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Abstract

An important step in achieving a closed uranium fuel cycle is to develop new inert matrix fuel (IMF)
materials for use in the burn-up of transuranic species (TRU; i.e., Pu, Np, Am, Cm). Cubic fluorite zirconia (ZrO>)
has ideal properties for use in IMF applications, but it is not stable at room temperature and must be stabilized
through the addition of small amounts of dopants such as Y. While Y-substituted zirconia (YSZ) has been
extensively studied, relatively little work has been done to investigate how the addition of an actinide to the YSZ
system affects the properties of these materials. To this end, the long-range and local structures of a series of
Nd«YyZrixyO25 compounds (Nd was used as a surrogate for Am) were studied using powder X-ray diffraction
(XRD), scanning electron microscopy (SEM), and X-ray absorption spectroscopy (XAS) at the Zr K-, Zr Ls-, Y
K-, and Nd Ls-edges. The thermal stability of Nd-YSZ materials was also investigated by annealing the materials
at temperatures ranging between 600-1400 °C. These studies showed that the thermal stability of the
NdxYyZrixyO2.5 system was improved by the addition of small amounts of Y (i.e. > 5 at.%) to the system.
Additionally, the XAS results showed that the local structure around Zr remained relatively constant; only
changes in the second coordination shell were observed when the materials were annealed. These results strongly
suggest that the addition of Y can significantly improve the thermal stability of zirconia-based IMFs. This study
has also confirmed the importance and value of using advanced characterization techniques that are sensitive to

the local structures of a material (i.e., XAS).
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1. Introduction

The use of inert matrix fuels (IMF) has been proposed to “burn-up” (transmute) transuranic elements
(TRU; i.e., Pu, Np, Am, Cm) using currently available commercial pressurized-water reactors (PWR) [1-3] to
reduce the heat load generated by these TRU species in nuclear waste [4]. IMFs consist of actinides embedded in
a neutron transparent (inert) matrix, and, unlike the mixed-oxide (MOX) (Pu,U)O, fuels currently used, allow
TRU burn-up without breeding Pu in the process [5]. The higher burn-up efficiency of IMF materials means that a
smaller IMF loading is required in the reactor core, and makes IMFs economically comparable to MOX fuels [5].
In addition, IMFs may be designed to act as a geological storage matrix, eliminating the need for expensive post-
service reprocessing [1-3,5-7].

In order for a material to be considered for use in IMF applications, the material should exhibit: favorable
neutronic properties, compatibility with the reactor coolant, ability to withstand high radiation doses, high thermal
conductivity, and the ability to incorporate burnable poisons such as Gd and Er [5]. Cubic zirconia (ZrO,),
adopting the fluorite-type structure (Figure 1), is a material that has been shown to retain its mechanical and
chemical stability under extreme temperature and irradiation conditions. As such, this material has been studied
extensively for use in IMF applications [3,8—18]. However, pure cubic zirconia is only stable at temperatures
above 2370 °C, and adopts a tetragonal structure at temperatures between 1170 °C-2370 °C and a monoclinic
structure at temperatures below 1170 °C [19,20]. These structures are highly related, and the tetragonal and
monoclinic structures may be considered as distortions of the parent cubic structure [21]. It is well known that the
cubic structure can be stabilized by doping the material with aliovalent cations such as Ca®>" or Y**. The size
difference between Zr and the doped cation in addition to O-vacancies generated due to charge-balancing
requirements act to stabilize the cubic structure across a range of temperatures [22,23]. Yttria-stabilized zirconia
(YSZ) has been extensively studied for use in IMF applications, likely due to the extensive knowledge base
generated on YSZ from its use and study as a structural ceramic in the nuclear industry [24,25]. Additionally,
YSZ has been widely studied as a solid-oxide fuel cell material and a thermal barrier coating [26—-28]. However,
relatively little research has been performed to understand how the addition of an actinide element to the YSZ

