragments is of particular interest since the water to fuel ratio, and the ease of
access of the corrodant to the fuel surfaces are very different compared with
fuel/clad segments. Only two relevant corrosion tests under oxic conditions on fuel
fragments have been performed in the programme, and as these were both per-
formed after commissioning of the ICP-MS instrument, results are available for the
more extensive analytical menu.

The tests were the final 118 day contact periods for two wedge-shaped fuel frag-
ments, 3.23 and 3.24, which were separate experiments in the Fuel fragment/
Variable bicarbonate experiment, /2-2/. Prior to these tests, the fragments had been
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exposed to corrosion in bicarbonate groundwater with 60 and 123 ppm carbonate
respectively during very long static corrosion periods (2343 days). The ground-
water used in these concluding GW-OX tests was the standard simulated 123 ppm
bicarbonate groundwater used in most of the corrosion programme /1-1/, and the
fuel fragments, less than I gram in weight, were contacted with 200 cm3 of the
water. In Table 6-12, the fractional release rates determined in these two tests are
compared with the values obtained for specimens 11-5 and 11-8 in the Series 11
tests.

Table 6-12. Comparison of fractional release rates ( Id): fuel fragments from
the Series 3 tests and fuel/clad segments from the Series 11 tests. (Ground-
water under oxic conditions)

SPECIMEN 3.23 3.24 11-5 11.8
FUEL WT (g) 0.9804 0.9891 17.030 14.288
BURNUP 42.0 42.0 40.1 43.8
CONTACT (d) 118 118 301* 300*
TIME 413 413
PREVIOUS (d) 2343 2343 1148 1148
CONTACTS _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

FRACTIONAL RELEASE RA ()
Rb-85 3.03E-06 3.05E-06 6.79E-07 7.18E-07
Rb.87 3.07E-06 3.08E-06 6.60E-07 7.02E-07
Cs 2.87E-06 4.20E-06 6.22E-07 7.09E-07
Sr 2.12E-06 1.94E-06 3.30E-07 3.60E-07
Ba 2.18E-06 3.27E-06 1.07E-07 1.26E-07
Mo 3.87E-06 3.78E-06 2.88E-06 2.05E-06
Tc 2.37E-06 2.76E-06 2.02E-06 1.60E-06
U 2.54E-06 1.03E-06 1.18E-07 1.29E-07

* The tabulated release values are the averages for the two contact periods.

Inspection of the data in Table 6-12 leads to a number of observations;
a) The higher water/fuel ratio in the fuel fragment tests gives a uranium release

fraction about an order of magnitude higher than in the fuel/clad segment tests.
In the test with fragment 3.23, the higher carbonate concentration in the final
contact compared with the long static contact period appears to have further
increased the U concentration in the centrifugate by re-dissolution of previously
deposited uranium.

b) The fractional release rates for both the fuel fragments are close to those
indicating congruent dissolution.

c) For the Rb isotopes, cesium and strontium, the fractional release rates for the
fuel fragment tests are 4 to 6 times higher than the corresponding rates for the
fuel/clad segments. The rates for Mo and Tc are only about 1.5 times higher.

d) The high ratios between the rates for barium release may indicate that the appar-
ent discrepancy between the Sr and Ba release rates seen earlier in this report
may be due to loss of barium by precipitation on to fuel surfaces in the tests
with fuel/clad specimens.
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6.4.2 Corrosion tests in bicarbonate groundwater under anoxic conditions.

Only 3 specimens in the Series 11 tests, 1-6, 11-9 and 11-15, with bulk burnups
of 41.4, 44.9 and 48.4 MWd/kg U respectively, were exposed to corrosion in the
bicarbonate groundwater under anoxic conditions for all 9 contact periods. Figure
6-14 shows the variation with contact time of their fractional release rates for
cesium, rubidium-87 and strontium; the figure also includes fractional release rates
for the GW-ANOX specimens in the Series 7 corrosion tests for comparison. The
corresponding comparisons of the barium, molybdenum and technetium fractional
release rates are presented in Figure 6-15, and for uranium "rates" in Figure 6-16.

The measured concentrations in these specimens are lower than in the correspond-
ing GW-OX corrosion tests, and in consequence the accuracy and precision of the
analytical results can be expected to be poorer. Also, although the experimental
conditions are nominally anoxic in these un-instrumented tests, the values of Eh are
probably significantly different from experiment to experiment, and even during the
individual tests. In spite of these problems, and those discussed below, it is felt that
the agreement between the results is acceptable.

However, it can be seen in Figures 6-14 and 6-15 that the fractional release rates
for the six fission products show a trend towards increasing values during the last
three contact periods, and the same trend is seen particularly clearly in Figure 6-16,
where there are steep rises in the results for uranium. During contact periods 1-6,
the anoxic conditions in these three tests, together with test 11-13 (DW-ANOX),
had been imposed on the solutions by flowing Ar/H2 gas over the corrodant solut-
ion surface, and the four corrosion vessels were coupled together in series in the
gas train.

Afler the conclusion of the sixth contact period of the Series 11 corrosion tests,
this gas train was successively lengthened as decisions were made to extend the
number of corrosion tests performed under anoxic conditions. The additional tests
comprised tests on specimens 11-7 and 11-14 (changed from DW-OX to GW-
ANOX), tests 7-11-4 and 7-12-4 (previously contacted with groundwater reduced
by flowing through a column of crushed rock), and the 3 GW-ANOX contact
periods applied to the fuel fragments in the 3-23 and 3-24 corrosion tests (See
Table A-2 in Appendix A).

The reason for extending the existing gas train instead of forming new, was acute
shortage of space in the hot-cell used for the corrosion tests. However, the observ-
ed increases mentioned above in the fractional release rates in the tests following
introduction of the additional specimens, together with similar effects for speci-
mens 11-7, 11-13 and 11-14 (discussed in section 6.3), strongly suggest that the
efficiency of the process for imposing anoxic conditions was poor during contact
periods 7-9 for the Series 11 tests.

Therefore, the fractional release rates for the 6th contact period have been selected
here as most representative of anoxic conditions, and the values for the three fuel
specimens, 11-6, 11-9 and 11-15 are presented in Table 6-13.
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Table 6-13. Series 11 corrosion tests: Fractional release rates after about 3
years of corrosion in bicarbonate groundwater under anoxic conditions.

VALUES FOR THE 6TH CONTACT PERIOD
SPECIMENS 11-6 11-9 11-15

BURNUP 41.4 44.9 48.4

Rb-85 9.30E-08 7.94E-08 l.41E-06
Rb.87 6.80E-08 4.91E-08 3.30E-07
Cs 8.23E-08 9.57E-08 1.48E-07
Sr 1.04E-07 1.39E-07 1.15E-07
Ba 1.75E-07 1.93E 07 2.35E-07
Mo 2.70E-08 3.76E-08 4.68E-08
Tc 4.02E-09 4.36E-09 1.48E-08
U 2.57E-10 5.20E-10 l.OlE-09

Ignoring for the moment the fractional release rates for the rubidium isotopes,
there is seen to be reasonable agreement between the results for the three speci-
mens. There is a small apparent trend towards higher release rates as a function of
specimen burnup, perhaps reflecting the alpha radiolysis effect discussed earlier,
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but, when considering the comments above regarding the uncertain anoxic condit-
ions, this trend must be considered as questionable.

The rubidium values for specimen 11-15 are very high with respect to the values
for the other two specimens. In Figure 6-14, it can be seen that this has been the
case for almost the whole duration of the corrosion test. The rubidium values used
in the figure are those for Rb-87. In Table 6-13, the release rates for Rb-85 are
much higher than the Rb-87 rates, which is unusual, since under oxic conditions,
the release rates for the two rubidium isotopes usually converge after the first few
months of corrosion. However, during the ICP-MS background correction proced-
ure /1-3/, high natural background levels of natural rubidium were calculated for all
the contact periods for specimen 11-15. Since there was no convincing explanation
for this, an arbitrary background, based on the values for the other specimens was
used. Had the calculated natural rubidium background levels been used, the values
L.OOE-07 and 7.95E-08 would have been obtained for Rb-85 and Rb-87 respect-
ively, which is in much better agreement with the values for the other two speci-
mens.

With the exception of the results for Mo and Tc, and, of course, uranium, it can be
seen that there is a greater degree of convergence between the fractional release
rates for the fission products than was the case for oxic conditions. It is, therefore
interesting to compare the above results for fuel/clad segments with the few results
available for fuel fragments under anoxic conditions which are presented in Table
6-14.

Table 6-14. Fractional release rates in simulated bicarbonate groundwater
under anoxic conditions for the fuel fragment corrosion experiments.

SPECIMEN 3.23 3.24 3.24
FUEL WT (g) 0.9804 0.9891 0.9891
BURNUP 42.0 42.0 42.0
CONTACT (d) 78 78 83
TIME_ __

PREVIOUS (d) 2500 2500 2580
CONTACTS I I _I

FRACTIONAL RELEASE ]ATE(/d)
Rb-85 1.06E-06 1.92E-06 1.27E-06
Rb.87 1.07E-06 1.95E-06 1.29E-06
Cs 3.48E-06 4.33E-06 2.05E-06
Sr 2.90E-07 5.92E-07 5.45E-07
Ba 1.04E-05 4.32E-06 2.69E-06
Mo 4.73E-05 3.45E-05 1.02E-05
Tc 7.22E-08 6.89E-08
U 3.41E-08 4.76E-08 2.95E-09

The release values for the fuel fragments do not show the same degree of converg-
ence as in the case of the fuel/clad segments, and the values for Mo are much
higher which suggests that even in these tests, truly anoxic conditions were not
established.
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6.5 U-236/U-235 RATIOS

In section 4 of this report, the possible use of the measured U-236/U-235 ratio in
uranium found in corrosion test samples as an indicator of its source (i.e., radial
position) in the corroded fuel pellet was discussed. It was pointed out that the
direct experimental determination of the radial variation of the ratio in spent fuel
pellets has hitherto not been possible with the accuracy which would be required.
An indirect method, dissolution of randomly chosen small fuel particles of the
Series 3 spent fuel, and some scrapings from the pellet periphery, followed by ICP-
MS analysis, has been applied /4-11 to determine the relationship between the local
U-236/U-235 ratio and the composition and quantities of the actinides at the same
location. It was found that for the Series 3 fuel, there was a variation in the ratio of
about 40% between the centre and periphery of the pellet.

Such measurements have not yet been performed on the Series 11 fuel, since no
fuel is presently available. However, it can be expected that approximately the
same radial variation would be found as for the Series 3 fuel. Here, we will assume
a ratio of 1.3 between the ratio at the pellet periphery and at the pellet centre. The
ratios in the fuel pellets used for the determination of fission product inventories
were measured with good precision during the ICP-MS analysis campaign. The
values of ratio obtained, of course, represent the ratios of the bulk fuel at these
locations, since whole pellet cross-sections were dissolved and analysed.

Measurements by ICP-MS analysis of the ratios in the uranium in the Series 11
centrifugate samples from corrosion tests performed in groundwater under oxic
conditions were possible with good precision, but the results on samples with low
uranium concentrations, such as from tests in deionised water, or performed under
nominally anoxic conditions, were usually of very poor precision due to the low
counting rates in the ICP-MS instrument. The measurements of the U-236/U-235
ratios in centrifugate and vessel strip solutions from the Series 11 corrosion tests
are presented in Table 6-15. Values obtained on samples with uranium contents in
the range 50-150 ppb are reported in parentheses, while samples with even lower
uranium concentrations and which gave results with very large scatter are indicated
with an 'I". The vessel strip solutions gave very few reliable results.

It is observed that the measured ratios in the samples for the first few contact
periods show a scatter, usually on the low side, even in the centrifugate samples
from GW-OX tests, which is rather surprising, since the uranium concentrations in
these samples are about the same as in the later tests. The effect could be due to
contamination with traces of natural uranium, but there is no evidence of such
contamination. The ratios determined for contact periods 4-9, therefore, have been
used to determine the mean values and standard deviations, which are also given in
the Table. The uranium concentrations in the centrifugates from the ninth contact
period for the GW-ANOX tests discussed above were sufficiently high to give
reliable results, but it is seen that the DW tests always showed large scatter.

The ratios for the GW-OX and the single values from the GW-ANOX tests are
plotted in Figure 6-17 together with the measured ratios of the uranium in the two
inventory specimens at the ends of the fuel pellet column.
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Table 6-15 The measured U-236/U-235 ratios (ICP-MS) in centriffogate and vessel strip solutions in the
Series 11 corrosion tests.

CENTRIFUGATES U236/U235 RATIOS
CONTACT 11-1 11-2 11-3 11-4 11-3 11-6 11-7 11-8 11-9 11-10 11-11 11-12 11-13 11-14 11-15 11-16

OW-OX OW-OX OW-OX GW-OX OW-OX OW-ANX DW/(W OW-OX GW-ANX OW-OX GW-OX GW-OX DW/OW OW/OW GW-ANX OW-OX
1 0,401 0,471 0,601 0,681 1,048 (0,9621 1,212 1,228 [1,0851 1,535 1,786 1,993 2,040 1,991 1,973 2,260

2 0,410 0,482 0,669 0,828 1,216 L 1,168 1,509 L 1,707 1,559 1,856 1,843 1,930 L 2,189

3 NM 0,548 0,718 0,862 1,270 L 1,320 1,658 L 2,068 2,242 2,203 1,770 L L 2,627
4 0,420 0,513 0,707 0,825 1,267 L 1,471 1,749 L 1,986 2,208 2,231 1,627 2,202 L 2,661
5 0,443 0,556 0,699 0,840 1,299 L L 1,759 L 2,076 2,180 2,314 1,762 L L 2,669
6 0,447 0,564 0,657 0,829 1,298 L L 1,773 L 2,122 2,201 2,257 1,756 L L 2,711
7 0,456 0,55S 0,666 0,823 1,262 L 1,481 1,718 L 2,050 2,151 2,287 11,7401 2,043 [2,0911 2,666
8 0,466 0,577 0,699 0,836 1,278 L 1,512 1,738 L 2,080 2,164 2,241 L 2,104 L 2,621
9 0,463 0,570 0,694 0,824 1,283 1,391 1,502 1,744 1,890 2,070 2,147 2,280 2,178 2,160 2,571 2,656

MEAN * 0,449 0,556 0,687 0,829 1,281 (1,391) (1,492) 1,747 (1,890) 2,064 2,175 2,268 (2,127) (2,571) 2,664

SD * 0,017 0,023 0,020 0,007 0,015 (0, 0,019 0,045 0,025 0,031 (0,060) 0,029

(* Last 6)
1 1 Indicates specimens with [UJ of only 50-150 ppb
L Indicates specimens with very low U concentrations

VESSEL STRIP SOLUTIONS ___ _ U236/U235 RATIOS
CONTACT 11-1 11-2 11-3 11-4 11-5 11-6 11-7 11-8 11-9 11-10 11-II 11-12 11-13 11-14 11-15 11-16

2
3

4.2 _ _ _ _ _ _ __ _ __ _ __ _ _ _ _ __ _ _ _ __ _ __ _ __ _ __ _ J__ __ _ l__ __ _ l l_

6 0,410 0,543 10,6671 (1,0371 L 11,3661 (1,3581 L L L |1,7611 2,123 L 11,8481 L,

7 10,4101 10,5651 L (0,6481 1,023 L 1,508 [1,4331 L 11,5621 11,5831 |1,5801 L L |2,0171 12,0711

9 0,421 10,382) L L [1,0631 [1,4531 1,510 L 11,9231 11,9201 [1,558) 11,7161 1,969 2,102 2,280 1[2,3011



3,00

o GW-OX

aGW-ANOX

2,50 U INVENTORY SPECdIENS

1,50~~~~~~~~~~~~~~~~~~~

31,00

0~~~~~~~~

0,00

20,0 25,0 30,0 35,0 40,0 45,0 50,0

BULK BURNU(MWd/kg U)

Figure 6-17. The mean U-2361U-235 ratios in centrifugates (contact periods 4-9)
in the Series 11 corrosion tests compared with the ratios in the inventory
specimens (bulkfuel).

Inspection of the figure shows that the centrifugate results, including the three
results for nominally anoxic conditions, fit extremely well as interpolations between
the values on the bulk fuel in the inventory specimens. Since the relative standard
deviations of the ratio measurements on the centrifugate samples are 1-2%, and
assuming a gradient in the ratio in the pellets giving a 30% higher value at the
pellet periphery than at the centre, it is clear that there is no evidence of enhanced
corrosion and uranium dissolution at the pellet rim, even in the specimens with the
highest burnups where the potential for corrosion driven by alpha radiolysis is
largest. The ratios determined on the nominally GW-ANOX centrifugates from the
ninth contact times cannot be regarded as truly anoxic, so the conclusion that the
dissolved uranium represents the bulk fuel, i.e., corrosion over the whole cross-
section of the pellet only applies to corrosion in groundwater under oxic condit-
ions.
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7 DISCUSSION AND CONCLUSIONS

One of the main impulses for the work leading up to this report was the expanded
analytical data base made possible by the commissioning of the ICP-MS instrument
at Studsvik Nuclear's Hot Cell Laboratory. The decision taken at that time to apply
the technique to the analysis of stored archive solutions, mainly from the Series 11
corrosion tests, and the very limited time scale available, steered the selection of
direct sample analysis (i.e., without the use of chemical separation and/or concent-
ration techniques prior to ICP-MS analysis) as the favoured method. This select-
ion, in turn, required the rapid development of suitable software and of complic-
ated correction procedures for isobaric interferences and natural element back-
grounds. The evaluation presented above of the results in the expanded analytical
data base has, hopefully, demonstrated the advantages offered by the ICP-MS
technique, even though some of the aspects of the analytical campaign, which was
started before full operational control of instrument operation was mastered, were
less than conducive to analytical accuracy and precision.

As mentioned above, most of the expanded analytical data refers to tests perform-
ed during the Series 11 corrosion tests, which included well-characterised fuel
specimens with a fairly wide range of burnups. The most recent publication of
results from these corrosion tests occurred in 1992 /6-1/, when the specimens had
been corroded for only one year, during five consecutive contact periods. In this
report, results are available for evaluation for nine contact periods, representing a
cumulative corrosion time exceeding five years. In section 6 of this report it was
shown that the measured corrosion rates on these specimens had levelled out after
a few years of contact, and, therefore, the present evaluation occurs at a suitable
point of time.

7.1 THE EXPANDED ANALYTICAL DATA BASE

The compilation of the analytical results on which this evaluation is based has been
discussed in detail in section 3.3 above, but the comments will be summarised
briefly here. Prior to compilation, the data base consisted of results obtained both
by the analytical methods used earlier, and by means of the direct ICP-MS analysis
of sample solutions. These two different sources of results are only partly over-
lapping, since in general only centrifugate samples have been measured by both
techniques. Further, even when results have been available from both methods, the
observed loss from solution of actinides in stored archive solutions has prompted
the selection of results from the earlier analytical methods which were applied on
newly sampled specimens.

As mentioned in section 3.3, the specimen fission product and actinide inventories
determined by the alternative methods show some differences, which are partly
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unexplained. Thus, when results from both methods are available, the mean of the
two values has been selected for the compilation. Since many of the results for the
extra elements in the data base were determined only by the ICP-MS technique, it
is obvious that the data base contains a number of analytical biases due to the
selection procedures used.

With respect to accuracy of the results, it was shown in section 3.4, that on
comparison of results obtained by different analytical methods for corrosion tests
on fuel/clad segments, with fuel weights of about lOg for PWR specimens, and 15-
18g for BWR specimens, good agreement was obtained down to release fractions
of the order of E-05. At lower release fractions greater scatter between the results
was observed. Since these comparisons were performed for elements such as U,
Cs, Sr and Tc, which had appreciable inventories in these samples, and which were
analysed by relatively straight-forward analytical procedures, it can be expected
that the measurement accuracy will be poorer for other elements, particularly those
with small specimen inventories. However, it is possible to compare the results for
a specific element for specimens in a given corrosion test series, or even between
corrosion test series.

7.2 FUEL FINES, COLLOIDS OR PRECIPITATES?

The lengthy discussion in section 5 of this report of the analytical results from the
vessel strip solutions and the membrane filter specimens is only the latest in a series
of such discussions starting shortly after the commencement of the SKB corrosion
programme in 1982. As stated in the Introduction, the experimental procedures
used in the corrosion tests in this programme were intended as a means for
identification and measurement of the amounts of the (expected) actinide and,
perhaps, fission product fractions of colloids (membrane filters) and precipi-
tatesladsorbates (vessel strip solutions) formed during the tests.

Already during the evaluation 17-1/ of the results obtained during the first year
(1982-83) of the experimental programme, it was concluded that the analytical
results on the 65 vessel strip solutions then available showed that the activities
found in these solutions were probably dissolved fuel fines, and were therefore dis-
regarded during the evaluation. The activities found on the membrane filters, how-
ever, were assumed to represent colloidal species. The report also pointed out that
the activity balances indicated that substantial amounts of the actinide elements
including uranium appeared to have been deposited on the fuel/clad surfaces after
the initial dissolution. As a consequence of this observation, the term Fraction of
Inventory in Aqueous Phase (FlAP), which was the sum of the centrifugate and
membrane filter fractions, was introduced as a better definition of the quantities
actually measured.

