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Abstract

The unexpected discharge of instant release fraction elements, such as Cs and |, from
irradiated nuclear fuel, is one of the most concerning scenarios that may occur during in-pile
irradiation, subsequent storage and final disposal, yet the underlying chemistry behind its
release is poorly understood. Herein, we have examined the speciation of Csl within UO-
nanoceramics doped with Nd as a proxy for high burn-up fuel synthesised via spark plasma
sintering. We demonstrate via X-ray absorption spectroscopy and electron microscopy that
the addition of Nd impacts the chemical speciation and dissociation of Csl in the examined
materials. High temperature release studies using Knudsen effusion mass spectrometry
reveal varying release patterns corresponding to Nd addition. The results of this investigation
indicate that the chemistry of the UO; high burn-up fuel matrix, its specific microstructure and
associated soluble fission products, impact the high temperature release of Cs and | within

irradiated fuel.
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1. Introduction

In the pursuit of reducing the volume of spent nuclear fuel (SNF) and increasing energy
production efficiency, there is an increasing demand for more efficient, higher burn-up nuclear
fuels which has subsequently created popular attention.™* Increased fuel burn-up results in a
correspondingly higher content of fission products (FPs), whereas when the local burn-up of
typical nuclear UO- fuel exceeds 55 GWd/tHM, microstructural changes occur, and what is
known as the “high burn-up structure” (HBS) emerges.>” The HBS comprises nanograins
measuring ~100 — 300 nm,” and is characterised by an increased content of FPs and higher
porosity, caused by the development of fission gas pores.>® These structures are often
observed at the periphery of SNF pellet, where temperatures are lower while thermal neutrons
flux and accordingly burn-up are typically higher; hence, they are also referred to as “rim
structures”.”® The mechanism underlying the formation of HBS may result from the emergence
and growth of fission gas bubbles, followed by the formation of small subgrains from the
original grains.>'° Interest in the study of HBS is attracted by its ability to influence the
mechanical properties and swelling of fuel, as well as the release of gaseous and volatile FPs
during irradiation in reactor," or during an unexpected fuel breach event. What is known as
the instant release fraction (IRF) is considered one of the most concerning of these release
processes as it can readily compromise the integrity and safety of irradiated fuel when in
reactor, storage or within a repository. The IRF is defined as the proportion of FPs
radionuclides that are not chemically bound in the UO5 fuel matrix and can be rapidly released
from fuel or fuel assemblies in the event of containment breach,'>" (for example, due to
mechanical impact, corrosion or meltdown) or subsequent contact with water.’*'
Consequently, understanding the role of the HBS in influencing the release of the IRF is critical

for both safe usage and final disposal of high burn-up fuels.

The instantaneous release of radionuclides from irradiated nuclear fuel following a breach

event is understood to occur through two mechanisms: from the gap (that includes fuel-



cladding gap and fractures), and from grain boundaries, whereas in the case of a meltdown,
a matrix diffusion mechanism is also involved."'*'¢ Elements in the IRF include a series of
radioisotopes, with particular attention given here to the radioactive isotopes of iodine (I) and
caesium (Cs), including 'l (T, =1.57-10" y), '¥Cs (Ty, = 2.3:10° y) and "*'Cs (Ty, =
30.08 y). Both elements, Cs and I, belong to the volatile and gaseous FPs group, but Cs also
classifies as a FP that form oxide precipitates.'®'-'® As the IRF-related elements, Cs and | are
typically found in both the fuel-cladding gap and grain boundary regions.'* Despite
thermodynamic calculations predicting the favourability of Csl compound formation in reactor
conditions,?° Csl has not often observed in SNF.?"?2 This has been proposed to be in-part due
to y-induced radiolysis.?>?® The behaviour and release of Cs and | from irradiated fuel has
been studied using numerous methods, such as leaching experiments'?4+2 and high-
temperature methods,? particularly via Knudsen effusion mass spectrometry (KEMS).28-32
Experiments that were focusing on high burn-up SNF showed that the release of IRF-related
radionuclides from HBS regions differs from the release from the non-HBS regions of SNF,
even when considering differences in FPs inventories.' 243" Consequently, the emergent roles
of FP content and the structural-chemical nature of HBS in dictating behaviour and release of

IRF-related radionuclides remains unclear.

Precisely investigating effects pertaining to IRF release from the HBS of irradiated fuel are
often achieved via model system methods. Model systems are used to study the individual
effects of SNF while excluding their mutual influence and avoiding the dangers associated
with the high radioactivity of actual SNF samples.3*3” However, they often involve the use of
high-temperature stages, such as conventional sintering of UO., which typically reach
temperatures above 1600°C.%* Long sintering at such temperatures are above the Csl boiling
point (1280°C) and will lead to its complete evaporation, which imposes limitations on the
study of the behaviour and chemistry of Cs and | species using Csl-doped UO, model systems.
Moreover, these sintering conditions lead to significant grain growth,*® which hinders the

synthesis of ceramics with grain sizes comparable to the HBS. As an alternative to high-
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temperature sintering, spark plasma sintering (SPS) allows to sinter materials at lower
temperatures and for shorter periods of time, thereby avoiding both complete evaporation of
Csl and undesirable grain growth. It is therefore better suited to ensure the incorporation of
Cs and | into the nanograined structure of sintered UO,, enabling the subsequent examination

of the associated microstructural effects and release towards the real HBS.3°

Previous studies of Csl-doped UO2 model materials, and their comparison against actual SNF
using KEMS revealed different Cs and | release temperatures for each group of samples within
the measured ranges, as well as different signal shapes.??2%3:32 This suggests that the current
model system investigations performed do not completely account for all physical or chemical
aspects occurring in actual SNF, promoting the need for more encompassing separate effect
studies. The retention of Cs and | up to the temperatures of UO2 matrix evaporation and their
release rates may be influenced by factors such as the microstructure of UO2, oxygen
stoichiometry, radiation fields and the presence of FPs. Pertinently, the role of soluble in fuel
matrix minor actinides and FPs, such as lanthanides, in the release of Cs and | has not been
examined in model material investigations, nor within microstructures that consistent with the
HBS. Although the IRF-related elements including Cs and | are understood to not incorporate
within the UO; fuel matrix, van der Waals force between Cs and | species with the UO; matrix
can be expected to change with incorporation of soluble FPs due to changes in redox
chemistry. This includes the aliovalent substitution of U** with Nd3*, resulting in the oxidation
of U* to U%*.3740 Nevertheless, it remains an open question as to whether matrix-soluble FPs,
which occur at higher quantities in higher burn-up fuels, play a significant role in the behaviour

and release of IRF elements such as Cs and |, consequently demanding such investigation.

