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Cr-doped UO, fuels are increasingly adopted for their superior in-reactor performance compared to
undoped UQ,, but their spent fuel behaviour, particularly potential Cr speciation and fission product
reactivity, remains poorly understood. This investigation has used high energy resolution fluorescence
detected X-ray absorption near edge structure (HERFD-XANES) spectroscopy to examine speciation
of Crand Pr/Gd within 200 ppm Cr-doped (U**", 7Pr**(.3)02.x and 200 ppm Cr-doped (U***, ,Gd* g 3)
0,., compounds. Despite both being UO, soluble and undersaturated, analysis indicates that Cr** and
Pr**/Gd*" form perovskite type (Pr¥*/Gd*")Cr**O; phases, consistent with classical “grey phases” of
spent fuel. The radiation tolerance of these phases was examined via swift heavy ion irradiations of
PrCrO3; and GdCrO3; compounds where electron microscopy and grazing incidence synchrotron
diffraction indicate significant amorphization but retention of the crystal structure. The investigation
highlights the pertinence of considering the chemistry of dopants used for nuclear fuel enhancements

regarding their speciation during irradiation and subsequent occurrence within spent fuel.

Amid the accelerating global shift towards carbon neutrality and uncer-
tainties in energy security, nuclear energy is demonstrating its potential by
offering safe, reliable base-load power and sovereign control. Concurrently,
there remain unavoidable challenges related to the management of spent
nuclear fuel (SNF). While some countries, such as France and Russia, favour
SNF reprocessingl’z, currently others, such as Germany, Sweden, Finland
and the US, are leaning towards direct disposal™’. Invariably, reducing SNF
volumes is a desirable goal from both economic and security perspectives.
This creates a demand for fuel types that maximise energy output while
minimising SNF production. In this regard, the utilisation of advanced
technology nuclear fuels (ATFs) emerges as a promising prospect, holding
significant potential in this context. This is exemplified by uranium dioxide
(UO,) nuclear fuel doped with chromium (Cr), which has garnered con-
siderable interest from industry and academia due to its significant grain
growth properties”™®. Cr-doped UO, fuel with larger grains exhibits
improved fission gas retention’, allowing longer irradiation in the reactor
without compromising fuel stability, and thus enabling higher burn-ups,
consequently reducing SNF generation. Additionally, such fuel provides
improved pellet-cladding interaction margins*"’. Overall, Cr-doped UO,

ATFs provide superior performance over undoped UO, nuclear fuel
However, the behaviour and precise characteristics of ATFs as SNF are not
well defined due to their recent introduction to nuclear power reactors.
Doping UO, with relatively low concentrations of Cr at the ppm level
results in a relatively significant increase in grain size, ranging from 60 to
70 pm for 500 ppm of Cr to 80-90 pm for 1700 ppm™°. Subsequently, the
typical amount added in industry production is targeted at approximately
700-1100 ppm Cr'"** to minimise the impact of it as a neutron poison whilst
maximising grain growth. The mechanism of grain growth is understood to
arise by thermodynamic processes occurring during sintering, either due to
the formation of a eutectic phase by Cr, or due to the direct Cr incorporation
into the UO, lattice with subsequent defect introduction, which both
encourage ion transport and grain coalescence during sintering”*'. Sin-
tering process parameters such as the oxygen partial pressure (po,) and
temperature (T) directly affect the solubility of Cr in the UO, matrix, in
which metallic and oxide Cr secondary phases occur as precipitates and
along grain boundaries™”™"". In the case of T'= 1700 °C and po, = —420 kJ/
mol, the Cr solubility limit is understood to be approximately 500 ppm
Cr*"”. However, this chemical description only applies to fresh Cr-doped
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UO, fuel. During irradiation in the reactor and subsequent processing
stages, changes in the oxygen potential occur due to fuel burn-up arising
primarily from the formation and decay of fission products (FPs). These
changes can affect the chemical speciation of Cr, and there is limited existing
data on this arising from associated SNF specimens due to their recent
deployment in power reactor units. Understanding this speciation is
important as it can affect the stability of SNF during interim storage and final
disposal.

In the absence of sufficient direct SNF data, model systems enable the
investigation of individual effects without the radiation risks and material
complexity inherent in real SNF*. The production of accurate and repre-
sentative model system materials, in combination with high-resolution
measurement techniques, such as synchrotron X-ray diffraction (S-XRD)
and high-energy resolution fluorescence-detected X-ray absorption near-
edge structure (HERFD-XANES), can enable the precise determination of
the material chemistry within doped spent UO, fuel materials'®*'™>. A
particular facet of such fuel that has received little attention is the potential
interaction of Cr with fission products, particularly lanthanides (Ln) and
with transmutation products, such as minor actinides (MA) and plutonium
(Pu), that alike with Cr, are soluble within the UO, lattice matrix and are all
expected to gain significant yield in higher burn-up fuels. Cardinaels et al.*,
examined the simultaneous presence of Cr and Gd in UO, via microscopy
methods, finding that these elements compete with each other in the solid
solution, and thus, as the Gd content increases, the solubility limit of Cr
decreases, driving it to precipitate at the grain boundaries. In contrast, a
favourable interaction between Pu® and Cr, resulting in the formation of a
PuCrO; perovskite type phases, has been suggested by both computational
calculations™ and the experimental observations via Cr and Pu oxide
investigations™. It is then postulated that, given the similarity of the ionic
radii”’ of trivalent MA’s and Ln’s to that of Pu, similar perovskite phases
based on Cr can also be formed with these elements within UO, fuel.
Moreover, it was suggested that certain L#’s tend to migrate from the UO,
matrix towards grain boundaries”, where the concentration of Cr is higher,
thus further inducing a reaction between these elements. Mieszczynski
et al.”, using Cr K-edge microbeam X-ray absorption spectroscopy (XAS)
spectra for fresh and spent Cr-doped UO, found no significant alterations to
the chemistry of Cr between the fresh and spent states. Notably, this study
employed standard X-ray absorption spectroscopy analysis on the Cr K-
edge, in which the spectral broadening can readily reduce the ability to
identify changes to Cr chemical states that may occur during fuel irradiation.
The pertinence of deploying HERFD-XANES measurements for fresh Cr-
doped UO, has recently demonstrated its ability to precisely identify and
discern specific Cr phases present in the investigated materials'. However,
so far, such measurements have not yet been performed on UO, materials
simultaneously doped with both Cr and Ln/MA/Pu relevant to SNF. Con-
sequently, it is important to establish precisely how Cr speciates when
encountering these UO, lattice matrix soluble elements within Cr-doped
spent UO, fuel, via high-resolution methods, in order to support the safe
disposal of SNF.

