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� One of the major contributions to the
IRF comes from the RN trapped in the
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a r t i c l e i n f o

Article history:
Received 19 April 2017
Received in revised form
26 October 2017
Accepted 27 October 2017
Available online 5 November 2017
a b s t r a c t

The contact of the coolant with the fuel pin during irradiation produces a gradient of temperature in the
fuel pellet that segregates the radionuclides (RN) depending on its volatility and reactivity. This segre-
gation determines the Instant Release Fraction (IRF), an important source of radiological risk in the
performance assessment (PA) of a Deep Geologic Repository (DGR).

RN segregation was studied radially in previous papers. In the present work, it was studied axially,
taking into special consideration the cutting position of the solid sample to be studied.

Iodine and caesium were the RN with the highest release, while the contribution of rubidium,
strontium, molybdenum and technetium to the IRF depended on their chemical state.

The interpellet presence (known also as dishing) effect was clearly observed for caesium, increasing its
release by one order of magnitude. According to these results, one of the major contributions to the IRF
comes from the RN trapped in the dishing and has to be considered in the sampling and data inter-
pretation that will be performed for the PA of the DGR.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
pa.eu (D. Serrano-Purroy).

B.V. This is an open access article
1. Introduction

Nowadays, the solution accepted by the scientific community
regarding the long-term handling and control of Spent Nuclear Fuel
(SNF) is the Deep Geologic Repository (DGR). Some countries like
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Finland have already started its construction [1]. To model and
design a safe repository, the behaviour of the SNF under repository
conditions needs to be studied and fully understood.

The characteristics of the fuel and its irradiation history can
determine the behaviour and characteristics of the Spent Fuel,
especially important are the duration of the irradiation, the Burn-
up (BU), the temperature during irradiation and the Linear Power
Density (LPD). The burn-up is an important parameter because it
gives information about the intensity of the irradiation and the
duration, and thus about the amount of fission products generated
[2]. The burn-up is also a measure of the damage produced by the
irradiation in the fuel pellet, especially regarding the formation of
the high burn-up structure (HBS) that appears at burn-ups higher
than 40 GWD(tHM)�1 and its thickness growswith the burn-up [3].
It was observed in previous works [4], that the presence of the HBS
diminishes the release of radionuclides. The IRF is formed by the
fraction of radionuclides that are segregated from the SNF matrix
during the irradiation and compared to the matrix have a faster
dissolution. It constitutes one of the main sources of radiological
risk for geological disposal [4]. The temperature of the pellet is a
relevant parameter because it determines the physicochemical
state of the chemical elements present in the spent fuel and
therefore its mobility [5,6]. For example the mobility of Cs at 700 �C
is higher than at 600 �C because at 700 �C Cs is in gas phase. Finally,
the LPD is a parameter defined as the heat generation rate per unit
length of rod [5,7]. From the results in the collaborative project
FIRST Nuclides [8] the LPD is directly proportional to the release of
elements belonging to the IRF beyond 200W cm�1. The LPD and the
thermal conductivity will define the temperature of the SNF during
the irradiation. Looking at the literature [8e13] it seems that
Boiling Water Reactor (BWR) fuels have lower LPD than the Pres-
surised Water Reactor (PWR) fuels and, therefore, the temperature
of irradiation, characteristics and behaviour are expected to be
different. For example in the works of Lemmens et al., 2016 [8],
Roudil et al., 2007 [9], Johnson et al., 2012 [10], Wilson et al., 1990
[11,12] and Fors and Carbol 2009 [13], there is information about 17
BWR SNF with an average LPD of 187 Wcm�1 and a maximum LPD
of 230Wcm�1 and 29 PWR SNF with an average LPD of 248W cm�1

and a maximum LPD of 327 Wcm�1.
The temperature in the fuel pellets during irradiation is not

homogenous being higher in the centre than in the periphery. This
gradient of temperature causes the segregation of certain radio-
nuclides that due to its characteristics are more mobile andmigrate
to the lateral and basal faces of the pellet. Due to the radionuclide
segregation, its distribution in a spent fuel pellet is not homoge-
nous and varies both radially and axially. The radial heterogeneity
of the radionuclide distribution was studied in former works
[4,14,15]. In this work, the axial heterogeneity will be studied using
cladded segments cut at different positions. The presence and po-
sition of the interpellet space in a cladded segment can produce an
effect in the results of corrosion experiments, especially for IRF
studies, but unfortunately, this information is rarely mentioned in
theworks found in the literature. In order to quantify this effect and
highlight the importance of this information, in this work corrosion
experiments were done in cladded segments cut at different
selected rod positions.