Considering the pertinence of IRF in higher burn-up fuels potentially occurring during accident
scenarios at reactor and repository facilities, it is paramount to determine underlying chemical
physics, particularly that of the HBS. This study has consequently examined Csl-incorporated

UO2 model nanoceramic materials with varying levels of Nd as a soluble in matrix FP proxy in



order to bridge the gap between single-effect studies and those of irradiated fuel in order to
identify key factors contributing to Cs and | chemistry and release. This is achieved through a
thorough analysis of the chemistry and behaviour of Cs and | in nanostructured UO2 mimicking
the HBS in the presence of FP soluble in the UO, matrix, including their temperature-induced
release. In the present work, neodymium (Nd) was used, since it is known to be an inactive
surrogate for minor actinides, such as americium and curium, due to the closest matching
ionic radii,*"*? and is also highly relevant to the HBS since its local concentration increases
linearly with fuel burn-up.® The study subsequently examines the Csl-included Nd-doped
nanostructured UO- systematically by varying the levels of Nd from 0, 15 to 30 mol %, which,
although it exceeds the amount of minor actinides and Nd in HBS itself,>'"43 it allows to reliably
probe the influence of Nd presence independently from the other factors, as it provides a
greater magnitude of effect upon the material’s chemical properties. To incorporate Cs and |
into the UO; structure, SPS was used with sintering conditions, determined during SPS
optimisation cycles, to synthesise a variable mixture of Nd-doped UO, nanopowder with
controlled amount of Csl powders. The obtained materials were investigated for their
microstructural and chemical surface speciation, bulk chemistry and redox in addition to
release mechanisms by energy dispersive X-ray (EDX) spectroscopy, X-ray absorption near
edge structure (XANES), and KEMS analysis respectively. The results obtained are discussed
in the context of the current understanding of the release of IRF-related Cs/I from the HBS of
irradiated fuel with a high burn-up, and the influence of structural chemistry and the inventory

of FPs.

2. Methods

2.1.Materials and synthesis

A hydrothermal decomposition method, derived from a previously reported one,* was used
for the synthesis of UO, and Nd-doped UO, nanopowder precursor material. ANd(NO3)3-6H.0

solution, produced by dissolving Nd>O3 (Alfa Aesar, 99.9%) in nitric acid, was mixed with a
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UO2(NOs3)2-6H20 solution stoichiometrically for targeted final (U1yNdy)O2> compositions of y =
0, 15 and mol 30%. To these solutions, hydrazinium hydroxide NoHsOH (Sigma-Aldrich, about
100%) was added triggering a rapid precipitation consistent with literature.** The mixtures
were placed in a 100 ml autoclave (model 4793, p-T controlled, Parr Instruments Company,
USA) with a Teflon inset, where deionised water was added so that the remaining free volume
was 35 ml and the pH of the final mixtures was found to be ~9.5 in all samples. The
hermetically sealed mixtures were then heated to 180°C and held at this constant temperature
for five hours, after which the mixture was cooled to room temperature at a rate of ~2.5°C/min.
The peak excess pressure was in range of 20 — 30 bar. The resulting suspension was dried at
room temperature until the liquid had completely evaporated, after which all samples were
reduced in an atmosphere of Ar/6.5% Hz ~1 I/min in a furnace, that was heated to a
temperature of 500°C at a rate of 100°C/h, held for 4 hours, and then cooled to room
temperature at a rate of 200°C/h. The samples were then manually mixed with Csl powder

(Suprapure®, Merck) at a concentration of 3% mol in a mortar in a glove box.

2.2.Spark plasma sintering

(U1yNdy)O—(Csl) powder mixtures were placed in portions of ~300 mg in a graphite die, pre-
pressed at 17.7 MPa and loaded into a SPS furnace (FCT Systeme GmbH, Rauenstein,
Germany) installed in a glove box.*® As the final microstructure of the samples, as well as Csl
evaporation, are affected by the SPS sintering temperature and dwell time, several
optimisation runs were performed to select suitable SPS parameters in order to ensure
comparability between examined samples. These are discussed in later sections of this
investigation. The sintered test samples were examined using scanning electron microscopy
(SEM, details in the respective section) to verify the grain size and the homogeneity of the Csl
particles distribution. The following optimised SPS parameters were selected the synthesis of
subsequently investigated materials: heating in an argon atmosphere at a rate of 100°C/min

to 950°C under a uniaxial pressure of 70.7 MPa, a dwell time of 5 s, cooling to 400°C at a rate



of 200°C/min and, after reducing the pressure to 17.7 MPa, followed by cooling down to room
temperature with any heating removed (free cooling). Sintered ceramic specimens were
recovered for subsequent analysis. The molar concentration of elements in the sintered
samples was determined and verified using inductively coupled plasma mass spectrometry,
ICP-MS (Thermo Element2, Thermo Electron Corporation, Germany), using developed

methodology.*®

2.3.Variable temperature X-ray powder diffraction

To confirm the phase composition, probe for chemical decomposition and structural changes
at elevated temperatures, variable temperature X-ray powder diffraction (VT-XRD) was
performed using a Bruker D8 Advance diffractometer with Bragg—Brentano (6/268) geometry,
equipped with a Ka1 monochromator and a Lynxeye detector. During the measurements a
vacuum atmosphere was used. Diffractograms were collected for each sample that were
mounted on platinum (Pt) holders at an ambient temperature of 30°C, followed by heating at
the following temperature steps: 100, 300, 500, 700, 900 and 1150°C. The data were collected
in the 20 range of 20 — 120°, and the diffractograms were analysed in the 26 range of 20 — 70°

using the Rietveld method as implemented in GSAS-II software.*”