system will affect the thermal stability of these materials.
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The extremely complex reactions and changes in composition that occur within a nuclear fuel during
service make it necessary to understand how the structure of actinide-doped YSZ materials will change when they
are subjected to a wide range of temperatures over a range of actinide doping levels. A phase change from a cubic
structure to a lower symmetry structure will result in a decrease in the thermal conductivity of the fuel material,
which could lead to an unsafe increase in the reactor core temperature [29-31]. Further, the phase transition from
the cubic to monoclinic structure is accompanied by a 3-5% increase in volume [20,32]. Given the extremely
precise manufacturing tolerances of a fuel rod, this expansion could lead to fuel cladding failures, allowing fission
products to be released into the reactor coolant system. Additionally, it has been previously shown that the
properties of tetragonal ZrO, such as its mechanical stability deteriorate drastically when exposed to water at
300 °C - 400 °C [20]. Given the possible consequences of fuel failure and the need to control and reduce the risks
associated with nuclear power, it is necessary to thoroughly characterize these materials to obtain an
understanding of the fundamental properties of any potential IMF material before it can be used in commercial
service.

To this end, the thermal stability of a series of Nd-doped YSZ materials (NdxYZri-xyO2-5; 0 <x <0.30, 0
<y < 0.30) has been studied. (Due to the similarity of their ionic radii and oxidation state, Nd** was used as a
surrogate for Am*>" [33-36].) The materials were annealed at multiple temperatures ranging from 600 °C —
1400 °C and characterized using powder X-ray diffraction (XRD), scanning electron microscopy (SEM), and X-
ray absorption spectroscopy (XAS). While powder XRD allowed for characterization of the long-range structure
with annealing, XAS allowed for characterization of the local structures around the individual metal centres at a
scale not easily observable by XRD. This study has proved that the structure of cubic Nd,YZr.«yO.5 materials is

stable across a wide range of temperatures and compositions when y > 0.05.

2. Experimental
2.1. Synthesis

The NdxYyZri«yO25 (0 <x <0.30, 0 <y <0.30) compounds were synthesized via a standard solid-state
synthesis. Briefly, stoichiometric amounts of Nd,O; (Alfa Aesar, 99.9%), Y->0; (Alfa Aesar, 99.99%), and ZrO»
(Alfa Aesar, 99.978%) powders were ground and mixed together under acetone using an agate mortar and pestle.

The mixture was then pressed into a pellet at § MPa and heated in an alumina crucible at 1500 °C for six days
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with intermittent grinding and quenched in air. The thermal stability of the NdyY,Zri.«,O».s compounds was
studied by annealing the as-synthesized materials at 600 °C, 900 °C, 1200 °C, and 1400 °C. The annealed samples
studied by XAS and powder XRD were prepared by annealing ~0.07 g aliquots of the as-synthesized material for
five days as free powders.

The phase analysis of the materials was performed using powder X-ray diffraction. The powder X-ray
diffraction patterns were collected using a PANalytical Empyrean diffractometer set-up in a Bragg-Brentano
geometry using either Cu Kq12 (A=1.5406 A) or Co Kq12 (A=1.7890A) radiation. Patterns were collected from 10-
90° 20 using a 0.017° step-size and a dwell time of 31.1 s/step. The unit cell parameters and the weight amounts
of the crystallized phases of the synthesized materials were quantified by Rietveld refinement using the
PANalytical HighScore Plus software [37]. Rietveld refinements were performed by fitting cubic ZrO, tetragonal
ZrO,, and monoclinic ZrO, phases to the data [38-40]. The phases used to model the diffraction data were
adapted from the pure ZrO; patterns by artificially adding Nd and Y to the crystallographic site occupied by Zr.
The site occupancies were set to be consistent with the ideal stoichiometry of each material. As an example, the
cubic ZrO; pattern for the Ndo.i10Y0.10Z10.8001.90 pattern was generated by adding Y and Nd to the Zr 4a site. The Zr
site occupancy was set to 0.80 while the Y and Nd site occupancies were each set to 0.10. The addition of Y and
Nd impacted the intensity of the modelled peaks and significantly improved the quality of the fit. The background

was fitted using a 3" order polynomial function which also included a 1/20 term [37].