The results which later became available from the continued corrosion tests on the
reference BWR fuel 17-2/, and on the Series 7 corrosion tests using the reference
PWR fuel /7-3/, gave added confirmation of the conclusion discussed above that
the vessel strip solutions consisted largely of dissolved fuel fines. However, the
evaluation of the larger number of results for membrane filter specimens, and, in
particular, the results from experiments on samples of corrodant solutions which
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were subjected to three consecutive centrifugations through three membrane
filters, suggested that even the membrane filter samples contained fuel fines, and,
also, that adsorption on the filter of about the same percentage of some fission
products such as cesium and strontium could occur at each centrifugation -4/.
However, the presence on the membrane filters of small quantities of actinides in
the form of colloids could not be excluded. Further, it has also been shown that in
corrosion tests with very long contact times, the vessel strip solutions can contain
small amounts of fission products, in particular cesium and strontium, which are
probably re-dissolved precipitates or adsorbates.

As a consequence of this more complicated situation, it became more difficult in
practice to apply the same definition of the components in the FLAP term to the
results for all the measured nuclides, and its use was discontinued 16-li. The avail-
ability of the broadened data base made possible by the introduction of the ICP-MS
technique has not clarified the issue, since, in particular, very few membrane filter
specimens have so far been analysed by the technique.

This uncertainty regarding the interpretation of the analytical results on the vessel
strip solutions and membrane filter specimens affects the evaluation of the corros-
ion test results in several important areas;
a) the calculation of fuel corrosion rates from the measurement of the release fract-

ions of soluble fission products which, since they are homogeneously distributed
in the fuel, serve as monitors of matrix dissolution.

b) the calculation of the amounts of uranium which can be deposited on fuel/clad
surfaces in the event that the uranium concentrations in the centrifugates are
solubility limited.

c) the fates of plutonium and other actinides after release to the corrodant after
matrix dissolution.

With the exception of samples from corrosion tests performed in deionised water,
where it is known that large amounts of fission products, particularly strontium,
are retained on the membrane filters, the amounts of cesium, rubidium, strontium
and possibly barium found in both the vessel strip solutions and membrane filter
samples from tests performed in the bicarbonate groundwater are fairly small
compared with the amounts found in the centrifugates, and, if they have not been
determined experimentally, can be estimated with reasonable accuracy. As will be
shown in section 7.4, the possible errors in the value of release rates so calculated
are small compared with, for example, the effects of fuel structure on corrosion
properties and the uncertainty in the estimated value of the fuel surface area subject
to corrosion in the type of tests considered in this report.

As stated in section 5.1, for the nine contact periods of the Series 11 GW-OX
corrosion tests, an average of about 76% of the total amount of uranium found in
the vessel strip solutions was found in the strip solutions from the first two contact
times. Clearly, if this material, which represents a substantial part of the calculated
U "deficit" which is discussed in section 6.1, were instead regarded as precipitated
uranium, the deposition rate curves shown in Figure 6-2 would be very different,
and the concept of a rapid early decrease in fuel area exposed to corrosive attack
which would explain the marked decrease in corrosion rates with time, would have
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to be modified or abandoned. However, the view advanced earlier in this report
that it is more probable that the observed trend of decreasing uranium contents in
the vessel strip solutions as a function of the number of contact periods simply
represents the successive loss of small fuel particles during sample handling is still
the most favoured by the present author.

With respect to the question of the distribution of the actinides between the three
sampling fractions, it can be seen in Figures 5-4 and 5-5 in this report that there is
a reasonably good linear relationship between the measured release fractions of
uranium in the vessel strip solutions and the corresponding release fractions of the
other actinides. Figures 5-13 and 5-15 which present similar comparisons for the
membrane filter specimens show much more scatter, but, significantly perhaps, the
scatter is due mainly to apparently low release fractions for the other actinides,
contrary to what would be expected if the presence of the actinides on the filter
specimens was due to colloid formation after fuel dissolution.

It can be mentioned here that the actinide data for centrifugate samples, listed in
Appendix B (release fractions) and Appendix C and Table 6-6 (molarities), appears
to be of good quality, and very suitable for comparisons with code calculations as
in a previous publication /6-11.

7.3 STRONTIUM AS A MONITOR OF MATRIX DISSOLUTION?

Before the start of the SKB programme in 1982, it had been thought that Sr-90, a
fission product with a high fission yield and well-established analytical procedures,
would serve as a satisfactory monitor of matrix dissolution in corrosion tests on
spent fuel. Although the formation of segregations of perovskite phases containing
strontium in high power fuel had been reported 17-51, it was considered that the
extent of such segregation formation would be negligible in normal low power
LWR fuel, and that the Sr-90 would be in solid solution in the U0 2 over the whole
fuel pellet. It was surprising, therefore, that the Sr-90 release results obtained
during the first year of the corrosion programme 17-11 showed differences in
release behaviour between fuel specimens which had nominally the same burnup
but which had been sampled from different parts of the fuel rod. The fuel in these
tests was from the Series 3 BWR reference rod, with a bumup of 42 MWd/kg U.
Although the power of the fuel was rather low, with a life-averaged linear power of
18.4 kW/m, it was tentatively suggested that the apparent differences could be
attributed to local differences in irradiation history due to control rod movements
which were very numerous in this first reload fuel from the Oskarshamn 1 reactor.

However, control rod movements were more improbable explanations for similar
effects observed some years later for Cs-137 and Sr-90 release from fuel/clad
segments of the reference PWR fuel 17-3/. The cumulative release fractions for
these fission products from fuel specimens from different parts of the fuel rod (odd
and even specimen numbers /2-3/) are shown in Figure 7-1. It can be noted that the
burnups of these four specimens, as measured by the Cs-134/Cs-137 ratios, were
identical within the accuracy of measurement. (Odd-numbered specimens 0.509 +/-
0.006; even-numbered 0.510 +/- 0.007). The specimens were taken from positions
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II

Figure 7-1. Cumulative releasefractionsfor the Series 7fuel/clad specimens with odd
and even sample numbers GW-OXconditons. Left) Cesium: Right) Strontium

immediately adjacent to each other between the 3rd and 4th spacer grids. The time-
varying power effects would be very similar, so the observed effects are puzzling.

However, the results from the Series 11 corrosion test, which have been evaluated
in this report, emphasise the relationship between fuel structural effects and corros-
ion behaviour. This is illustrated in Figure 7-2 which shows the cumulative release
fractions for strontium and technetium for six specimens of different burnup, where

Figure 7-2. Cumulative releasefractionsfor Series 11 fuel/clad specimens with
different burnzhs GW-OXconOtions. Left) Strontium: Right) Technetium
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the cumulative release fractions for both strontium and technetium are seen to be
clearly higher for fuel specimens 11-5, 11-8 and 11-10, which had burnups of 40.1
to 45.8 MWd/kg U, than those for specimens 11-11, 11-12 and 11-16, with bum-
ups of 46.5 to 48.8 MWd/kg U. For the lower burnup group of specimens, the
higher release of strontium occurred during the first periods of water contact; in
the later stages of corrosion, the release rates in the two groups of specimens were
about the same. As has been shown in section 6.4, the release rate of technetium
(and molybdenum) varied with contact time in a completely different way to the
other fission products studied, and this is reflected in the forms of the technetium
cumulative release curves shown in Figure 7-2.

Clearly, the release behaviour of strontium in these six specimens, which were from
the same manufacturing batch, and had parallel irradiation histories, but differed
only in having slightly different burnups and linear heat ratings, is the reverse of
what would be expected if the process was dominated by the selective dissolution
of small segregations at crack and grain surfaces enriched in strontium by temper-
ature effects during irradiation. It is most probable, therefore, that the differences
in strontium release behaviour observed between these specimens is due only to
successive changes in fuel structure related to the fuel burnup and/or linear heat
rating, and not to thermal migration effects.

As a corollary to the above conclusion, it is suggested here that the differences in
strontium release behaviour noted and discussed above for fuel specimens in the
Series 3 and 7 corrosion tests, where the specimens had very similar or identical
burnup, were due more to differences in local pellet cracking pattern rather than to
differences in the microstructures of the specimens at the fuel grain level.

7.4 CORROSION RATES AND FUEL STRUCTURE

Although there are large gaps in the compilations, particularly of results for
membrane filters and, to a lesser extent, for vessel strip solutions, the experimental
results presented here for the 16 fuel/clad segment specimens in the Series 11
corrosion tests are unusually extensive both in the number of actinide and fission
product elements analysed, the time over which the corrosion process has been
followed in detail (5 years), and, not least, in the number of fuel burnup levels
studied. The characterisation programme of the fuel prior to corrosion testing was
also very detailed with respect to radially varying properties such as fuel structure
and the distribution of bumup and alpha activity.

The release behaviours of selected fission products (Cs, Rb, Sr, Ba, Mo and Tc)
and uranium over the five year corrosion test, and their correlation with specimen
burnup could, therefore, be followed in great detail. In section 6 of this report, it
was shown that the fuel burnup had a large effect on the extent of corrosion (cum-
ulative fractional release) over this five year period. However, contrary to what
could have been expected, at burnup levels where pellet rim effects (peripheral
porosity zone and high alpha activity) regarded as potentially favourable to oxid-
ative corrosion began to develop, the total corrosion, equated here with the fission
product release to the water, decreased.
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Study of the variation of the fractional release rates of the fission products and
uranium with water contact time showed that the burnup-related differences in
release behaviour were most prominent during the first few weeks of corrosion,
although there were differences in behaviour between Cs. Rb. Sr and Ba which are
probably in solid solution in the U0 2 but possibly enriched near or at grain bound-
aries, and Mo and Tc, which are also found in spherical metallic inclusions in the
grain boundaries.

In sections 6.1 and 7.3, arguments were presented for the selection of strontium as
the preferred monitor of fuel matrix dissolution, and, therefore, that its release to
the corrodant can be used as a measurement of fuel corrosion. Inspection of the
tables of release fractions in Appendix B, shows that, at least for the Series 11
GW-OX tests, the values for strontium in the centrifugates are always higher than
the corresponding values for uranium.

After discussions in sections 5 and 7.2 regarding the origin of the uranium, actinide
and fission product contents in membrane filter specimens and vessel strip solut-
ions, it was (almost) arbitrarily decided that the uranium found in these specimens
could be regarded as fuel fines, and could be ignored when examining uranium
mass balances. In consequence of this decision, it was concluded that for each
contact period, the difference mentioned above between the release fraction values
for strontium and uranium - the uranium "deficit" - represents uranium deposited
on the fuel and clad surfaces, for example in grain boundaries and microcracks, due
to solubility limitations. In following discussions, it was shown that this deposited
uranium would also contain large fractions of the actinides, and probably rare earth
fission products, which had been brought into solution during the initial dissolution
of the spent fuel. Based on these assumptions, the uranium deposition rates calcul-
ated for the Series 11 corrosion tests performed under GW-OX and GW-ANOX
conditions were presented in Figures 6-2 and 6-3 respectively.

The assumption that the uranium found on membrane filters and in vessel strip
solutions consisted entirely of dissolved fuel fines, of course, tends to maximise the
calculated amounts of deposited uranium. To some extent this has been balanced
by an under-estimation of the strontium release fractions (by about 10%/o) since the
so-called "excess release fractions" in filters and vessel strips (see section 5) have
been ignored. However, the amounts of deposit can also increase by co-precipit-
ation or scavenging of components in the simulated bicarbonate groundwater, the
composition of which is shown in Table 7.1.

Table 7-1. Composition of the simulated bicarbonate groundwater.

I Spe ies I HCO; I SiO, so.7 I cr I Ca I Me I r I Nae
a~y 2.014E-3 2.056E-4 1 .OOOE-4 1 .973E-3 4.477E-4 1 .774E-4 I .OOOE-4 2.836E-4 IIppm 8..123

pH: 8.0 - 8.2
1 12 _ 9.6 - 70 1

Ionic strength: 0.0085
18 1 4.3 1 3.9 _ 65

Further, since in the procedure used in these tests new groundwater is introduced
after each contact period, the components corresponding to nine groundwater
batches, i.e., 1.8 litres, have been available for deposition effects. These amounts
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are of the same order as the calculated weights of the "uranium deficits" shown in
Table 6-1. The decreased carbonate contents of the corrodants in the GW-ANOX
tests shown in the tables in Appendix A, for instance, are indirect evidence of the
precipitation of calcite, although there is as yet no direct experimental evidence of
even the existence of the deposition layer in the corroded specimens.

In this report, it has nevertheless been suggested that such a deposited layer is
formed, at approximately the rates shown in Figures 6-2 and 6-3, resulting in a
rapid decrease in the contact area between fuel and water, since, after uranium
saturation, deposition could be expected to occur preferentially in the fine network
of connected porosity and microcracks in the fuel. The subsequent restricted water
access causes the large decreases in corrosion rates, of one order of magnitude or
more, observed during the first few months of corrosion, which are shown in the
fractional release rate figures in section 6.

The decrease in cumulated release fractions for the fuel specimens with the highest
burnups in the Series 11 tests, which has been discussed above, is also attributed to
the effect of deposition layer formation, but here it is assumed that the incremental
burnup increases in these specimens are associated with changes in the micro-
structure of the fuel such that the surface area is reduced, or that water access is
further restricted in comparison with the specimens with lower burnup. There is as
yet no experimental evidence in support of this hypothesis.

The fractional release rate curves show that the strontium release rates for the ten
Series 11 fuel specimens corroded under GW-OX conditions had levelled out after
1-2 years of corrosion. At that time, the release rates for cesium and rubidium had
also levelled out at rates a little higher than for strontium, probably indicating some
contribution from selective grain boundary attack. The fractional release rates for
molybdenum and technetium, after showing very different release behaviour from
that of Sr, Cs and Rb, reflecting the different nature of their source terms, (see
above) had begun to approach convergence after about 5 years of corrosion.

In the corresponding GW-ANOX tests, it is not clear whether or not steady-state
release rates had been attained. Air leakage during the last three contact periods
was suspected so it is not known whether further decreases in rate would have
occurred if anoxic conditions comparable to the first tests had been applied. After
the first 6 contact periods, however, the fractional release rates for Cs, Rb, Sr and
Ba were very similar, and at a level of about 30%/o of the value for GW-OX
conditions. From the deposition rate curves (Figures 6-2 and 6-3) for this stage of
corrosion for both GW-OX and ANOX conditions, it is shown that the uranium
deposition rate had been reduced to only a few micrograms/day for a 20 mm long
fuel/clad segment.

It was reported in section 6.5 that the ICP-MS measurements of the U-236/U-235
ratios in the uranium in centrifugate samples did not indicate that selective dissolut-
ion, for example at the fuel pellet rim, had occurred, and that the source of the
centrifugate uranium appeared to be uniform corrosion over the whole fuel pellet.
Unfortunately, no results for uranium in the centrifugates from true anoxic tests
were available because of measurement inaccuracy at such low uranium levels.
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However, this observation, which is strictly only valid for the corrosion experi-
ments performed in groundwater under oxic conditions, is of great significance in
that it suggests that fuel dissolution occurred, at least during the last six contact
periods, predominantly at the open ends of the fuel clad segments.

In section 6 of this report, it was shown that the corrosion behaviour of the
fuel/clad segment specimens of the two other reference fuels in the programme, the
fuels for the Series 3 and 7 corrosion tests, was similar to that of fuel in the Series
11 tests with about the same burnup. The mean values of the strontium fractional
release rates calculated from the results from the last contact periods for the vari-
ous fuels are presented in Table 7-2. Results are given for the three burnup groups
of the Series 11 tests (Table 6-11) and for both the fuel fiagment and segment fuel
in the Series 3 tests. The first row of values (FMW) are based on the release fract-
ions in the centrifugates only, while the second row (FRRM) have been corrected by
a standard factor for strontium "excess release fractions" in the vessel strip and
membrane filter specimens. (Tables 5-1 and 5-2)

Table 7-2. Fractional release rates (strontium) for the reference fuels in the
SKB programme after 5 years or longer of corrosion: GW-OX conditions.

______ ~~FRACTIONAL RELEASE RATES /M
Fuel Series 3 BWR Series 7 PWR Series 11 BWR
Type Fragment 3 Segment Segment Segment Semnent
Bumup 42.0 42.0 43.0 27.0 - 30.1 34.9 - 45.8 46.5 - 48.8
FRR. 2.03 E-06 3.20 E-07 2.91 E-07 2.07 E-07 3.19 E-07 3.12 E-07
FRR1 2.27 E-06 3.58 E-07 3.25 E-07 2.31 E-07 3.56 E-07 3.49 E-07

There is seen to be very good agreement between the results for the fuel/clad
segment tests. The mean value of the fractional release rate for the fuel fragment
tests, where individual fuel fragments of only about I gram in weight were exposed
to 200 cm3 of water, is about six times higher than the value for the segments.

Although there are significant differences in experimental procedure with respect
to both the fuel specimens and their exposure to the corrodants, the corrodants
used and the handling of the corrodant solutions prior to analysis (the use of filters,
for instance), comparison of the SKB results on fuel/clad segments with the results
in two excellent reports from other programmes which have been published
recently /-6, 7-7/ also shows surprisingly good agreement. Among other results,
the latter report presents and discusses fuel dissolution rate data obtained by means
of flow-through tests on fuel specimens with different burnup, morphology and
pre-treatment before the tests. The authors also discuss and compare the relevance
for the normalisation of the experimentally determined fractional release rates, of
surface area measurements on spent fuel specimens by both the BET method and a
method based on particle size distribution.

In the Studsvik Hot Cell Laboratory some BET measurements of the surface area
have been performed on the Series 3 and 7 reference fuels /4-11 giving results in

76



the range 60-120 cm2 I gram depending on the fragment size fraction examined.
These values, determined using kiypton as the adsorbed gas, are generally regard-
ed as too high for use in calculating area-normalised dissolution rates for fuel/clad
segment specimens, since the access of water to the inter-connecting surface net-
work in spent fuel will probably be more limited than that of krypton.

In the Battelle work 17-71, however, the use of calculated specimen surface areas,
which were based on the particle size distribution and the assumption of idealised
cubic morphology, (PSD method) was found useful for normalisation and compar-
ison of the measured fractional release rates. Since a factor of almost exactly 3 was
found between the BET and PSD results for the surface area of unirradiated U0 2

powder, a roughness factor of 3 was used for correction of the areas calculated for
idealised cubes.

In the following, this methodology will be applied to the fractional release rates
presented above in Table 7-2. The dissolution rates will be expressed as milligram
of fuel dissolved per rr2 and day, and the fuel weights are the average of those of
the individual specimens, or for an idealised segment length.

The surface areas have been calculated by several methods. For the Series 3
fragment tests, the mean of the weights of the 2 fuel fragments has been used to
calculate the size of an equivalent cube, and to its calculated surface area, a rough-
ness factor of 3 has been applied. Two methods have been used for the fuel/clad
segments:
a) By means of the fuel fragment size distribution results published earlier for the

Series 3 and 7 reference fuels /4-1/, the total surface area of the fuel fragments
in the segment were calculated, and corrected with the roughness factor of 3.

b) Reflecting the discussion above on the formation of deposition layers during
corrosion, as a simplification, it is assumed that after five years, all dissolution
occurs at the two open ends of the segment. However, the calculated planar
areas at the ends are first increased by an arbitrary 500/0 to take account of the
unevenness of the fragment surfaces (see Figure 4-3), before applying the
roughness factor.

The results so corrected are shown in Figure 7-3.

Table 7-3. Normalised dissolution rates for the fuels in the SKB programme.

Fuel Series 3 BWR Series 7 PWR Series 11 BWR
Type Fragment S Segment Segnt
Bumup 42.0 42.0 43.0 34.9 - 45.8
FRit 2.27 E-06 3.58 E-07 3.25 E-07 3.56 E-07
Wt. Fuel (g) 0.9848 17.37 11.91 17.37
S.A. (fiagments) (M) 3.74 E-04 8.61 E-03 6.72 E-03 8.61 E-03
S.A (_ ends) (m_)_ 7.79 E-04 5.73 E-04 7.79 E-04

NORMAULISED DISSOLUTION RATE (Mnm 2.&l)
Fragments 5.97 | 0.72 j 0.58 0.72
[Segment ends j 1 7.97 6.75 7.93

77



Note that for the fuel/clad segment specimens, there is a factor of about ten
between the surface areas calculated by the two methods, which could correspond
with the experimentally observed decrease in fractional release rates during the first
months of corrosion. However, it is felt that the effective surface areas calculated
by the "segment ends" method for these specimens are somewhat under-estimated.