2. Experimental

2.1. Preparation of cladded segment fuel samples

In order to study the effect of the interpellet space of SNF, also
known as dishing, where some of the radionuclides are accumu-
lated during the irradiation, three different kinds of segments were
selected:
a) A cladded segment without the space between pellets (hereafter
referred to as FULL);

b) A cladded segment with the basal face of the pellet on the top of
the segment (TOP);

c) A cladded segment with the dishing in the middle of the
segment (MID).

It needs to be mentioned that in the case of the TOP sample, the
top and the bottom of the segment are only a matter of perspective.
Also in the MID segment, the position of the space between pellets
was located between the faces of the segment but not in the middle
exact point. A FULL segment was studied in previous works and its
IRF data was determined [8,15]. In the present work, both TOP and
MID segments were used in the corrosion experiments and their
results were treated together with the previously determined FULL
data. Pictures of the TOP and MID segments before the experiment
can be observed in Fig. 1. It is possible to observe the basal face of
the pellet in the TOP segment, deformed due to the temperature
stress during the irradiation. The MID segment has big fractures
that can be very important paths for the water to reach the space
between pellets. All these morphological observations must be
taken into account when examining the release data.

The Spent Nuclear Fuel used in this work, a BWRwith an average
burn-up of 42 GWd(tHM)�1, is the same already used in former
experiments [8,15].

The characteristics of the fuel and the cladded segments are
presented in Table 1. The surface area of the 42MID segment takes
into account the lateral area of the fractures observed in Fig. 1b
(100 ± 25 mm2).

The position of the dishing was determined using gamma
scanning measurements and an initial longitudinal cut of the pin
(Fig. 2) [15].

2.2. Methodology

The leaching solution used in the corrosion experiments was a
simulated groundwater solution used in previous works
[4,8,14,15,17]: 19 mmol dm�3 NaCl þ 1 mmol dm�3 NaHCO3.
50 ± 1 mL of this solution were used in the corrosion experiments
under oxidizing conditions and at a Hot Cell temperature of
25 ± 5 �C.

Both filtered and unfiltered samples taken at each sampling
time were diluted in two different media, as explained below. The
filter used was a 0.2 mmpore size PVDF (hydrophilic, polyvinylidene
fluoride) membrane. The media used in the dilutions was either
nitric acid 1M or Tetramethylammonium Hydroxide (TMAH) 2%.
TMAH was used in order to keep iodine in solution. Iodine is a very
important radionuclide due to its radiotoxicity and mobility. In an
acid solution, iodine is in a very volatile form and quickly escapes
from the solution. Hence, a different method using TMAH was
developed to analyse the samples. It was proved experimentally
that when stored in TMAH, iodine remains in solution and can be
successfully analysed.

Nitric acid and TMAH media samples were analysed separately
by Inductively Coupled Plasma - Mass Spectrometry (ICP-MS) using
a Thermo ELEMENT 2 instrument (Thermo Electron Corporation,
Germany). In the case of the nitric acid media samples, they were
measured with the addition of In, Ho, Co and Th as internal stan-
dards and calibration curves were produced using a series of di-
lutions of certified multi-element standard solutions in the
concentration range of the major elements in solution. In the case
of TMAH media samples, the calibration curves were prepared
using CsI with a purity of 99.9%. The concentrations of the elements
were calculated from the isotopic data. Whenever possible, isobaric
interferences were corrected based on isotopic ratios previously



Fig. 1. Cladded segments used in the experiments. (a) 42BWR TOP; (b) 42BWR MID.

Table 1
SNF cladded segment samples selected for the experiments.

