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Abstract

The instant release fraction of a spent nuclear fuel is a matter of concern in the performance
assessment of a deep geological repository since it increases the radiological risk. Corrosion studies
of two different spent nuclear fuels were performed using bicarbonate water under oxidizing
conditions to study their instant release fraction. From each fuel, cladded segments and powder
samples obtained at different radial positions were used. The results were normalised using the

specific surface area to permit a comparison between fuels and samples.

Different radionuclide dissolution patterns were studied in terms of water contact availability and

radial distribution in the spent nuclear fuel.

The relationship between the results of this work and morphological parameters like the grain size
or irradiation parameters such as the burn-up or the linear power density was studied in order to

increase the understanding of the instant release fraction formation.



1. Introduction

Performance Assessment (PA) studies of spent nuclear fuel (SNF) storage considers several barriers
to prevent the contact of the SNF with the groundwater and the following release of radionuclides
(RN) into the environment. The Spent Fuel Matrix itself is considered as a barrier for the RN release.
During the fuel irradiation some of the fission products generated are segregated from the matrix
and diffuse according to temperature gradients in the fuel during in-pile operation accumulating in
the void spaces: gap between fuel and cladding, fractures, bubbles and grain boundaries. This re-
distribution depends on the characteristics of the irradiation: the linear power density (LPD), the
irradiation history and the burn-up (BU). The grain size affects also the re-distribution of segregated
fission products. The size of the grain determines the time required for the RN to reach the grain
boundary, being higher for bigger grains. Therefore, the industry is trying to create fuels with larger
grains to decrease the release of RN, especially fission gases, and thus being able to reach higher

burn-ups, obtaining more energy per gram of fuel.

The matrix of the fuel will keep most of the RN inside and they will be released only as a function of
the matrix dissolution. This dissolution will vary depending on the groundwater composition and the
RedOx characteristics. Also the RN release will vary as a function of their chemical state, their
distribution and their solubility. Nevertheless it is considered that those RN that are not trapped in
the matrix due to the segregation during the irradiation will not be released congruently with the
matrix. Depending on water accessibility, the segregated RN will be released into the environment in
a short period of time covering days to months. This fraction of RN that dissolves faster than the
matrix, is known as Instant Release Fraction (IRF) or Fast Release Fraction (FRF). The PA considers

the IRF to be one of the main sources of radiological risk in geological disposal [1].

Nuclear power-plants are increasing the burn-up of the fuel in order to take the maximum energy of

each rod increasing the efficiency. At burn-ups higher than 40 MWd(KgU)™, the neutron capture of

238 239

U to produce “’Pu, creates an external layer on the fuel with a higher burn-up, higher porosity
and fuel grain subdivision. This external layer is known as the High Burn-up Structure (HBS)[2-7] or
Rim.

There is a lack of data in the field of the IRF processes, especially for High Burn-up (HBU) fuels. Our
group is working in order to increase the knowledge on this field and has published several works on
this topic in the recent years [1,7-10]. Also in the last three years a collaborative project known as

FIRST NUCLIDES PROJECT [11] has focused the effort of several universities, research centres and

institutions in the improvement of the understanding of the IRF.

In the present work the IRF of two different BWR (Boiling Water Reactor) fuels with different

burn-up (42 and 54 MWd(KgU)*) and well known irradiation histories were studied through different
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corrosion tests. Leaching tests were performed using both cladded pieces and powdered fractions of
fuel. In order to study the effect of the HBS in the IRF, two different powder fractions were used for
each SNF. One was obtained from the centre of the pellet (CORE) and the other was obtained from

the periphery of the pellet (OUT), enriched in HBS.



2. Experimental

2.1. Irradiation parameters

Two SNF UO, rods irradiated in different commercial BWRs were selected for the leaching
experiments. In this document, samples were named according to the average burn-up of the
original SNF rods. The SNF with an average burn-up of 42 MWd(kgU)™" and 54 MWd(kgU)" are
referred as 42BWR and 54BWR respectively. The local burn-up of the samples used was determined
for each fuel, being 45 MWd(kgU)™* for the 42BWR and 58 MWd(kgU)"* for the 54BWR. The 42BWR
rod was irradiated with an average linear power density of 217 Wem™ and a maximum linear power
density of 293 Wem™. The available irradiation data for the 54WR were more precise, and in this
case the linear power of the rod but also the linear power for the position of the samples used in this
work was known. The average linear power for the position of the samples used in this work was 165
Wcm™ and the maximum linear power during the irradiation was 275 Wcem™. The fuel enrichment
was 3.7% U and 4.2% **°U for 42BWR and 54BWR respectively. The fission gas release was
2.310.2% for the 42BWR and 3.910.4% for the 54BWR. The effect of these irradiation parameters is

taken into account in the discussion of the inventory and corrosion studies.