The dissolution rates given in Table 7-3 show that there is reasonable coherence
between the tests on different fuels, and between fuel fragments and segments
within the SKB programme. They also appear to bracket most of the relevant
results reported from the Battelle programme. /7-7/

Much of the evaluation approach in this report has been based on hitherto unver-
ified assumptions or approximations. Clearly, more work needs to be done on the
detailed examination of post-corrosion fuel specimens, and on specially designed
experiments to test and/or confirm some of the hypotheses advanced.
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SPECIMEN I I 2 I 3 I 4 I 3 I 6 1 7 1 a 9 L to T it . 12 -I 13 I- 14 -1 I3 I __ 6 1 1

3.M WO 2w~ DWMO DW-OX D W-OX V W-ox ImO-OX D W-OX vo Wox DW-oxC 2 WO WO WO WO WOW-OX -O W-O= D W-OX2
3-2 jow-OX GW-OX OW-OX O-XfO-X O-X WO WO WO ow-Ox ow-ox ow-ox J w-oxj ow-ox ow-ox W aM ow-ox
3-3 cW-OX OW-OX OWmO ow-O OWox OWmO OW-OX OW-Ox OW-OX OW-OX OWmO ow-OX OW-OX ow-OX W-OX OW-OX

CW9EACr TIM~fa - - - CONACTPERIODI)- -ISPECIMEN I 2 3 T 4 3 1 6 1 7 1 3 9 1- JlOT_ 22 - 12 1 13 T 14 1__ 1 16 1 1
3-1I 7 14 63 91 182 23 18 159 218 174 j 367 479 j 2338 399 12346 337
3-2 7 __ 14_ 63 91 j 3 32 5 213 1 1741367 1479 j 238 1 39 130U 237

3.3 7 7 ~14j 63 191 1 132 1 - 122 2 39 121231 1741367 1479 j 233,1 399 13461 33
Mm 6& puowudivid40" to 2 pajodik

Of WENMIYUGfrTZ) CONTACr PERIOD
SPEC1MEN~ I 2 3 4 3 6 7 3 9 20 221 12 13 14 1 15 36 1

3-1 NM NM ... 2X 7.00 3X 7"70 5,70 6,O 3-8' 5.20L 315 I"1 CIO 7.00 7A9 6s3/.5
3-2 NM MM 3,20 3,2 2.30 8,2M3,2 I 3,05 3,0 42 A 3,25 _ _ 3,20 3,3 3,43 33
3-3 NM' NM' 3,101SP0 4.75 .AL 0L I3.00 420' 32.0 2 15Ia ____ ___ ___ gm_ IkI_ m

ICARRONATEI (nfm) - - -CONTACrPRIUOD

SPECIMEN I 2 3 4 5 6 7 8 I 9 01 It. 12 23 14 13 16 1
3-1 NM NM NM NM NM NM NM NM INM NM INM NM 9 3 -d 1 41

3-2 NM NM NM NM NM NM NM NM NM NM NM I N M_ 1225 146 L 20 1203
3-3 NM NM NM NM NM NM NM NM NM NM jNM I24 54 1231 12231 I33

Table A-I. Series 3 Corrosion test programme. Fuel/clad segments from Oskarshamn-1 BWR reference fuel rod.

8
00

REDoxcoPDniOI4 CONTAC17PERIOD COM4ACt (do")~~ CO#OTACr PERIOD
SPECIMEN 1 2 3 4 SPECIMEN I 2 3 1 7

3-232 OW4OX 0W-OX OW-OX I W-ANOX 3-23 Sol2 4 Im 123 73

3-24 I W-OX OW-OX I OW-OX L W-IO W-ANOX 3-24 So 50 24 II 223

3-23 OW-OX GW-OX 3-23 j I0 926NOE
3-26 VW-ox DW-OX 3-26 502 2020 OW GROUNDWATER

OW DEIONIZED WATER
CONTA~~~~~~~~~~~~~~~~r AN~~~~~~~~~X OXIC CXNDITIONS

PnCR m1OAT3f CONTACT PERIOD ICAIWOTAT(VW)! CONt-ACT PERIOD MOX ANOXIC BY MEANS OF FLOWING Hi/Ar
SPECIMEN I 2 3 1 4 1 SPECIMEN 12 2 3 I T ~ ]REMN ANOWa BY MEANS OF H2/Ar IN PRESENCE

3-23 NM 3,20 8,43 1 9,751 3-231 70 do li 223 5F02Pd CATALYS

3-24 NM 3,70 gm3 I J" g J 3-24 1 79 229 130 7j 73 REDEX ANOXICUSINGOROUND)WATER AFrERt
3-25 NM 3,0 3-23 257 279 PROLONGED CONTACr WfI4 CRUSHED

3-26 NM ~~~~~~~~~~3-26 9 dO0 ROCK

Table A-2. Series 3.2326 Corrosion test programme. Fuel fragments from 0skarshamn-1 BWR reference fuel rod.

:1'-I



UDOX !NDITION CONFACrPERIOD CGNtACrTlMR1&m CO=rAOrPP

SPECIMEN I 2 3 4 s 6

7.1 oW4X oW-ox OW4OX

1.2 aw.ox OW-Ox DW-oX DVW=X vw-OX

7.3 oW4x W4OX GWMX=

7.4 OW-oX COW-OX W-OX OX a(W. aw-x1
7.3 OW-O OW-Ox OW.OX Om= OX O

1.6 OW-OX OW-Ox OW-OX OW-OX .Of-L
7.7 oW4-Me OW-8PW ow4-mn70

7.3 OWAmEX owyamc oW-RK

7.9 OW-tM OW-3W3K OWvt3

7.10 GWIRMex Ow-3vkK OWADWK

7.11 ow-RIKX O-3t X Ow- OW.A.NOX
7.13 aw u OW-3WX OW-RZI OWAN I
7.13 MWM i2 OW-REDW1 OIW-BXI OWRmmmj

-7.14 OWAW OWRfl .WM Ow21 I I

PR (CEMVYUGATZI) CONTACI-PERIOD
SPECIMEN I 2 3 4 S 6

7.1 gm3, ,.90

7.2 3,50 8,0 645 7,951770
7.3 8,0 ,3 3,50

7.4 8,45 Om 3. 42 1061
7.5 3,50 ,5 86 o
7.6 S 4U50 8,49 J
7.7 ,20 t,35 3,50

7S 8,00 8,23 7,30

7.9 8415 420 S,20
7.10 8_10 7,60 7,93

7.11 7,95 7,30 7,87

7.12 8,10 7,70 7,76

7.13 9,10 7,60 790 77

SPECIMEN 1 2 3 4 5 6

7.1 32 170 436
7.2 32 170 1079 1629 =94-427

7.3 82 170 436

7.4 82 170 636 36G 1156 921

7.5 S 2 170 2079 1629 9444-27

t6 S 2 170 1 217 1492 19404W7

7.7 32 170 436

7i S2 170 636

7.9 82 170 68
7.10 S2 170 1535

7.11 32 170 2722 9405-10 1

tI? 82 170 2722 94-05.10 1

7.13 S2 170 63 6 6 1 1174 6394601S

7.14 S2 170 1173 1556 I 9lS I1

ICAROMATE) W() CORrACrPERIOD

SPECIMEN I 2 3 4 5 6

7.1 NM NM 20

7.2 NM NM <~ 24 <

7.3 NM NM 163
7.4 NM NM 129 140 125

1.5 NM NM 156 131
7.6 NM NM 143 125
7.7 NM NM NM
7.8 NM NM 122 |

7.9 NM NM 116
7.10 NM NM 146

7.11 NM NM Its15 | |
7.12 | NM NM | 32

7.l3 NM NM 116 138 11 1

8

I

7.14 432 I I 7t4 NM NM 170 117 1 I
- . -� a - I - J

Table A-3. Series 7 Corrosion test programme. Fuel/clad segments from Ringhals-2 PWR reference fuel rod.



henna wnrr- Tl"t z - ^

i%MJMJLAM"&5RDRR NTAcm t s

BRNUP
MWV4U

CrACrPERIOD CONTAMERIOD
6 7 2 8 9 I I 2 9

I l 2 3 4 S 6 1 7 I a 9 I 1 2 3 1 4 S I 6 7 I 8 91- ~~ ~~ ~~~ ~~~~~~~~~ - a

Il-0l 27.0 aw-OX OW-OX QW.OX OW-OX 0W-OX OW-OX OW-OX OW-OX GW-X 7 21 63 91 _132 -371 413 301 42 3
11-0 30,1 OW-OX 0W-OX OW-Ox OW-OX 0W-OX oW4OX OW-OX 0W-OX aW-OX 7 23 63 91 I82 371 413 301 413
11-03 32.J OW4OX 0W-OX aw-Ox OW-OX cW-ox 0W-OX aW-OX OW4-X _W-OX 7 21 63 91 182 371 413 301 413
1144 34,9 OW-OX WX OW-Ox OW-Ox w-x OW-OX oWX OW4-X OWX 7 21 63 9_ 1- 2 371 413 301 413
1145 401 CW-x Ow-ox oW-OX OW-OX OW-OX OwOx OW-Ox OW-OX OW-X 7 22 62 91 132 371 413 301 413
1146 _ 41,4 OW-ANOX OW-ANX W-ANOX QW-ANCX ewANOX aW.ANOX OW.ANOX OMWANOX OW-ANOX 7 21 63 91 ISI 370 414 3 420
11-07 42, V1W-ox 1W-OX OW-OX V1W-OX V1W-ox V1W-ox OWW-ANOX -ANOX OW-AMO 7 22 62 91 132 372 414 328 420
I114 413 OW-OX OW-Ox OW-Ox OW-Ox OW-X OW-X OWX OW-OX OW-Ox 7 21 63 91 1I2 371 413 300 413
11-"09 44,9 OW-ANOX OW-AOX OW-A3OX OWaAX OW-ANOX MANOX W-ANOX OW-ANOX OW-ANOX 7 21 63 91 lot 370 4J4 328 421
11-10 433 OW4X OW-OX Ow-Ox OW-Ox Ow-Ox OW4-OX OW-OX w-OX OW-OXx 7 22 62 91 182 371 413 300 413
1I-it 46.5 OW-OX aw-ox OW4-X OW-OX OW-OX OW-OX OW-OX OwOX OW-X 7 2 62 92 lei 371 413 3m0 413
11-12 47,0 OW-OX OW-X O-OX W-OX w-x OW-Ox OW-Ox OW4-X OW-OX 7 21 63 92 lot 371 413 300 413
11-13 47.6 IYW-ANOX OW-ANOX_ DW-ANOX IW-ANOX- 1W-ANOX OWW-ANOX -NOX OOW-ANOX -AO __7 21 63 91 III 370 424 328 420
11-14 48.1 WOX DW-OX W-X DW-OX DI4VX bYW-OX aW-X eW-AOX OWAX 7 22 62 92 ISI 372 414 328 420
Il-IS 48.4 ew-ANOX aW-ANOX OW-AOX OW-ANOX OW-ANOX WANOX OW-ANOX ANOX OWANOX 7 2 63 91 181 370 414 328 422
11.16 4S,5 OW-OX OW4-X OW-OX OW4-X OW4-X OW-OX OW4-X OW-OX W-OX 7 22 62 92 ISI 371 413 300 413

Do nenumvm-I-

LXNiAG1 YrRPIW

BPKCIMEN _ 2 3 4 5 6 7 8 9
11-01 45 343 &36 7.81 8.43 8.28 s5 8.43
1-02 437 V33 8,42 33 3_49 3.21 am6 44 83

11-03 x32 ox32 8,40 _ 3 8,49 8.29 83 3,41 83
1144 3x30 8,45 3,45 - 3 345 i 34 357 351 53
11-5 8.45 3,45 ,45 840 40 Om33 s60 8,49 3,55
11-06 930 9.3 9.83 9.5 9.84 9.40 9.92 9.65 9.47
1-147 6. 68 3,40 3A0 6.67 75 9,76 9,51 9,41
1-148 ,39 3,29 86 82 45 m33 S59 8 g,39
11-09 9.72 9,0 982 9.37 9.78 9.33 9,62 9.27 9213
11-10 336 8.40 36 8.45 if45 V3I IA 47 3,44
1l-l 4A41 3,32 ,42 348 348 4 ,62 51 343
11-12 835 445 to3 3 46 3,41 3,61 3,49 3,47
22.13 90 6,79 92 4,67 4.04 3,94 9.71 9,01 9.22
Il-I4 6,72 706 6.33 3,64 10 590 9.66 9,04 9,21
Il-IS 9.56 9,64 9.63 9,s 9.0 9.29 9.57 &72 9.10
11-16 11,38 31 3, IN 46 35 3,01 2 ,49

ICARMNATRI aj)
C-ONTACr PERIOD

I 2 3 4 - 6 7 8 9
115 225 106 139 149 148 2S0 122 123
128 120 112 143 136 118 145 122 126
136 123 103 136 125 121 145 123 IIS
150 IS 112 136 143 120 149 123 127
125 138 115 134 140 120 145 131 121
65 64 36 55 5S 44 57 56 69

< 14 24 101 < 14 < 14 < 10 56 56 73
125 121 102 120 137 120 134 121 125
61 63 45 57 58 48 62 56 63
Is7 132 104 131 133 120 31n 125 124
164 130 109 ISO 3 20 137 220 127
164 123 1135 143 137 320 133 121 126

< 14 < 14 <14 < 4 < 14 < 10 67 59 54
< 14 < 14 <2 4 < 14 < 14 < 10 74 61 62
67 65 50 56 64 S1 68 61 32
S57 128 98 125 138 118 134 229 229

8

Table A-4. Series 11 Corrosion test programme. Fuellclad segments from Ringhols-1 BWR stringer rod. 4
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Table B 1. Selected release fratom: Seres 3 Cornoon tests

I5

wI

3 U" W h EW f l A t' W f l U E . v' w m w u & n
-

Po5ICM - N -- . -ju -fl 7 Na I .r II
',I ,AlUjI J. 14b1tI

3.3.6 r ,58B347
3.3.7 I I,9 4.197 1,535-07
3.33 4,35B-07 I 417B-07

3.3.9 - 1 .03B-04 7.375-05 I 2.36B-04

3.3.J0 2745-04 I I 3,13546 3 7,49B-06

3.1.11

,335B-04 1 1.27B544 3
2.40B44 I 7a95

0-

33.15 601544 1 6,335-04 I 6,05&04 I 3015-04-
3I3.61I63B 1 1I 4 1 Im 1 1z04



Table 8 I (Conthmed)

RRLVAXE FRACTHM:MEMRAME M71M
Rb us Ba MO I TC u NP I On LA co Nd HU

1,50H-03 ram 9.7RM 3,17E-07 ZIOB-07

3.1.2 1,17H.04 - 1.33w- � � 5,23E47
3.1.3 4,01M -Ttlaw- 1.31W

1.03B-04 -Trggvr- -iwzvr--rxg:u- - 4.W= 4,91B-04- 7�92B-04
3 IXB.04 .1 "team 5.01

3.1.6 1puts'.U3 1.119-04 <13M

3T-ff- 4,1 IE-06 21 2.49B-06

,7 UAW 8,19H.07

USE-% WIM" _Z2113-07 -7;�
4,8XW - 2:"ZW' -TM=- � �
4.13"5 -TAM - 2.09H-04
3,44 4,86B.M 8,34H.08

1 4.66B-05_ -f
5,16B.05 1 6.579-05 1.3on-ob lt�!B-06 T6M

3.1.11 5,46B-05 1 9.63H-05 1.15B-07 � � -Tzmm-
13.1.14 1 5.96B-05 3.92H-07 5,81Bm -T.T6ww
13.1.15 -740:W- 4,45B-06 I 1 44YU-M 1 zjjb-u4 1 5,5111-10 6.265-07 *,VW I T40W I 3.UM-M I 4,5UH-W

1,47B-05 4,93B-M I 7,81H-07 7,64BIM I IXIHAM I 1,3VK-q" I I."- 9,%B-U7 1 6.95"7

RELFARIC FRACTIONS-WHOADRAM MUM
uxrr Rb cm sr us MO To u FU On IA i co Pr Kd BU

7,OOH.07 4,1= 7 -,Iumvr,
.05 -TMB:W- 1,34B-07

2,7MM
1,-AOE-07 3.529-M -4;�

Z5213 1.16B-U5 -T2zzT-
3,7 5,40B-05 2,523-05

3.2.6 -9.31 3,3 1,I]E-07
6.7 <2.1 1,54B-07
I'lit-M 3.99 4,VUU-VI 7,195-07
6�94H-06 2JOH-06 J.1yu-M MW

-zrmm 4.
-2xg:u- MEW- 5,92H-05 -Tgm:u- 9.
-vrlgw- j -r.99W- 1,668-06 2,535-06

-f,379W -krow- -TFMWF -T2mzl-
-3;0� 1;93FA7

13.2.13 6,50B-U7
13.2.14 9,3MO6 _ZME43 1,54B-06 1 i
13.2.15 9,WB-W 14U-M 1 z'43mi, -4,quh-uo 1 4,10HAR I 4,9611-U7 Z149-07 1 5,91

:NW I 1.11" 4 22ERM f 5,500-05 ;aM-Ul I 1,24B-W 4&4BJ-V I I JUUB4)b 1,75H-U7 I 7�

RFJXM MAcMN9-WftM3RANE MTEM
MaIr Rb sr De MO TO u NP ru cm

1,17B-W -TX= 6,12B-07 7,37M7
1:37B-06 3,35B-07

Z,31B-07
3.3.4 3,88M5 Z40B.05 1,47B-07

Z29B-05 2,47B-06 6.74

3.6 7,12H-06 1.38
3.35B-06 -Q.18-06 8.01

5,59B-06 IyAzg- --T,3m-06
-"4= 4,35H-06 1,43MS

3,57 -T.T65 2,80-05 3.7WN
zjns-W .04 2,6,Ixw 2.fJ5B-M ?t

1,44 2.69B-07 8,65B.06

3.3.13 4,7 6,30H-07 MIVA"
_T79:69- 69-09 X07B-07 I.WH-06

1 5 7 2.079M 1
to 1.03 Jm4w I 3,IZB-U7 I 2.02B-U7



Table B 1 (Conthmed)

RELrAfM rRACTfOMt VEMn RTM ROLM"M -- co FT Nd
Rb Q sr Be w TO u NP ru cm 1.8 130

6.ZG"3 1.4011-Wo 1,03U-U5 1,13"3 1,74"5 1,10E-05

3.12 -z959z3- -rxmm- -7;7� � � -TImm- -ZO%:6r-

3.1.3 2,75"5 2,55 1.398-66 -TBJE:W- -Traw-
3.1.4 79-W -TAmm- 7,35"5

3.1.� 2,24H-05 2.61E-06 1,60H-06 2.8M%

5.1.6 W6 1.15H-05 1,16"S 1,79"5 1,6G&O5 1,49B-05

3.1.69 1,89B-07 3,17WM 4.63H-06
07"5 2.29 --VIH-06

.7 2.79H-05
k2OH-O5 3.82H.07 2,21M

2.14H-06
1,43B-04 8.7--T .. . ...... 1.,.�

1,99 "4B-07 334H-07
3H-04 -term 3.13H-04JAIIA 6 3.7 4,67M

SISOB-06 --2C399W- 2,75H-06
.3 - 1,42546

N3ib4)5_. 

1,56a-V6

4.0SE-051 1 1,04u-m I IZUH-ib 1,42B-06 1�36H4JI5
1.04B-05 4,1 1 U-M I 1,U3H-U3 O'Hou-m I

ytllyA.qg FRACnor4s, VERM STM RMUTWM

Rb Ca sr I -- Ta MO To u OR co IV Nd Huye 2,16"5
2,21B-05 Z2413-03 2,0;6 1,90"5 -TA28w-

3.2.2 3,478-06 jjjz-m
3.2.3 3,31E-06 3,50H-06

2.6ySfW6
3.2.4 3-ME-06 1,75H-06 3,59B-06 3.27S*6

51695-06 (N92H.06
5.59H-07 S' 929-07 5,73M

.6 1.47 1,88"5 1.26B-05 I19OH-05

1,47H-05 I- 1.65B-05 9,09B-07 1,40B-M zo6uw- 3.04B-06

6,99E-U7 4.625-07 -WffgXT- -- -- -T75B-06
4,43B4D5 1,83545 0.

2,68B.06 2,4111-07 -23mpw � � 3.23W 3.35B-07 i'54EI-07

5,fAR-06 5,11B-07 1.12M
1,53"7 <4.2B-M

3,290-0

13.2.14 28B-06 1 1.2OH-07

13.2.15 1"VIK-U4 1.2UB-05 JVYB-W I 4.4;JBIJ& I 1,71114" 113,57B-U7 1 1�79
3.y6ti-M I 9,91H-U7 1 1.14H-Q6 1 415"7_ 1 3,0511-UT

RRLrAft yRAc-rmml VMEL STRW ROLVTMM

Rb co sr Ba -- wo- To u F

JAI 06 6,35U-07 1.5 1,24H-M
4XB-05 Z69 Z.178-06 4.31H-06

B-06 4,49B-07 -T,39B-o6
J.J.j 2,33H-06 6. 1,67E-06

-mm - -1.908-06 3.7y5-M 1.1 1,01H-06

J.3.3 1,29H.05 5. 4.7 4.49B-07

17E.05 1,68B-05 8 1,04H.06 5.99H.07 ).BOB.06 -rgmw-
I'sm-W 1.23E-06 7 I-SOB-06 7,92B-06

4,47B-06 T37E-06 -4.1
20,81ts-M 1.37M -r.2mw-

-T."gw- 6,35E-06 --SX49W-
1,82H-06 1.12B47

33.12 8 1,19B-06 7,40H.U7
3.3.13 -Y.MR--6r-

B-07 1.38
3.3.14 3,45"5 1.2-IR-06 2.31B-M 1 4 6.41"7 3.23U-Ub I K79B-m I 4,33M
TYW i 91

w 5,59B-U7 I 2TJR:Or- I US-% 1,44kS-M I.IVB-06 1,77= .j



Table B 2. Selected release fractlons: Series 3.2326 corrosion tests

REABY _ MACTIOPMS C1TThUGATM
E IMo I 're I u IBU2IPF Ic I A T I W I F I k

. I _ _ A __9I A_ g _ _ 4 .I I _, ._s- A , uV I I _ I A _ I 21tah E-wA|___A _|.