2.4.Electron Microscopy

The microstructure of the samples produced and ftrialled during the SPS parameter
optimisation and initial microstructure examination, as well as the inspection of unsintered
powders, were performed with SEM using a VEGA electron microscope (Tescan, Czech
Republic) equipped with an Everhart-Thornley Detector (ETD) at 30 kV. The morphology of
the sintered pellets was examined using an Apreo 2 C LoVac electron microscope
(ThermoFisher Scientific, Netherlands), which was also used for EDX mapping (Octane elect
PLUS Silicon Drift Detector, EDAX, Weiterstadt, Germany) at 20 kV. For this purpose, pellet
fragments with relatively flat pellet cross-section surfaces were selected. EDX maps were

collected with an accelerating voltage of 20 kV for the edges: C K-edge, O K-edge, | L-edge,
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Cs L-edge, Nd L-edge, and U M-edge. Additionally, spot EDX measurements were performed
to analyse various microparticles and impurities found on the unpolished cross-sectional

surface.

2.5. X-ray absorption spectroscopy near edge structure

XANES measurements on the Cs and | K-edges were performed at the ROBL*® beamline at
the ESRF in Grenoble, France. The incident energy was scanned using a water-cooled Si(111)
double monochromator around the corresponding edge. Two Pt mirrors, positioned before and
after the monochromator, were used to collimate the beam, reject higher harmonics, and focus
it on the sample. Prior to measurement, the samples were ground into a powder, mixed with
boron nitride at a weight ratio of 1:10, and then pressed into pellets. The spectra were collected
at ambient temperature using an 18-element solid-state germanium detector (Ultra-LEGe,
GULO0055, Mirion Technologies) The detector was tuned to the maximum intensity of the
emission line of the corresponding in non-resonant mode (incident energy above the

corresponding edge). All measurements were performed at 25°C.

2.6.Knudsen effusion mass spectrometry

The behaviour of Cs and | during evaporation was analysed using a Knudsen effusion mass
spectrometer, which was placed in an a-tight and lead-shielded glove box. The Knudsen cell
consisted of a small tungsten crucible, positioned inside a high-temperature furnace and
coupled to a QMG422 quadrupole mass spectrometer (Pfeiffer Vacuum GmbH, Germany),*°
which was equipped with a cross beam electron bombardment ion source. An electron energy
of around 32 eV was selected for ionisation, striking a balance between avoiding excessive
dissociation and achieving sufficient ionisation efficiency. The spectra were recorded in a
temperature range from 530 to 2130°C, with a constant linear heating rate of approximately
7°C/min with a recording speed of 1 s/mass. Although the device can measure species up to
512 amu, this study focused primarily on '?7I*, 133Cs*, 133Cs'27|*, 238", 238J16Q*, 238J'6Q,* and

28103* ionic species with additional recorded masses that are available in Supplementary
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Information Note 1. Silver (Ag) was used as the reference material because its gaseous
species are inert towards the analysed gas fractions. Due to instrument access issues not all

uranium based species for the samples could be appropriately measured.

3. Results

3.1.Spark plasma sintering parameter and synthesis optimisation

SEM analysis of unsintered powders revealed that Nd doping directly affected the size of the
nanoparticles produced from hydrothermal decomposition (see Supplementary Information
Note 2). Specifically, increasing the amount of added Nd consistently resulted in a reduced
the particle size. The charge compensation mechanism of Nd** incorporation into the UO;
structure involves the oxidation of U** to the U%" ion,*%%0 which has a smaller ionic radius.*'
Furthermore, in addition to the difference in grain size, variations in chemical composition also
influenced the sintering process. In particular, an increase in the amount of Nd added resulted
in a shift of the densification curves to higher temperatures. Subsequently the SPS parameters
(temperature, time) had to be optimised to achieve a suitable microstructure, as well as the
inclusion and more homogeneous distribution of Csl. Initial tests were conducted on all
samples in argon atmosphere using the following parameters: heating at a rate of 100°C/min
up to 1200°C, dwell of 1 minute and cooling at a rate of 200°C/min down to 400°C, followed
by free cooling. However, electron microscopy of the subsequently examined samples

revealed relatively large grains (>2 um), so the intended microstructure was not present.

Subsequent optimised SPS conditions for the UO,—(Csl) synthesis involved the following
heating parameters: heating at a rate of 100°C/min to 800°C with a 1 min dwell, and then
cooling to 400°C at a rate of 200°C/min followed by free cooling to room temperature. The
(Uo.esNdo.15)O2—(Csl) sample was sintered with slightly modified parameters: heating at a rate
of 100°C/min to 950°C with a 5 s dwell, and then cooling to 400°C at a rate of 200°C/min
followed by free cooling to room temperature afterwards. In the sample, sintered at 950°C for

5 s, tiny Csl particles showed a much more homogeneous distribution throughout the
10



microstructure of the sample, consequently these SPS parameters were selected for sintering
of all subsequent samples. The overview of the SPS parameters tested is presented in Table
1. Figure 1 shows the microstructures of the samples sintered at the selected (see Table 1)

SPS parameters.

Table 1 — Tested SPS parameters during optimisation cycles. The parameters used for cycle

No. 3 were selected for synthesising all subsequent samples in the present investigation.