2.2. Sample preparation

The IRF of a UO, fuel was studied using cladded segments and powder fractions. The cladded
segment experiments allowed the determination of the contribution of the RN trapped in the gap
between the cladding and the pellet, the cracks and the fractures to the total IRF. Similarly, the
powder fraction experiments were used to study the contribution coming from the grain boundaries
to the total IRF. The RN are not homogenously distributed in the fuel pellet due to the segregation
during the irradiation. Therefore, powder fractions from the centre and the periphery of the fuel
were used to study the effect of the radial heterogeneity of the fuel in the IRF release. In addition

the effect of the HBS in the periphery of the fuel pellet was also taken into account.

2.2.1. Cladded segments

Gamma scanning was used to determine the most homogeneous regions with the highest burn-up in
the selected rods. Then an initial longitudinal cut of approximately 20 mm was performed along the
segments to determine pellet boundaries, see Figure 1. The inter-pellet zones or dishing are ususally
rich in IRF RN such as Cs but the contribution of this fraction to the total IRF is not known. In order
to simplify the discussion of the results this zone was purposely avoided during the cut of the

segments.



Figure 1. Longitudinal cut section to determine pellet boundaries in the 54BWR and the 42BWR fuel.

In both cases, another cladded segment next to the one used for the experiment was cut, also

avoiding inter-pellet boundaries, in order to use it for the chemical inventory determination.
The characteristics of the cladded segments are shown in Table 1.

Table 1. SNF samples selected for the cladded segment experiments

Cladded Segment 42BWR 54BWR
Length (mm) 2.840.1 2.510.1
Diameter without cladding (mm) 9.4+0.1 8.710.1
Segment weight with cladding (g) 2.361410.0001 2.0617+0.0001
Segment weight without cladding (g)° 1.79+0.05 1.64+0.05
Surface area (mm?)° 50010 420+10
S/V (mm™) 10+1 9+1
Grain size (um) 15.0+1.0 10.1+1.0
FGR (%) 2.3 3.9
Local burn-up (GWd(tym) )" 45 58
Av. Linear Power density (W/cm) 217 165
Irradiation time (days) 1475 1820

a. The weight of the pellet without cladding was estimated from the ratio pellet to cladding obtained after complete
dissolution of a pellet for inventory determination.

b. The surface area exposed was calculated taking into account the total surface in contact with solution (both faces of
the slice) and a roughness factor of 3.5 [12].

¢. Estimated from gamma scanning and cutting plan positions.



In Figure 2 an image of the cross sections of the sample 54BWR is shown. Fractures caused by the
high thermal gradients during the irradiation are common in the fuel pellets and these samples are

not an exception.

Figure 2. Cross sections of 54BWR spent fuel sample used in the leaching experiment.

2.2.2. Powder samples

The powder samples were obtained from the centre (CORE) and the periphery of the pellet (OUT)

using the following procedure:
1. Cutting: A piece of approximately 3-4 cm was cut from the selected segment (Figure 3).

2. Drilling: Powder samples from the CORE region of the pellet were obtained drilling at the centre of
the segment with a drill bit of 3mm (Figure 4). Then, a fraction not used in this work was collected
using a bit of 8 mm. Finally, the OUT fraction was obtained from the remaining fuel attached in the

walls of the cladding. It was obtained by pressuring the cladding to release the fuel fraction.

3. Milling and sieving: Powder samples were milled (M20 KA, IKA Gmbh, Germany) and sieved
(Vibrax-VXR, IKA Gmbh, Germany) in order to obtain fractions of powder with different particle sizes.
In the experiments presented in this work particles with a particle size between 50 and 100 um were
used.

4. SEM characterisation: Scanning Electron Microscopy (SEM)(JEOL 6400, JEOL ltd, Japan) was used

in order to know the average diameter size of the particles used in the experiments (Figure 5).



Figure 3. Cutting of cladded segments for 54BWR fuel samples.

Figure 4. Drilling of cladded segments for 54BWR fuel samples.

Figure 5. Powder particles of 54BWR fuel samples.

The characteristics of the powder used are found in Table 2.



Table 2. SNF samples selected for the powder experiments.

Powder 42BWR CORE 42BWR OUT 54BWR CORE 54BWR OUT

Powder sample weight (g) 0.1089+0.0001 0.1167+0.0001 0.1386+0.0001 0.0902+0.0001

Powder particle size (um)? 50120 46120 73128 91437
Fuel density (g/cm?) 10.53+0.01 10.53+0.01 10.45+0.01 10.45+0.01
Surface area (mm?)° 4420+3000 511044000 384041750 20004970
S/V (m?) 90+60 100480 7535 40+20

a. The mean particle size was measured following the same procedure as in [1].

b. Specific surfaces area were estimated for each SNF fraction assuming a spherical shape of the particles and a roughness

factor of 3.5 [12].

2.3. Experimental set-up

The leachate used in the experiments was a carbonated solution (ImM NaHCO; + 19mM NacCl), with
initial pH of (8.4 + 0.1) that was initially equilibrated with air under oxidizing conditions and a normal

hot cell temperature (25 * 5)°C. For all experiments a volume solution of (50 + 1) cm? was used.

The cladded segments were suspended into a plastic vessel through a platinum thread (Figure 6). A
stirrer was used to keep the vessel under continuous orbital rotation. Homogenization of the
solution and full contact within sample and leaching solution is ensured by the system at all contact
times. To avoid the loss of valuable information concerning the IRF, no previous washing steps were

performed in cladded segment samples.