3,67E-04 4,17Ev3 1 239E03 1 6,69B-04 1 5.74B-44 1 5.666 I 5,35BH41 I 2,-01 1 -05 I 727B-u7 r 1,5606 1 4,93

I
RF LAMW RbACqNUMM, V LV E'WM1rP WOfflTItNM

3.23.3

3-24.3
3.24.

T-Ry

3.26.2-

I Mo I To I J I Np I IV I Cm 1 I ZS I Pr I Nd I - -
s I I ._ I . I ._~ .. IAA. I_ IA.AIAA I

2,06B-04 1 I,12E-03 1 4,03H-05 1 1,u7B1-4 1 6.63E-05 1 2,46H5 1 6,7S114- I .34H-' ,21 6W1 3,11"5 r 2OB 0 06-5 1 ,12 I 2,4984U5 | 2,65"5

0d418B04 I 1-.44F4 1.58H-IJ a Z94H.05 3.47ihi' 9H-4J5

- I- 3 i - -; -, - -- -- | . - --| 2
I-.3- .4K0 - I 4 -I-517,6 5I_ -Z= i . . U

It
w



Table ES3. Selected release fractions: SerIes 7 corrosion tests

PZEY-VM MACrIONR: CffMTRUnMTM

� 5 Rb-37 Ca sr He MO I To Nd Eu

3,49IS-03 3.3 < 6,uuAz 1.5KH.U5 1 m5u-06 1 1,58E-06 6,38H-06

5 -I.DE-04 2,17E-04 1.96H-U5 I 1.14H.06 1 6.43E-07 -YOMw-

7.1.3 4,29B-04 �119-04 <].BE 1 1.25"5 1 7;;

ITT Yj3H.04 Z.YZ I .

T2.1- -Tmg"- Z)7M 1.7U"5 I 9,74W I 4,40-07 -71

TT3- 4�33B-04 --2.94"5 - .2ffi-04 <I.OH-08 1 4,33H.06 1

7.Z4 WE-04 4,12E-04 3,5OB-04 1 7,M-06 7.8OH-03 1 49B-03 OJE-07 1 1.44"5 2.05H-05 1 VS 1.59H-06 04W 4.19W 2.98B-07 1 6.40B-07

7.3.1 5,03B-M 4,24H.04 <W.= 1,93H-05 I 3,40-06 1,87H-W 6.99H-06

7.3.2 4,8OH-64 -rM= 1,44B.04 1.25 9.45W 4.52B-97

7. 3 -TW OT- 3.561 6.24H-07

7.4.1 6,16 3'.301PW 2,1YU-0 2.90IS-06 7.65U-05

7.4.2 4.67H 6.2XH-07 2.31B-U7

7.4.3 4,61B-04 1,33E,04 1,119M 6,041 1 '46E.07

7.4.4 14.15B-05 2,05B.03 1.30H-05 8,19H.07

1.4.5 6.15H-04 6,55B-04 14.26 -T.3-99Vr 1.26H-U7 I M 4H-07 4,18H.07 2,75B.07 5.37B.07

711 7.965-03 13.95B,44 tiarro . I I
4,37B-04 1.13B-04 1,4MRM IO&M

&699-04 2,34B-04 I 1,0011-06 6,45B-U7

ITT- 1,18B43 3,17"5 1 4.24B-05 6,299-07 3.30B.07 -Tlm:w- 2.558-06

7.6.1 Ib4II--u3 I 0.771KR zyyu-u3 -3-.rju;m- ],V= 5.M=

1.6.2 4,8OH-04 -1.139M I.TMZ3 7,21H.07 --TVM:W- &

7.6.3 4.72B-04 1.39H-04 4,71B.05 1.5]B-U7 _45B-06-

3,11E-04 9,16E-04 3. 9,05H-03 1.5-IB-03 -T.2m:u- -M s: 1,07B-07 1,951 3,22W 4,64B-T 1.94E-06

3,73U-03 2,3 -"Fgmzr -TTm:u- 3,4151.1--Vt - 2,95E-03

7.7.2 .95 7,03E.0 7,69H.06 B-03
7.7.3 B. 3,73B45- 1.678,07

, I= M IVOH-07

7.3.1 8.73 03 3,1 1 U-04 V03 IT

7.8.2 - 3,20MIS 3,08

7.3.3 2.97
7.9.1 3,61B-04 .24U-W

7.9.2 -mm -- 5.34U-06 9.43B-07

1.9.3 -T.NBW- I 5.03B-05 1.37B.06

7.10.Y- 9 muk�-Vrjr -T,3mw- 7,94U-05 1,62H-% 9.57B-09

7.10.2 I TOWW -T.TOEOY rgmw- 1,08H-07

7,10.3 IB-04 <2.4B-06 1,22EI-06
H 2,95B-04 -9.91 1

1.6m
731.3- 3,67B-04 3,34B-04 5 SIOB-04 I OSB-03 <I.OB-06 2.*JB-U7 1 1,07B-03 1,35E-08

I 5109 1,90&0� 5,98H 3,203,07- 3L96B-AD6
4,9811-03 3,03U-04 1:19B*4 1,60M5 NQ 8.3

1.122- 1,32M --T4":U- 2.4MOS 2,1"

TT7.T--- -Tng:u- - -TwjTw,
7.13.1 IzuLS-vz M ; I;7H-O4

TITT- 3.41M --TISH.04 5.27E-OS Z38B-M 1.50E-Qg

1.13.3 0 -Ygnw - <3.OB-06 O.mm
T-TrT- - Ii,223H WU5 -oxzw- O-OB-07

7. 3.5 1 4.48M5 :Mflg:u- 3.55B-05 1 1�3 1 6,17B.05 8"5 4.32H-06 - ---

7.14.1 9.46U-W 3,;w MON-05 ;�MU-U6
Z25B-M --nIffz3- Oman 1,MH-M Z53B-0

M4.3 3,245-" -W.MW- <2.0&M

7.14.4 1 1 IKg]M - IMM 1.34b-" 1 I.MU-U4 1 1,59W- -XM"'4- %53W

I1

I
00

%A



Table B 3. (Conthmed)

RELEASS FRAtnONS MEnMRA EFlTS

7.12.1
7.1.2
7.12.3

7.3.1
7.3.2
7.3.3

7.4.3

.4.-
7.4.5

7.5.2
7.5.3
7.5.i
7.6.1__
7.6.2
.6.3-

7.6.4
7.7.1
7.7.2
7.7.3

7.8.3

7.93
7.Q1e
7.90.2
7.Q03
7.10.1

7 rr3

7.12.1

7.12.3
7.13.1
T.13.2
7.13.3 _
7r.T3.
7.13.5-
T.1Tn-
7.14.2
714f-3
TR.T4.

I Rb

1.68B-07 3.38E4-7 1 1,99-06 4,26E-06
6.59B-07 1.40E-07 2,635-06 1.79E-05 2,01H-05

_ _ _ _ _ _l .,r11WT r | 7,
2,5SB-05 _ 9.44E-06 2,26B-07 1,355-06 2,305-0
7.68-05 1 9.75H-05 1,96H-06 2,26E-07 4,368- - I

- 1,73B-5 1 _
185E4 r 335

F 2,565u6 1 [IB4-06 8,71U-07 1 1,04B-06 3.39-46
2,804-06 3,1635-6

1.305-05 1 C432B-06
1,54H-05 1,05B-05
3,89B5- 1 ,27E-uS _

7;24B-0
1 7SB46
4 67B-0

3,75U46
2,88B47

7,145-07

1I47w 7

_ 1 726H46
5,53B-06

3,48E-07 I 1,87B-06 2.79B-06
2_445-05 6.125-05 2,57E-06 1,36E-06

1 41R-0f5
I,86E-04 2,3O05
1,14E-05
r,65H-Us

S,474-06

2,77T5
2.6MWS5

2,50E6 _ 1 2,74E-46 2,65'06 1_t 1,7EI - 1,57E4
1,54B-07 2,31 B-7 4,70B-07 _ 2,43E-07 I

A 4.08E 2I IR-tMI 3.6911-07 31211-O
___ . . J., 4- - '-

2,84B-04 2,74E-05 _ ,56B41 _
5,63-0 I F7,63B06 - -_

7 S6H-07

1 35E46
2 OIB-0

.5.85P-08 1 -241-07
1.175-06 3,24B-07

- I - , I � I' � 1 �rwi�-8P- 1' -y-�yw�i- 1- ¶' w88w8q r 1' @,uou-,J,
.4wow Apiww 1,.AW I

Q,wa Z

2,60-05 5,325-06 1,145.07 4.683B- 1,13H-16 I

.20- 1 653B-05
3.005-(

5,15E-7

1.52B-06 1.18-F6 2,385-06 1.735-06 2.235-06
8,705-06

3,00B-06 2,35u-06 6,47B-01 6,361-07
LM09-05 7,065-05
3.39E-06 2,255-06

3.005-07

wIr
2,wB9-07

87HF07 _,07H1M | 1
4.36U0= I 5,8IS0-M I I I I I

2.065-06 I <4.05-08
I1 _.----------t _ _- t -l I . -

w
0%



Tabe B 3. (Continued)

7.1.1 1

7.3.3

7.4.2
7.4.3

Z.3.3

7..4.

7X3-

7.6.Z

7TT4
7.7.2

7.821

7.S.3
7.10.1
7.90.2
7.90.3

7.10.2
17.11.3
7.71.1
7.11.2-
7.11.3
7.1Z.I
7.12.2

7.13.3
7. 13.4
7.133-

RELIASE FRACtON&: VISML -1TP7 SOLIIONS

Da I MOD I A.|o I U I

2,07U-4J 1.211wI
1 3.40E-06 3,02H-47 1.19H-06

7,39R-0O

<6OB-05 4,25H-07 | 5,36B.7 1 4,85-07
1,10H-O0 3,517506 1 1,55H-06

- -- I 3,77H u5
5,56ES06 6,0113u6

.i7 ILA -T."Nw- : 4,24LS-w

I.JOW- 7 _ ~ -3;24K

2,06-05 I 6,50H-06 1 5,29H-06 6.195-06 5,62H-46
3,93E-05 3,95H-06 _
3.2SH-06 I 2.23,-07 I

1 .7 - | 5,9ZH4 1 8,73H47I
AlZllFU7 7,Jb>U ,=4 0,5b7

<6.05.05 5.14807
3,90B-04

4,14H-05 I 1,62B-06
3,13B-05 1,02H-04 _

8,52H-05 3,674-05

6.22E436

56.TOX5

ZBOR05
3,74H407
8:W84
4,i2E45
4,33H47
4,52H46
4,83H46-

452E-07
3.21L406
5.534-07

7,21B4am:8(4

1.19B-07

_5,137307

,3-358,4H4
$A

4,06B-05

6,04

1.07 F6.17H-07- 8.58H-07

2,40U- 6.21H-07 1.00-06
4,65H406 4,421-06

1.138-06 1,25E-06 I 6.335H-7 4
;z

<6.05-05 2.21E-05
2.34-6 1.27H-07 <6.05
3,43B.04 1,30E-05

I 71E-05 I i5d4m I 3H-6

3,23B-05

2,40w

I1,63W6 I 2,06 6.25B-07 1 4.24BO7 I 5.35B-07
I I:,IBA 4 | 5,0W_5 1 64995-O5 U42.53B-06 2,09B-06

1.06-06 1 I 1 2.77-06 1 1 -
I,- ..... I, .Y.. I , I , I .

1,1 ZU"Ut 1"Ya�j I tX J

<6.O-05 3,37B-07
7.-6947

5,975-07 5,WB-07

r s,92I- ,45E

2.06-O

2 50B463

1 ,405
4m99BO

2,62S0
2,23B4

I-F6TMZU

______ 4,08B-06 1 1,86W-06 | I .

7,79B-0S 1,23"5
360w 41 ;77UW44

C6.0B45

-

;,29B4 1,5 O5W
3,58-07

_ 4, _ _ t4 A _ -2 I4IA
8.02B-07 9,74H-07 I 7,06B-07 7,71E-07

5 A 1,S2BE0 . _A1H0 . 9;43B40-- SO9B W _
-

1,79B-04
C6.0B4

3,33-5 1

2.=B05 9,59B45 A . A. . A .
-

1.14403

7 SOB46M

2,3muw6

9, Z-04
T15B

2,S3B405

_,OSB43
SAW64.47B-06

1,61B-06
_ 93B4.

1S32BWG 5,56B46

,414-07
9,94B4
5,7Su

7,77E-05
2,S5B-06 1 3,70B506 5,36-06

TN�1�F, -t �WtW7!1'? r �I�W3�F� ! 11 W7!7 F -I ,Y�OVJ

1 85.05 IIIB45
Ct.VW) lzM _

5,20B4

I 7 W I IUI U

3,78S-06 19555-06
I ,5IB05 24;9V I5 I,7-3 6 1I 7,02.9 1,93B-06 9,51B 6,B45-07 1 1.071-06

IRw
.4



Table B 4. Selected release fractions: Series 11 corrosion tests

FEL SPECMN 11.1

I 6
I

RELEs FRACT I ONS: VSSML STRIP SOMLONS

I I sI I
1. .2

1.1.4 _

Rb Cs | a I co I PW I N3 I FU l
i

1.05 2.21E-05 4,25E.05 | 3,77E-05 2,36B-05

I

I 1 1,55B45 I,49E-05 |,42Ev5 j I.54-05 I 1,2S-05 I

1,64B-0S
THE*B4

4,371B06 1.31 "0

I
ww

CO



Table B 4. (Cintfnued)

FUEL SPECDMEN 11.2

EMxv I Rb1-85 I Rb-47
1.2.1 1,51 U-03 7,94B4
11.2.2 1 637B 04 13 96W-4
11.2.3 I,43EM-04 I 123B.04

11.2.4 I,5E4 11E4
i11.2.5 1,48B404 1 1,35B-04

1--- = 1 .21.6_1,9104
11.2 .7 2,24B44
112.S 1,62B04 1 .47E04
1 1.2.9 - 1-96-6f4 1 1-98B04

RELEASE FRAClTONS: CEN71FVGATES

6,22E-05 S,02H-05 1 ,821WS I-H-
2,45ES-05I 2,04E-05 i 1,31 E-05 I ,S81

13,75B45 _ .9805 16,48B-06 15;2
3-06 1 273H-06 I 5,06E-07 1 7,25E407 1 4,47B-07 I 5,903-07 I 2,09B.06

8B-07 1 9,23B-07 5,444-07 1 6,96E-07 1 4.211-07 r 2,82E407 1
7,40B-05 1 1.3313B04 6o97E-05 1 3,62B-04 4 1,94 503 4,604-06 1 2,25E-06 1,17E-06 f 2,61H-1 I 4,X71-07 1,121306 r 2,75E-07

_ 1i,44-04 3,57E405 1 2,288-04 1 2,85E-04 4 7,72E-04 I .OOB4-05 1,47E1-06 I 5,24I-07 I 5,65B4-U7l 7I351B-U I 3,6833-7 I 6,82E17 I 1,75E4-6
I 3,45E-04 4 6,50E-05 5,67845 1 599B-04 1 7,37E4-4 ,1A79B45

3,B04H-04 7,56F45

3,3B-7 ,2048 i 86 -07 2,547 311E7r2,i74707
- I ,-.�- I �-

>".wsfflr *rwrmwc. *Nr wn.c

EXT
11.2.1
11.2.2
11.2.3

11.2.8-

11.2.9

Rb

- -T 2.3313-06I 5.89Y-07 j

1,96E-06 1 3,923-07 6,43H-07
6,40E1-06I ,1313B-05 1,601-05 1 6,541-07
8,63B-06 1 5,333-06 2,95H-05 1 3,921-07 I - r-
1,091305 1 ,74B4-
6,771S-6 _ U2

RELEASE VRACIONS! VESSEL STRIM SOLUTIONS
BXP

1.2.1
11.2.2

11.2.4-

M2.8

Rb_

--- I 5.64E-06 I 3,90E-06
2.76B06 1 2,81-06 I 3,13B-06 1 4.30B406
2,72E-06 - 1.52846 I 1,SE-0 1 1,55B-06 1 2,30-06 1 3,90B-06 I 4,98E-06 2,33B-06 2,394-06 r 2,414-06

&,88M47 1 1-06 2,78E-06 1 5.80R4-07 1 3,854-07 6,38-07 1 7,574.07 1 3,713-06 1 3,41E-06 1,421-06 Y,49E-06 I 1,77B406
-3,24_-06 1 5,08E406 1 3.00E-06 5,85E46 I 2,413-06 I 1,464-07 r 3,04B-06 r 5.613-06 r 9,113-06 I 1,013I-05 5,2i6-06 14,43E-06

7,08E-06 F 2,52E-05 2,523-06 4,334-06 1 3,593-06 r 7,191307 I 9.74B-07 I 7.16H.U7 I 8,813-07 I 1,46Rl-46 I 10E Z 1,02E46K j 9,204-07
1 5,03E46 1 1 * 1 1 | <6,SE-07 |1.62B407|3,54

3,21B46 | 9.07B46 | 1-1,S5B45 | 9,60B4-7 | | 3,99E407 I 7,64KR7 | 7,33B7 I 3,5B4 I I SuS-07 I

ww



Table B 4. (Contlnued)

FUEL SPIMMN t1S

1.3.1

11.3.5
Tr.3.6
TrI,
U.3Tf9

I
RILASE VRACTIONSt VSSSEL STRIP -Ant A lrveMm

-- --- I

1.3.1

11.3.2
11.3.35

Rb Cs N4p I ru I m I A- 1.

4.ZB-1 .X841f05 1,841SB- .
-- - I 5,28B-06 1 5.20B-06 1

- -- I 5,1085-0 2,86B-06 -(- - -1
3-06 5.97B-07 I 1,15E-05 I 1,431*6 57,64B1 I.: I1.12-06 3.20-06B8

9.1S5B-07 3.213H-06 1 9,15E-0 2,94B6 6,7ml 2.065H0 1.B75-06 1,265.06 I 1,205-06
3,24H-06 Z 52B-05 , _6 1345 1

2,08 05 7,36B-07 4,59B-06 4,725OC 1.37B-06 M50B506 I 4.11B4-7 ,.64B-06 1 1.57E-06 1 2.73H-06

ff 4,33B,06 _
3 ,2515 + 834 I

4,23B-W I 5,64UV
i-IHR-M 1 5AB4-07 6.72M-07 I 4*94E.J4 11716- I - & I I - & � I I -

I
pW

O



Table B 4. (Continued)

FUEL SPCMfEKN II
l w.w lAf ^IM. fMWAl ffmM!A9PV

I RbE5 -|1 Rb-37A I -C. - I -- T'^ I -^ e - r Nd I
_ I . A_ Ir A.55A 1 5AA2.39^-03 4,1113-

11.4.2 3.49HR44 E7W04 I 4,92A-U4
1.4.3
11.4

1,691304

~3,0

9,27S0S
,3 IW

i,01S0

6.04-07 1 1,16R46 4,97H-07 1.62B-05 I 4,72B-07

7,WZLS-
7.16B.7 X 46E-06 1 3.643-07

1 ,08B-04 2718 u5 2,003-06 I 1.1J4WA

3,70B-05

1,01B-04 4,l9BV-4 1.103-03
250E304 I 3.243-04 z,995 1 J,3MS-

11.4.7 290&04 1 3,241H-0
2,49B-05
4,08B-05 5.26B-07 I 3,443-07 4,50B 07 3,411-07

4.331-( 213-206

11.4J 1,9704 I 1E-4 ^,06E04 _

1J 1. 9 35144 I37K04 2I7,374 I

.793-06M 1 2.5B1-07 1 6.69,308 6j10OV7 I 4.24B-07 3,563-07 3,91B-m
I &ARXA I 2WE.M I 4.61EUR I.50H-UR I 1.611.1 3 VH47 4.3N^R47 4.1704)

. _ . _ -. 4 I J._ _-w 4w w J. 4

D- A .,.wW taf4UW mm M

11.4.1 1

11.4.3
11.4.4
11.45-
TMw47-
ITX4.8
1 1T..9-

Rb It I sr
I W.7ISR I YXqmU^0

a.^ I LA I re I Yt I Nd|liu

1.95B-bI
4,93B507

1.20I3-05 7,75B-07
W06 31981-05 1 5,9913-7

9,66E-07

5 67E 07

I
1,011305 1 3,13B-06
5,015.6

- a.