To shed further light on potential Cr speciation within Cr-doped UO,
SNF, this investigation has used HERFD-XANES spectroscopy to deter-
mine changes in the chemical state of Cr within 200 ppm Cr-doped
(Uo7Lng3)O, x materials using praseodymium (Pr) which can act as a
structural surrogate for Pu’*”, and gadolinium (Gd), a known neutron
absorber, that is introduced in fuels, including ATFs, often to allow for more
stable power ramping during reactor startup™. Although Ce is a well-known
surrogate for Pu when both considered tetravalent, the sensitive redox
chemistry of Ce makes it difficult to control when wanting to examine the
chemistry of trivalent Pu. When Pu is trivalent, it possesses an ionic radii of
1.00 A, compared to Pr*, which has a radii of 0.99 A. Accordingly, Pr’*" is
considered a good surrogate cation for examining potential Pu’* reactivity.
The subsequent analysis identifies the occurrence of mixed Cr and Ln
phases consistent with perovskite-type formulation of the general formula
LnCrO; arising from the interaction between Cr and Ln’s within the bulk
material. To probe the possible stability of these phases within Cr-doped

UO, SNEF, their radiation damage tolerance was examined via swift heavy
ion irradiation using 13GeV '"Au® ions with a flux of
2x 10%ions x cm™>s™" and analysed with scanning electron microscopy
(SEM) and synchrotron X-ray grazing incidence diffraction (GIXRD). The
results of this investigation are discussed in relation to Cr speciation in Cr-
doped UO,, the formation of novel Cr-based fission product secondary
phases not found in undoped UO,-based SNF, which can affect the stability
of this type of fuel during interim and final disposal.

Methods

Materials and synthesis

Undoped UO,, Cr-doped UO,_ and Cr-doped (Pr/Gd, U)O,_, pellets were
synthesised using an established co-precipitation method followed by high
temperature sintering’’. Nitrates of the metals: UO,(NO;),-6H,0,
Cr(NO3)39H,0 (Merck KGaA, 98.0%), (Pr/Gd)(NOs);-6H,0, (Thermo-
Fisher GmbH, 99.9%) were mixed for doped compounds to achieve the
desired composition: 200 ppm of Cr addition for each composition, and
30% molar of each of Lu (see Table 1). The solutions were then precipitated
with ammonia (25%), that was in 300% excess, centrifuged and washed with
deionised water. The Cr content was selected to stay below the Cr solubility
limit of 500 ppm at the selected sintering parameters™"’, with the objective to
probe speciation effects within the UO, lattice matrix between L» and Cr,
while minimising inadvertent reactivity from secondary phases. The
resulting material was calcinated at 800 °C for 8 in air, followed by a
reduction step carried out in a tube furnace (ENTECH ESTF 50-18-SP-VK,
Angelholm, Sweden), that was heated to 600 °C for 5 h and cooled to room
temperature at a rate of 6 °C/min in controlled 4% H, + 96% Ar atmosphere
to transform U;Oy into UO, powder. This powder was then pressed into
pellets, each weighing ~1 g, using a tungsten carbide piston in a uniaxial
press (Hahn & Kolb, MP12, Stuttgart, Germany), applying a pressure of
574 MPa, followed by a sintering step. Sintering was carried out at
T=1700°C for 10h under po, =—420kJ/mol conditions, achieved by
precise flow rate control of a gaseous mixture of 4%H, + 96%Ar and 1%
O, + 99%Avr. The furnace was cooled to room temperature at a rate of 6 °C/
min while the gas atmosphere was kept consistent. Post-sintering, the
samples were examined via X-ray diffraction (XRD) analysis collected on
powdered specimens using a Bruker D4 diffractometer, which indicated the
formation of single-phase fluorite-structured compounds consistent with
the UQ, structure (see Supplementary Note 1).