Figure 6. Experimental set-up.



Vessels filled only with the carbonated solution were used as blank tests using the same procedure.

The contact periods were: 0.1, 0.2, 1, 4, 8, 21, 49, 83, 162 and 190 days. After each one, the whole

solution was renewed.

Powdered samples leaching tests were prepared adding a known quantity of the selected fuel
powder to a glass tube and then (50 + 1) cm? of the sample-leaching solution were added. The glass
tubes were continuously stirred. In this case the hot cell blanks were two tubes with the same
solution but without fuel powder. Although some IRF contribution might be lost, the high amount of
fines present in the powder samples as a consequence of the sample preparation, justified a
prewashing step. After that, the solution was renewed at each sampling. The contact periods were
038,2,3,4,7,9,11, 16, 22, 30, 81 and 116 days.

In all cases, unfiltered aliquots of fuel solutions were diluted and acidified with 1 M HNOs..

ICP-MS analyses were performed using a Thermo ELEMENT 2 instrument (Thermo Electron
Corporation, Germany). Calibration curves were produced using a series of dilutions of certified
multi-element standard solutions in the concentration range of the major elements in solution. Co,
In, Ho and Th were used as internal standards in the sample measurements. The concentrations of
the elements were calculated from the isotopic data. Whenever was possible, isobaric interferences
were corrected based on isotopic ratios previously calculated with the ORIGEN code (ORIGEN-ARP,

2000) as a reference.

Measurements of pH were performed during the entire experiment using an Orion 525A+ pH-meter,
a gel pH Triode L/M (reference 9107BN) supplied from Thermo-Electron, USA. The pH electrode was
calibrated with commercial pH buffer solutions (METLER TOLEDO Inc.,, USA; pH 4.01
(Ref.501307069), pH 7.00 (Ref.51302047), pH 9.21 (Ref.51302070)).

2.4. Inventory determination.

The theoretical inventory was calculated using the ORIGEN code (ORIGEN-ARP, 2000).

For each fuel the inventory was experimentally determined using a cladded segment, and also using
powder from the centre (CORE) and from the periphery of the pellet (OUT). The experimental
determination was performed using ICP-MS and y-spectrometry.

Cladded segment inventory determination experiments were carried out by dissolving the fuel
(1.157g for the 42BWR fuel and 1.425g for the 54BWR fuel) in 250 ml of 8 mol dm™ HNO;. The
experiments were carried during 5 hours at 110-135 °C. After the heating the solution was filtered in

order to remove the cladding and insoluble materials.



To determine experimentally the powder inventories, approximately 0.05 g of powder were
dissolved in acid using a Parr Teflon bomb. Each powder was dissolved in two different acidic media:
in 30 ml of 0.1 mol dm™ HF in concentrated HNO; solution at 210°C and in 30ml of a mixture
HNO;:HCI (180:70 volume ratio) at 180°C to correct for lanthanide fluoride precipitation. Both

dissolution experiments lasted 12 hours. After the experiments no solid parts were observed.

Dilutions 1/10000 and 1/100000 were analysed using ICP-MS. The last dilution was analysed by y-

spectrometry as well.

2.5. Data treatment

The total released or cumulative moles in solution for element i, cummoles(i), is calculated

considering the total amount of radionuclide i removed in each sampling:

cummoles(i) = Z;molessample (n,i) (1)

where molessgmpie (n,i) correspond to the moles in solution before each complete replenishment n.
The cumulative concentration cumC; of an element i in moles-dm™ is then calculated as:

cumC, = cummoles (i) 2)
V
where V corresponds to the average volume of the dissolution samples in dm™.

The Cumulative Fraction of Inventory of an element i released in the Aqueous Phase (CumFIAP)) is

given by Equation 3.

LV,
CumFIAR = Mag - _G Y (3)

Mo Mg H

where m; 4, is the cumulative mass of element i in the aqueous phase in g, m; sy, the mass of element
i in the SNF sample in g, msyr the mass of SNF used in the experiment in g, H; corresponds to the
fraction of inventory for the nuclide i in g/g, ¢; is the cumulative concentration of element i in
solution in g dm? and V,q is the volume of solution in dm?. The CumFIAP has no units but is

presented in percentage.

The Cumulative Fractional Release Normalised to Uranium for an element i (CumFNU,) is given by

Equation 4.

CumFIAF?
CumFNU; =

S — 4
! CumFIAPU @

where FIAP; and FIAP, are the FIAP of element i and uranium, respectively.

The Instant Release Fraction for an element i (IRF)) is given by Equation 5.
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IRF, = cumFIAR - cumFIAR), (5)

Finally, the Instant Release Fraction for an element i normalised to the specific surface area (IRFS)) is:

IRF,
IRFS = 5 (6)

where S is the specific surface area (m”g?). The specific surface area was calculated in each case
dividing the total surface area (m?) by the mass of the sample (g). The IRF is presented in percentage

and the IRFS in percentage per g m™.
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3. Results

3.1. pH evolution

Initially the pH of the solutions was in average 8.4+0.1 and decreased down to 7.6+0.1 at the end of

the experiments, possibly due to the uranium oxide surface buffer capacity [13].