Sample 42BWR FULLa 42BWR TOP 42BWR MID

Length (mm) 2.8 ± 0.1 5.6 ± 0.1 7.1 ± 0.1
Diameter without cladding (mm) 9.4 ± 0.1 9.4 ± 0.1 9.4 ± 0.1
Weight with cladding (g) 2.3614 ± 0.0001 4.5339 ± 0.0001 6.1124 ± 0.0001
Weight without cladding (g)b 1.79 ± 0.05 3.45 ± 0.05 4.65 ± 0.05
Surface area (mm2)c 500 ± 10 500 ± 10 600 ± 160
Ssegment/Vleachant (m�1) 10 ± 1 10 ± 1 12 ± 1
Reactor type BWR BWR BWR
Av. Length cycle days 295 295 295
235U enrichment (weight%) 3.67 3.67 3.67
Number of irradiation cycles 5 5 5
End of irradiation June 1998 June 1998 June 1998
Average grain size 15.0 ± 0.1 15.0 ± 0.1 15.0 ± 0.1
Fission Gas Release (FGR) (%) 2.3 2.3 2.3
Burn-up (GWd (tHM)�1)d 45 45 45
Av. Linear Power Density (W/cm) 215 215 215

a Data from the 42FULL segment was already published [8,15].
b 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.
c The surface area exposed was calculated taking into account the surface in contact with solution (both faces of the slice) and a roughness factor of 3.5 [16].
d Estimated from gamma scanning and cutting plan positions.

Fig. 2. Longitudinal cut section [15].
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calculated with the ORIGEN code as reference.
Unfortunately, by the time the methodology to analyse iodine
was developed, the 42FULL corrosion experiments were already
finished and there is no data of iodine for this specific sample.

Cladded segments were put in contact with solution using a
Peek sample holder designed to perform leaching experiments
using cladded segments (Fig. 3).

Once the bottle was closed, the solution was stirred continu-
ously using an orbital stirrer to keep the homogeneity of the so-
lution. The cladded segments were not washed previously to avoid
losing important information, especially regarding the IRF. Blanks
solutions were also prepared, following the same method as for
cladded segment solutions.

At each sampling time, filtered and non-filtered samples, to be
diluted in nitric acid and TMAHwere taken. The rest of the solution
was transferred to an empty plastic bottle for future analysis. The
cap with the peek sample holder containing the pellet was changed
to another bottle containing fresh simulated groundwater solution,
to continue with the experiment. The empty bottle was filled with
nitric acid 2M and stirred during one week to remove any elements
that can be sorbed in the walls of the bottle. After one week, a
sample from this solution was also taken and analysed by ICP-MS.
The contribution of the fraction sorbed in the walls to the total
concentration of the elements analysed in this work was always
very low.



Fig. 3. Peek sample holder used in the cladded segment leaching experiments.
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2.3. Data treatment

Total replenishments were used after each sampling to avoid
precipitation of secondary phases. Since the solution was changed
at each sampling time, the total moles released from the SNF
cladded segment at each sampling time should be the moles in
solution plus the moles released in the previous solutions, in other
words the cumulative moles, as calculated in equation (1):

CmolesðiÞ ¼
Xn
0

molessampleðn; iÞ (1)

where Cmoles(i) correspond to the cumulative moles and moles-
sample (n,i) to themoles in solution of radionuclide (RN) i before each
complete replenishment n.

The Cmoles(i) gives information about the absolute release of an
element but it is not suitable to compare the release between ele-
ments since the cladded segment inventory of each element will be
different, affecting the Cmoles(i). To compare the release between
elements of the same cladded segment the Cumulative Fraction of
Inventory in the Aqueous Phase can be calculated (CFIAP):

CFIAPi ¼
mi;aq

mi;SNF
� 100 ¼ CmolesðiÞiMi

mSNFHi
� 100 (2)

where mi,aq is the mass of element i in the aqueous phase in g;
mi,SNF themass of element i in the SNF sample in g;mSNF themass of
SNF used in the experiment in g; Hi corresponds to the fraction of
inventory for the nuclide i in g/g; Cmoles (i) is the cumulative moles
of element i in solution in moles and Mi is the molar mass of
element i in g mole�1. The CFIAP is given as a percentage.

The elements that present a CFIAP higher than the CFIAP of
uranium can be considered part of the IRF, since the dissolution of
uranium, in the absence of secondary precipitation reactions, is
considered to correspond to the dissolution of the matrix. Another
way to determine if an element belongs to the IRF is normalising
the CFIAP of this element by the CFIAP of uranium (CFNUi):

CFNUi ¼
CFIAPi
CFIAPU

(3)

where CFIAPi and CFIAPU are the cumulative FIAP of element i and
uranium, respectively.

If the CFNU of an element is higher than 1, then this RN belongs
to the IRF.