PrCrO; and GdCrO; perovskite pellets were synthesised using a
similar approach to that used for UO, materials, using a co-precipitation
followed by a high-temperature sintering method. Cr(NO3);-9H,0 (Merck
KGaA, 98.0%), Pr(NO;);-6H,O and Gd(NO;);-6H,O (ThermoFisher
GmbH, 99.9%) nitrates were mixed at a 1:1 ratio for desired compositions,
precipitated with 25% ammonia solution (300% excess). After washing of
the solutions, the samples were dried overnight at 120 °C. The resulting
solids were ground into a powder using a mortar and pestle, then calcined at
600 °C for 3 h and at a rate of 6 °C/min cooled to room temperature. For
each sample, pellets of ~1 g were then pressed with a tungsten carbide piston
in a uniaxial press, with an applied pressure of 574 MPa, and sintered at
1600 °C for 5h in the reducing 4% H, + 96% Ar atmosphere, which, after
cooling to room temperature at a rate of 6 °C/min produced pellets which
both possessed a green colour. The density of these was determined using
hydrostatic weighing with values of 6.601 g/cm® (95% of theoretical) for
PrCrO; and 7.045 g/cm”® (92% of theoretical) for GACrOj; found. After SEM
imaging, the synthesised pellets were polished to prepare it for ion irra-
diation. The ceramic samples were examined using XRD to confirm product
formation and subsequently used for further measurement and analysis (see
Supplementary Note 1).

Synchrotron X-ray diffraction

S-XRD measurements were performed at BM20 Rossendorf Beamline
(ROBL)™ of the European Synchrotron Radiation Facility (ESRF) in Gre-
noble, France on undoped UO,, Cr-doped UO,_, and 200 ppm Cr-doped
(Ug7Pr3)0,.x and (Uy ,Gdy 3)O,.« samples. Diffraction data were collected
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Table 1 | Refined lattice parameters and goodness-of-fit
values determined using the Rietveld refinement against the
collected S-XRD diffractograms at the ambient temperature
with A=0.7377 A

Sample composition Lattice parameter, a, A Rwp / Rp factors
(§[07% 5.470005(5) 10.26% / 7.31%
200 ppm Cr-doped UO,_ 5.469651(2) 8.57% /6.16%
200 ppm Cr-doped 5.463822(2) 8.40% / 6.39%
(Uo.7Pro.3)02x

200 ppm Cr-doped 5.418034(4) 12.49% / 8.26%

(Uo.7Gdo.3)O2-x

using the high-resolution XRD diffractometer of BM20, that was equipped
with a Dectris Eiger cadmium telluride (CdTe) 500K photon counting
detector at a temperature of 23 °C. Prior to measurement, the samples were
ground into a fine powder and loaded into 0.3 mm diameter glass and
further confined within Kapton tubes for safety. The monochromator
energy was calibrated against the K-edge X-ray absorption spectrum of an
yttrium metal foil using the first inflection point at 17,038 eV, which pro-
vides an uncertainty of +0.3 €V (+0.000013 A). Experiments were con-
ducted in transmission mode, and the resulting two-dimensional data were
reduced using the PyFAI library, which had been adapted for dif-
fractometers mounted on a goniometer arm”. The detector setup was
calibrated by measuring a LaBg NIST reference standard, and a wavelength
of 0.7377 A determined. The data was collected in the 26 range of 0-60°, at
which diffractograms were analysed using the Rietveld method as imple-
mented in the programme with GSAS-IT**. The scale factor, background,
instrument parameters (including zero point) and the lattice parameters
were together refined in relevant structural models.

High energy resolution fluorescence detected X-ray absorption
near-edge structure spectroscopy

U M;-edge and Cr K-edge HERFD-XANES measurements were performed
at BM20 ROBL” of the ESRF in Grenoble, France. The incident energy was
scanned using a Si(111) monochromator around the corresponding edges.
Two Si mirrors before and after the monochromator were used to collimate
the beam, reject higher harmonics and focus on the sample. The beam size
was estimated to be 30 um vertically and 1000 um horizontally. The spectra
were collected at ambient temperature using an X-ray emission
spectrometer” equipped with five crystal analysers (Si(220) at 75° Bragg
angle for U and Ge(422) at 82.5° Bragg angle for Cr) with 1 m bending
radius, and a silicon drift X-ray detector in a vertical Rowland geometry. The
spectrometer was tuned to the maximum intensity of the emission line of the
corresponding element (Ko = 5414.9 eV for Cr and Mp = 3339.8 eV for U)
in non-resonant mode (at incident energy above the corresponding edge).
The calibration of the incident monochromatic energy was performed by
assigning the maximum of the HERFD-XANES spectrum of reference
compounds: that of UO, to 3725 eV, and that of Cr(met) to 6006.5 eV. All
measurements were performed at 25 °C.

The quantitative amounts of U*" and U in the investigated samples
were calculated on the U M,-edge using iterative transformation factor
analysis (ITFA)**”. The collected Cr K-edge spectra were analysed to
determine the best fit’ linear phase composition. This was achieved by
solving a nonlinear constrained optimisation problem using the Sequential
Least Squares Programming (SLSQP)™ algorithm, which is also employed
for various other problems when analysing XAS data”*". To match the
energy values, the collected Cr K-edge spectra were linearly interpolated,
after which the SLSQP algorithm was used to find:

N n E
min > T (B) = > w; - I(E) 1
=1 =1

with N - number of energy points at which the sample was measured,
I(E;) - the intensity from phase j at energy E;, w; — the weight of phase j, n -
number of phases, and the restraints are: w; > 0 and 27:1 w; =1

Swift heavy ion irradiation

The polished surfaces of the perovskite samples were irradiated by the
Universal Linear Accelerator (UNILAC) at the GSI Helmholtz Centre for
Heavy Ion Research in Darmstadt, Germany. To simulate the harsh reactor
conditions, the samples were exposed to a beam of ' Au* ions with initial
kinetic energy of 1.7 GeV, which by the moment of impact had been reduced
to 1.3 GeV by energy reduction in-beam flux detector of 3 um aluminium
(Al) and the 13 pm Al foil used for sample wrapping. The beam flux of
2x10’ionsxcm*s™"  resulted in an accumulated fluence of
2 x 10%ions x cm ™ (estimated uncertainty ~10%). No active cooling was
employed during the sample irradiation process. The depth of radiation
damage was estimated using ‘The Stopping and Range of Ions in Matter’
(SRIM)*” modelling program with parameters matching those of the
experiment. The results are presented in Supplementary Note 2. Pursuant to
the irradiation process, the samples were then subjected to a period of
repose, the duration of which was sufficient to permit the activation pro-
ducts to decay to levels that are below the detection limit. Prior to the
subsequent analysis by GIXRD, the irradiated surfaces were re-examined
by SEM.