Cycle Ne Sintering piston Heating Dwell Cooling
pressure
; 1820009,09 : 11 2+ 200°C/min down to
3 71 MPa 100°C/min ! 400°C, followed by
(selected) 950°C; 5s free cooling

1



Figure 1 — SEM secondary electron (SE) images showing the microstructure of pellet cross-
sections: a) UO2—(Csl), b) (Uo.s5Ndo.15)O2—(Csl), and ¢) (Uo.7Ndo.3)O2—(Csl), sintered using the
SPS parameters selected in the Cycle 3 provided in Table 1. The bright white spots correspond

to Csl particles.
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Analysis of the sintered materials using ICP-MS showed that the concentrations of U and Nd
corresponded to the targeted synthesis additions, within the limits of the ICP-MS measurement
error. The Cs concentration was found to be between 0.9-2.1 mol %, although it should be
noted that, despite the selected sintering parameters enabled a more homogeneous
distribution of Csl particles to be achieved, their concentration within the sample still varied. It
was not possible to directly measure | from ICP-MS, however in considering previous work®®
performed on the synthesis of pure UO, with Csl included via SPS, additions of | were found
systematically corresponding Cs mol %. Nevertheless, the use of Nd may add inconsistencies,
to this and as this is the first such study involving the Nd addition with Cs/I simultaneously,
variations in the final Cs:l ratio may be possible. The Table 2 lists the compositions of the
samples.

Table 2 — ICP-MS analysis results for quantitative determination of U, Nd and Cs present with

investigated samples.

Sample U, mol % Nd, mol % Cs, mol %
UO—(Csl) 100.00 £ 0.42 0.00 £ 0.42 0.936 + 0.005
(Uo.8sNdo.15)02—(Csl) 85.62 + 3.47 14.38 + 3.47 1.400 + 0.049
(Uo.7Ndo.3)O>—(Csl) 65.36 + 8.24 34.64 + 8.24 2.069 + 0.171

3.2. Material characterisation

X-ray powder diffraction

To determine the phase purity of the synthesised materials, XRD measurements at room
temperature were performed and revealed that synthesised Csl-included Nd-doped UO;
materials adopted single-phase structures consistent with fluorite UO». No secondary phases
arising from, for instance, non-lattice incorporated Nd, Csl or Cs and | species could be
resolved. The formation of a single-phase solid solution is consistent with previous studies
considering the Nd doping levels.*®5' The diffractograms as well as the Rietveld refinement
profiles in the 20 ranges of 20 — 70° are provided in Figure 2. Determined lattice parameters,

as provided in Figure 2, indicate that the samples are partially oxidised beyond stoichiometric
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values and would be best regarded as (U1yNdy)O2.x—(Csl). This occurred because the
sintering time of 5 s was too short to achieve a higher degree of stoichiometry in the O/M
ratio.®> To determine the oxygen excess in the samples, equation (1) from the literature,®

which focuses on calculating the (U1.yNdy)O2.x lattice parameter, was used.

_ 4

\/5{(1 — 2y = 20)ryar + (Y + 2X)rys+ + Yrygs+ +

(2+x) x y
B e —Srrtx (-2, (1)

a

with a — lattice parameter, y — Nd concentration from the ICP-MS measurements, x — oxygen
excess, r — ionic radii.*!%* Based on the calculations following x values in (U1.,Nd,)O2:«x were
determined: for the sample UO>—(Csl) — 0.069(22); for the sample (Uo.gsNdo.15)O>—(Csl) —

0.100(33) and for the sample (Uo.7Ndo.3)O>—(Csl) — 0.047(22).

Thus, based on ICP-MS analysis and oxygen stoichiometry calculations, the final chemical
formulas for the samples are as follows: UO20s9(Csl)o.009, (Uo.s56Ndo.144)02.1(Csl)o014 and
(Uo.654Ndo.346)O2.047(Csl)o.021, which for simplicity referred as Nd 0%, Nd 15% and Nd 30%

respectively later in the text.
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Figure 2 — Room temperature XRD diffractograms (blue) with Rietveld refinement profiles
(cyan), background (red) and difference curves (black) for a) Nd 0%, b) Nd 15% and c) Nd
30% sintered for 5 s at 950°C in the 26 range of 20 — 70°. Allowed reflections of the Fm3m
space group for fluorite UO» and Pt are respectively represented by blue and purple markers.

The graph insets show the main peak area crop.
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Variable temperature X-ray diffraction

To verify the structural stability of the samples and confirm the consistency of their phase
composition at high temperature, particularly as to whether they are stable and do not undergo
temperature induced decomposition in vacuum or other phenomena that may impact
subsequent KEMS investigations (described in subsequent sections), VT-XRD measurements
were performed under vacuum conditions in range of 30 — 1150°C. The diffractograms for all

measured compositions are provided in Figure 3.

Inspecting Figure 3, no additional or vanished peaks are observed in all diffractograms up to
1150°C under vacuum indicating that there is no loss of Nd or formation of secondary phases.
The temperature dependence of the lattice parameters, as determined by Rietveld analysis
illustrated in Figure 4, reveals a linear relationship as a function of temperature, which further
indicates that there have been no changes to the structural chemistry of the investigated
samples. For UO2, changes in the linear expansion of the lattice parameter with temperature
can indicate partial reduction or oxidation. For instance, under vacuum conditions, reduction
and decomposition can be occur which would be indicated by a loss of the linear trend in lattice
parameter thermal expansion. The observation of a linear trend in Figure 4 over the prescribed
temperature range, indicates structural stability at higher temperatures and maintenance of

the UO; structure without reduction or decomposition.