3.2. Inventory results

The experimental inventory results are given in Tables 3 and 4. Calculated (KORIGEN) inventories

are also given for comparison.

Table 3: Radionuclide inventory for 42BWR fuel.

Element CORE ouT Segment Calculated
(ng /g fuel) (ng /g fuel) (ng /g fuel) (ng /g fuel)
Rb 400+60 400+40 400450 400
Sr 1100480 12004100 800+80 800
Y 500+70 700+90 500+100 500
Zr 4500+300 5700+300 4700+300 4200
Mo 3800+300 4800+400 3600+500 3800
Tc 800+100 1100100 800+100 900
Ru 2400200 3000+300 17004300 2300
Rh 500+50 700490 300460 500
Pd 14004300 2600400 2300500 1600
Cs 2800200 3300+300 2600300 2700
Ba 77004500 4300+300 2100+1800 2100
La 1500100 19004200 1500+200 1400
Ce 2700200 3400+300 2700300 2700
Pr 13004100 18004200 13004200 1300
Nd 5500+600 6900+800 5500+1000 4400
Sm 1000+300 12004200 1200400 1000
U 84450025000 82650018000 823800+24000 833500
Np 600+100 900+100 600+100 500
Pu 105004700 1300041000 10800+1000 8700
Am 200+40 500+90 300490 800
Cm 40+20 10050 100+40 30

According to Table 3, in the case of the 42BWR spent nuclear fuel, the experimental inventory of the
cladded segment is not significantly different to the calculated values. However, both powder

fractions present significant differences. In the periphery of the fuel (OUT sample) the uranium
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content is lower, whereas the minor actinides (MAn) and the fission products (FP) are more
abundant than the calculated values. On the contrary, in the centre of the fuel (CORE sample) the
results are the opposite, more uranium and less MAn and FP content than the calculated values are

found.

Experimental core to out ratios can be explained in terms of local differences in burnup, where non-
mobile elements like Nd follow the sample burnup radial profile, as well as in terms of segregation
and redistribution during irradiation according to temperature profiles, where mobile elements like

Cs accumulate in the periphery of the fuel.

Table 4: Radionuclide inventory for 54BWR fuel.

Element CORE ouT Segment Calculated
(ng /g fuel) (ng /g fuel) (ng /g fuel) (ng /g fuel)
Rb 400+80 500+100 500+80 500
Sr 1200670 1400+770 1300+700 1100
Y 600+110 700+140 700+140 600
Zr 4800+900 7100+1400 6100+1200 5200
Mo 410041100 7300+1900 470041300 4800
Tc 900+200 1300+200 10004200 1100
Ru 2700500 4000+800 2600500 3100
Rh 5004120 800+190 600+150 600
Pd 1600+700 1300+500 3500+1300 2200
Cs 3200+500 4400+700 3900+600 3700
Ba 5400+1400 4800+1200 3700+1000 2600
La 1600%300 2400500 2200400 1800
Ce 2900600 4300+800 3600+700 3500
Pr 1500+300 2200+400 2000400 1600
Nd 5900+1100 8800+1600 7300+1300 5600
Sm 1500+300 2300500 2100500 1200
U 81700053000 83150054000 909800+47000 822400
Np 1000100 12004200 1300+200 600
Pu 9300+1600 1320042300 1150042100 8900
Am 100+40 200+100 200+70 600
Cm 100+40 200+90 10060 100

Similar conclusions can be drawn from Table 4. The inventory of fission products in the 54BWR fuel
is moderately higher due to its higher burn-up. Anyhow, the uranium inventory of the 54BWR
cladded segment is significantly higher than the calculated and the powder values The higher

uncertainty of the experimental data originates most probably from the hotcell sample
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manipulation. However, the chemical elemental ratio is not significantly different from the ratio in
the calculated inventory.

These experimental inventory values were used to calculate the Fraction of Inventory in the Aqueous
Phase (FIAP) in the following sections, with one exception: sample 54BWR cladded segment, where

the calculated inventory was used to avoid underestimation of the released fractions.

3.3. Radionuclide moles in solution

In this work only some representative radionuclides will be shown: Rb, Sr, Mo, Tc, Cs and U. They

were selected based on the experience of previous works [1,7-8].

If no secondary phase is formed, U is a good matrix indicator and can be used to determine the
evolution of the matrix in the experiments. In the reported experiments, Uranium speciation studies
performed at each contact period confirmed that secondary phases (mainly Schoepite) saturation

limits were not reached. Rb, Sr, Mo, Tc and Cs were selected as typical IRF RN.

In Figure 7 the cumulative moles in solution of the cladded segment of the 42BWR fuel are
represented as a function of the cumulative leaching time as an example of the evolution of the
different elements with time. The evolution in all the experiments performed was very similar, an

initial fast dissolution followed by a slower second contribution.