Scanning electron microscopy

The morphology of radiation-damaged perovskite materials was examined
using an Apreo 2 C LoVac scanning electron microscope (ThermoFisher,
The Netherlands). The unpolished, pristine and polished irradiated surfaces
of the samples were measured. Secondary electron (SE) images were col-
lected due to the charging effect either at 5 or at 2 kV at a working distance
of 10 mm.

Grazing incidence X-ray diffraction

Analysis of the structure of irradiated surfaces of perovskite samples using
GIXRD was performed on beamline ID22* at ESRF, Grenoble, France. The
data were collected using a highly collimated, monochromatic beam cou-
pled with a 13-channel silicon 111 multi-analyser stage positioned between
the sample and a Dectris Eiger2 X 2M-W cadmium telluride (CdTe) pixel
detector. The initial X-ray energy of 11.5keV was refined following cali-
bration using a LaBg pellet standard reference with a precise wavelength of
1.0785 A determined. To calculate the penetration depth of X-rays, the
Glancing Incidence X-ray Analysis (GIXA) utility was used, based on data
from Henke et al.*. The penetration depth is the distance travelled by the
X-ray beam before its intensity is reduced to 1/e. Accordingly, three pene-
tration depths cover approximately 95% of the X-ray beam attenuation.
Thus, the grazing angles were selected based on the depth of radiation
damage by ions that had been determined (see above) and the calculated
depth of X-ray penetration* (see Supplementary Note 3) as follows: 1°, 5°,
10°, and 14°. Pristine pellets that were not irradiated were measured at an
angle of 14° for comparison.

Results
Synchrotron X-ray diffraction
XRD measurements revealed that the synthesised 200 ppm Cr-doped
(Up.7Pro3)02 and (Up;Gdy3)O,y pellets adopted a single-phases con-
sistent with UO, fluorite structure; the Rietveld profiles are provided in
Supplementary Note 1. However, lab XRD is known to be relatively
insensitive to the effects of trace doping”. Therefore, in order to examine
trace phase separation and determine the high-resolution structures of the
examined materials, high-resolution S-XRD measurements were per-
formed. The diffractograms with Rietveld refinement profiles are provided
in Fig. 1 and the determined values are provided in Table 1.

A Rietveld analysis of the collected S-XRD diffractograms indicated
that, within the limits of resolution, all materials are single-phase in fluorite-
structure space group Fm3m consistent with UO,. In the case of the 200
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Fig. 1 | Rietveld refinement of S-XRD measurements of pure UO,, 200 ppm Cr-
doped UO,_, and 200 ppm Cr-doped (U, ,Pr, 3) O, and (Uy ;Gdy 3)O,_, samples.
It is notable that in the presence of dopants, peak shifting to a higher angle is
observed, corresponding to a decrease in the lattice parameter. Measured data,
refined models, difference curve and allowed reflections of the Fm3m space group for
fluorite UO, are respectively represented by blue markers, cyan lines, red lines and
purple vertical markers.

ppm Cr-doped UO, 4 sample, a contracted lattice parameter is observed.
This indicates incorporation of Cr’* in the UO; lattice by creating oxygen
vacancies™. Invariably, secondary phase occurrence pertaining to Cr-O and
Cr metallic phases can readily occur due to the diffusion kinetics and
thermodynamic distribution of Cr during sintering'®. Nevertheless, such
phases are not readily observed in S-XRD measurements. Trivalent Ln’s are
well understood to form a solid solution with U in doped UO, through a
charge compensation mechanism up to 50%*, which for prescribed molar
amounts of Pr’" and Gd’" is achieved through the oxidation of U** to U**
and lattice contraction, the extent of which depends on the type and amount
of Ln incorporated** ™. This trend can be readily observed in the results of
Table 1.

High energy resolution fluorescence detected X-ray absorption

near-edge structure spectroscopy analysis

Although S-XRD analysis has demonstrated that all investigated UO2-
based samples appear to be single-phase, the trace amount of Cr doping,
coupled with the ability of Cr to adopt different chemical states within the
bulk UO,, has previously been shown to be difficult to track using diffraction
methods'’. XANES is an excellent tool for determining the chemistry of

— U0,
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Fig. 2 | Normalised HERFD-XANES U M, -edge spectra as solid lines for pure
UO,, and 200 ppm Cr-doped (Uj ;Pry 3)O, « and (Up ;Gdy 3)O; . The dashed
lines indicate reference spectra for collected standards as U**O, and CrU°*O,. The
spectra of the doped samples, which exhibit an additional peak, demonstrate that the
presence of 30% trivalent Ln’s causes the oxidation of U** to U**. The measured UO,
sample was found to be closer to U** than the standard spectra, due to slight
oxidation of the UO, reference.

dopants, with particular efficacy in determining their oxidation state when
present at trace amounts, which has been demonstrated well in the context
of doped UO, materials'******". However, challenges persist, particularly for
the Cr K-edge and U M,-edge in standard XANES measurements due to
core-hole lifetime broadening. Consequently, to overcome this, HERFD-
XANES measurements were performed at the Cr K-edge and, to confirm the
bulk behaviour of UO,, at the U M,-edge.