The CFIAP of an element contains the fraction of this element
belonging to the IRF but also the fraction of this element that was
trapped in the matrix. The fraction trapped in the matrix will be
released as the matrix is dissolved and releases the elements
trapped within. Therefore, the CFIAP is the sum of the CFIAPIRF and
the CFIAPmatrix. The CFIAPmatrix would have the same values as the
CFIAP of uranium (CFIAPU) taking uranium, as said above, as a
reference for the matrix. Then the CFIAPIRF or simply the IRF of an
element can be calculated as:

IRFi ¼ CFIAPi � CFIAPU (4)

The IRF of a determined element can be compared among the
results of different cladded segment experiments if the water
accessibility between samples is known. Since this is a difficult
parameter to be determined, the normalization to the specific
surface of different samples is considered a possible approach, as
discussed in Martínez et al., 2017 [15]:

IRFSi ¼
IRFi
SS

(5)

where IRFSi is the IRF normalised by the specific surface, and SS is
the specific surface (m2g�1). The IRF is presented in percentage and
the IRFS in percentage per g m�2.

2.4. Uncertainties calculation

The uncertainties of each value were obtained using the stan-
dard deviation of the dilutions, experimental error and ICP-MS
measurements, and propagating the experimental error through
all the calculations made, using the following equation:

eF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
vF
vx

�2
e2x þ

�
vF
vy

�2
e2y þ

�
vF
vz

�2
e2z þ…

s
(6)

where F is the equation used to find the value for which an un-
certainty is required; x,y,z, …are the parameters of this equation
and ei is the uncertainty of each parameter [18,19].

2.5. Calculated and experimental inventory for fuel 42BWR

The inventory was experimentally determined using a FULL
cladded segment (1.157 g of fuel). The segment was dissolved in
250 ml of 8 mol dm�3 HNO3 at 110e135 �C for a period of 5 h. After
the heating the solution was filtered in order to remove the clad-
ding and insoluble materials. Dilutions 1/10000 and 1/100000
were analysed using ICP-MS. The last dilution was analysed by g-
spectrometry as well. The theoretical inventory was calculated
using the ORIGEN code (ORIGEN-ARP, 2000).
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Most relevant inventory elemental results are summarized in
Table 2.

The experimental inventory was used to calculate the elemental
release fractions. Due to experimental constraints, iodine was not
possible to be chemically determined and calculated inventory
values were used instead.

The absence of the dishing in the sample selected for the
chemical inventory might lead to an overestimation of the release
of segregated volatile elements in the other samples but it is
considered to be lower than the experimental uncertainty.
Fig. 4. Elemental cumulative moles vs time. From the 42TOP cladded segment
corrosion experiment. The uncertainty given in the error bars is two times the stan-
dard deviation of all measures and calculations used.
3. Results

3.1. Cumulative moles in solution

The results of corrosion tests of the 42TOP and 42MID cladded
segments are presented together with the 42FULL cladded segment
results reported in previous documents [8,15]. Based on the expe-
rience of previous works [4,8,14,15,17], this study has focused its
attention in some of the most representative elements of the IRF:
Rb, Sr, Mo, Tc, Cs, I as well as U as matrix dissolution indicator.
Uranium saturation calculations were performed to ensure that the
formation of uranium secondary phases was successfully prevented
during the experiments. The cumulative moles leached from the
42TOP, 42MID and 42FULL cladded segments are presented against
cumulative time in Figs. 4e6. The procedure to measure iodine, as
said above, was still not developed in the 42FULL corrosion ex-
periments and therefore there are no data of iodine for this specific
sample. Ii is worth to notice that the caesium measured from the
nitric acid (“Cs”) and TMAH (“Cs (TMAH)”) dilutions gave the same
value within the experimental error, as seen in Figs. 3 and 4.
Fig. 5. Elemental cumulative moles vs time. From the 42MID cladded segment
corrosion experiment. The uncertainty given in the error bars is two times the stan-
dard deviation of all measures and calculations used.
4. Discussion

4.1. Fraction of inventory in the aqueous phase (%), fraction release
normalised to uranium and IRF

The cumulative FIAPs calculated for the 42TOP, 42MID and
42FULL cladded segments are presented in Figs. 7e9.