RREASM PVRACONS VISEL fRkP SOUTIONR
sxr I

11.4.3

11.4.4
TI I.4.11TT

F 1 7,f53I
On I a I Me I ir I Nd I 4 u

.1MA . . _'ISU A A X I I4
1,02B3-05 1.131305 I 1,1113.05 I.14_ __I I

A .41A-06 1,203-06
1.60B346 3.21H-06 1,33106 I 2,71-06 1,191-06

_ 1.26 | 4H61 -I6 | W 9,02
S.0B.06 1 1,63-5 1 1,34W-06 7 4,10B-5 437U-W V,70u3-4 2.OOB-06 1 165B.06
5.393-06 1.233-05 6,6813-07 3;15y-w t.83W 7FI 6.377 I 5.76B-7 5.1713-07 1 7.08-07

4,04E6 9 w27I I ,04B-07 I. 1 -07 3.383E-7 Z43E-47 2,97H.07

I
p



Table B 4. (Continmed)

FUEL SPECIMEN 11.8
RELPASP FRACTIONS: CENUGATE

wO7 -3.93E046 7162E.07 U2563&06 FZ79;-H7
9LOH o05T I. 1589H1O 2.26"5-5 1 7,21B-05 3,1 I -06 1 7.22B5-0 8.99B-07 I 3,97B47 1 1,82H46 I 4,10B-07 1.285-06 I 2,18W-46 1 1.47546

ISOH44 1.671044 IOOB 04 8,S2E5.0 I 1,19B.04 I 6,01B-05 I 2,39H-04 I 4,96W-05 1 1,13HO- 1 7,27E-07 1 5,44E07 I 3.135H- 1 3,20B07 1 1,77B-06 1 3,29B-06 1 5,31B-06
It.5.5 1 2,03H-04 I 1,90B-04 1,30E-04 1 7,70B-05 1 1,18-04 1 ZOB-04 1 6,10B04 1 2,35B-05 7.50HA 16 I4,445-0 I 3,32B-r7 I 1,275-6 1 7,75-07 1 3,79B4-7 I 1,37B-06 7,19B-06
11,5.6 2,94B-04 1 2,S2E-04 1 2,5SB-04 1,57B-04 I 4,82-03 I!,77B-U4 I '.I7HU3 I j3,44IB405 7 0671"7
11.3.7 3,2u10-41 3,0 -u4 I 561B-04 I
1 1.3.S I

1 1.5.9

RULMSR ACTIOMMEMBRAW.E FILTERS

11.5.1

I I 1.5.2

I I,5,j_. 1
1 1.5.2

1 1.5.T

11.5.3
11.5.4-

7-635.0 I -- I- - 12IBIS-06 F--
- -I 2.44B-06 4,85-07 1,06I-06

.1,09M50 1.04R-06 1,21H-06
I 1��Wt,�W2.,t t 1-�7WXWt t t t I'Y, JDDiJJ1,53B5.0 5,Wjz~u~I II__7A, Y. Ib5,Vl I6,72R-06 3,57B406 1,185404 s 9,37r-07 6,201-08 1 6,705-07 1,37B406

_ 1 ,51nKm i 507 I

XRA FRACTION8 VESE SOLUTONS
Rb |B Mo I Tc U Np Fu Cm I L' CO ir Nd Eu

_I~- [ X10W4 1 S9H44r 1-5 -OB 1,44 1157BO -151B4J r1I -- I
| | 1,S7B45 | 1 63B45 1 | | ~~~1.33E45- | M 1 5B5 |1,1B5 1,53B0 || 1,S5E-05 | Z 33U35

I ,7B613,34 |||4,64 -- 194 1 X04621 48E40611111

1 1 3,3R06 1 27B47 XS3B4 1 9,96" | 1 0E46 15.29B41 1 43MBM- I 4,3B 7- 1 30B7 I X,65B406 | X79E46 1,142E406 114B0 I4
| 522B4 | 54SB6 1 9CW6 | 5,0H46 L_6B4655 |_3'3B406 .15B46 | S 94_7 | ,5B6|1 94 |38BW|3694 2.15B4| 2B.0|_2R4

1,20B45 .2,194 I S. 13Sv3B46 75 W 27B46 2 B 1 0 1, 6 20 4,03B6 1,S2E-06 I 2,S43R 6 7,70E
s,53~~~~~~~~~~~~~~ WY410 I iT _ 1.4~

7 LS,48B06- _|__ 2 4 1,94B 1 S,74- I V | 1, 03B06I

U
w



Table B 4. (Contfnued)

FELISPCM 11.6

Rb co sr BB -- I~~~~o- 7 To u PU QC" La co Pr Wd~____ Hul

11.6.1 ~ ~ ~ ~ .27;~~; 3.23H:RELKA 4 FRATIONS VIS!! STRP7SLUTOm E6y-~9=-m~w UB0
IT~~~wy-- 310H-06 <T.ITAV -%451SAM =E~~~~~~~~~~~
1144 1,03B-06 7,22R-011 i,-23B-06~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

w



Table 8 4. (Continued)

PELMY MAMONSs CVZ4TRWMATM
FW-45 - Rb-97 I Cs- St Da I Mo To u NP FU cm LA Nd

11.7.1 1 3,61 1,33H.03 [ - 5 1,51B-04 9,21B-06 2,27B-05 9.62B-06 1,2git-03 6,11H-W 1.2713-05

11.7.2 1 i,49R-04 1,04B-04 7.42B-04 .21 SB-05 -Twrgw- 2;41WO5 8.77B-05 IM 7,80B-07 5W ��

11.7.3 ZIIH-04 2,929=-- �= 2AM -TIffm 3,73H-06 2.21E.Q7 IN-56 DOW

-T.T4= 1,73H.04 1,51H.04 1,51B.04 -'Z9S0W- 4,35"5 V.7j 8,51B-05 4,2MON-
TrT.T- "mm 6�21"3 3.OD"5 -rpjgw- -T 59M ],BIB-05 2.45H-08 -M 1,143-07 7,mts4y7 "35-07 4,27B-07 3

rprr- -1,67B.04 womm -NDEZ3 -r6gg:w- 9AMI-0 P2H-O5 2,61B-06 -TST9637 8,99E-07 "19:9 6.

5,88B-04 1,149-06
Trru- 2,91944 F ��W RW R.44&06 1-3.4 RR-Pff-l Z,435-W

ITFTO -05 1 7,44B4JO 3B-05 1 5,76K-Q7

Rn"EFRACTMIMMENMRAMEMTEM
-Rb C3 sr us MO To u NP FU cm LA CO Pr Nd Hu

1.1.1 1,3511-03 4.7 1,66H-06 1,13B-06
1.7.2 1.429-04 1.31
1,7.3

11.7.4 1,53K-U5 -9339:U-
11.7.5 Z3sB*3 8.29WW 3,82B-06
11.7.6 2,57B-05 2.23B-07 4,9r7B-O6 1,02B-05

11.7.7 3,91B-06

I L7.5 �
0

PXLEASK IrRACTf(WM VE"M WrW NOUMOPM
Rb sr Be MO To u NP ru I LIM IA co ly Nd LIU-

4, 1,65M5 -3,09B-05 1 2,21B-05

1.7-2 M -TWE:W- 1,51B.06 a2B-06 4.36H-06
1.7.3 9,70H-07 -f,7

11.7.4 5,948= 3,37IS-M -ZOMW- 3.99E-06 Z03B-06 4.WH-W -XrJB:W 3,1 IH-06

11.7.5 2US :BW 1,21965 3.39"5 �Q -Qb 1,07B-06 1.21B-Ub M -% 1.3 WW Rr 1,06"S

1 1 3.6 9,47"3 6,35u-u3 1 1OB45 ISM-0 4,91H-08 1 3,7 310OH-M

1.10"5 1 1,47"S 1,46M 6.83H.06 1,44B-05 1.73B*5 6,93B.07 Z.975ZU7 5,4 1,99B-06 2,935-06
3.44EA :F

1T.Tff- i 1 6.1m-W i
11.7.9 7,4.4H-W 1 2,519M--.- 7.03U-01 1 -- -W 1,72E-06_. -U7 mm

w0



Table B 4. (Contmwd)

FURL MSIC1 1t.
owt.wAsw vnwrrnomt .."MMAm

.- ----- _.^. ...

CAs I sr D I MO I 'To I u
7,72ZS,3s i.3YLS-4 I 3,07IU-4 I V44405 I 4J5WU 1 1,143B05

I-i.2 I 6,065-04 1 3,555-04 1 6,48104 I 2,835-04 1 5.431-04 7,tl4BEJ I 8,34- I 7,OIUM6l S,42B,
11.8.3 2,115-04 I 1.91,Y 4 I 1,2WUA4 1 9Y 5-5
11.8.4 2,011-04 1 1,51I04 1,24B44 I 5,6B1.05
11.s.5 2.255-04 1 2.1B0.4

2,M04
1,318.04
1,04B-04

5 Nw9B W0

2,77B-07 F J1A485-06 1 2565-06 I I.585-06
_ 1.381-06 6.945-07 1 1.165-06 I 1,674-06 2,55E-06

474B-U 4.16 7F 1.3525-06 I M235-06 1 2.06506

1.5.6 I.42B-057 5.5053-06 I 3.487 1 3,53B-07 1 1.29B46 3,41B-07 7,417H.7 1,19H5O 1.65H-06
1.33_-03 I 1 15-03 I 6115-05 1.065-05 1 4,05E-07 1,414-0B 1 [6.-597 I - A,-WI 1 1,22u-06

9_54U-05 3,09-05 6,56B44 1 4,79Y-04 1 3.75B-05 - 9 02E 3,511-
-04 I 2,991-04 I 2,97B-04 I 1,66B.04 4 5J18B-05 I 7,83H-04 I 59E- I 5,45 1,25B45 3 3,57B47

PMLA .K ACTfM:M.PMrRA_ W t T.Pr

11I.3.1

11.8g.2 1

11Z.3^
IL6^-

Mo l o I U I rip I r11 -! I L I;

4,471-06 9,9237 I 1,321-06 I 1i40
-- -- - 1 3.391[-05 | 3.62"5 5MB-

4,601546 I 1,37B1-05
5,33u46 -1,0213-5
1,17Bf03 U41 0 I 3.085-07 I 7,S7E147

-- -- 1 2.553-06 I 1,S4B4-7
1,465-06 I

RILIASE FRACTIOMMs VEMSEL 8TRIP SOLUllONS

TrFr-
MY-

Tr.ws--
TEWA--
11.15

Tf-fr-
TrvT-
1 1 I.S.8

Rb i

3.974-06 6,504-06 5,55B-6
IA4 1,94B-06 I i,86B-06 2,39Hob

2,255B-0

_ 4 8B-U6

_2,39-06 |I ,495-06 1 1.83H-06 1.1B046 1,451146 I. 1,35141

4,5911-06 I74E0

I ,GI E06 1 ,231140I .-3 6W6
1,BU 53B 6 1,0B:W6 1-40 1 ,246

1 7 XHW135E-rtsBZW 1.31B466
-y= n_7 irmgwv6TX

6,221-06 1 1,15540 I 2,|41-06 1,371145
l,21 -15 I 1,74 .06 I 3,51 1.00 I- 3.

6,311506 I 1103B-U3 - 376U4lb 6,04B0- 4.
-- T-- -F-2,02W-O 4.71047

5,0211- -4.8B0-U 2,311B-07 2025-07 I 2,711-07 5,99B-07 I6505-07 I Z39H-07 I 2,46B-07

I
ww



Table B 4. (Contmhmed)

FUEL 3?!C 11.9

lt.YjH
.9.3

I }.9.4
l1.9.5
11.9.6
11.9.7
Il98

I4
a>sn Y^" I FtAE~InfMN VWrME LR"WFUOUJNON

11.9.1

11.9.26

11 .9.3
1 1.9.9

I-sr I
7.61B-05

-

T,9IE45 U,4#B.O6 I = -- F 734H.06 |

1,4!a-U5 l .25945 1,03EW05 1 39-0S1
- Z68B-05 3,79B-05 4,48B-05 1,135-04 - 3,675-05

Z02H-06 2.315-06 2.315-06
F - C6,02E-6 I 1,37E-06 7.79B-07 1.,3B507 5,34B-4Y

.06.05 Ai RRi I I6 H47HLf 5.97B:4 K.ENH.

- 1 1.76-06

w



Table B4. (Cmfmied)

n lPEaEMEN 11.1

11.10.3
11.10.4 _
I I.10.5

11.10.6
I2

RVERAMR FIACYrVON~i MES MIWrP MMLI ,NS

11.10.2 _
11I.10.3
11. 10.4

Int

i1iii
11.10,7

_W-K
_sr_ I I BBS I MO .... A I _To........ I u.. ND I A

HUbO
_ F _ _ At

3,10X-05 1,24BS-0 2 1 -I - I 3,83sFc ,79iR-
3,17B-05 Z06B45 9,
7,15B-M I 7,09B.06

2,07H-OO 2,41BIHJ I 7,5VB347
5,11-0M 9.4tBW7 -1,92-06 - i.SiH-06 128E-06

7,8SE-07 _ 1,57E-06 _.5B-06 1 9§44H-07 ,O8B 6E 1 1.02B.O6
5.58E,07 I 5s92w7 I 3,61E-07 6.aSHO7 1 1,75B-06 I 1,60B-06 1 9,23B07 1 7,68B.O1 8.9611.07
1.13B-06 1 1 4.75w-07 1,33E-06 I I 1T601106

I A.46 0 7 RRR4f I 2536e^6 I 1-023t4Jf I &22E.IY 1 4.13E407 4 67B4.7 KJOH477 1 S .H4[)7 1 0 .0111.07
. I � £ a ..... L� 1 �. a a *- I £ a £ -

U
w3



Table B 4. (Conflitfmed)

TUEL SPEC1MAM 11.11
REIEASE FRACTIMM3 CENTIFh!GATES

[M K-5I K-9 C ISr I is MO IT I u- I N I rW I unI Lar I
____u F.3-4I1uisWI16S" jum1~.Uu mu Jov- ' j74s44 II I 141-l "-j-

11.!!.2 1,2411-05 I 5.4911-4 I 1 .461143 I 2,601-04 I 31-93 4 I 1.021146 1,2711-05 1 5.33B,06 1 4.3M1-07 i 1,7511.06 1 7,75B-0s 6,52B-05 1 7.37B-07 1 5,6611.05 1 7,0611-06 1 1.2111-05

"*"5 _ I !,63W04 I J1,52-0q I.M -0 I !."a-04 I 1C_11-04 2 ,3311-OS i 5 4,951S-W1 1 Z.515I -2.Wk101 I 2,73l1-06 1 3,03B-06 2,9911-46
3,4311-06

T1.II�- -2.2
11.1 1.7 3.OOH-04 2,551-04 - 3.1 1 H04 1,09H1-04- I 3.59B-05 I l.16E-03- 1 1.1411-03 1 3,301B-5 I 8,6OH46 1 6,50"1~7 1 lCSB47 I 6,835B.07 I 4

11.11.3 2,0611-04 1,9311-04 1 7,3311-04 3,5411-05 1 3,03HQ-5 I 4,511144 I 4.53H1-04 I 2.6171-05 1 6,9911-06 1 4,4911-07 1 9.9411-03 I 4,50H-07 I 1,30H1-41 2,311-07 1 3,4811.07 1 4.51E-0T

Wall I
11-11.1 1
11.11.2

1.11.3 1
11.11.4 1
11.11.5
11.11.6
11.11.1
11.11.8

RELEASP PPACTIONSiMEMWANE FILTERS

M IZs I* rt~ I **M I TX I I I~- -u- I NP I -r- I -tsr IT; CO I- i- - Iwa--
I -,4uu - - juu-. 1 ,5A)I - .JAb 14W - ____- I

-M 1 _ ;j3t54T1 IM�11-3 -WJK-ObI 0.1i-M I4I.'
3,0711.06 9,52E1-07 1,5711-07

1 3,46B-06 1 1 - I I I I I I I I - I -- I -

I.9.I'.0no '-I

PELEASE FRACTIONS: VS9LS TRrP ROMMTON'S

I sr [ us I O IT To I NI I P cTI A CO'-____ I Pr-t
* -~~~~~~~~~ 11 t 3PM"3 rI_50511 n514

2.4911-05 I 1.4111-05 1 1 1,0211-3 1 9,5011.05 1,1911-05 I 1,16"54 1,37"14 1,4411-5

i W-5 1,501-05 1,54"15
2,flh-5 I VYJ"1'7 9V6511-07 1,1111-05

i

w 7 4 W f = m i -. I a mw10 I u
4.35W0 -

wc4:TA.791441 5,5991-07 I 2,5911-0 7,4 c

I
wto

00



Table B 4. (Contimped)

ItJELSPECVWPN 11.1

trn-

11i2
TnTy-
TrnIT- I0

RFL!.WI £-~ 1 kA1cnmqt VEAL MlP SOLUITIONS

T T2.2-

I I.12.4
Tli~l.

MrAWnJqpnrAA

us I MO

X a- . H-I-* I lY2
LA %lo rr N4l

Io2H.04 1 -

I

23SB-5
-I 2H.2B-6 1,7114J

Z45B406 9,41BA 6.35B.07 w4arW
S.23H.06 1 6,94B-M s 1.04E-M6 I 8U,7-U17 1.91B.06

5,7BR0 8T E-6 I 4,77B.06 9,11B4-7 1 5,37HJ07 7,49Wq IM44E-06 1.09846
3.19H.06 I 3.32B.U 3,41B-07 5.67B-07 1,26E-07

I R,02B-l7 I 1,.5B.G

-rLww-T799 I 9,1-7I52 - V 9,35B07 9,53H-07 1 7,14W1!7 1 7.,4-07-

I
0



Table B 4. (Contbtued)

FUEL SWCIMEN 11.HA
BELFARE FRACTIONS: CRNTRUGATEB

097 1 R R11 I I Nd I
I 3,l5n I 4,03U-r7 I11.13.1 _ 4,12K4J1 1.0

I 9.22B-MS I I 291BE07 1 5,14E4B 1 1,31B-0 I 1,65EI06
I5.90E45 1 223H-04 1 4.03,106 1,35B-05 1,0111.05 1 7,11B701 I 71311-U5 I 1,Z7E-; 07 I Z3JU-491 9,547B- 1 I ! S' L ,55B-4B I LVIBAX I 1,25E45!1

5.39B-05 1 1 IE-05
11.13.5 8,06E05 7,SOB.05 1 7,66E45

11.13.6 5,48B45 I 5,024-05 r 6,404-05
11.13.7 4,M4-05 I 3,401-45 I 6,191-05
11.13.5 4.2245 1 3,1655 1 9,20E5-0
11.13.9 5-1115415 I 5141}4)5 I 71.EUIS-

nut W0Nl.Vr-f~l7n.,a.At~nt flE

I .I .

11.13.Z

T 13.3-

11.13.6

11.13.7
11-.13.9

I12_464-06
2,79E-05

Mrn-

11,13.1
11.13.3
11.13.4

11.13.6
11.13,7
11.13.8
11.i3.9

4IV
9
pw

w
C3



Table B 4. (Caifnued)

FUEL SPECIMII 1114
_ R4ME1 PPACTIONSt CTEN.RWOATIS

us I MO IrT TI __
_ S,44H5 5.YW 6,VI- YI 0 UVIt I ,YJIU-U3 IUI.Ui

I 3.27B-03 241 1 -06 6,58B.06 4,7105- I I 64005-01 7.524-09 1 2,625-06

FZ2EY04 2_02B-04 I 3.69H-04 2,64H-05 2.225-05 -2.03H11-4 4.5411-07 1 3,11E109 1 1,375-07
_.~- ,- __ _ wn~~ I eA" ifl2 r ss I -
q.,n5-'j -IYJDA I , W =, l>w F 7,77FW5 1 7.02H-05 1 7,371-05 1 3.22W5-0

I I.14.5 I 3,16B-05 3.: 5
11.14.6 6 305-05 46.00-05
11.14.7

7.29Ui05
5,2w6.r5
Z03"^3

: I0SS04
T419W-

LA6WH05
9,53H-09 1 1,65S-05 1.60B-06 I 4,55U-07 I 1,015430

3.16B46 I 4.175-08

7,40E-03 OjIR-Ol 3,03E-03 3,15B-07 I

6,59E-07 1 ,76B-03 I 27 089- I

i 7,80B5.0 I 1,90B-04 2,605-07 1,15-43
5 _ 8.931-05 1 2,81E05 1 126E-04 25181- I,431105 6.715-07 1 6,01W-07 j 9.46B-07

_ . , .

III

RELKAX9 FPAONS!|:lluMRANIP. LTR1
_ * F *- C TA I § Y MO I IC E

=
11.14.1
11.14.2 jj

11.14.3

11.14.4 i

a MO I la a U I p
2,375-03 1 640SU-M I

j -- I j,16B-03 1 7,195-05
2,21E-04 1 3,168-04
3.95-0 = I 1.95B1-05 I 2,5204 ,O1,01-03 2,42,-04
I ,275-0 1II I 1r92e-06

I
6,4311-0 1,235-07 1 5.553-07
3.73B-06 3,17b-07 1 6,65U-07

DnVigAuv 1AhtfIN5- VwF1IJE SI rP RnhjIrnn_

mw-v11.14.2
11.14.3
11.14.4

11.14.4
11.14.5

nTrTT--
11.14981TRu-

-o I To I u Ioa r vawsu3115-t- W IW W 1.vu.