Figure 2 shows the normalised U M4-edge HERFD-XANES spectra for
the UO, and 200 ppm Cr-doped (Uy ;Pr3)O0, «x and (Uy,Gdg3)O0, « sam-
ples witha U**O, and CrU**O, standard. In the case of the UO, sample, the
sample is purely tetravalent to the limits of resolution. In contrast, the 200
ppm Cr-doped (Uj ;Prg 3)O, . and (U, ;Gdg 3)O,. samples show oxidation
consistent with U>" but also retention of U**. This oxidation state is indi-
cative of aliovalent oxidation of U due to the inclusion of Pr** and Gd**
within the UO, structure*””. Using ITFA for calculating the quantitative
amounts of U oxidation states in the measured samples it was determined
that the U**/ U®* ratio is 0.66/0.34 in the 200 ppm Cr-doped (UpPrg3)O5.«
sample and 0.64/0.36 in the 200 ppm Cr-doped (U ,;Gdy3)O, « sample.
Given the known 5% ITFA calculation error’®, the calculations show that the
incorporation of Pr’* and Gd** leads to the expected oxidation of U con-
sistent with literature’™”. The compounds are accordingly written as
200 ppm Cr-doped (U***(,Pr’*;3)0,, and 200 ppm Cr-doped
(U'5,Gd* 3)05 .

HERFD-XANES data at the Cr K-edge obtained on 200 ppm Cr-doped
(Ugp7Pry3)0,.« and (Uy,Gdy3)0,. samples were compared with those
from perovskite PrCrO; and GdCrO; samples, as well as with previously
analysed Cr standards'®: metallic Cr°, Cr"’Cl,, Cr"’Cl3-6H,0, and Cr™,0s.
The spectra were also compared with the previously measured Cr K-edge of
a Ln-free UO, sample doped with Cr at 2395 ppm"’, synthesised using the
identical synthesis conditions, and a Cr’*-doped UO, single crystal
extracted from the same samplels, in order to further examine differences in
Cr chemistry in UO, with and without L present. The normalised HERFD-
XANES Cr K-edge spectra for these combined measurements is provided in
Supplementary Note 4. Clear from this plot is the 200 ppm Cr-doped
(UoPr3)0,.x and (Uy;Gdy 3)O,. samples match closely with Cr’* stan-
dards. Accordingly, for simplicity Fig. 3 plots the normalised Cr K-edge
HERFD-XANES results for the 200 ppm Cr-doped (U ;Prg3)O, .« and
(Uo.,Gdo )0, with just the Cr’" standards including PrCr’O; and
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the main peak indicate a pronounced similarity between the sample and the GdCrO5
material, whilst highlighting its difference from the other 3+ standards and Ln-free
samples.

Table 2 | The SLSQP results of calculating the linear phase
composition for the normalised HERFD-XANES Cr K-edge
spectra of 200 ppm Cr-doped (Uq 7Pro.3)05_x and (Ug.7Gdg 3)

0, samples

Sample Phase Weight
Cr° 22%
Cr**Cl, 2%

200 ppm Cr-doped (Uo 7Pro.5)02.x PrCr**Og 68%
Cr¥*Cls 0%
Cr¥t,03 8%
cr° 20%
Cr2*Cl, 3%

200 ppm Cr-doped (Up 7Gdg.3)O02-x GdCr**0; 75%
Cr*Cly 2%
Cr¥,05 0%

GdCr ™03, 2395 ppm Cr-doped UO, sample”, and a Cr’*-doped UO,
single crystal extracted from the same material body'*.

The Cr-doped UO, single crystal extracted from the bulk Cr-doped
UO, sample with 2395 ppm addition of Cr, is representative for the Cr'*
state in the UQ, lattice, free from secondary phases that can be observed in
the bulk sample in Fig. 3, arising from non-lattice associated Cr° (metallic),
Cr**0, Cr’*,03, and other associated secondary phases. As demonstrated in
Fig. 3, both the 200 ppm Cr-doped (U, ,Pry3)O, .« and (Up,Gdy3)O,
samples show a considerably different line shape compared to the 2395 ppm
Cr-doped UO, bulk sample and Cr’*-doped UO, single crystal references.
This observation is notable given that the synthesis of the 200 ppm Cr-
doped (Uy7P103)O0; .« and (Up,Gdg3)O,  samples was conducted under
conditions that are below the solubility limit of Cr in UO,". Under such
conditions, the lattice of UO, is undersaturated with Cr, meaning that there
is relatively minimal secondary Cr phases available in the bulk. Interestingly,
the 200 ppm Cr-doped (U ;Pr3)O,.« and (Uy;Gdg3)O0,« sample lines'
shape shows signatures that are not consistent with either the single crystal,
particularly at the pre-edge, nor the post-edge. Rather, the HERFD-XANES
spectra of the 200 ppm Cr-doped (Uy;Pry3)O0,x and (Ugy;Gdy3)O0,«
samples show more consistency with that of the corresponding LnCr 05
perovskite standards. This result indicates that, compared to the non-doped

examples, Cr has undergone speciation away from the UO, lattice matrix
coupled with like-UO, matrix soluble L#’s, towards novel secondary phases
of Cr and Pr/Gd mixed-oxide compounds that are consistent with the
perovskite structure.