As can be seen in Figs. 4e9, Uranium concentration and CFIAP
are one order of magnitude higher in sample FULL than in samples
TOP and MID. This is probably caused by a higher pre-oxidation of
the sample, somehow supported by the higher release of redox
sensitive elements such as Tc and Mo in sample FULL, see Table 6.
However, and considering losses during sample preparation non-
significant, the effect on other non-redox sensitive IRF elements
should be negligible as no washing of the sample was made and all
released contributions, both from thematrix and from the IRF, were
taken into account in the calculations. Apart from that, the larger
errors for U in the 42FULL experiment come from the ICP-MS
analysis. The apparatus had some minor electromechanical
Table 2
Radionuclide inventory for 42BWR fuel. The uncertainty given is two times the
standard deviation of all measures and calculations used.

Element Segment
(mg/g fuel)

Calculated
(mg/g fuel)

Rb 400 ± 50 400
Sr 800 ± 80 800
Mo 3600 ± 500 3800
Tc 800 ± 100 900
I e 200
Cs 2600 ± 300 2700
U 823800 ± 24000 833500

Fig. 6. Elemental cumulative moles vs time. From the 42FULL cladded segment
corrosion experiment. Data from the 42FULL segment was already published [8,15].
The uncertainty given in the error bars is two times the standard deviation of all
measures and calculations used.



Fig. 7. Cumulative FIAP (%) vs time. From the 42TOP cladded segment corrosion
experiment. The uncertainty given in the error bars is two times the standard deviation
of all measures and calculations used.

Fig. 8. Cumulative FIAP (%) vs time. From the 42MID cladded segment corrosion
experiment. The uncertainty given in the error bars is two times the standard deviation
of all measures and calculations used.

Fig. 9. Cumulative FIAP (%) vs time. From the 42FULL cladded segment corrosion
experiment. Data from the 42FULL segment was already published [8,15]. The uncer-
tainty given in the error bars is two times the standard deviation of all measures and
calculations used.
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problems that reduced the accuracy of the measurements when
usingmedium resolution (the one used for uranium). Therefore, the
values obtained were perfectly reliable but the standard deviation
obtained was higher than expected. The problematic was already
solved for themeasurements of the 42TOP and 42MID experiments.

In Figs. 7e9 it is possible to observe again the different trends at
the beginning and during the rest of the experiment. In the case of
uranium and the elements with similar or lower CFIAPS, the initial
fast release might be due to the presence of preoxidised layers and
fines. On the other hand, in the case of the elements belonging to
the IRF, the initial release can be due to the release coming from
different contributions: the fraction released from the matrix, from
the gap, from fractures and from cracks. The slower release
observed at longer experimental times is assumed to come, on one
side, again from the matrix and, on the other side, from parts of the
fuel not readily accessible to water, as for instance the grain
boundaries, releasing the elements segregated there.

Looking at Figs. 7 and 8, it is possible to observe that after 130
days iodine is the element with the highest release followed by the
release of caesium. To more clearly identify the elements belonging
to the IRF, CFNU values were calculated for all the experimentally
determined elements, and the results are presented in Tables 3e5.

From these tables it is possible to identify different trends
depending on both the RN and the sample.

Caesium and iodine have the highest CFNUs and follow the same
trend, very high CFNUS at the beginning and a levelling off with
time. It is also possible to observe a difference between the results
of 42TOP and 42MID and the results of 42FULL. The CFNU of
caesium calculated from the 42TOP and 42MID experimental re-
sults are approximately two orders of magnitude higher than the
CFNU value obtained from the 42FULL sample. The Cumulative FNU
of the rest of the elements is similar in all the experiments and
quite low compared to the CFNU of Cs and I in the 42TOP and
42MID experiments. This can be explained because caesium and
iodine are very mobile radionuclides and a relatively large fraction
of them is normally found accumulated in the gap, cracks, grain
boundaries and the space between pellets. The rest of the elements
are not so mobile and therefore their segregated fractions are
majorly found in the grain boundaries. These areas are not so easily
reached bywater, so the release of the fraction of RN's located there
will depend on the time that takes water to penetrate though the
segment and reach the internal grain boundaries. Their evolution
with time is variable due to its location in the pellet but also due to
its speciation. For example, Mo and Tc can be present not only in
oxide phases but also in metallic phases (ε-particles). In Tables 3e5
it can be seen that the contribution of rubidium, strontium, mo-
lybdenum and technetium to the IRF is much lower than in the case
of caesium and iodine, being less mobile radionuclides. For these
elements, their contribution to the IRF is in some cases even diffi-
cult to ascertain, with values in some cases very close to one
(congruent dissolution). Samplings at longer experimental times
would be required to better clarify the contribution to the IRF of
these RN's.