16



a)| | Nd 0%
*-—% L1 ‘ B L 1150°C
| _ SIS  EPU S S PR -y 9 1
—_ i |
_(_:’“-— ‘.__.._‘ - . " e s TO0C
=
8 il 4] | I S 1] Lo T Wb’ le— 500°C
o
£
J [ ] a1 L4 A 300°C
= i ‘ l 100°C
e S | L'JJ_L ;__u__m.)t_ 30°C
[ (.| I P | I 11
20 4I0 60 80 100 120
28 (%)
b) | Nd 15%
Tt : TR —~—1150°C
—_~ L S s 900°C
:3 -
®© | o
= L —700°C
2 | | .
& — PR . 500°C
= |
i It i Ax A i L e SOOOC
g i NN S S S TS SV, [ ;' ). o
--»|LI @L H HQLLLJJH e UU' 30°C
20 4|0 60 SIO 160 WéO
26 (%)
c) | Nd 30%
I —_1150°C
- | _ _900°
iz |
;‘; A=k | e R e e — 700°C
=
) A B —500°C
g |
£
Lo i § e 300°C
i
| 4 ii — 100°C
\-—JL_JL M J ‘ Il n'UUt_U“_/!A A_J\-‘V'L 30°C
I Il lI 1 IIII 11 | ‘II IHI
20 60 80 100 120

26 (%)

Figure 3 — VT-XRD diffractograms at different temperatures in vacuum for Nd 0%, Nd 15%
and Nd 30%. Allowed reflections of the Fm3m space group for fluorite UO, and Pt are
respectively represented by blue and red markers. With increasing temperature, a shift in the

peaks towards lower 20 values is observed.

17



5.535

546
" n
i \\\ X /,/’
5.515 -| 5451 X R
\\\ >< ,'/ // ///
D\i<_/ | . \\\ /// /,./ ,,/
o .- X /i, -7 ‘/
% 5.495 4 54 15 30 e 27T
= Nd doping (%) P /" //’
g ' X & T kT
Q- //, ,/, ///
3 5.475->< o /,:./,,
© _ P ST = Nd 0%
» 8- ® Nd15%
5455 ° LA A Nd 30%
PN X F. Grenvold, UO,
] 2,,‘/ F. Grenvold, U,O,
5.435 T T T T T T T T T T T 1
0 200 400 600 800 1000 1200

Temperature (°C)

Figure 4 — Lattice parameter values as a function of temperature in range 30 — 1150°C
determined by Rietveld analysis for the samples: Nd 0% (black), Nd 15% (red) and Nd 30%
(blue), compared to the literature data.>® The inset in the graph shows the dependence of the
lattice parameter on the level of Nd doping in UO2 at room temperature. Details of the linear

fits shown by the dashed lines are provided in Supplementary Information Note 3.
3.3.Cs and | speciation in Csl-included Nd-doped UO2

Electron microscopy and energy dispersive X-ray spectroscopy
To explore potential Nd-induced speciation of Csl away from its original state, EDX
spectroscopy mapping was performed at different locations on the surface of the ceramic
samples’ cross-sections, two per sample. The regions were selected following a procedure
whereby: 1 — at a location where a relatively large Csl particle (or several) was observed, and
2 — at a location where multiple fine Csl particles were observed. Maps were taken of the C
K-edge, O K-edge, | L-edge, Cs L-edge, Nd L-edge, and U M-edge. Figures 5 — 7 show the
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results of EDX mapping with maps of | and Cs unoverlaid for three samples: Nd 0%, Nd 15%
and Nd 30% respectively with two different locations for each. The Supplementary Information
Note 4 provides the overlaid maps, as well as an overview of the pellet cross-section indicating

the mapping relative locations.

)

Figure 5 — EDX maps of | and Cs in two distinct locations for the Nd 0% sample. The maps
show the EDX signal intensity of Cs (purple) and | (yellow) at two different locations on the
surface of the pellet cross section (a, b, where a relatively large vein of Csl was found, and c,
d, where Csl is more homogeneously distributed, respectively). Identical Cs and | distribution

is apparent.
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Figure 6 — EDX maps of | and Cs in two distinct locations for the Nd 15% sample. The maps

show the EDX signal intensity of Cs (purple) and | (yellow) at two different locations on the
surface of the pellet cross section (a, b, where Csl is more homogeneously distributed, and c,
d, where a relatively large vein of Csl was found, respectively). In the presence of Nd,
differences in the distribution of Cs and | are apparent. For instance, the bottom left, centre
and bottom right quadrants and of ¢) compared to d) in addition to contrasting features in a)
and b).
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Figure 7 — EDX maps of | and Cs in two distinct locations for the Nd 30% sample. The maps

show the EDX signal intensity of Cs (purple) and | (yellow) at two different locations on the
surface of the pellet cross section (a, b, where a relatively large veins of Csl were found, and
¢, d, where Csl is more homogeneously distributed, respectively). Significant heterogeneous
distribution of Cs and | can be readily observed between the maps indicating speciation of Cs

and | away from the Csl initial state.

EDX mapping results showed that in the case of the Nd-free Nd 0% sample, the distribution
of | and Cs always coincided, indicating that these elements remained in the form of Csl
particles. Contrastingly, in the Nd 15% sample, mutually exclusive regions consisting of
heightened amounts of Cs were observed. The fact that signals of Cs and | occur at different
concentrations across the surface suggests that these elements have speciated beyond
stoichiometric Csl states. In the higher Nd-doped Nd 30% sample, this speciation becomes

more pronounced, as can be seen from the multiple more intense Cs areas. Moreover, the
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use of numerous distinct examined regions in both Nd-doped and non-doped sample
measurements, does strongly suggest variability in the speciation of Csl as Nd is introduced

into the samples.