42BWR Segment
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Figure 7: Elemental cumulative moles vs time. Experiment carried out with the 42BWR cladded

segment.
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Although at first sight all the elements studied seemed to have a similar behaviour, it is necessary to

normalise the results by the inventory of each element to compare them correctly.
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4, Discussion

4.1 Fraction of Inventory in the Agqueous Phase (%) and Fraction release Normalised to

Uranium.

In addition to cumulative moles, and taking into account the experimental inventory, cumulative
FIAP (Fraction of Inventory in Aqueous Phase) values were also calculated, see Figures 8 to 13. For
the 54BWR Segment experiment the calculated inventory was used instead of the experimental

inventory, due to the uncertainties coming from the inherent operational complexity of working in

the hot cells.
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Figure 8: Cumulative FIAP(%) vs time. Experiment carried out with the segment of the 42BWR fuel.
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54BWR Segment
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Figure 9: Cumulative FIAP(%) vs time. Experiment carried out with the segment of the 54BWR fuel.
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Figure 10: Cumulative FIAP(%) vs time. Experiment carried out with powder from the centre (CORE)

of the 42BWR SNF.
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54BWR CORE
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Figure 11: Cumulative FIAP(%) vs time. Experiment carried out with powder from the centre (CORE)
of the 54BWR SNF.
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Figure 12: Cumulative FIAP(%) vs time. Experiment carried out with powder from the periphery (OUT)
of the 42BWR SNF.
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Figure 13: Cumulative FIAP(%) vs time. Experiment carried out with powder from the periphery (OUT)
of the 54BWR SNF.

The radionuclides generated during the irradiation can be redistributed along the fuel depending on
their melting and boiling point. This redistribution is driven by the temperature gradient produced
by the difference in the temperature of the center and the temperature of the periphery of the fuel
pellet that is closer to the coolant. On the spent fuel the elements that have been segregated during
irradiation will be found in the gap between the cladding and the pellet, in the cracks, in the
fractures and in the grain boundaries. The reactivity and oxidation state of the new radionuclides will
also affect the speciation and the new elements will be found in different phases such as metallic
phases, oxides or forming e-particles. These phenomena produce a different dissolution rate
depending on the element and its phase, that has been already observed in previous works [1,7-8].
Some radionuclides dissolve with the uranium matrix, but some others dissolve faster or even

slower.

The two different trends previously observed in figure 7 are more easily spotted now in these
cumulative FIAP figures. The dissolution rate of the radionuclides studied in this work decreased
with the experimental time . This decrease has different explanations depending on the kind of
radionuclide. The faster dissolution at the beginning for the radionuclides that dissolve at the same
rate or slower than the matrix could be due to the dissolution of preoxidized layers and fines. On the
other hand, in the case of the radionuclides that dissolve faster than the matrix, the fraction
immediately available in the gap, cracks and grain boundaries was quickly released after the contact

with the solution, producing an initial dissolution rate faster than the rate of the following days.
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After the initial days the dissolution rate depended on the time that the solution needed to reach

the internal grain boundaries, releasing the radionuclides trapped there.

In all the experiments Cs was the element with the highest FIAP. Oppositely uranium was the
element with the lowest FIAP in all the cases except for the 42BWR CORE experiment. In this
experiment Mo and Tc present a release similar to U. The elements Rb, Sr, Mo and Tc tended to
follow the same trend with FIAPs between the FIAP of the Cs and the FIAP of U. None of the FIAPs of
these 4 elements outstood among the others. Differences from one experiment to another could be
due to differences in the speciation of the elements in the fuel or simply due to random effects. In
any case, with the exception of the 42BWR CORE experiment, all these radionuclides dissolved faster

than uranium.

Comparing the cumulative FIAP values between powder fractions and cladded segment, differences
up to 2 orders of magnitude were found for uranium FIAP values, higher in the powder fraction
experiments. One explanation could be that, although it was made at low speed, the drilling and
milling of the powder samples caused heating and oxidation, forming a preoxidased layer of uranium
responsible of this initial fast release. However this higher release could also be explained as an
artefact produced by the difference in the specific surface between powder fractions and cladded
segments. In addition, in the experiments with powder, the prewashing step carried out to remove
fines could also have removed part of the uranium preoxidised layer. The cumulative FIAP of
uranium at the end of the experiment corrected by the specific surface was calculated and it was:
118(%)gm™ and 86(%)gm™ for the cladded segments and: 79(%)gm™,31(%)gm™,62(%)gm™ and
26(%)gm™ for the powder samples. Although it is possible that the powder sample preparation
increased the oxidation of the samples, it is difficult that the difference observed between uranium
FIAPs originates only from this oxidation, therefore, it was decided to take into account the
difference in specific surface between powder and segment, despite the uncertainty of the surface

area.