Similar conclusions can be extracted by comparing the results of
the calculated IRF values after 130 days of experimental time
(Table 6).

FIAP and IRF equations do not consider differences in the spe-
cific surface of the samples. However, differences in the total mass
of the sample and in the available surface for dissolution have an
impact on the results. In this case, the total mass of the three
studied samples is significantly different. The total masses of the
fuels of samples 42TOP and 42MID are two to three times higher
than the mass of sample 42FULL. On the contrary, due to the similar
shape of the studied samples, we consider no significant differ-
ences on the available surface for dissolution. However, in order to
compare these results among them as well as with the literature
data, the surface area needs to be taken into account because of the



Table 3
Cumulative FNU of the 42TOP cladded segment corrosion experiment. The uncertainty given is two times the standard deviation of all measures and calculations used.

Time (d) 0.1 0.2 1.2 2.2 5.2 7.2 9.1 12.2 55.1 132.0

Rb 0 ± 40 0 ± 35 0 ± 14 3 ± 9 5 ± 5 5 ± 4 5 ± 3 5 ± 3 11 ± 3 21 ± 4
Sr 13 ± 4 19 ± 5 22 ± 4 17 ± 3 13 ± 2 11 ± 2 10 ± 2 9 ± 1 13 ± 2 17 ± 3
Mo 6 ± 1 10 ± 1 6 ± 1 4 ± 1 3 ± 0 2 ± 0 2 ± 0 2 ± 0 4 ± 1 7 ± 1
Tc 5 ± 1 6 ± 1 3 ± 1 3 ± 0 2 ± 0 2 ± 0 2 ± 0 2 ± 0 3 ± 0 e

I 652 ± 163 1244 ± 233 1197 ± 198 799 ± 130 484 ± 78 380 ± 61 322 ± 51 280 ± 45 269 ± 43 259 ± 41
Cs 1804 ± 261 2091 ± 301 1019 ± 148 650 ± 93 383 ± 55 300 ± 43 253 ± 36 214 ± 30 214 ± 30 201 ± 29

Table 4
Cumulative FNU of the 42MID cladded segment corrosion experiment. The uncertainty given is two times the standard deviation of all measures and calculations used.

Time (d) 0.1 0.2 1.2 2.2 5.2 7.2 9.1 12.2 55.1 132.0

Rb 0 ± 20 0 ± 19 0 ± 11 1 ± 8 3 ± 4 3 ± 3 3 ± 3 3 ± 2 4 ± 2 12 ± 3
Sr 9 ± 2 17 ± 3 21 ± 3 18 ± 3 12 ± 2 10 ± 2 9 ± 1 8 ± 1 8 ± 1 11 ± 2
Mo 3 ± 1 4 ± 1 4 ± 1 3 ± 0 2 ± 0 2 ± 0 2 ± 0 2 ± 0 2 ± 0 4 ± 1
Tc 3 ± 0 3 ± 1 3 ± 0 2 ± 0 2 ± 0 1 ± 0 1 ± 0 1 ± 0 4 ± 1 e

I 524 ± 111 1020 ± 189 931 ± 157 747 ± 123 420 ± 68 323 ± 52 274 ± 44 234 ± 37 209 ± 33 191 ± 30
Cs 907 ± 132 1173 ± 169 788 ± 113 588 ± 84 324 ± 46 247 ± 35 208 ± 30 175 ± 25 158 ± 22 142 ± 20

Table 5
Cumulative FNU of the 42FULL cladded segment corrosion experiment. Data from the 42FULL segment was already published [8,15]. The uncertainty given in the error bars is
two times the standard deviation of all measures and calculations used.