X-ray absorption spectroscopy. K-edge of Cs and |

To further probe the suspected speciation of Csl occurring with Nd doping of the investigated
materials, XANES measurements were performed on the Cs and | K-edges. Using the K-edge
for XANES analysis requires relatively higher X-ray energies (35.9846 keV and 33.1694 keV,
respectively) as opposed to other edges. XANES measurements enable the bulk of the
material to be appropriately probed, ensuring that associated measurement signals do not
arise solely from the surface, as with EDX measurements. The Figure 8 provides the
normalised K-edge XANES spectrograms for Cs and | in the Nd 0% and Nd 15% samples,

plotted additionally using with a Csl standard.
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Figure 8 — Normalised XANES the K-edge spectra of a) Cs and b) | for the Nd 0% (red) and
Nd 15% (blue) samples against the Csl (black dashed) standard. The slight shifts in the Nd-
doped samples white line occurring for both Cs and | indicate a relatively different chemical

environment for these elements compared to the Csl standard and between each sample.

When the K-edge XANES spectra of Cs and | are considered, subtle but significant variability
is observed in the white line shape and shift of the Nd 15% sample compared to the undoped

UO, sample and also the Csl standard. These results clearly indicate that, firstly, the added
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Csl has readily dissociated from its original chemical compound state, and secondly, the
chemistry of Cs and | differs between the Nd-doped and Nd-free samples, consistent with the
SEM-EDX analysis. When the spectra of the two investigated samples are compared, it can
be seen that the Nd-bearing sample shows a subtle shift of the white line towards higher
energy at both the Cs and | K-edges. If the SEM-EDX measurements are followed, this
indicates that partial oxidation of Cs and | is occurring in addition to their speciation. For
instance, this could be explained by the presence of Cs-oxide or iodate (1037) phases, bearing
in mind the more ionic nature of Csl. For instance, the presence partially oxidised Cs could be
detected in case of the Cs-uranyl compounds formation,%¢>” while the partial occurrence of
iodate species could potentially be stabilised by uranyl and or Nd species forming respectively
uranyl and Nd-iodates, or by a combination of both.%8% |n the case of the Nd-free Nd 0%
sample, the white line on both the Cs and | K-edges more closely matches the Csl standard,
consistent with the SEM-EDX analysis, indicating speciation has not occurred. Given the low
sensitivity at the K-edge, this difference is not considered to be affecting the XANES results.
Moreover, these measurements strongly support the SEM-EDX analysis indicating that Nd in

the UO; structure contributes to the variable speciation of Cs and I.

3.4.Cs, | and Csl Release studies

Knudsen effusion mass spectrometry

In considering the combined SEM-EDX surface analysis with the Cs and | K edge XANES bulk
measurements, the results of the investigation thus far show the addition of Nd into the UO-
structure directly impacts the speciation of Cs and I. The observation that they exist in different
chemical environments in the different Nd-doped samples suggests that their temperature-
induced release should vary accordingly. Consequently, to investigate this hypothesis KEMS
measurements were performed under the temperature range of 500 — 2130°C. Spectrograms
of numerous gaseous species were obtained by vaporising samples in a Knudsen cell with

using a mass spectrometer to measure the vapor signal. These species were selected for

23



measurement in advance and included I*, Cs* and Csl*, among others, which enabled
determination of their behaviour during evaporation. Figure 9 shows the raw data on KEMS

measured mass spectrometry signal as a function of temperature.
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Figure 9 — Measured KEMS signal of various gaseous species as a function of temperature
for a) Nd 0%, b) Nd 15% and c) Nd 30%. The grey vertical line indicates the approximate start
of the final release of I" and Cs* caused by evaporation of the UO, matrix itself.

Based on the data in Figure 9, it is possible to assess qualitative characteristics of the Cs and

| release. Three regions stand out from the main observations of the I*, Cs* and Csl* curves
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and from checking the Csl*/I* and Csl*/Cs* ratios (see Supplementary Information Note 5).
The first region is up to 1200°C, where Csl melting occurs (632°C) and the evaporation of I*,
Cs* and Csl* gaseous species occurs mainly from the sample surface. The second region is
the intermediate range between 1200°C and 1500°C, where Csl boiling occurs (1280°C) and
evaporation mainly occurs due to cracking of the sample. The third region is the final release
region from 1500°C, when the sample matrix itself starts to evaporate. The high release in the
latter region is explained by the high density of the sintered samples, which hinders gas
diffusion at lower temperatures. Consequently, reaching evaporation of the UO, matrix

exposes the intergranular Csl inclusions, initiating their release.

An important observation here is the difference in the onset temperatures of this final release.
The differences between samples Nd 0% and Nd 15% could be explained by different oxygen
hyperstoichiometry (see section 3.2), which is known to promote an earlier release.® However,
the differences between samples Nd 0% and Nd 30%, the latter of which has lower oxygen
hyperstoichiometry, can be explained by the presence and quantity of Nd. Therefore, in
addition to its previously described influence on Csl speciation and microstructure, Nd

evidently favours a shift in release towards lower temperatures.

The effect of Nd can also be seen in the patterns observed during the final release, including
both Cs*, I* and the signals related to the UO, matrix. In Nd-free Nd 0% sample in particular,
the signals continue to rise sharply even when the maximum measured temperature is
reached. However, in the case of the Nd-doped samples, saturation is already observed in Nd
15% sample at this temperature, while in Nd 30% sample the signals reach a plateau. Although
not all UOz-related cation signals were collected for some samples, those that were measured
is sufficient to identify differences in final release. The next important observation relates to
the CslI*/I" and Csl*/Cs" ratios (see Supplementary Information Note 5). By the time of the final
release, the I* and Cs* converge. However, it was also observed that during final release the

Csl*/I" and Csl*/Cs* signal ratios decreased with increasing Nd content. Furthermore, in Nd
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30% sample, the I* signal becomes higher than the Cs* signal. This behaviour suggests that
chemical changes occur in the presence of Nd at high temperatures that affect the release of
Cs and I. Moreover, although Csl is still present in the samples, the Csl*/I* and Csl*/Cs™ signal
ratios indicate that in the samples containing Nd, the release of Cs and | does not originate

solely from Csl.