4,551-05 3.495-M I
3,125-u1

18.091-06 1 7.375-06 1 1,55B-06
3,551105
w711

2,94-0,5 I 1,11H-05
3,541-Ub

T2xSm
MM5B@0

2,}5B"07

5,I.ogm5

3.255-06
- -%ff0w

6.611146Iw-06 ,9 4,E095-6
3,706N 114 Y,9706N 2,16

4.6E06
1JIE-06 I 2.39A-d I 2,905-0 1,97B106 1 2,141-06 I 2,21H-06

I 5,63B-0
_ 9.71 B-08 1 3,15H-08 1.3115-7

4,50B47 I 6,12B4; -nI6,3OT,2w46 I 3,14UA
. . , . . _

w



Table B 4. (Conthmed)

NcL SPYCMM 1.1s
UWVIARt W VfACIMflWt CtWMMMWI~A17R

'1'
I ,40 I 0 To I 5110 4u l0 I M U14I j

1,401U44 1 1.5313-0S Vzu4m I 1,701up07
2,28505 1 1,205-04 1,17B-05 I 3.U95-0
1,61B5 I 0 ,765

I.15.4 1 2,03-04 3,665-05 1,41PA

11.15.5 5,S3B.04 - 1,31BAN4 1.49B-M I I .V._TM257
II9,68ES08 I 7,380 4,56B433 J14,275-08

I 1,89.0 Ii9.661W7 I11.15.6 _3,735-07 -I 1 895-OS I 2,46EM0
I

4,77H-07 I 4,99H-0 I 5,765.0 I
3.02B-05 1 3,45-5 5,09W-07 I 4,07W-T 7,35415 *1

4,3S = 1 3.2S-05 1 4,045-0 VaS0-05 I 2.295-05 1 7,49B-07 1',41 5-! I
a2H" M I I Alit.4" 8.915-05 1 3,37B-05 I 7,43B-05 J-2115-04 1 A3!U-VO 3 43B4-V4J 71_ , . . .

_ __ . , , . _

I I.T5.2

11.15.4
1 1.1 .T-
113.15S U

RVUYAW VRAMfOW3 VSEMM IffP ROLNONS
1r

11.15.
11.15.2
11.15.3
11.1.I 4

11 15.6
11,15.7

11.15.9

LJ I Ft I Nd

5,07E.06 7,25E-06
7,425.06 1 I .025Z-0

1,795-06
2,43H-06

P 1,41 406

U
tow3



Table B 4. (Contftwed)

DUELSpEC~vIMENIL
RELASE FRACTIONS: CMJTRIFIJGATES

HIU 1 3b Rb-3 es s D MO To U I 0A L Co Pr N 3

111. 7.5-47 IH0 60" 2.8B0 7,3B0 1 , ____1_4___-1mn -

TfgI- 3&U- 1W1110 ~ 6W -- 3m 2.5M 1,7u5 1 Y6r9 --r -M W- 3,4 1.49H 3T-4ZTMB)
11-ICL3_ w w Ww 1r4S 14 7 -r

RKIYASEPRAC1IONS:MEMBRnANE MTRS
I

11.16.1 1
11.16.2 1
1.16.3 1

11 16 4 1

Irst
11,16'.7
11.16.8

1,3m-04 7,6JMO I -
3 441H4

I11.32H-07 3.095-07
_- I C59B-6 I,06R06 1,471O07

WAFT
irrg.=
TT.Td.Y-
TrTg.y--
Trra-
WM-
TT.Tg.-r-
Tr.Tg.T-
11.16.8
11.16.9

RUZASEFRACTIONS: VESSELSTRMPSOLUTIONS

* ,z 5-v I 192505 E 5-5

2*%* 0 2 ,6 93 S 0 I R 7 2 2 .3 T ~ ~ TW3 R .
1.6411-0 5.08B-0 T IW1-~T~ W,410 --3-.1B0 ,5E0 M 0

3 -3W ~ :W-- S S * -Txg~ 7,97BIW-077 N7T 1

U~
w
frJ



CENTRFUATE MOLARMlTES APPENDIXC

TABLE C 1. Series 3 Corrosion tests:
Molarities of actinides and Jntanides in etrugates

)AOLAJtM INCEAIPJUUGAMhS__________

|_____ ______ ACllNIDES _ LANIHANES

MUPT u Np NU cm La cc Pr Nd Eu
3.. I 41,66E06 __ __ 3,9E-09 3,898-13

3.12 1,44E-06 6,31E409 494 13 _3_

3.13 2008-07 4,088-09 8,01E-14 .

3.1.4 1.40E807 9.70E-09 4,358-13
3.1.5 8,198-05 _ 3,49.0 1,9510 41 S __ __ 1,77E-09
3.1.6 3,1-IE08 7,99E-1 3

3-1EE __ ___ _ 1t2684-0 3,59E-13 _

3.1.7 S82E-09 4.65E13 _

3.1.8 679E8- 5,S5013 _ _1.5-11

3.1.9 2,06B-04 1,268-07 2,4409 Z4OE-07 Z E-2,66-08

3.1.10 9,39E-5 2,35E-09 3.SOE-07 2,41E8-0
3.1.11 1,2;-05 _ 3.1E-10 2,25E-13 ___ ____

3.1.12 1,468E- 159E-13 _ ___

3.1.13 2,758-08 4,978E-2 . .

3.1.14 7,76E09 42U4E-3

3.1.15 5,71E-12 3.75E-09 3S4E.09 2728-12 8,42E-10 ,11 5,908.10 6.97&12
3.1.16 2,708.09 9,158E09 432-09 631E-12 8.72E-10 353-10 121-09 2,11

_MOLAMR S IN CENTRIFUGATES

____ ACT 8 L ANIIANDES

EiT U NCNp Pu_ m La c P Nd Eu
3.Z 2,OOE-06 1.02E09 _

3.Z2 2,0DE-0W 1,65E-10

3.2.3 1,51E-06 5,S2E409 2.2-12
3.2.4 2,0E4-06 E2,1-09 5,498-12 1,428-10

3.2.5 2,948-04 3,30-07 T799E-09 1,05-06 S lSE4S

3.2.6 3.00-06 6,31E-10 64008-13

3.2.6E 1,48E-06 9,22Z-10

3.2.7 260E-06 S,73E-10 3,95E-13 XE88-11

3.2.8 3,208-06 6,79E-10 1,05E-13

3.29 2,20E-05 4,348.07 525E-09 5.41E-07 3,42E-08

32.10 1,2SE-06 1,gE-09 7,00E-12 1.53E-10
3.2.11 6,30E-06 3.2C0-10 2,09E-12

3.212 2,66-05 1,70E-10 3,10E-13

3.Z13 8,26E-06 5,328-10 3,90E-13

3.2.14 1-54E-05 _ 5,28-10 Z 2,49E-13

3.2.15 1.45E5 1.2E4-09 2,25E-10 5,66E-13 7,25E-10 1,591E-I
32.16 1, 05 2,65E-09 I 9.46E-10 1.45E-09 5.56E-10 1,5809 3.09E-10

MOLARUnlS W 1 NTRWUGAT8ES

AC llND LANTHANES

EXPT U I o I Cm La C. Pr 1 4 | Eu
3.3-1 2,19E-0 26,2 4.9SE,13 _ i _ _ _ - _

3.3.2 3,59E-07 3,53E-10 _ _ _ _ _ _

33.3 5,18E406 9.66E-09 3,19E-13 _ _ _ _ _ i

133.4 3,39E46 4 i 64Ecg I 1W,13 !iIII
3.3.5 1.41E-05 3.438-08 8,46E-10 _ _ 1.968-07 _ 1 2.14E408
3.3.6 4.388-06 3.19E-09 3,43E-12 _ _ _ _ _ _

337 3,39E-06 1,21E409 2,048-12 SAM _ 1 1,868-II
33.8 6.778-06 11,26-09 6,488-12 1 i I i | 1,95E-10|

3.3.9 998-05 E2,138-07 3,81E-09 5,18E-07 | _ _ 2,S68-0 |

33310 7,97E05 9,18E-09 9978-li I _ 9,51E-09 _ _ _ | 1,27E-09
3.3.11 1.20E-05 6,76E-10 4,98E-12 | _ _ j | I.91E-10

33.12 6,4SE-05 1,061 1,328-11 _ _ _ J _ 3,09E-10

3.3.13 S,77E-06 7,258-10 3,45E-12 1 _ _ 1
3.3.14 1,858-05 7,63S-10 3,518-12 _ _ i

3.3.15 4,4680 1,39- 7,378E10 4 9,11-12 2978-09 ;13209 8,21E-09 2908,10
3.3.16 1,408.5 1,368-09 S,948-10 1 3,54-12 3,128B09 _ 1,69E-09 5,76-09 4.79E-10

Cl



CENTRIEUGATE MOLARTES APPENDDXC

TABLE C 2. Series 32326 Corrosion tests:
Molauities of acdlides and lanthanides in centrifugates

MOLA~RrsCJSIFWATES
j_____ ACIINIDES I_____ __* LANIXES ___ _

EXPT u Np Pu I Cm La Ce P Nd Eu
3.23,1 1. 3OE-05 3,20E-09 3.95E-13 I_ _ 1,76E1
3-23.2 1,15E45 5,26E49 9,.&10 4.22E-13 1.123-10 8,82tO 3.192-11 Z79310 3,1IE-11

3.23.3 5.16E-06 1,S3E-09 5,24E10 5.00E413 _ = _ 5.40E-10 8,12E-11
3.23.4 4f49E-08 Z44E-1 6.62Ml 1 3,35-14 Z17E-t1 4,78-t I Z4741 I.1363-10 3,15-1i

3.24.1 12,303.05 2,90-09 1.25E12 4,25E-11

3.24.2 283E.05 6.483-09 6.-10 2.37E12 2,00E-10 6,603-10 1-32E-10 9,171-0 1.5010

3-24.3 2X12B.06 1,232.09 210I_ 4,00213 3.6E-11 5,9941 3842-10 7,02E-12
3.24.4 6,463-0 1.793-11 1,283-1 4,51-14 23-11 1,9- 1 1,72-11 1 10 1,45-11
3.24S5 4,26E-09 4,562-11 1,76E-10 5,45E-11 7,213-11 -3,593-11 1173-10 - 4.54E-11

3.25.1 2,02E-05 2,72E09 3,4312 _ 1,24E-10

3.25.2 3.95E-05 8,873-09 9,9-10 1,253-12 3,063-09 1,44E2-8 1X-09 8,54E9 5,32E-10
3.25.1 3,993-09 2,513E. 3,72-12 . 5,90-1I
3.26.2 639 5.0-10 1,0- 4,3712 2,793 5.409 8 -09 4,79- 232

TABLE C 3. Series 7 Corrosion tests:
Motarities of actinides and ianthanides in centrfgtes

MOLARTES INfCNRlMA7ES
AC DW _I LAl'' HANM _E.

EXPT U NO Pu Cm IA Ce Pr Nd Eu

7.1. 3,37E-06 5,24E-09 1.41E-11 _ _ 5.73B-10
7.1.2 4,19E-06 2,77E-09 5,72E-12 Z75E-10
7.1.3 3,04E-0 2,44E-12
7.21I 4.83E-06 7,04E409 1.24E-11 _ 4,95E-10

7.2.2 3,581-06 235&-09 3,8-12 _ 1i o
7.2.3 I0E-06 _

7.24 1,7i-09 4.94E-9 4,74E.12 9,54-10 5.463-10 2,67E-10 7,51E-10 5,68E.11

7.3.1 4,01E-06 _ _ 8,E509 1 -1 _ 6,10&-10
7.3.2 2-,59306 224-09 3,9132 1.75E-10
7.3.3 7,3806 1.48E-09 1,97-12 - -

74.1 4.663-06 _ 7.05E-9 1,40311 _ _ t6,87-10

7.4.2 3,18E-06 1,533.09 2,50-12 _3-1O

7.4.3 1,24E-05 _ 1,47E-09 1,30-12 _ _ i

7.4.4 2,9E-06 I 1 -0 _ __ _ _l

7.4.5 1.69E45 3,26E-09 1,23E-09 1 1.12E-12 3,12E-10 1.743-10 Z6.10 7.01310 4.813-11

7.5.1 557E-06 7,681-09 1,673-11 _- _ _ ; 6,49E-10

75.2 360E-06 2,242-91 6.273-12 I i 271E-10
7.5.3 2,40E-05 37E-09 5,59E312
7.5.4 1,70E-05 4.96Eo- 1,493-09 I 33-12 8,403-10 1.05E-09 3,40E49 2,23E410

7.6.1 6,243-06 8 -09 1,213-11 4,99-10
7.62 4.01E-06 1,72E-09 5.24E-12 __ _ j 2,150-10
7.6.3 93E-06 1313E-12 _

7.6.4 1,50.E05 3,10E-09 9,303-0I 9.33E-13 163-09 268 5,183.1 1.16E309 1,703-10

7.7.1 X41E306 _ 8.253-10 2,553-13 _ _ 2,252-11
7.7.2 1,593-6 1 1,773-09 1,563-13 I _

7.7.3 9,664-06 3,95310 2,25312
7.81 1,93E-06 1,77E-10 2,45E-13 -_ _ I __ 1 3,5E-11
7.82 6,373-07 5,12-.11 3,023-14 _ _ _ _ _ _

7.8.3 4,783E07 1- _ _I_ _
79.1 1.79E-06 l _ 724B.14 . , _ _ I

7.9.2 1,991-07 3E87-1 4043-13 _

7.9.3 2,883.07 1 !
7.10.1 1,593E06 _ 8,31E14 4 _ _

7.10.2 3,98E06 1 Z2593-10 727-13 2.25E-10
7.103 255E.07
7.11.1 ZO-9E-06 5,17-14 _ _ -- Tr-
7.11.2 5,911E08 1 2,581-11 1,193-13 II
7.113 2,E3-07 Z77E-1I 1,5&10 9,25-10 2,143.09 3,S13-10 8r273-10 3,5-10

7.12.1 _ 3.541-06 3,06E-09 7.263-13 j _ I j _
7.12.2 4,50E-06 1 2,24E-111 1,403-13 I 1,752.11

7.12.3 2,943.07 61i-l 1.14E-10 4,973-10 1,08E309 2.07E10 3,05E-10 2,673-10
7.13.1 ______ _______ r_____ - - - -___ r____ _____ - ___- _

1.13.2 3.183E46 r__3__06 5,403-11 1.243-13 - - r ____ -
7.13.3 _ _ I _ i _

7.13.4 1 5.18-12 I l _ I
7.13.5 1.18F-07 3.91E-12 2,59E-10 - 1,62E-11 9.03E-10 3,78E-10 7,06o-10 5.33E-1I
7.14.1 _ = _ _ _ __
714.2 1,99E-06 3,77E-11 2i12E-14 4 _ _ r
7.143 i ._ _ _ _
7.14.4 5,14E4- I _ 1,24E-10 -M _______TI
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CENTRIFUGAE MOLARITES APNIAPPENDIXC

TABLE C 4. Series 11 Corrosion tests:
Molarities of actinides and lanifhandes in centrifugaes

MSLRZIMWDICEMI S
_ _ _ ~~~APNMLA1THANWES

______ U Pu cm Lin cc Pr Nd Eu
11.1.1 4,77E-06 1,001.09 6,4511-09 8,161-1 6,7110 6.6514-1 4,431.10 9,4311-Il
MU1. 4,131-06 1.421-10 5,91-9 2,031-1 9,46E-10 4,61IlI 3.171-10 2.2M1-1
11.13 2,6IE46 3,94E-1 I ,75E.-09
11.1. 7,6a416 4,651.10 5,33E.0 3,67E-10 1,051-0 ______ 116-09 1,13E-10
113.5 2,833106 3,1311-11 1,131.09 1,8411-11 5,231D 1,101.10 4.6210
11.1.6 4,32106 1.,361-10 6,45E-1 0 1.03E-1 3 6,801-10 _____ 5,301-10 4,661.11
11.1.7 6132E.06 6,1 1 10 1,291-10 _____ 6.48-I) 7.44E1.1 4,33E-10 4,33E-1 I
11.13 6,041.06 6,191.10 I1,011.-09 _____ 1.68-10 _____ 7,531-11 5.001-10 3,391.11

11..9 3131.06 3,111.10 7,221-10 - 2,09E1.0 1,031-10_ 5,2-11I 3,64-10 2,0211-l1

______ u N Pa On LA cc Pr Nd Eu
11.2.1 5,311.6 1,341.09 3,031.09 _____ 4,19E-11I 1,02-09 5.700-10 1,061.10
112.2 4,201.06 1.951-10 6,91.09 3,121,-10 1,5311-10 2,981-10 1,551-09 1,691-10
11.2.3 2,071.06 5,471-11 2Z231-09 3,351-10 3.201-10 2,301-1 7,411-10 ___

11.24 6,191.06 4.761-10 5,421-09 7,241-10 3,07E-10 3,25E-10 2,941.09 -2.221-11
11.2.5 3,21E-06 1,51-1 1,261.09 ____ 3,49F-10 8,84rs-10 2Q,46-0 1,791.09 [.41E-10
11.2.6 5,731.0 1,03E.10 5,951-10 1,78E-12 4,441-10 9.011-1 4,99E-10 1,60E.09 1,721.10
11.2.7 ",31-06 4,3121-10 5,971-10 9,511.-14 1,201-10 1,141.10 6,73E-10 6,34141I
11.2.8 6,431-06 4.03E-10 7,391-10 2,711-13 2,081-1 ,411-11I 1,24.-10 6441-10 2,511-1
11.2.9 1,07105 6,74-10 5,951-10 1,821-13 6,151-10 1.85-09 2,271-10 7,41-1 2,833-11

______ U NP Po On. La cc Pir Nd EU
11.3.1 4,311.06 3,93 1-0 6,61E.09 1,2511-10 1,011-10 _____ 6,66-10
11.3.2 3,34E-06 1,3t2110 6,310.09 2,6-2 1,491.09 4.531-1 1,111.09 5,19-09 4,3E-10
11.3.3 2,421.06 3,231-11 2,061.09 9,591-13 1,081.09 1,161-0 5,47E-10 2,71E09 2,161-10
11.3.4 3,31-06 3,41E-10 3,221.09 6,79E-10 6,301-10 5,941-,10 3,071.09 2,59110
12.3.5 3,601-06 I,9E-10 3,331-1 1181-13 4,241-10 9,671-10 4011-1 2,561-09 1,241-,10
11.3.6 4,731.05 6,81E-09 2091-08I 5,291-11 14.051-08 6,441-10_L .751-08 1.411-07 5,105-0
11.3.1 2,351.05 2,201.09 1,321.0 8,991-12 7,6411-09 5,261.09 24108 94-0
11.3.8 7,32.0 6,321-10 4,33-09 5.-731-12 13,541-10 ______ 2,0.09 1,27-O =.06-0
11.3.9 1,101.0 7,391-10 3.651-09 I2,621-12 I2.411-09 I4,341-10 11,49&-0 6,361-0 2,1-IM010

mll' U N PU cm. La co Pr Nd E
IIA.1 4,731.06 1,431.09 7.211-09 5,211-1 6,005-10 7,00,1- 2,251-10
11.4.2 ,601-06 9,011-11 5,501-09 3,731-12 1,591-09 1,07E-09 1,171.09 5_961-09 3,30110
II1A3 2,901.6 46,36-11 2,30-09 2,59112 1,051-09 5,84E-10 1,071-09 5,231.-09 1,531-10
11.44 7,931.6 2,27110 2,741.09 1,201-12 1,071-09 6,691-10 9,0111-10 6,1-09- 4.961-1
11.4 3,39106 2,72E-10 9,39110 1,151-12 4.331-10 9.601-10 5,471-10 2,961.09 1,531-10
11.46 7,34106 2,481-10 5,751-10 2,651-12 7,521.10 9,211-10 3,061-1 3,211.09 9.941-11
11.4.7 1,201.05 6,71-1 7.031-10 3,531-13 3,40E-10 2,401-10 1,25E-09 7,9-I
11.A3 3 ,121.06 6,531-10 Co01-1 3,491-13 3,951-1 5.25-10 ZOOE-.10 9,61-10 38-
11.4.9 1.26B05 ,681-10 5,421-10 .2,401-13 9,7111-10 1,441.09 2,56-10 1.21E-09 3,711-11

EM ~U li Pu OR La co Pr Nd Eu
11.5.1 3,78E.06 1,151.09 7,051.09 ____ 3,621-11 7,331.10 ____ 1,87E1-1 4,2S1-10
1 13.2 2,151-06 3,041-11 1,031-03 7,%55112 1,941.09 3.941-10 1,541-09 1,20-09 4.681-140
1135.3 1,151.-06 9,541-12 2,35E.09 3,931-1 2 1,351.09 5,30-10 1,02E.09 6.91E-09 I,6-M&0
11-3.4 1,471-05 1,49E-10 1,901-09 5391-1 2 1311I-09 4,53E1-20 1,411-09 1.001-8 5,62-10
11-5.5 6,961.06 3.291-10 1,161.0 3,291s-12 9,401.10 1,101.09 6,991-10 4.341-09 2,321-10
11.5.6 v1,02E-0S 7.901-10 1,981-1 3,02E-12 16,051-10 4,98110_ 4.421-10 2,651.09 7,108-11
1135.1 1,13-05 3.791-10 1,901-10 1,061-12 5,321-10 ____ 3,351-10 1,4-9 15-1
11.53s 9691-06 9,001-10 3,841-1 9,711-13 3,941-140 7,141-11 2,72E-10 1,251-09 5,2111
113S.9 1I,531-05 1,221-09 I6,771-10 5 ,721.-13 1,3713-09 2,2113-09 44601.10 1.721-09 5,W6-lII

120'? ~~~u PU cm La co Pr Nd Eu
11.6.1 2,9510 531-11 I ____ 1,2013-10 7,46E-10 ____ 6,731-11 2,75-10
11.6.2 5,16-0 5,321-12 _____ 3,101-1 1,4109 ____ 4,851-10 ___