Time (d) 0.1 0.3 1.3 4.3 8.3 21.3 49.3 83.3 162.3 190.3

Rb 2 ± 7 3 ± 5 3 ± 4 2 ± 3 2 ± 2 3 ± 2 3 ± 2 3 ± 2 4 ± 2 5 ± 3
Sr 2 ± 3 2 ± 2 2 ± 1 2 ± 1 2 ± 1 2 ± 1 2 ± 1 2 ± 1 2 ± 1 3 ± 1
Mo 5 ± 7 4 ± 4 4 ± 3 4 ± 3 4 ± 3 4 ± 3 3 ± 2 3 ± 2 4 ± 3 5 ± 3
Tc 5 ± 7 4 ± 4 3 ± 3 3 ± 2 3 ± 2 3 ± 2 3 ± 2 3 ± 2 3 ± 2 4 ± 2
I e e e e e e e e e e

Cs 24 ± 33 18 ± 18 13 ± 12 11 ± 9 11 ± 8 9 ± 7 7 ± 5 7 ± 4 8 ± 5 8 ± 5

Table 6
IRF(%) after 130 days of corrosion of the 42TOP, 42MID and 42FULL cladded seg-
ments. The uncertainty given is two times the standard deviation of all measures
and calculations used.

Element 42TOP 42MID 42FULLa

Rb 0.08 ± 0.01 0.05 ± 0.01 0.12 ± 0.04
Sr 0.07 ± 0.01 0.05 ± 0.01 0.05 ± 0.02
Mo 0.03 ± 0.00 0.01 ± 0.00 0.12 ± 0.03
Tc 0.01 ± 0.00 0.01 ± 0.00 0.09 ± 0.02
I 1.02 ± 0.16 0.83 ± 0.13 e

Cs 0.80 ± 0.08 0.62 ± 0.06 0.24 ± 0.05

a Data from the 42FULL segment was already published [8,15].

Table 7
IRFS (%gm�2) after 130 days of corrosion of the 42TOP, 42MID and 42FULL cladded
segments. The uncertainty given is two times the standard deviation of all measures
and calculations used.

Element 42TOP 42MID 42FULLa

Rb 530 ± 94 365 ± 73 417 ± 144
Sr 444 ± 50 344 ± 41 179 ± 82
Mo 168 ± 20 108 ± 15 430 ± 119
Tc 39 ± 7 92 ± 13 319 ± 83
I 7005 ± 1099 6361 ± 1006 e

Cs 5447 ± 550 4735 ± 479 849 ± 189

a Data from the 42FULL segment was already published [8,15].
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different morphology of the published data. We are well aware that
the surface area determination of the fractures, cracks, gap and
grain boundaries is very complex and when dissolution starts,
produces alterations in the surface area that are very difficult to
calculate [20]. Estimate or measure the surface area carries always
difficulties and controversy. Nevertheless, in this study both the
fuel mass and the surface area are considered when comparing the
release from different cladded segments.
4.2. IRF normalised to the specific surface

Normalising the IRF to the specific surface area (IRFS) makes
possible to do a better comparison of the results obtained for the
different cladded segments. The IRFS calculated values are pre-
sented in Table 7.

From Table 7 it can be seen that the release of caesium from the
42TOP and 42MID cladded segments is one order of magnitude
higher than the release of caesium in the 42FULL cladded segment.

Since the inventory was determined using a FULL cladded
segment it is possible that the release of caesium for the 42TOP and
42MID segments was slightly overestimated. Something similar but
to a lesser extend may have occurred for the iodine release due to
the use of the calculated inventory. Nevertheless, the differences
observed between segments, much higher than the differences in
the inventories due to the presence of the dishing, cannot be
attributed to this overestimation. The contribution of caesium and
iodine segregated in the dishing is high in terms of IRF, but it is still
a small percentage of their total inventory.

The Cs and I release was supposed to be faster in the 42TOP than
in the 42MID due to the immediate exposure of the dishing towater
in the 42TOP. This means that the water reached the dishing in the
42MID in less than an hour. It is assumed that water easily reached
the space between pellets, totally or partially, thanks to the large
fractures that can be seen in Fig. 1b. Also, the dishing was not in the
centre of the segment but it was close to one of the faces. In
addition, considering the local burn-up of the segment, it is
possible that the gap was open, being an extra path for the water to
reach the dishing.



Fig. 11. IRFS (%gm�2) of iodine vs Linear Power Density (W/cm). Data from John-
son2012 [10] and Lemmens2017 [8] were found in the literature. The uncertainty given
in the error bars is two times the standard deviation of all measures and calculations
used.
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In these results is clear that caesium and iodine reached the
empty space surrounding the pellet during the irradiation, due to
its high volatility, and when the temperature decreased they
condensed on the surface of the pellet in the space between the
pellet and the cladding and to a greater extend in the space be-
tween pellets.

No significant axial mobility and accumulation in the dishing
was observed for the rest of radionuclides studied in this work.
They did not show a significantly higher release in the segments
with dishing.