Using the release of uranium as a reference for the release of the matrix, it is possible to calculate
the fraction of an element that is released faster than the matrix using the Cumulative Fraction
release Normalised to Uranium (CumFNU). A CumFNU higher than 1 indicates that the radionuclides
were segregated from the matrix and therefore belong to the IRF. As can be seen in Tables 5 to 10
the radionuclides had a CumFNU higher than 1, except in the case of the 42BWR CORE experiment,
where Mo and Tc had a CumFNU equal and lower than 1. Like it was seen in the cumulative FIAP
figures, Cs had the biggest CumFNU. Also after 100 days it is possible to see how the CumFNU
decreased with time, suggesting that with enough time the IRF will be completely released and the

radionuclides will dissolve congruently with the matrix.
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Table 5: CumFNU at each sampling solution versus cumulative sampling time. Experiment carried out

with the 42BWR fuel cladded segment.

Time (d) 0.1 0.2 1 4 8 21 49 83 162 190
Rb 2 3 3 2 2 3 3 3 4 5
Sr 2 2 2 2 2 2 2 2 2 3
Mo 5 4 4 4 4 3 3 3 4 5
Tc 5 4 3 3 3 3 3 3 3 4
Cs 25 18 13 11 11 9 7 7 8 8

Table 6: CumFNU at each sampling solution versus cumulative sampling time. Experiment carried out

with the 54BWR fuel cladded segment.

Time (d) 0.1 0.2 1 4 8 21 49 83 162 190
Rb 3 2 1 1 1 2 3 5 6 6
Sr 2 3 3 2 2 2 3 4 5 5
Mo 15 9 5 4 3 3 4 5 6 6
Tc 9 7 4 3 3 4 6 9 10 11
Cs 88 76 65 47 37 33 33 37 37 37

Table 7: CumFNU at each sampling solution versus cumulative sampling time. Experiment carried out

with powder from the centre (CORE) of the 42BWR SNF.

Time (d) 0,8 2 3 6 8 10 15 29 80 115
Rb 1.2 1.5 1.5 14 1.5 1.4 1.3 1.3 13 1.3
Sr 1.3 1.6 1.7 1.7 1.7 1.6 14 1.2 1.2 1.2
Mo 11 1.4 1.4 14 1.3 1.2 1.0 1.0 1.0 1.0
Tc 0.9 1.2 11 11 1.1 1.0 0.9 0.8 0.8 0.8
Cs 1.8 2.4 2.4 2.4 2.3 2.1 1.9 1.7 1.7 1.7
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Table 8: CumFNU at each sampling solution versus cumulative sampling time. Experiment carried out

with powder from the centre (CORE) of the 54BWR SNF.

Time (d) 0.8 2 3 4 7 9 16 30 81 116
Rb 14 15 1.6 14 1.4 1.3 1.2 14 1.4 1.4
Sr 1.2 13 1.5 14 14 14 14 1.5 1.5 1.5
Mo 1.3 1.5 1.7 1.6 1.6 1.6 1.5 1.6 1.5 1.5
Tc 11 13 14 14 13 1.3 1.2 1.3 1.2 1.2
Cs 14 16 1.8 1.7 1.7 1.7 1.7 1.9 1.8 1.8

Table 9: CumFNU at each sampling solution versus cumulative sampling time. Experiment carried out

with powder from the periphery (OUT) of the 42BWR SNF.

Time (d) 0.8 2 3 6 8 10 15 29 80 115
Rb 2.6 1.5 1.5 1.7 14 1.6 1.6 1.8 1.7 1.7
Sr 2.5 1.8 1.6 1.8 1.7 2.0 1.8 1.6 1.5 1.5
Mo 3.0 2.1 1.8 1.9 1.8 2.0 1.8 1.8 1.7 1.6
Tc 2.5 1.7 1.5 1.6 1.5 1.7 1.5 1.5 1.4 1.3
Cs 3.7 2.6 2.3 2.5 2.3 2.6 2.4 2.4 2.3 2.2

Table 10: CumFNU at each sampling solution versus cumulative sampling time. Experiment carried

out with powder from the periphery (OUT) of the 54BWR SNF.

Time (d) 0.8 2 3 4 7 16 30 81 116
Rb 2.3 2.6 3.0 3.3 3.4 4.3 2.4 2.0 2.0
Sr 2.0 2.2 2.9 3.2 3.1 3.8 1.7 1.3 1.3
Mo 1.2 1.4 1.7 1.9 2.0 2.5 1.4 11 1.1
Tc 1.3 1.6 1.9 2.0 2.1 2.5 1.3 1.0 1.0
Cs 2.6 2.8 3.4 3.8 3.8 4.7 2.6 2.0 1.9
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4.2. Instant Release Fraction (%)

The IRF determinations are based on the FIAP results presented. Although initially Mo and Tc were
selected to study the IRF, the effect of the RedOx conditions on their speciation, solubility and
segregation, interferes in the determination of their IRF contribution, leading in some cases to
negative values. Therefore, only Rb, Sr and Cs were selected to study the IRF. The IRF values at the

end of the experiments are shown in Table 11.

Table 11: IRF values at the end of the experiments.