11.63 7,311-8 4,3-1 ____ 6*91-11 3.671-10 1,5-1 3,0-Il 1,41E.11-
11.6.4 4,0-08 9,421-12 4,62-1 1 6,0311-10 2,421-11 4.231-11I 6,651-11
I1.6. 2,83E1-0 7,31-12 3,101-lI ____ 1,061-10 1.09-09 1,w-11 1,391-10 5,671-11
11.6.6 Zs"10 4,561-12 1.061-10 1,411-44 __ _ 6,371-10 1.681-1 _____

11.6.7 T2,12-08 4,981-1 1,94E-10 _____ 1,041.10 1_,56E-10 6,131-11 2-4-0 I,711
11.6*s 6,061.0 5.13112 3,141-11 ____ 7,36113 3,40E+06 7,571-13 I9,141-12 1,41.1
11.6.9 6,17-7 Z,19E11i 5.03E11l 1,IXW-12 I ,05E-09_ 1,031.09 3,971-10 1 1,2"-09 7,33-IlI
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CE5NTRWFUA'TE MOLARMiES APNIAPPENDIX C

TABLE C 4. Series 11 Corroslon tests:
Molarities of aetinides and lanthanldes, In centrifugates

IOARRTES IN CETRIFUATMS
______ ~~~~~~ACIIN8DES _ __ ____LANTHANEDES __

EIO'r 13 N PU am La co Pr Nd Eu
11.7.1 3,225-6 2,055.09 1,495.03 1.495-10 1,04E4 ____ ____ 1650
11.712 7-,56507 3,235-09 2,9.: 1,545-12 3,70E-40 IJ E-0 2,22540 ____

11.73 6655-06 1,24F-0 1,015-08 3,335-2 1,42509 S,63-10 8,205-10 4,27E.09 2 0651
11.7.4 3,62-05 1,475-OS 261E-07 66415-10 1,695.0: 2935-0: 1,71E-0: 7,975.0: 1,735.09
11.7.5 2,195.09 3,63E-09 1,325-0 1,71E-12 3,81-10 1-344E-09 3.18E540 1,63E-09 1,1E-10
11.7.6 1,64-09 2,0-09 3,055-09 3,935-11 1,345-0 1,53E-09 4,97-09 2,575-08 4.70-1

11.-7. 3AI,0950 1350 4,5-0 3,07E-12 2,205-10 4,7-0 1,76-040 051 9751
11.72 2=84-6 it6-1 ,951 ______ 2, -10 1,305-10 7151 ,4-0 135

111.7-9 1,29E-05 9,16513 2355-0---____ 6,3-0 9,2-10 49510 19-0 935

________ _ N Pu cm La ce Pr Nd Eu
11.2.1 3W5SW0 4,295-10 3,45-09 1,045-12 2,6M5-1 9,175-10 71695-l 4,92E-10 1,475-09
1126.2 1,875-06 1,01E-10 5,995-09 LOE015 2,40E-09 1.575-09 1.20E-09 6,34509 2Z255-10
11.8.3 1,11E-06 2,055-11 I ,875-09 3,455-12 1,33E-09 5 F,310 1,095.09 6,415-09 2,025-10
111.4 1.125-05 1,135-10 1,775-09 2,795-12 1,455-09 3-54E-10 1,075.09 7,36E-09 1,345-10
11.2.S 6,285-0 4,17E-10 9,36E-10 4,47E-12 9,25-0 ,95-10 8,325-10 4,805-09 2,50E-10
131.96 1,095.5 6,615-10 7,935-10 4,505-12 8,60E-10 4-365-10 5,37510 3,A-0 162-1
11.3.7 1,515-05 1,275-09 9,215-1 1,435-12 6,415-10 4-33E-10 2,205-09 1,205-10

11.21 ,2506 1,08E-09 3,295-10 1,815-12 4,775-10 _____ 285-0 ,450 6,305-1
11.3.9 1,35-05 1,5105-09 2,135-10 1,81-12 3,135-10 j ____ 2,585-1 1,245-9 6,47-11

510?I u NO PU On LA CO PC Nd Eu
11.9.1 4,04-0 j ,4511 ______ ,951 32,5-10 1.7151 1.145-10 1,565-10
11.9.2 9,1-8 2,3251 1,15-11 6,675z-11 2,685-10 6,595-11 2,255-10 1,945-11
11.9.3 4,695-0: 4.565-12 _ ___ ___ 3,955-10 1,485.09 MOW65-1 1,66510 _____

11.9.4 3,975-03 1.___ ____ __________ 322E-09 7,74B-il ,745-10 1,135-10
11.9.5 4,450 5,9M512 _____ ____ ,2-11 7.635-10 ______ 5.1-11 1,1E0-1

11S..6 15,765-0: 9,625-12 4,125-11 5,37-13 1,985-10 1,055-09 8,015-11 3,705-10 6,39511
1119.7 9,43E-08 5.21E-11 1.775-10 5,21E-13 6,335-11 9.29E-11 4,255-11 2,711-10 5,855-11
111.929 1.195-07 9.705-12 2,2511M ____ 9,135-1 2,605-11 3,345-31 1,475-10 3,62-11
1119.9 14,555-0 7,215-11 1.055-10 6,52E-12 1,445-09 1,95E-09 7,655-10 X2,22-0 9,365-11I

mwr ~ u N PU an la Cc Pr Nd Eu
11.10.1 5,45-06 1,98509 8,23-09 8____ .075-10 1,465-09 1,125-10 6,40E-10 1,6E950
ILI10.2 1,305-06 2,355-10 5,23-09 2025-11 Z,545-9 5,19E-10 1,495.09 2945-0 5_59510
11.10.3 2,375-06 1,38-10 4,405-0 1,535-li 2,845-09 9,075-10 2,455-09 1,145-0: 4,475-10
11.10.4 6,155-06 203-10 3,665.0 1,255-11 3,295-09 3,00-10 2,295-09 1,0"50 2,'77E-10
11.10.5 3,725-06 2,70E-10 3,695-0 1,245-11 1,745-09 1.04E-09 1,475-09 2,095.09 3,125-10
11.0. 7.655-06 1,565.09 1,135-09 9,499-12 1,405-09 7.645-10 1,075.09 6,20-09 2,295-10
11.10.7 9,35E-06 1,255-09 1,39-09 2,115-2 1,045-10 _____ 7,27E-10 3,563-09 1,695-10
11.101 6,95.0 1.11-09 1,033-09 2,375-1 2 4,645-10 _____ 3,065-10 1,550 7.47-11I
11.10.9 1,175-05 1.70E-09 9,53E-10 1,709!-12 3,515-10 Z____ 2635-10 1,1-09i 6,635-11I

______ U E Pu cm La --G Pr Nd Hu-

11.11.1 S,035-o 1,155.09 6,325-09 _____ 2,355-10 ,495-10 5.035-11 1,535-1 1,945-10
11.11.2 1,595.06 7,545-11 5,075-09 5.7ZE-11I 5,255-09 1,295-9 5,215-09 2605-03 1,54-09
11.11.3 5,28-06 7,625-11 5,695-09 1,033-11 2,53E-09 4,395-10 2,52-09 I1,175-0: 3,315-10
11.11.4 VW3-0 2,965-10 3.35-0 2,41E-12 1,605-09 2,39-10 1,17E-09 7,415-09 4,375-10
11.113 5,525.06 2.375-10 2,295.0 5595-12 1,22-09 1,053.09 1,065.09 6,20-09 3,135-10
11.11.6 3,7B-06 1,065-09 1,23-9 5.795-12 7,765-10 3,775-10 4,985-1 2,755-09 1.445-10
11.111.71 1.3E13O 1,335-019 1,855-09 22512 5,875-10 _____ 4,61510 2,26-09 1,315-10

11.11.8 7,955-06 1,085.09 1,285-0 2,095-12 4,115-10 2,135-Il1 2,525-10 1,285-09 5.755-lI
111.119 1,115E-05 1,37-09 1.115-09 1,565-12 3,105-10 2,825-11 1,795-10 7.415-10 3951

EM ~U NO Pu cm LA Ca Pr Nd Eu
11.12.1 7,755-06 2,335-09 2~1,79.09 __ 5,355-11 Z,708-10 2,67E-l1 2,305-10 6,345-10
11.12.2 2,59E.0 1.31-10 9,345-0 9,735-12 2,125-09 5,87-10 Z,05E-09 9,39E-09 3.6-1E0
11.12.3 1,755-06 6 1 45E-11 2,705.09 7A,3-12 1,775-09 1.285-09 1,695.09 7,39E-09 2,47E-10
11.11.4 3,595-06 1,405410 3,665-09 1.04E-l1 1,905-09 6,575-10 1,655-0 3,185-09 3,06E-10
11.125 3.19E-06 Z,49E-10 1,365-9 1,035-11 1,375-09 I,2E5-9 1,425-09 7,24-09 3,54-10
11.12.6 7,54-0 1,115-09 1,395-09 9,19512 1,215-09 1,305.9 2,955-10 5,233-09 ____

11.1217 9,935.06 1.14-09 1,9-09 3,7&4-2 6,27-10 ______ 5.1E-10 2,70-09 3,25-3
11.12.8 7,495.06 I1.075-09 1,36&W0 2,Z095-12 2,585-10 I____ 2,545-10 1.33-9 6,61E-I1
11.12.9 1,095-05 11,48E-09 1,175-09 I2,465-12 13,055-10 _____ 3,075-10 1,315-09 I 6.51E-lI

C4



CENTRWUATE MOLARMES

TABLE C 4. Series 11 Corrosion tests:
MoParities of actdides and andndes In centrifUgates

APPENDDIC

MOLAWrIES IN CEN1RFWATES
ACT DES LANTHA _ES

EX u N On LA co Pr Nd Eu
11.13.1 1,23E-06 6,99-1 1.50-lo 1,53311 2,90310 1,E-10 3.023-10 1-09 2,573.9
11.13.2 _ 2473-06 I0E-10 2,243-12 4,98-10 4,923-11 5,03-11 2,2DE-10
11.133 239E-06 1,163-10 6,903-12 2,31E-12 1,07E-10 9,49E-10 1,893-1 4,803-10
11.13.4 4,53-B46 1.61E3-9 1,813-09 5,65-12 4,37E-10 221-11 2,213-10
11.13.5 3,33E-06 3,513-10 3.13E-09 I 43-11 2,093-10 221E-09 2,90-10 1,46E-09 1,42E-10
11.13.6 3,493-6 1,M31 1,15409 IO.0810 5.75-09 I,15E4B-8 4,86E3-09 1,91_-_ _ 810
11.13.7 2,12E-07 1,37E.10 1,553-10 3,443-13 2,033-10 1,09E-09 8,74E-11 6,033-10 2,963- 1
11.13. 6,E-M 1.633-11 5,483-11 3-11 2123-11 1.84,-11 1,12-10 1.16312
11.13.9 3,53-06 l,4WO 4,27E-10 9.813-12 S5-10 9,183-10 S,06-10 1,403-09 7,49E-11

EXPIT U NO Pu O -- La Ce Pr Nd Eu
11.14.1 S,75E46 1,61E-09 7,15-E09 3,10E.11 3,22E-09 4,69E09 1,493-9 6,64-09 3,178310
11.14.2 9,233.07 3,5E-09 2,13E-0 1,693-1 1 1,003.09 5,11311 2,90E 1 3,523-10
11.143 3,73E4S 1,16-0 6_63-0 1 -11 7,0-10 _ 1,20-11I 1,843-11
11.14.4 3,33-05 2,15E4S 3,-E.07 1,47E-09 6.06E-0 1,33E307 C,75E-4 2,84W07 1,10
11.14.5 7,253-10 267E-09 9,23-09 3,73E-1 1,13E-09 2,653- lI 1,08310
11.14.6 2,8ZSE-09 I ,63.0 4,633-09 ,t15311I 9,64E-10 1,59E-09 1,55E-10 1.30-09- 4,043-11
11.14.7 9,153.06 1,31E-10 3,423-10 1,013-12 2,01E-10 3,663-10 1,193-10 7.95E-10 1.1510
11.14.8 331E4-06 9,61E-11 II0310 IR 3-12 6,96E10 7,61E-10 4,093-10 2,32E309 6,99E-11
11.14.9 2,54305 -3,A810 -6,22310 I1,0-07 I 9,94E-10 6,463-10 2323E09 1,213-10

_X0' U N On La Ot Pr Nd Bu
11.15.1 1X5-l 2,43-11 _ 2,9010 1,19E09 1,52E-10 2,47E310 1,09E509
11.15.2 2,533-007 _ _ _____ 7,66511 11,34309 _ _ 1,84E-10 I 4,14E10
11.15.3 1 - 7 _ 1,70-10 __809- l 7,993-10 U1,373-11 7,463-11 5.763-1
11.15.4 ,393-0 X06E-11 1,13E-10 1.223-09 1 12 7-53-11 8,02E-11
ll.15.5 7,5034. 1,13E-lI 4,503-11 | 9.01,E-1 13E23-09 | 45611 1,713-10 1,35E-10
11.15.6 1.16E07 5,723-I T 646S3-13 T 8,51E-10 49I3 1 231i-10 |
11.15.7 1,59-07 6.783E11 2374-10 2,05E-12 ,283-10 1.7010 9.90-11 4,93E-10 7,78E-II
11.15.8 2,34E-07 2,35E-l 4,943-11 1,90E-12 3,983-10 6,03E-10 157B-10 3.623-10 5,22341
11.1.9 22936 5,75E-11 2423-10 I2573-11 5,11E-9 4,16E-09 2 94E-09 I I.OI4 | 5,965-10

IEXT | U | iL Pa I | Ccm Pr Nd Eu
11.16.1 6,63E306 1,52E-09 8,073-09 || 2, 10 1,13E309 1,02E-10 i103-10 3,183-10
11.16.2 3,45E306 1,8610 8|,403.0 1,603-11 1.62E4S9 IOIE-09 1,46309 |5,75309 | ,02E-10
11.16.3 92,5E306 6.73E-I1 3.943-0 1,16E-1l 2,38E309 7,41E-10 1,6E309 8,34E-09 3,38310
11.16.4 8,82E-06 1,77E-10 4.093-09 |1,211-l 1,353-9| 7,99E-10 1,32E409 7,91E-09 |1, 10
11.16.5 4,443.6 2,303-10 2E333-9 08,4E-12 1,171-09 1,79E4S9 1,0009 5,203-9 2,353-10
11.16.6 7,52E-06 6,83E-10 1,9 49 5.07-12 4,50E-10 5.84E-10 310| 2,53E-09 1,423-10
11.16.7 |1,063-O 1,30-09 |2,243.09 1,163-12 5,47E-10 _ | 4,053-10 2.22-09 1.23E-10
11.16.8 17,39346 1,153-0 I I 0639 1,373-12 1 8,06-lI i 5,153-10 3,53E310 1,l93-09 .8223-11
11.16.9 1,06345 1,56E49 1,.17E3-9 2,19E-12 I 2703-10 _ _ 2,30E-10 1.05E-09 I 5,44E-11
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SPECIM EN DATANT1ORIES PEDXAPPMEXDE

Table D 1. Scries 3 Corrosion tests
Specimen Inventories (ICP-MS) of selected
nuclides and elements

Table D 2. Series 32326 Corrosion tests
Specimen Inventories (ICP-MS) of selected
nuclides and elements

NUMiES
16WRA08MPECDE

WUInit () 13.11 14,32 14f7
BU 42.0 42,0 42,0

NUCL Si 34 3-3
Rb.85 1923,5 2101,0 2137,7
Rb-87 4204,9 4593,0 4673,2
Sr-4 5221 .6 5703,5 5803.1
Sr-90 6896,2 1532,6 7664,2
Y49 6S34.0 7464,8 7595.1
&r-93 12135,6 t2163,4 12375,S

95 11774,1 12860,8 130S5,3
Mo-97 12857,0 14C43,6 14288,S
Mo-9S 13385,3 14620.7 14S76,0
LO-100 15430 1684 1714.9
TO-99 12360,1 13500.9 13736,6
RU-101 12174,4 13953.4 14197.0
R2-103 6995,5 7641,2 7774,6
Ct-133 19904.0 21741.1 22120,7
Cs-135 7706,9 8418,2 8565,1
C.-137 18736,5 204.5 20823.1
Ba-13S 23059,6 25187,9 25627.6
1o139 21384.7 2335S.4 23766,2
C.140 197OZ,_ 21521,3 21897,1
Pr-141 18796.3 2053t1. 20889,5

143 13047.6 14251,9 14500.7
144 27668.2 30221,8 30749.4
145 12683,3 138593 14101,3

Nd-146 14062,7 15360,7 2562S.9
9mI52 2043,9 2232,6 2271,5

Ev153 - 2441,8 2667.1 2713.1
Gd>156 2810,3 3069,7 3123,2

Np.237 6593.8 7202,4 7328,2
P-239 65032.0 71034,2 72274.4
Pu240 35927,3 39243,3 399234
Pu-241 I85866 9379,1 9542,9
Pu-242 9915,9 10831.1 11020,2
Am-241 9519,S 10398,5 10580.0
Am-243 2131.0 2327,7 236S,3
Qu-244 543.8 594.0 604,3
TOTAL U * 1,245E+07 ,3608+07 1384E+07

After 1radia~i

MO LELEsPEEN
SPECDAW 3-1 3-2 3-3
wUtlnt) 13,11 14.32 14f57

U 5=3-02 5.72E-02 52-02
Xp 278E-05 3.048-05 3,09E-05
Pd 5,19E804 5,67E104 5,77E-04

m 2.40E-06 2A2-06 2Z66E-06
La 1.54S44 1.68-04 1,718-04
Ce 2,6E-04 2,89E-04 2S94E-04
Pr 1,33B-04 1,J6ER74 1 .4BB44
Nd 5.448-4 5,948B04 6,048-04
Ea 1,99E.05 2,1SE-05 2,21E05

NUCLM8E
r MR0G S1 ERAW MEN

UtU but () 0864 0872 49S7 0992
BLU. 42,0 42,0 4Z0 42,0

1NJCL 3-23 3-24 3-25 3-26
Rb-i5 126,8 127,9 144.8 145,5
Rb-87 277,2 279.6 316,5 318.1

WSe 344,2 347,2 393,1 395.1
Sr-90 454,5 4585 519,1 521,8
Y-89 450.4 454.4 514,5 517.1
Zr-93 734,0 740,4 8383 42.5
Mo-95 776,0 782,9 8863 890,
Mo-97 B47,4 854,9 967,9 972,8
Mo49 882,2 890,0 1007,6 1012,7
MO-100 1017,0 10240 1161.6 1167,5
To-99 814,7 821,8 9304 935,2
Ru.101 842,0 849.4 961.6 966,5
Rb-103 461,1 465.1 526,6 5293
G-133 1311,9 1323.4 1498,3 1505.9
C&-135 50, 512,4 580,2 583.1
C-137 1235.0 1245.8 1410,5 1417,6
B-138 1519,9 1533,3 1735,9 1744.7
1o139 1409,5 1421,9 1609.8 1618,0
Ce-140 129S,6 1310,1 1483.2 1490.7
Pr-141 123B,9 1249,f 1415,0 1422,1
Nd143 860,0 S67,6 9S2,2 987,2

d4144 1823.6 1839,7 2082.8 2093.4
Nd-145 836,3 843.7 955,2 960.0
Nd-146 926,9 935,0 105.6 1064,0
S-1 52 134,7 135.9 153,9 154,6
Eu-153 160,9 162,4 183,8 184.7
Gd-156 185,2 186,9 211,6 212,6
Np-237 434.6 438.4 496,4 49S,9
Pu-239 4286,4 4324.1 4U95,5 4920,3
Pu-240 23C680 2388$ 2704,6 2718,3
Pu-241 566,0 5749 646,4 649,7
Pw242 653,6 659,3 746,5 750,2

241 627,5 633,0 16,6 720,3
Am-243 140,5 141,7 160,4 161,2
Cm.244 35,S 362 40,9 41.1
TOTAL U * 8,209E+05 821IE+05 9,376E+05 9.423E+OS

SPECTDEN 3-23 3-24 3-25 346
utUh&i (_) 0,864 0.S72 0,987 0,992

U 3,458-03 3.48E-03 3,948-03 3,96E-03
NO 1,8806 18J-06 2.098-6 2,10846
PU 3,428-O5 3,458-05 3I185 3,93E805
cmt 1,580E47 1,59E-0 1,0E-07 1,81B07
la 1.018-05 I1.02805 1.16845 1.16E-OS
co 1,75E-05 1,768-05 1,99E8-0 2,008-05
Pr ,798-6 8,878-06 1 -OS 1.01 -05

Nd 3,E5880 3,62E-05 4,098-5 4,1 8-OS
Eu 1,31E-6 1,32-6 1S 1,51-06
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SPECIEN RVENTORIES APPENDIX D

Table D 3. Series 7 Corrosion tests
Specimen Inventories (ICP-MS) of selected nucdides and elements

NUMBLS
MMlOGRMSWEPCtvMN

%WU hit(|) 1069 10,56 10,39 10.67 10.41 10,45 103*
Bu. 43,0 43.0 43,0 43,0 43.0 43,0 43.0