Therefore, it is considered fundamental, in order to feasibly
compare results from different labs, to specify the cutting position
in any leaching study performed using cladded segments.

In Figs. 10 and 11 the release of caesium and iodine presented in
this study is compared with data found in the literature for cladded
segment experiments [4,8e10,14,15,17]. In Fig. 10 the release of the
BWR fuels studied in the past by our group (53BWR and 54BWR)
[8,15,17] is marked differently than the rest of the bibliographic
data, in order to facilitate the subsequent discussion. It also has to
be noted that the 54BWR is a FULL cladded segment like the
42FULL, while the 53BWR is a MID cladded segment, like the
42MID. From Fig. 10, it is clear that the data coming from the 42TOP
and 42MID experiments are more coherent with the bibliographic
data than the data coming from the 42FULL experiment. This is
because most of the bibliographic data is obtained using cladded
segments with the space between pellet basal faces.

In both Figs. 10 and 11, and despite the data scattering, it can be
concluded that the higher the LPD, the higher the IRFS. The data
scattering is produced because the LPD it is not the only factor that
affects the IRFS. The burn-up, as can be seen in Ref. [9], also pro-
duces an effect in the IRFS and it is well known that other param-
eters such as fuel temperature during irradiation, irradiation time,
grain size or the pellet diameter also affect the IRFS. Moreover, the
use of additional parameters like the chemical inventory or the
specific surface, in the data treatment, is also responsible of part of
Fig. 10. IRFS (%gm�2) of caesium vs Linear Power Density (W/cm). Data from Rou-
dil2007 [9], Gonzalez-Robles [17,21], Johnson2012 [10], Lemmens2017 [8], 53MID
[17,21], 54FULL [8,15] and 42FULL [8,15] were found in the literature. The uncertainty
given in the error bars is two times the standard deviation of all measures and cal-
culations used.
the data scattering. It has to be taken into account that most of the
experiments from the bibliography used 20 mm cladded segments,
containing at least two pellets and therefore more than one space
between pellets, that as it has been shown in the present work, is
responsible for the major part of the IRF radionuclides release. In
Fig. 10 it is also possible to observe that the IRFS for the 54BWR
cladded segment experiment is lower than the rest of the data.
After the results of this work it is possible to postulate the hy-
pothesis that if the leaching of the same 54BWR fuel had beenmade
using a cladded segment with the space between pellets (TOP, MID)
instead of a “FULL” cladded segment, the results would have been
higher and therefore more consistent with the rest of data found in
the bibliography.
5. Conclusions

Corrosion experiments on two different cladded segments of
the same BWR fuel were performed. The cladded segments were
cut taken into account the position of the space between pellets.
The results were compared with previously published data ob-
tained in identical experiments performed with another cladded
segment of the same BWR fuel. The comparisonwas possible for all
the elements studied except for iodine, which was not measured in
the published work. The results after 130 days of experimentation
were successfully reported in this paper.

The release of caesium and iodine was between one or two or-
ders of magnitude higher than the release of rubidium, strontium,
molybdenum and technetium for the two segments studied in the
present work. Caesium and iodine clearly belong to the IRF. On the
other hand, the contribution of rubidium, strontium, molybdenum
and technetium to the IRF is much lower and it will also depend on
the chemical state of the element.

An initial fast release was observed on the dissolution of the
elements studied in this work, followed by a slower release. In the
case of the matrix, the initial fast release was attributed to
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preoxidised phases and fines. For the IRF, the release of the fraction
of radionuclides trapped in the space between pellets, but also in
the gap, fractures and cracks, was the responsible for the initial fast
release. Samples with the dishing yield a higher IRF of Cs than the
sample without dishing.

The IRF normalised by the specific surface was calculated in all
cases. The comparison of the results showed that the IRFS of
caesium and iodine for the 42TOP and 42MID experiments was one
order of magnitude higher than the results for the 42FULL experi-
ment. This significant difference points to the space between pel-
lets as one of the major contributors to the IRF of Cs and I,
something to be taken into account in the sampling and data
interpretation that will be used to perform the safety assessments.

The IRFS of 42TOP and 42MID cladded segment experiments are
more coherent with the bibliography than the IRFS of the 42FULL
experiment, due to the common use of long cladded segments
(10e25 mm) with more than one pellet inside and therefore one or
more spaces between pellets.
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