In order to further quantify the changes to the Cr chemical state in the
200 ppm Cr-doped (U ;Pr3)O0,.« and (Uy,Gdy 3)O,. samples, quantita-
tive analysis using the SLSQP algorithm was performed. The SLSQP algo-
rithm, which employs gradient-based optimisation, solving the
minimisation problem (Eq. 1), found the best combination of phase
intensities (weighted sum) to match the given sample intensity curve, based
on a set of phase spectra. The calculation results are presented as curves in
Fig. 4 and as values in Table 2.

As demonstrated in Table 2, the SLSQP analysis results indicate that
the predominant proportion of Cr in both the 200 ppm Cr-doped
(Up7Pro3)0,« and (Uy;Gdo3)O,, resides within the perovskite
LnCr** O3 structure, accounting for 68% and 75%, respectively. Minimal
amounts of reference Cr’*Cl; and Cr’*Cl, are observed, although moderate
amounts of Cr” are present, which overall is in stark contrast to previous
work on Cr-doped UO, phase distributions via Cr K-edge HERFD-
XANES". This analysis indicates and further supports the previous argu-
ment that under the applied sintering conditions in the presence of Ln’s, Cr
undergoes significant speciation towards secondary non-UO, phases. This
result appears to validate previous computational works that have examined
the formation of similar compounds in Cr-doped UO, spent fuels™.

PrCr’*O; and GdCr*Oj; are classical ABO; perovskites that are
orthorhombic in space group Pbnm, where the Cr’" cation exhibits a 6-fold
coordination environment to O. In contrast, in UO,, Cr adopts a distorted
6-fold coordination to O, while in Cr**,05, it also adopts a distorted 6-fold
environment to O. Local environments of Cr within the Cr-doped UO,,
Cr,O; and LnCrOj structures are shown in Fig. 5. The Cr spectra for the
200 ppm Cr-doped (Uy;Pr3)O, .« and (Up,Gd3)O, samples appear to
deviate from the known environments of UO, and Cr’*,03, among others.
This deviation is particularly evident in comparison to the fresh Cr-doped
UO, material, and the spectra indicate a shift towards the LnCr’*Oj; per-
ovskite structure. From a thermodynamic perspective, perovskite structures
of the formula LnCr’*O; are characterised by a high degree of stability,
which is attributed to a favourable match between the ionic radii of
the Ln and Cr cations”. In comparison, the significant size mismatch
between U** and Cr’* in UO, significantly limits the solubility of Cr
within UO, and accordingly can be considered to be less stable
structurally”’. Pertinently, these results indicate that such phases are
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Fig. 4 | The SLSQP results for the normalised HERFD-XANES Cr K-edge spectra
of the samples. The best fit for the normalised HERFD-XANES Cr K-edge spectra of
200 ppm Cr-doped a (U 7Pr3) O, (Rwp: 0.0688, X*: 0.0057) and b (U ;Gd3)O» «

Energy (eV)

(Rwp: 0.0799, x: 0.0078). The spectra of the samples are indicated by a black solid
line, the spectra of the phase components are indicated by dotted lines, and the curve
of the calculated linear phase composition is indicated by a solid purple line.

Fig. 5| Local environment of Cr*" in different local
structure configurations. Within a Cr’"-doped a)
U0," in fluorite structured UO, in space group
Fm3m and b trigonal Cr’*,0; in space group R3¢
and ¢ LnCr**Oj in space group Pbnm, where Cr
atoms shown in blue, U - in grey, Lz — in yellow and
oxygen in red. Images were generated using open
source and access software VESTA®".

stable host matrices within Cr-doped UO,-based SNF for both Cr
and Ln elements to reside.

Radiation damage studies

In considering the HERFD-XANES results, which indicate that speciation
occurs in Cr-doped UO, in the presence of Ln’s towards LnCrO; mixed
oxide structures, it is pertinent to consider the structural and radiation
stability of such phases. This is particularly relevant given that they are
known to exhibit relatively high thermal and chemical stability’*”. In
comparison, a lack of knowledge exists pertaining to these particular Cr-
based perovskite phases when subjected to radiation damage. Similar studies
on related Fe-based perovskites—LaFeOs, under ion irradiation of 2 MeV
Kr" ions with a fluence of 2 x 10"ions/cm’, found that the structure
underwent changes in the local environment due to ion irradiation, while
retaining their crystalline structure®. Subsequently, to shed light on the
LnCrO; radiation damage tolerance when occurring within Cr-doped UO,
derived SNF, synthesised PrCrO; and GdCrO; ceramic pellets were exposed
to swift heavy ion irradiation by *’Au* ions with energy of 1.3 GeV and
fluence of 2 x 10”ions x cm ™. The recovered ion irradiated pellets were
found to remain largely intact as standing bodies (Supplementary Note 5).
Examination of their microstructure was performed via SEM imaging on
both irradiated and pristine samples to contrast microstructural changes.
The results are presented in Fig. 6.

The SEM-SE micrographs shown in Fig. 6 reveal the occurrence of
apparent melting phenomena on the irradiated surface, which is consistent
with the formation of an amorphous glass-like microstructure, attributed to
the transformation of an initially sharp crystalline grain structure. In the case
of PrCrOs, the grain boundaries on the irradiated surface were largely
erased, while the grain boundaries of GACrO; were either lost or expanded

in width and depth, transforming into pores, potentially due to the initially
high porosity of the sample.