Fractional release analysis
Based on the obtained spectrograms, Normalised Instantaneous Release (NIR) and
Normalised Fractional Release (NFR) were also calculated in accordance with equations (2)

and (3) respectively,?® which should be noted as being simplified for relative qualitative

comparison.
INT
NIR(G) = max(INTVT) @
[, Tt
NFR(t) = —F——— (3)
j‘o end I\/Tdt

with / — measured mass spectrometry signal, T — temperature, and t; — time of the recording.

The NIR is defined as the differential effusion flow, measured in terms of the amount of vapour
species present per unit time at a given temperature, and is subsequently normalised to the
highest peak of the given release. The NFR is defined as the integral of the instantaneous

release, at a given temperature, which is normalised to the value at the end of the release.

NIR and NFR calculations enable the transition from raw KEMS data to quantitative
evaluations of gaseous fraction release from the sample. Figure 10 provides the results of the
KEMS data analysis with calculated NIR and NFR of I*, Cs* and Csl* gaseous species for all

three samples.
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The NIR data confirm the previously observed behaviour of I*, Cs* and Csl* at UO, matrix
evaporation temperatures, where the temperatures at which the final evaporation of these
gaseous species begins are lower, the more Nd is present. Here, it is also pertinent to consider
the spikes in the NIR curves at lower temperatures in Figure 10. As described in the previous
section, the peaks observed below the final release temperature of 1500°C are attributed to

the presence of pure Csl (or other Cs-, I-based compounds) at the surface of the sample as



well as to the propagation of cracks in the heated sample, accompanied by a sharp release of
exposed material, which can be also seen from the total amount of material in the NFR graph.
The significant differences in patterns and quantitative values between the samples further
confirm the influence of Nd on the behaviour of Cs and | during release. Furthermore, the
similar patterns of I*, Cs*, and Csl* in the Nd-free sample suggest that these gas fractions
mostly originate from Csl particles. Conversely, in the Nd-doped Nd 15% and Nd 30%
samples, the normalised release curves of I*, Cs*, and Csl* differ significantly, especially in
the high-temperature region. Such behaviour in Nd-doped samples may indicate the formation
of secondary phases caused by reactivity between Cs/l and U/Nd. However, the upper
measurement limit of the instrument is 512 amu which limits the ability to measure potential
gaseous species such as dicaesium uranate (Cs:UO.*, 576 amu) or Nd-iodide (Ndls*,
523 — 527 amu, depending on the Nd isotope), while no other compounds with molecular
weights <512 amu were detected. Nevertheless, the results of the KEMS data analysis
generally support the observations made by SEM and XANES analysis: the presence of Nd
in UO: influences the chemistry of Cs and | and further appears to have an impact their thermal

release during evaporation depending on the Nd content.

4. Discussion

This investigation has demonstrated that the incorporation of Csl into SPS synthesised
(U1yNdy)O2—(Csl) for y = 0, 15 and 30% nanoceramics is a chemically variant process,
whereby increasing amounts of Nd appear to result in increased speciation of Csl. This effect
can be influenced by a number of synthesis parameters, however optimised control of SPS
sintering steps and subsequent post-analysis revealed comparable specimen characteristics
such that associated chemical observations can be primarily attributed to the effect of Nd.
Pertinently, via KEMS measurements on these materials it was found that the behaviour of
temperature-induced Csl release correlates with the presence of Nd. Specifically, increasing

Nd concentrations or more enhanced Csl speciation, results in a lower temperature for which
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Cs, | and Csl are released compared to the Nd-free case. Nevertheless, it is necessary to
discuss and consider the potential chemical origins of how this solid solution behaviour can
impact release. For higher Nd doping the speciation of Csl indicates they form chemically
distinct phases whereby the potential formation of secondary phases containing Cs and | may
arise due to their reactivity with elements of the UO2 matrix (Nd and U) and subsequent
precipitation. Incorporation of Cs and | within the UO; matrix is largely ruled out as a leading
effect, due to their known low solubility. Some studies have proposed the possible reactivity
of Cs with U forming Cs;UOx from thermodynamic calculations and experimental
observations.%¢:576' The free | produced in this way could either evaporate as I, or react with
Nd to form intermetallic Ndls; or another mixed U/Nd-based intermetallic or oxide compounds.
Subsequently, chemical reactivity with Nd can also be expected particularly since, despite the
formation of a solid solution between Nd and UO,, studies show that Nd tends to migrate
towards grain boundaries,?>%% where it can react with Cs/I. Crucially, nano-sized grains, as
found in HBS, amplify this effect by reducing the migration distance to the boundary. Thus,
enhancing surface reactivity between Nd and Cs/I. Furthermore, the presence of a trivalent
lanthanides in UO- is known to result in a general increase of the oxygen potential in the
context of fuel.®* With regard to general model materials, during long in-furnace sintering, the
oxygen potential of the sample and the sintering atmosphere equilibrate;®> however, in the
case of relatively rapid SPS, such equilibrium might not be reached and the oxygen potential
of the samples is dictated by the chemistry of the dopant rather than the sintering atmosphere,
concordant to the behaviour in fuel. Consequently, as the Nd-doping level increased, the
oxygen potential of the samples is raised. This may consequently be an indirect contributing
factor of the Nd occurrence leading to the oxidation based Csl speciation of Csl with the further
potential reactivity between U/Nd and Cs/I.5" In addition to the potential formation of phases
via such reactivity, there is also the possibility of Nd influencing Csl through van der Waals
forces. These effects arise because Cs and | are both heavy, highly polarisable ions® and van
der Waals dispersion between such species is hon-negligible compared to the total cohesive
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energy in soft ionic lattices and related materials. Critically these forces directly impact
detachment and release at specific temperatures. Changes to the chemical structure of the
UO: lattice, such as via the aliovalent substitution of U** for Nd** generating U%* can readily
result in a change to the van der Waals interactions, and this effect is also amplified by the
migration of Nd to the boundaries of the nanograins. It is conceivable that such concentrations
of Nd along the surface of the UO» nanograins which contact Csl can impact the subsequent
van der Waals interactions leading to modulation of the Csl bonding and subsequent
speciation. Particularly, Nd** would be expected to lower the local charge density when found
more concentrated on the surface of the nanograins than U**, leading to reduced interactions
and retention with I, It is noteworthy that the amount of Nd influences the microstructure,
particularly grain size of the precursor powder material prior to SPS (see Supplementary
Information Note 2). Specifically, as the content of Nd increases, there is a reduction in grain
size of the examined materials, this can in turn affect the oxygen uptake and stoichiometry of
materials. However, oxygen stoichiometry calculations showed similar values, with relatively
marginal discrepancy, and consistent VT-XRD behaviour. Nevertheless, the use of high doping
amounts of Nd is a more prominent and considered major variable between the examined
samples. Accordingly, the speciation of Csl can result from of a variety of factors, critically