NUCL 7-1 7-2 7-3 74 7-6 74 7-7
Rb.85 1511,2 1492,9 1468,8 1508A4 1471.7 1477,3 1467.4
R1b-S 3321,8 3281,4 3228,6 3315.6 32348 3247,2 3225,5
Sr-S 4452,1 4397,9 4327,1 4443,8 4335,5 4352,1 4323,0
Sr-90 5787,9 5717,5 5625,5 5777,1 5636,3 5657,9 5620.0
Y49 5869,9 57985 5705,2 585,9 5716,1 5738,1 5699,7
Zr-93 8608,4 8503,7 8366,8 8592,3 38,0 841S,2 3358,8
Mi95 9230,1 9117,9 8971,1 9212,9 8983.4 9022,9 8962,5
Mo-97 10045,6 9923,4 9763,7 10026,8 9782s 982Q00 9754.3
MI_9 10631,4 10502,2 10333,1 10611,6 10353,0 1039Z, 10323,1
MO100 11699,3 11557.0 1137Q09 11677.4 11392,8 11436.6 11360,0
To-9 10521,5 10393.5 10226,2 10501,8 10245.9 10235,3 10216,4
Rl-101 810,3 8009,7 7S80,7 80931 7S95,9 7926,3 7873,2
Rh103 5198.0 51348 5052,1 518S,3 5061,8 5081,3 5047.2
C-133 15810,1 15617,9 15366,5 157806 15396,0 15455,2 15351,7
Cs-135 5140,8 5078,3 4996,6 5131,2 5006,2 5025,4 4991,8
C-137 14695.6 14516,9 14283.2 14668,1 14310,7 14365,7 14269,5
Bs-13S 1S446,6 18222,3 17928,9 18412,1 17963,4 18032,5 17911,7
Lik139 16922,9 16717,1 16448,0 16891,2 16479,6 16543,0 16432ZI
Co-140 16841,7 16636,8 16369,0 16810,1 16400,5 16463,5 16353,3
P-141 18164,5 17943,6 17654,8 18130,6 17688,8 17756,7 17637,8
Nd-143 130622 12903,3 12695,6 13037,8 12720,1 12768,9 12683,4
N1I 44 25225.4 24918,6 24517,5 25178,2 24564,7 24659,0 24493.9
Nd-l 45 12089,2 11942,2 11749,9 12066,6 11772,5 11817,8 117386
Nd-146 13010,6 12852,4 12645,5 12986,3 12669.8 12718S5 12633,3
Sm-152 1996,1 1971s 1940,1 1992,3 1943,8 1951,3 1938,2
Eu-l 53 2296,3 2268,4 223139 22920 2236,2 2244,8 2229,7

1d.156 2216,3 2189.4 2154,1 22122 2158,3 2166.6 21521
W.3 69,6 56204 5529,9 5678, 5540,5 5561,8 5524,6

Puw239 58008. 57303,4 56380,9 579003 56489.4 567065 56326,6
Pu..240 29932,3 29568,3 29092,3 29B76,3 29148,3 29260,3 29064,3
Pu-241 98477 9728,0 9571,4 9829,3 95S9,S 9626,6 9562,2
Pu-242 8201,5 8101,7 7971,3 s816,1 7986,6 8017,3 7963,6
Am-241 6 567,7 7 64B7,9 6383,4 65555 6395,7 6420,3 6377,3

243 1635,9 1616,1 I90,0 1532,1 1599,2 1588,5
C-244 434,3 429,0 422,1 433,5 422,9 424.5 421.7

TOTAL U * 1,01 6+07 1.003E+07 9,B71E+06 1,014E'07 9,890E+06 9,928E+06 9,861E+06

___ ___ M~AOLE8S'PE4UN
SPBCDhAEN 771 7.2 7.3 7A 7.5 7.8 7.7
WUhik(A) 10,69 10,56 10,39 10,67 10.41 10,45 0o,3

U 4,27E402 4,22E-2 4,158.02 426E-02 4,16E-02 4E17302 4,14E-02
Np 2,40E.05 2.37E-05 2,33E805 2,40E805 2348-05 2,35E405 2,333-05
Pu 4,8S-04 4,828.04 4,74E-04 4,S7E-04 4.7583-04 4,77E804 4,74E804
On 1,78E-06 1,768-06 1,73E46 1,78?306 1,733-06 1,744-06 1,73E-06
L< 122.04 1,208-04 1,IE8-04 1,22-04 1.198-04 1,19E804 1,183E-04
Co 2,28E304 2.268-04 2223.04 2,288.04 2,22E-04 2,23E-04 2,228.04
Pr 1,293.04 127E-04 1,25404 1,29E44 1,253.04 1,26-04 1253-04
Nd 5.1081-04 5,043-04 4,9604 51-04 4,9304 4,99E.04 4,96,04
Eu 1,803.05 1,77E05 1.75S05 1,79E-05 1,758-05 1,768.05 1,748-05
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SPECIMEN INVTMRIES APPENDID:

Table D 3. (Continued) Series 7 Corrosion tests
Specimen liventories (1CP-Ms) of selected nuclides and elements

NUCLIDES
WCROGRAMSBCDE

WUk t 140,38 11457 10.48 10,57 10I47 9.95 10108
au. 43.0 43, 0 43,0 43.0 43,0 43.0
NUCL 74S 74 7-10 7-11 7-12 7-13 7-14

Rb1S5 1467,4 14943 1461.6 1494.3 14801 1406,6 1425.0
RbS7 3225,5 32S4f 3256,6 32S4,5 3253f 3091,9 31323
Sr4S 4323.0 4402.1 4364,6 4402Z 4360f5 4143,9 4198,O
Sr-90 524,0 5722,9- 5674,2 57229 5668.8 53S7,2 5457,6
Y489 5699,7 swO4.0 5754.6 5S040 5749,1 5463.6 5534.9
Z-93 S35*,S 8511.8 8439,3 8511* 8431.3 80125 8117.2
MO95 8962,5 9126,5 904-,8 91 2Sf 9040,2 S1,2 S703,4
M647 97543 9932,8 9M42 9932.8 9838S 9350,2 9472,3

MO-98 10323,1 10512, 104226 10512,1 10412,7 995, 1024,8
MO-100 11360,0 11567,9 11469,4 11567,9 1145Sf 10689,4 11031,7
Te-99 10216.4 10403.4 10314*S 10403,4 10305,0 9793,2 9921.1
RU-101 7873,2 8017,3 7949.0 8017,3 7941,4 7547,0 7645,6
Rh-103 5047,2 5139.6 5S95.9 5139,6 5091.0 483S2 4901.4
C-133 15351,7 15632,7 15499,6 15632,7 154S4, 14715,7 14906,0
- 135 4991,8 50S3.1 539,S 50S3,1 5035,0 4785.0 4S47,5

0-137 14269,5 14530,7 14406.9 14530,7 14393,2 13678S3 13857.1
B-138 17911,7 8s239,5 18064,2 18239,5 18067.0 17169,7 17394,0
LA-139 16432,1 16732,9 16590,4 16732,9 16574,6 15751,4 j 5957.2
C0140 16353,3 16652,6 165104 1665Z6 16495,0 15675,S 15860,6

Pr-141 17637,8 17960.6 17807,7 17960.6 17790,7 16907,1 17128,0
Nd1l 43 126S3,4 129156 12S05,6 12915,6 12793,4 12158,0 12316,8
Nd3144 24493.9 249422 24729,8 24942,2 247062 23479*2 237860
Nd-145 1173S,6 11953.5 11I51.7 11953,5 11840.4 112523 11399,3
Nd6146 12633,3 1284.6 12755,0 128646 12742,9 12110O 122682
Sa-152 1938,2 1973,7 1956,9 1973,7 1955,0 1857,9 1SSZ2
Eu153 2229,7 22705 2251.2 2270,5 2249.1 2137.4 2165,3

156 21521 2191.4 2172,8 2191,4 2170,7 206Q9 2089,9
Np-237 5524,6 5625,7 5577,8 5625.7 5572.5 5295,7 5364.9

Pu-239 56326.6 57357.7 568693 57357,7 56815,0 53993,3 54698,7
Pu-240 29064,3 29595,3 29344,3 25963 2931C.3 278603 2S2243
Puj2.4- 956Z2 9737,2 96543 9737,2 9645,1 9166,0 9285,8
Pu-242 7963,6 8109,4 804033 8109,4 803Z7 7633.7 7733.5

241 6377,3 6494.0 6436,7 6494,0 64326 6113,1 6193,0
Aza-243 15)S,5 1617,6 160,8 1617,6 16053 IS2Z7 1542,6
C.-244 421,7 429,4 425S 429 42 425.4 404,2 409,5
TOTALU * 9,861E+06 1,006+07 9.956E+06 1.004E+07 9,9473+06 9.453E+06 9.576E+06

MOLES'SPEOMEN
SPECM0EN 7.5 7. 7.1 7.11 7.12 7.13 7.14
WMUhit() 10,3S 10_56 10,4 10,57 10,47 9,95 10,0I

U 4,24E02 4.22E-02 4,18 2 4,22-02 4,383.2 3,973-02 4,02E-02
Np 2-33E05 Z3E05 z35E-0S Z37E.05 Z35E5 23E-05 226E45 2M0
PU 4,74E.04 4,823.04 4,7E804 4823.04 4,783.04 4,543.04 4,60E-04
Cm 1,73E.06 1.6E46 2,14346 1,76E-06 1,74E46 1,6E346 1.68E-06
La 1,183.04 120E-04 1,19E404 120E04 1,19E304 1,13E304 1,15E.04
Ci Z ,22E.04 2.283-04 2,24E-04 2 3 2,243.04 2,133.04 2,15E-04
Pr 1,2504 121304 1 04 1273-04 1.265-04 1,20-E04 1,21E304

Nd 4,9%E.04 5,04E-04 5,00E44 5,05E-04 4,75E404 4,81E.04
EU 1,743.05 1,77E405 1,76.E05 1,78E.05 1.183-05 1,67B-05 1,693.5
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SPECIMEN NVENTORIES AP~IAPPENDI)XD

Table D 4. Series 11 Corrosion tests
Specimen Inventories (ICP-MS) of selected nucides and elements

NUCLDES
_OCROORAIMIMCDEN

Wu Ink_(g) 13,943 1 5,926 16.033 1 14,793 15.012 15,199 1I_7,3 12,594
B.U. 27,0 30,1 32.7 34,9 40.1 41.4 42,7 43.3

NL- 11- 11-2 113 11-4 11.5 11-6 11-7 11-8
Rb-85 1343.2 1630,7 1723,2 1653,5 IS80,6 is8ml 21 70,0 1626.9
Rb-87 2970,3 3599.6 3798,5 3641,1 4022,1 4155.1 4763,2 3569.6

Sr-sS 3S366 4736,6 5009.8 4310.7 5333,9 5514.7 6326.3 4744.5
S-go 5222.4 6313,0 6653,5 6376,2 7028.6 7257.4 3315,7 6229,6
Y-s9 5334,7 6490,3 6s6s,9 6599,3 7324,4 7574,5 3691,9 6519,2

r-93 7ss3 986Zs 10557,3 10231,3 11559,3 12001.1 13s23,5 10399,s

___95 3527,3 10521A4 11251., 108S6.7 12293,4 12759,3 14692,3 11050$s

&Do-97 S395,9 11123,2 12010,2 11715.5 13410,0 13962,1 16125,5 121 s,0

Mg,-9 9147,9 11468 12406,4 12119.0 13910,5 14491.3 16746$ 12632.2

M oo-00 ]06,l 13037.7 1414XI 1383,8S 15944o 16623.7 19224,9 14510,3

Tc-99 3331.4 10903,3 11665,4 11301,0 12753,4 13243,9 15252,5 11473,3

Ru.01 8602,6 104,0 11702,3 11441,9 13157.6 13712,S 15852,s 11961,3

Rb103 506s,7 610o25 6407,6 6113.3 6703,5 612.22 7909ss 5919,0

C0133 13534.4 16540,2 17515,7 16635,9 13704.0 19346,7 22205.3 16657,6

a.-135 5953s. 6913.4 7050,3 657536 6842,4 6970.5 73S2,7 5341,4

Ca-137 11265.1 14151,1 15330,2 149903, 17342.6 1797l,2 20776,4 15677.1

Be138 14632,4 1329,4 19761,4 19278,5 22071,5 22991,2 26543.3 200l3,3

La-139 13751.0 17147.3 13473,8 17999,2 20543,4 21375,9 24673.5 13594.1

Ca-140 13733,0 17133,5 18567,6 18118,1 20752,6 21610.1 24962,0 I8S22,5

P-141 15101,0 13797.0 20230,6 1968s,6 22426,2 23325,2 26913,0 20275,4

Nd-143 11437,0 13165,3 13339,6 12374,9 12713,9 12918,0 14565.0 10766,2

144 20244.0 26128,9 2s953.4 23735,1 34003,0 3565s,6 41457.3 31423.9

Nd-14 _ 10356,3 12663,4 13452,9 12962,3 14473,2 14937,4 17220,4 12929,4

N-146 10047,6 12851.2 14098,2 13914,0 16293.4 17046,5 19771.9 14966,4

Sm-152 1337.2 1693,3 1796,6 1729,4 1927,2 1994,7 2291,0 1719,5

Bu153 1537,3 2063.6 2213.9 227710 2706. 28406 3305,4 2507.1

(I36-16 1179.4 1782.3 2328,3 2494,4 3361.7 3613,7 4297,9 3315.9

237 3731.1 4905,2 s5os,9 534,7 6257,0 6517,3 7550.7 5692,5

P*239 55493,1 63704,0 64132,0 59172,0 59597,6 60036,1 67307,0 49431,5

P>240 27328,3 34559,4 37356,9 36094,9 40832,6 42253.2 43851,4 36270.7

P>241 31S 14,8 10590,3 11623,9 11272,3 12610.1 12995.1 14776, 10982,0

Pu..242 432,3 668,9 s257.0 3949. 123s4,9 13451,1 16050 12405,1

Am-241 3346e3 4236,3 4537,3 4319,6 4593, 4631,3 5295.7 3941.9

-m 243 474,1 312,2 1024,2 124X6 1931.6 m9,s 2301.6 2241,7

Cin-244 55,s 13S54 200.,4 4,43.4 62,4 134.6 613,3
IOAL U * 1.340+7 15 +7 1,5253+07 1.401E+07 1.403E+07 1L422E+07 1,594E+07 1,173E+07

-.MO1ESISPEC1M3N __ _ _ _ _ _ _ _ _ _ _

SPECAMEN 11-1 11-2 114 11-4 11-8 114 11-7 11-3
tuInkit() 13,943 15,26 16,033 14,793 15,012 15,199 17,083 12,594

U 5,63E-02 6,393-02 6.413-02 s 39-02 5s2E-02 5,73.02 6.70E-02 4,3E-02

_ p Is71.05 Z07E-05 2323-05 227E-05 2,4-05 2,7505 3.19E-05 2,40-05
PU 3,5SE-04 4,S2B-04 5.073-04 4,82E-04 5,24E04 53SE-04 6,14E-04 4,55E-04

an 2,293-07 5,55307 S,213-07 I.046-06 1.9 3-06 2,30E-06 3,0113-06 2,512-06
4A 9,39E-05 1,23E304 1,33E-04 1,296-04 1,43-S04 -154E-04 1,781-04 1 ,34E-04
Or 9IJ.E04 2,35E-04 254304 2,476-04 2.83344 -2,94E-04 3,403-04 2,563-04
Pr 1,073-04 1,33E-04 1,434-04 1,40E-04 1,59E.04 1,656-04 1,913-04 1,443-04
Nd 4.203E04 5.2604 5,6S3304 5,54B-04 6,343-04 6,60E-04 7,63E-04 5,75i-04
Eu 1,243-05 1,61B-05 11,79305 1,7B3-05 2.12E-05 2,22-05 2,59E-05 1,96E-05
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SPEC KENINVENTORIES APPENDIX D

Table D 4. (Continued) Series 11 Corrosion tests
Specimen Inventories (ICP-MS) of selected nuclides and elements

NUCLWES

wtuimt(A
jCROA___X-

15.30 15,2B8 1 15.31; 1 15.53 115.630 1 15,549 16,077 1 5

_ 1 4,9 1 __ _ | 46,5 1 47,0 f 47,6 1 48.1 1 48,4_ 1 48,
NUC:L 11-9 11-10 11-11 1 11-12 11.13 11-14 11-15 11-16

R___ _ 2019,8 2032,0 2059.6 2110,5 2135.2 2139.3 2221.4 217S,9
Rb-87 443QI 4455,4 4515.0 4625,7 4679,0 46S7,3 466,? 4766,4
sr-I 5892,0 5928,7 6010,1 6159,2 6232,1 62448 64S4,8 635Z4
Sr-90 7728.6 7710,6 7872,7 8064.6 SlSS,9 8169,2 S4SI,1 8305,4
Y-89 S0973 814,8 S261i 7 467,2 8568,2 856,2 8916,6 S735$1
Zr-93 12955,4 13069,1 132725 13619.6 138D2, 13847,7 14390,6 14110,8
MO-S 13763,1 1388S,4 14095,5 144627 14654,7 14701,8 15277,4 14979,3
Mo-97 1517-7,3 153345 15593.7 16015,2 16246,3 16313,6 16961.5 166426
MO-9 15776,0 15944,9 16218.6 16660.1 16904,0 1076,9 17653,0 17323,4
Ma100 18132,1 18334,6 18655,6 1916E,1 19454,2 19542,6 20323,6 19947,7
To-99 14291,2 14414.2 14638,6 150206 15220.9 15270.5 S16.7 15559,6
Ru-l 01 14942,4 15105,S 15367,6 15787,8 16021, 16092,2 16734,2 16423,1
Rh103 73356 7369,3 7461,4 7639S8 7722,3 77315 8024.6 7E55.7
C-133 206E,3 20m27,6 21118.2 21645,1 21904, 21952,5 22790 22335,1

135 71703 7147,9 7194,6 7335,9 7378,4 7357,0 7617,3 7432,9
Cs-137 19585.0 19799,7 20143,4 20694.5 21000,8 21094.1 21935,8 21528,4
Ba-138 24984.1 25243.6 25670,7 26365.1 26745.9 26857.0 27923,9 27399.1
La139 23201.1 23433, 23822,7 244621 24809.6 24907,8 2584 25403,9
Ce-40 23499,2 23744,6 24147,4 24801,3 2516Q,4 25265.7 26269,8 25776,7
Pr-141 25291,2 25538,0 25957,9 266S1,3 27025,S 27129.6 201 27653
Nd-143 13182,7 13115,0 13180,O 13424.1 13483,9 13430,0 138960 13547,6

144 39426.0 39992.2 40789,0 41978,5 42697,5 42949.0 44706,9 43933,5
Ndw145 16075.4 16190.6 16424,8 16840,5 17049,8 17092,S 17754,7 139S,9

41>246 18748.3 18994.4 19355.1 1990C,9 20228,1 20339,7 21164,7 20788,8
Sm-..152 2137,2 2151,9 2182,6 2237.6 2265,0 2270,4 2358,1 2310.6

Eo153 3147,6 3194.3 3259.2 3355,1 3412S 3434,6 3575,7 3514.5
(3.1 56 4229,3 4344,7 4473,0 4633,2 4747,0 4805.I 5019,5 4955,7

Np.237 7136,3 7194,3 7303.6 7479,8 7589,9 7606,6 7897,0 7735,5
Pu-Z39 60289,6 59697,9 59587,0 604620 60488.1 6019.1 619768 6027,2

NU.240 45063.4 45269,6 45954,0 47138,6 47515,2 47579,9 493564 48229.7
PDi241 13534,4 1351.2 13633,0 13915,6 139SS,9 13947,5 14437,1 14077.4
Pu-242 15918.3 16413,1 11003.0 17686,7 18209.0 18425,6 192924 19104.0
Azm-241 4_44,7 4247 44 4939,S 4954,7 4944,6 5112,5 4979,6
Am4243 296S3 3129.9 32781 3428,3 3579,3 3700,7 3907 3883.4
Cm-244 849.0 939,0 1026,3 1106,4 1187,9 1243,9 13264 1370.2

AL U * 1,429E+07 1.4169+07 1,419E807 1.442B+07 1,445E+07 1,436E+07 1,4S4E407 1.444507

ELE10MEN
_ _ M~~~~~~~~~1OEIS E 3/SD__ ___

SPECaEN 11-9 11-10 11-11 11-12 11.13 11-14 11-1 11.-16
L U it (g) 1,380 15,268 15,31s 15.53 15,630 159 16,077 15S.659

U 6.D00-02 5,95E-02 5,96E.02 6,068E.2 6,07E02 6.03E.02 6202 6.07E-02
Np 3,01B-05 3,04E05 3,0E-M05 3,169.05 3.20E-05 3.21805 3,338-OS 3,05
PU 5,63E-04 5,638-04 5.69E-04 5,81E-04 585S-04 5,U4B-04 6.06--04 5,92E-4
cm 3,48E-06 3,85B-06 4.21E-06 4.53E-6 4,7E8-06 5,10-W06 5.448-6 5,628-06
La 1,67E804 1,69E.04 1,71-04 1,768.04 1,78E-04 1,79E.04 1,8804 1,83E-04
0. 3,208-04 3.23E-04 3,288-04 3,37E-04 3,42E-04 3,43E.04 3,57E-04 3,508-04
Pr 1.798-04 1,81804 1,48044 189E-04 1 2E.04 1,92E-04 2,008-04 1,968-04

Nd 7,188-04 7,258-04 7,3S -04 7,57804 7,685E04 7,728-04 8,02-E04 7,7E-04
Su 2,458.05 2,508-05 2,55805 2,628-05 2.678-05 2.69E05 2,808-05 275E-05
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