IRF (%) Rb Sr Cs
42BWR Segment 0.12+0.04 0.05+0.02 0.24+0.05
42BWR CORE 0.8+0.7 0.6+0.5 2.1+0.6
42BWR OUT 0.910.4 0.7+0.3 1.610.3
54BWR Segment 0.09+0.06 0.07+0.01 0.67+0.12
54BWR CORE 0.60.8 1.04£0.9 1.740.7
54BWR OUT 0.5%0.3 0.310.6 0.740.2

In all the experiments, Cs is the radionuclide with the highest IRF. Since the morphology of the
samples is not the same, the comparison between them using the IRF is not completely correct and
might lead to erroneous conclusions if a parameter like the specific surface is not contemplated.
Looking at Table 11, the release in the powder fractions is much higher than in the cladded
segments. But it is not a fair comparison since the surface area of the powder fractions is
approximately 10 times higher, and their weight ten times lower. Another example can be observed
also in table 11, when comparing the IRF of Cs OUT fractions. It seems that the release in the 42BWR
fuel is two times higher but its surface area is also approximately two times higher. In both
examples, the differences in the morphology of the sample made difficult to take any conclusion

from the IRF results.

The surface area of the sample in contact with the solution is directly proportional to the RN release.
In addition, taking into account that the FIAP is the amount of RN in solution divided by the amount
of RN in the solid sample, samples of the same fuel with different weight but similar exposed surface
will result in different FIAP values, despite having the same release. In order to compare samples
with different morphology these two parameters must be considered. A possible way of doing that is

by dividing the FIAP or the IRF by the specific surface (m’g™) of the sample. This normalisation has
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also disadvantages. The surface area is a parameter difficult to know or even estimate. The cracks,
fractures, gap and grain boundaries, makes it difficult to know the initial surface area. Moreover as
the experimental time goes by, the dissolution produces changes in the surface that are very difficult
to anticipate [14]. Being aware of this problematic, the normalisation using the specific surface is still

a useful tool to compare fuel samples with different morphology.

In Table 12 the IRF of the different radionuclides at the end of the experiment is shown normalised

by the specific surface (IRFS).

Table 12: IRF values at the end of the experiments normalised by the specific surface (IRFS).

IRFS (%) g m? Rb Sr Cs
42BWR Segment 4174144 17982 849+190
42BWR CORE 20423 16+17 53+40
42BWR OUT 21#19 15+14 36430
54BWR Segment 373237 27851 26311466
54BWR CORE 2335 34437 62+38
54BWR OUT 25417 1528 31#17

4.3. Comparison between cladded segment and powder fraction experiments

It is possible to see a significant difference between the IRFS of the cladded segment and the IRFS of
the powder fractions, especially for caesium. This difference persists even if the radionuclides
dissolved during the washings are taken into account in the powder fraction experiments. The IRFS
coming from the gap, fractures and cracks may be the responsible of this difference. During the
irradiation of the fuel, the temperature in the centre of the pellet is higher than the periphery due to
the effect of the coolant. Depending on its volatility and reactivity, the RN migrate towards the
borders of the pellet where they get trapped and precipitate when the temperature decreases.
Therefore, the gap between the pellet and the cladding is very rich in IRF RN as can be observed in
this study. In addition, the inter-pellet space could be also very rich in IRF RN, but in this study the
cladded segments were cut avoiding this gap in order to study only the effect of the gap between

the pellet and the cladding. Further experiments are foreseen to study the effect of the space
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between pellets. In the cladded segment the difference in the normalised IRF between radionuclides
is higher than for the powder segments. This effect could be explained due to the differences in
volatility and reactivity of the different elements that will affect its capacity to migrate through the

fuel pellet.

4.4. Comparison between elements of cladded segment experiments

In the cladded segments the release of caesium is higher than the release of rubidium and higher
than the release of strontium. It has to be taken into account that strontium should be dissolved in
the UO, matrix due to its very low oxygen potential and even if strontium reaches its solubility limit
and segregates into the grey phases, those phases are not volatile [15]. During the irradiation, if the
temperature is high enough, both rubidium and caesium are in gas phase and therefore are more
mobile than strontium, and reach the gap of the segment. The difference between the release of

caesium and rubidium could be due to its diffusivity characteristics and chemical interactions.

4.5. Comparison between elements of powder fractions experiments

In the powder fraction experiments the release of caesium, rubidium and strontium is similar. In
these experiments the IRF contribution comes from the grain boundaries where both caesium,
rubidium and strontium seem to be segregated equally. It looks like the release of the CORE fraction
is slightly higher than the release of the OUT fraction perhaps due to the protective effect of the HBS

[1,7] but nevertheless the difference between fractions is very low.

4.6. Comparison between fuels

The experimental data was compared between the different fuels taking into account their

irradiation history and morphological characteristics.

When comparing the fuels, it is possible to observe that the release is similar in all cases, powder

and segment, with the exception of Cs in the cladded segment.

Our group collaborated with the European project FIRST Nuclides[16]. One of the conclusions of this
project was the determination of a trend between LPD and FGR or IRF. Fuels with higher LPD also
present higher FGR and IRF. Therefore the release of Caesium was expected to be higher for the
42BWR fuel due to its higher LPD. The LPD for the 42 BWR fuel is high, despite of its lower burnup
and also the diameter is higher (9.4 mm) as compared to this of the 54BWR fuel (8.7 mm). Looking at
the morphology of the fuel, the grain size was 15.0£1.0 for the 42BWR and 10.1%1.0 for the 54BWR.