however, these are driven by the chemistry and inclusion of Nd in the materials.

Studies that employed KEMS analysis to investigate the temperature-induced release of Csl
from UO2 model materials sintered using SPS showed a single early release of Cs and | (in
the range of 530 to 1130°C).?22° However, these studies did not focus on nanoceramics, where
the average grain sizes were an order of magnitude larger than that of the materials
investigated here.*® Smaller grain sizes should result in faster Csl release due to a much
higher grain boundary density. Furthermore, these studies did not examine the effect of Nd or
related UO: lattice matrix-soluble elements via model materials. In those investigations, lower-
temperature release of the matrix was generally observed for the SPS-synthesised UO»

materials compared to the present study. Notably, this appears to be the first study to have
30



examined the effect of UO, nanoceramics on Csl, in addition to Nd incorporated as a solid
solution. Compared to the aforementioned model system studies, final Csl release occurs at
comparatively higher temperatures (without considering Nd). This could be attributed to the
effect of nanograins, but is likely more related to better compacted material, which retains Csl
within the structure slowing its release up to high temperatures. When considering the effect
of Nd in the present investigation and taking into account that the synthesised compounds
have similar densities, differences are observed between when Nd is present or absent.
Particularly, the samples Nd 15% and Nd 30% possess obviously non-coincident I*, Cs*, and
Csl* release behaviour that is not found in the release spectrum of the Nd-free Nd 0% sample.
This could indicate the release occurring from Cs- and I-based compounds formed as a result
of the reactivity between these elements with Nd or U. Another important observation is that
the final release of all the gaseous species measured shifts towards lower temperatures as
the Nd content increases. Studies on the vaporisation of irradiated nuclear fuel with high burn-
up (55 - 67 GWd/tHM) show that the release profiles of | and Cs exhibit greater release at
higher temperatures (>1230°C),?2 which is pertinently closer to the Nd-doped compositions of
the present investigation. Previous work on very high burn-up SNF (240 GWd/tHM)
demonstrated that the release patterns of Cs and | measured by KEMS exhibited a more
similar behaviour and two peaks: in the region of ~730°C and of ~1230°C, similar to the
findings in the present study.®? However, the temperature-induced release of IRF-related
elements is influenced by a multitude of factors inherent in the complexity of SNF, for instance,
arising from the fuel’s irradiation history, as well as its chemical, microstructural, thermal, and
physical characteristics. Decoupling these effects and cross-comparing SNF specimens
towards determining underlying chemical-physical mechanisms is extremely difficult from a
direct investigative perspective. Contrastingly, the current investigation builds upon previous
studies of Csl-included UO, model material work by doping with Nd as a proxy for the
examining the behaviour of matrix-soluble minor actinides and FPs, simultaneously with the
influence of a nanostructure similar to HBS. The results show more agreement with that of

31



higher burn-up irradiated fuel studies. Considering that Csl speciation is also expected from
y-radiation,?22% it would appear, that not just radiological, but also chemical processes within
irradiated fuel, particularly in HBS regions have an impact on the chemistry and subsequent
release of Cs, |, and potentially other IRF-related elements. This naturally has pertinent
implications for the use and storage of nuclear fuel, particularly of which are intended for high

burn up cycles, that is currently being pursued by many nations.

5. Conclusions

This investigation has examined the chemistry of Csl within SPS-synthesised Csl-bearing UO»
nanoceramics through Nd doping variation towards replicating the conditions of the HBS in
irradiated nuclear fuel with high burn-up. The results demonstrated the gradual and continual
speciation of Csl as a result of Nd incorporation within the bulk material and subsequently
affects the temperature-induced release of I*, Cs* and Csl*. As shown by a combination of
XANES spectroscopy on the Cs K-, and | K-edges and SEM-EDX analysis, Csl in presence
of Nd is found to speciate into individual phases. Considering the chemistry of the materials it
is suspected Cs and | adopt phases that are either separate, oxidised or involve the reactivity
with the Nd-doped UO; lattice matrix. KEMS measurements and analysis provided release
spectrums from examined compositions, where the temperature of final release of I, Cs™, and
Csl* gaseous species is shifted towards lower temperatures with increasing Nd content.
Additionally, the release profiles indicate they possess features which are consistent non-Csl
species, such as secondary phases arising from initial speciation and reactivity. When the
results are compared with those of previous studies on the Csl release in model systems??2°
and irradiated fuel,?>*2 more agreement is found with the latter. It has been previously
established that y-radiation induces speciation of Csl within SNF which subsequently affects
its release.?? The present study demonstrates that the Csl stability and speciation are affected
not only radiologically affected, but also chemically within the UO»> matrix resembling that of

the HBS. This work provides critical fundamental understanding into the behaviour of Csl
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within high burn-up irradiated fuel and how changes to the local chemistry and microstructure
of the fuel, via the formation of the HBS and subsequent enhanced FPs inventory, can affect
the release mechanisms of IRF-related elements including Cs and |, which constitutes a

crucial aspect of SNF management safety.
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