To further examine the radiation damage response of the irradiated
PrCrO; and GdCrO; ceramic samples, particularly probe for potential
retention of the crystal structure, synchrotron GIXRD measurements were
performed. To verify the precision of the measurements, the anticipated
radiation-induced damage depth within the ceramic bodies was determined
through SRIM calculations based on the prescribed irradiation conditions.
The results, which are provided in Supplementary Note 2, show the stopping
range of the ions to be 36.9 um for PrCrO; and 34.0 pm for GdCrO;. For
GIXRD, an energy of 11.496 eV X-rays, corresponding to a wavelength of
1.0785 A, was selected, to optimise the measurements. Calculations using
GIXA utility* and considering the densities of the perovskite samples
determined the X-ray penetration depths with a maximum of 3.31 um for
PrCrO; and 2.44 um for GdCrO; at 14° (see Supplementary Note 3), which
cover 1/e of the X-ray beam. Consequently, the three penetration depths
corresponding to approximately 95% of the X-ray signal being attenuated
result in maximum depths of 10 um, which is below the maximum ion
damage depth calculated with SRIM. Subsequently, GIXRD measurements
were performed using angles of 1, 5, 10 and 14°, which correspond to 0.23/
0.17, 1.18/0.87, 2.37/1.75 and 3.31/244 pm for PrCrO; and GdCrO;
respectively. Inset diffractograms are provided in Fig. 7 in a shortened 26
range to highlight amorphisation effects respectively whereas complete
diffractograms are provided in Supplementary Note 6.

Observing the GIXRD diffractograms of Fig. 7 for PrCrO; and GACrO;
indicates that significant amorphisation has occurred, but retention of the
crystalline structure is still found. The most significant damage and amor-
phization is observed at 1°, which corresponds to a stopping range of 230 nm
for Pr 169 nm for GdCrO;. In considering the crystalline phases in the
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Fig. 6 | SE SEM images of the pristine and irradiated perovskite samples. seen with grain boundaries present. The surfaces after irradiation are observed to
a, b PrCrO; pristine surface, ¢, d PrCrOj after irradiation; e, f GACrO; before and  exhibit an amorphous microstructure with almost no grain boundaries. Note that
g, h after irradiation. On the non-irradiated surfaces, grain microstructures can be  prior to irradiation, the surfaces were polished.
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Fig. 7 | Synchrotron GIXRD diffractograms for irradiated perovskite samples.
The diffractograms at X-ray wavelength of 1.0785 A for a PrCrOs in 26 0f 22.5-23.0°
and b GdCrOj in 20 of 22.5-23.4° respectively at variable grazing angles between 1°

and 14° and also compared to the non-irradiated pristine surface at grazing angle of
14°. The purple marks represent the positions of the Bragg reflections in orthor-
hombic Pbnm space group of the parent perovskite structures.

samples, it can be observed that Bragg reflections have shifted to higher 26,
indicating lattice contraction. A comparable preservation of structure was
also observed for LaFeOs™, albeit with lower energies (2 MeV) being used
for the irradiation process. Moreover, when one considers the known
thermal and chemical stability of LnCrO3-based perovskites™ >, the radia-
tion damage studies performed indicate occur would ubiquitously within
Cr-doped UO, SNF.

Discussion

In a traditional undoped UO, SNF, the fuel adopts complex main and
various secondary phases during irradiation as the fuel matrix takes on a
highly complex solid solution due to the occurrence of FPs”. The type of
phases that are observed in this composite include the UO, fuel matrix,
bubbles of gaseous FPs and insoluble metallic precipitates, referred to as e-
particles, and oxide compounds known as the “grey phases™. The specia-
tion of particular elements within these phases is determined by their
individual chemistries, particularly their reactivity, solubility and redox
potentials compared to the UO, matrix and the oxygen potential environ-
ment of the fuel. In the case of trivalent Ln’s and MA’s, their similar ionic
radii to uranium, the ability for the fluorite lattice to adopt defects through
trivalent cation incorporation in addition to the low oxygen potential of the
fuel inhibits their formation as separate oxide phases, whilst their redox
chemistries compared to UO, disfavour metallic formation. Accordingly,
these elements are understood and consistently observed to form a complex
solid solution with UO,. In comparison, alkali and alkaline earth metal
cations prefer to adopt the “grey phase” components as they’re poorly
soluble within UO, and further their redox chemistry is not favourable. In
the “grey phase” formation, they combine typically with higher valent 4 and
5d transition metal elements such as Zr and Nb, which prefer oxide
environments, although can also report to the fuel matrix, and form the ‘grey
phase’ structure, which is typically considered a perovskite formulation
chemically, (Cs,Rb,Ba,Sr)(Zr,Nb)O;”. The identified LnCrO; type per-
ovskite phases occurs in the studied 200 ppm Cr-doped (U ;Pr3)O, « and
(Up7Gd 3)O,.« samples via HERFD-XANES analysis, consistent with “grey
phase” formulation. However, such phases are not expected to occur in
regular non-Cr doped UO, fuels, due to the absence of Cr in addition to the
general absence of 3 d transition metal elements in the fission product
pool™.