25



It is known that a higher grain size implies a lower release. Consequently despite of having the
higher LDP of the 42BWR fuel, its higher diameter and higher grain size could be the responsibles for
its lower Cs release. In this case the effect of the grain size and the pellet diameter in the caesium
release is higher than the effect produced by the LPD. It has to be remarked that the release of Cs in
the cladded segment is higher in the 54BWR fuel, both looking at table 11 (IRF) and table 12 (IRFS),
which means that the uncertainties of the surface area doesn't play any role in this case. Indeed, the
FGR was also lower for the 42BWR fuel, coinciding with the release of Cs, despite having the higher
LPD. Consequently, the reported sample related Cs IRF results are also valid for the pin related FGR

values, excluding local artefacts.

It seems that an increase in the grain size and in the pellet diameter corresponds to a decrease in the
release of a highly mobile radionuclide like caesium but doesn't affect much the release of less

mobile radionuclides such as rubidium and strontium.

The results of this work were compared with data from experiments at similar conditions found in

the literature [10, 17-20]. The comparisons for Cs, Rb and Sr are shown in the Figures 14, 15 and 16.

A previous work using a BWR fuel with similar irradiation conditions was performed by the same
group [10]. In this case the fuel (53BWR) had a burn-up of 53GWd(tyv)™, a linear power density of
191 Wem™, a fission gas release of 3.9 %, grain size of 16.0+1.0, a diameter of 8.7mm and was
irradiated during 1370 days. The IRFS for Rb, Sr and Cs of the 53BWR fuel was similar for the powder
fractions but one order of magnitude higher for the cladded segments. However it has to be taken
into account that the 42BWR and 54BWR cladded segments were cut in the middle of a pellet,
avoiding the space between pellets. This interpellet space may contain a high concentration of IRF
radionuclides that could increase the IRF results. Indeed, in the gamma measurements of the whole
pin, it is possible to determine the position of each dishing thanks to the accumulation of Cs. The
53BWR cladded segment was much bigger than the ones used in this work and contained the
dishing. Therefore the high IRFS results of the 53BWR may be due to the presence of the dishing in
the cladded segment experiment of this fuel. The difference in weight between the 53BWR and the

fuels of this work should be reasonably corrected when normalising by the specific surface.
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Figure 14: IRFS (%gm?) vs. Linear power density (Wcm™) for caesium [10, 17-20].
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Figure 15: IRFS (%gm?) vs. Linear power density (Wcm™) for strontium [10, 17-20].
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Figure 16: IRFS (%gm™) vs. Linear power density (Wem™) for rubidium [10, 17-20].

The results obtained are slightly lower than the ones found in the literature for spent UO, fuels using
carbonated solutions and similar experimental conditions [10, 17-20]. As discussed before, the effect
of the interpellet space contribution on the total release could have played an important role,
considering that all the segments found in the bibliography were cut including at least one dishing.
More experiments need to be done in order to determine the effect of the dishing in the cladded
segment samples since the lack of this interpellet space in the samples of this work could explain the

lower release.

As expected, powder results presented lower IRFS due to the lack of the gap contribution and

possible RN loses during the sample preparation.
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5. Conclusions

Corrosion experiments were performed with two different BWR fuels. From each fuel three different
regions were studied, a cladded segment without the interpellet space, powder from the centre of
the pellet and powder from the periphery of the pellet. The outcome of these experiments was

interpreted and reported in this paper.

In all the experiments Cs presented the highest release. Cs, Rb and Sr had a faster dissolution than
the matrix in the experiments and can be considered as IRF. In the powder experiments, an initial IRF

was observed for Mo and Tc but lasted only some days.

It was also observed a higher release of radionuclides during the first hours of the experiment
followed by a slower release during the rest of the days. The higher release from the beginning is
assumed to be due to the release coming from the void spaces: the gap and the cracks in the case of
the segment and from the grain boundaries initially available to water corrosion in the case of the
powder specimens. The second IRF contribution is attributed to the internal grain boundaries not

initially accessible to the water.

IRF normalised to the specific surface (IRFS) shows different results for the powder fractions and
cladded segment experiments. The IRFS of the radionuclides is higher in the cladded segment than in
the powder fractions experiments due to the effect of the gap and possible loses during the powder
preparation. The IRFS of caesium, rubidium and strontium in the powder fractions is similar.
However in the cladded segment, due to the effect of the segregation to the gap, the IRFS of
caesium is higher than the IRFS of rubidium and the IRFS of rubidium is also higher than the IRFS of

strontium.

Although recent studies have shown a relationship between LPD and IRF [16], this work has
demonstrated that other parameters such as the grain size, the pellet diameter and maybe the
presence of the gap between pellets can have a sigfnicative influence in this relationship. More
studies are foreseen to understand the effect of each parameter in the IRF, in order to be able to

estimate the IRF of a UOx fuel from its irradiation history and morphological characteristics.

The data obtained in this work has been compared and found to be consistent with previous results

found in the literature.
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