A significant observation made in this investigation is not just the
speciation of Cr but also of Pr and Gd, which as described should report to
the UO, matrix. Indeed, similar model system studies that have used Pr,
Gd’* and other Ln** elements under similar synthesis conditions, find single

phase solid solution behaviour”. Calculating the Goldschmidt tolerance
factors for PrCrO; and GdCrO; (Eq. 2), which define the stability and
relative distortion occurring within a specific perovskite formulation, pro-
duces respective values of 0.94 and 0.93 which are relatively stable’*. If
hypothetical tolerance factors are calculated for larger 4 and 5 d elements
that do exist as fission products with the Ln**B**O; formulation, sig-
nificantly worse values are obtained that that are not as conducive to stability
as the Ln’*Cr’*O; form. This is due to the size mismatch with the Cr’*
coupled with the disfavourable adoption of trivalent oxidation states for
most 4 and 5d elements that occur as FPs. Accordingly, the favourable
structural chemistry between the Cr’* and Ln*" cations readily facilitates
their formation of Ln’*Cr’*O5 within Cr-doped Ln bearing UOs. Critically,
given their known high temperature stability coupled with the as-
demonstrated reasonable radiation tolerance, suggests that such phases
are stable within both irradiated and spent Cr-doped UO,. Consequently,
the results of this investigation suggest Cr, L#’s and potentially MA’s, which
are otherwise expected to be soluble within the UO, matrix, can speciate to
form unique, thermally and radiation resistant oxide based “grey phases”
within Cr-doped UO, SNF.

fo ra+ 7o
ﬁ(rs + 1) @
with t—Goldschmidt’s tolerance factor, r,—radius of the cation A,

rg—radius of the cation B, and ro—ionic radius of oxygen.

Previous investigations examining speciation of Cr within Cr-doped
UO, actual fresh and irradiated SNF by Mieszczynski et al.”’, using con-
ventional XAS measurements, indicated little change to the Cr state. The
lack of observable change can be attributed to the lower resolution mea-
surement as opposed to HERFD-XANES methods, deployed in the present
investigation. Beyond SNF studies, Devillaire et al.”’, examined changes to
the chemical state of Cr-doped UO, by performing gradient temperature
effect studies on annular pellets to examine the changes Cr secondary
phases, finding fuel relevant oxygen potential has an effect on the chemical
state of Cr via electron microprobe analysis. Cardinaels et al.”*, used similar
microscopy analysis of model material Gd/Cr-doped UO, finding com-
peting chemical effects between Gd and Cr. However, beyond these studies
this investigation appears to be the first to use HERFD-XANES to examine
and identify the reactivity and formation of distinct Pr/Gd-Cr-O phases
within Cr-doped (Pr’*/Gd’*,U)O,., model materials. Considering the
similar chemical behaviour with other trivalent Ln’s it can be reasonably
assumed that reactivity between Cr** these other Ln’s would occur leading
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to similar structure formation. Furthermore this can be extended to the
behaviour of trivalent actinides such as Pu’" which has been previously
calculated to favourably occur within Cr-doped UO, SNF as PuCrOs™. The
similar ionic radii between Pr** and Pu’" for coordination number of 6,
strongly suggests formation of PuCrO; “grey phases” within Cr-doped UO,
would be near likely. The ‘grey phase” in classical UO2-based SNF has often
been observed to occur as precipitates on top of UO, grains. However, when
one considers recent microscopy evaluations of Cr-doped UO,, finding
significant enrichment along grain boundaries', in addition to Ln-doped
UO, thermodynamics investigations which suggest poor mixing of Ln’s
within UO, can lead to enrichment of Ln’s in the grain boundary regions™,
this suggests “grey phase” type reactivity can occur equally at both grain
boundaries and as precipitates within Cr-doped UO, SNF. Such behaviour
of particularly Ln’s is in contrast to what has been seen in classical UO, based
SNF and the investigation naturally highlights the pertinence of considering
how the chemistry of dopants such as Cr within next generation ATF fuels
can influence the chemical state of FP secondary phases and subsequent
stability of SNF.

To summarise, it has been demonstrated using HERFD-XANES
measurements, that speciation of both Cr and the L#’s: Pr and Gd, occurs
within 200 ppm Cr-doped (Uy,Pr3)O,, and (Uy;Gd3)O, sintered
materials, forming “grey phase”-like (Pr/Gd)CrO; perovskite secondary
phases. Their occurrence is attributed to the preferential size match between
the Cr’" and Pr’*/Gd’™* cations in the oxide state, forming a perovskite
formulation that is highly stable when the Goldschmidt tolerance factors for
formation are considered. Surprisingly, this reactivity occurs despite the
solubility of Cr** and Pr**/Gd** within UO, and when present in quantities
that should be undersaturated within the matrix. The radiation stability of
these phases was examined using swift heavy ions irradiation with '7Au
ions. SEM examination of the irradiated surface revealed partial amorphi-
sation of the materials. However, further synchrotron GIXRD measure-
ments of the irradiated materials revealed retention of the crystalline
perovskite structure. When the known thermal stability of these phases is
considered, the results of this investigation suggest their occurrence within
Cr-doped UO, based SNF is ubiquitous and considering the related
chemistry of Ln’s to actinides it implies similar phases would form addi-
tionally within these non-UQ, fuel matrix “grey phases”. Considering light
transition metal elements like Cr are not expected within regular UO, spent
fuel, the investigation indicates that the fission product derived phase
assemblage within Cr-doped UO, ATFs is incongruent in comparison to
UO, and should be considered in stability and dissolution studies, parti-
cularly since such ATF fuels are intended for higher burn up usage and will
subsequently possess a greater fission product inventory.

Data availability

The datasets generated and/or analyzed during the current study are not
publicly available due to technical limitations related to the scale, variance
and non-standardised format of the primary data files, but are available
from the corresponding author on reasonable request.
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