2.2. Scanning Electron Microscopy

SEM samples were prepared by pressing ~0.17 g of the as-synthesized material into a %” (0.635 cm)
pellet at 8 MPa, and then then sintering the pellets at 1500 °C for 12 h. The pellets for SEM analysis were
annealed at the given temperature for five days and air quenched. Several of the pellets were cut using a diamond
saw and mounted to allow for imaging of the pellet cross-section. The pellets were embedded in a resin matrix
and ground manually to a flat surface using SiC paper. The pellet surfaces were then polished using 0.25 pm
diamond paste. The samples were coated with a thin carbon layer to reduce sample charging effects. A Zeiss
Supra-55 WDS-VP SEM coupled with an Energy Dispersive X-ray Spectrometer (EDS) was used to collect SEM
images and to carry out EDS mapping. Secondary electron (SE) images were collected to study the surface

topography and backscatter electron (BSE) images were collected to study the Nd-distribution in the zirconia
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matrix. Samples were mapped by EDS for Zr and Nd at 500x magnification, and the EDS maps were collected

using an ~8 pm step size at an accelerating voltage of 20 kV.

2.3. X-ray Absorption Spectroscopy Measurements
2.3.1. Zr K-, Nd Ls3-, and Y K-edge XAS

Zr K-, Nd Ls-, and Y K-edge XAS spectra from the as-synthesized and annealed samples were collected
using the Pacific Northwest Consortium/X-ray Sciences Division Collaborative Access Team (PNC/XSD-CAT,
Sector 20) bending magnet beamline (20BM) located at the Advanced Photon Source (APS) at Argonne National
Laboratory. A silicon (111) double crystal monochromator with a Rh harmonic rejection mirror was used, which
has a resolution of 2.4 eV and a photon flux of ~10'" photons/s at 17 keV [41]. The samples were finely ground
and sealed between layers of Kapton tape and the number of layers was adjusted to maximize the absorption
signal. Samples were mounted at an angle of ~45° to the incident beam.

The Zr K-edge and Y K-edge XAS spectra were collected in transmission mode. The incident beam
intensity (Ip) was measured with a N-filled ion chamber and the transmission spectra were measured with ion
chambers filled with an 80% N»-20% Ar gas mixture. Both the Zr K- and Y K-edge spectra were calibrated using
Zr metal foil, having a known Zr K-edge absorption energy of 17998 eV [42]. The Zr metal foil spectrum was
measured concurrently with the Zr K-edge spectra from the samples. During collection of the Y K-edge spectra,
Zr metal foil XAS spectra were measured separately for calibration. The X-ray absorption near-edge (XANES)
region of the Zr K- and Y K-edge spectra were measured using a 0.3 eV step through the edge. The extended x-
ray absorption fine structure (EXAFS) region of the Zr K-edge spectra was measured to k = 15 and the EXAFS of
the Y K-edge was measured to k = 14.

The Nd Ls-edge spectra were collected in transmission mode and the incident beam intensity was
measured with an ion chamber filled with an 80% He-20% N, gas mixture. The transmission spectra were
collected using N-filled ion chambers. The spectra were calibrated using a Mn foil, which was measured
separately and has a known absorption-edge energy of 6539 eV [42]. The Nd Ls-edge XANES region was
measured using a 0.15 eV step through the edge and measured to k = 10.5. (The Nd Ls-edge is limited by the
presence of the Nd Lr-edge at 6722 eV.) All XAS spectra discussed in this article were normalized and analyzed

using the Demeter software suite (i.e., Artemis and Athena) [43].
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2.3.1.1. Analysis of Zr K- and Y K-edge EXAFS Spectra

The EXAFS spectra were analyzed by fitting the parameters of the standard EXAFS equation:

N;S2
X = ) L2 E e e 2Rilsin (2KR; + ()
Ji J

where N;j is number of j* atoms at a distance R; from the absorbing atomic centre, Fj(k) is the backscattering
function, o is the Debye-Waller Factor, and ¢j(k) is the phase-shift function of the jth atom. Fj(k) describes how
strongly the photoelectron scatters off the neighboring atom and ¢j(k) describes how the phase of the
photoelectron shifts upon scattering. Both functions are dependent on the neighbouring atom atomic number (Z),
which makes the EXAFS phenomenon chemically sensitive [44]. S,” is the amplitude factor and A is the inelastic
mean-free path of the photoelectron [44]. N; is equivalent to the coordination number for single-scattering paths,
and will be referred to here as CN (i.e., coordination number). The EXAFS spectra were analyzed by calculating
Fij(k), ¢j(k) and A for each set of scattering pairs in a given cluster using the FEFF6 code [45]. The other
parameters were fit using a least-squares refinement as described below using the program Artemis, which is
included in the Demeter software suite [43].

A scattering cluster was generated using the cubic zirconium structure with lattice constants determined
from the powder XRD patterns (vide infra). An appropriate amount of Zr in the second coordination shell was
replaced by Nd before conducting the FEFF calculation. Multiple calculations with Nd located at different sites
were performed, and it was determined that the results of the FEFF calculations were independent of the locations
of the Nd substitutions. Zr and Y were treated as equivalent atoms in this model, as the atomic numbers of Y and
Zr (39 and 40, respectively) were similar and no significant changes in the scattering amplitude and phase shift
functions were observed [46]. The model was constructed using four single scattering paths. The single scattering
paths were the nearest neighbor Zr—O path, the next-nearest neighbor Zr—Zr/Y and Zr—Nd paths, and the third
shell Zr-O scattering path (labelled here as Zr—02). The CN of each scattering path was set manually. The
amplitude factor, S, and energy shift, AE,, were fitted across all scattering paths. The changes in the scattering
path lengths, AR, and the Debye-Waller factor, o°, of each single-scattering path were individually fitted. In

addition to the single-scattering paths, two multi-scattering paths corresponding to the three-legged Zr—O—Zr/Y



and Zr—O-Nd scattering paths were also fitted. The changes in multi-scattering path lengths were modelled as
2ARz:-0t ARzrzr/ving, and the Debye-Waller factors were modelled as 26%2-0 + 6%z zerv/NG.

The central Zr atom in the scattering cluster was replaced by Y in the model used to fit the Y K-edge
spectra. The Y K-edge EXAFS spectra were fitted using a model similar to the one used to fit the Zr K-edge
spectra. The Y K-edge spectra were fitted using Y-O, Y—Zr/Y, Y-Nd single scattering paths, and the third shell
Y-O single scattering paths (labelled as Y-02). The Y-O-Y/Zr and Y-O-Nd multi-scattering paths were also
included in the fit. The CN was set manually in all cases. The restraints used for the multi-scattering paths were

analogous to those used to fit the Zr K-edge.

2.3.2. Zr Ls-edge XANES

Zr Ls-edge XANES spectra were collected using the Soft X-ray Microcharacterization Beamline
(SXRMB, 06B1-01) located at the Canadian Light Source (CLS). The beamline has a photon flux of >1 x 10"
photons/s and provides a resolution of ~0.25 eV when using a Si (111) crystal monochromator at X-ray energies
less than 2500 eV [47]. Samples were prepared by applying the finely ground powder to Kapton tape and
adhering the Kapton tape onto the sample holder using double-sided C tape. Spectra were measured in total
electron yield (TEY) mode using a 0.10 eV step through the absorption edge. Spectra were calibrated using Zr foil,

which has a known Zr Ls-edge absorption energy of 2223 eV [42].

3. Results
3.1. Powder X-ray Diffraction

Powder XRD patterns from the as-synthesized and annealed compounds are presented in Figure 2, and
Figures S1 and S2 in the Supporting Information (SI). The unit-cell parameters and phase quantification of these
materials was determined by Rietveld refinement, and the results of this analysis are summarized in Table 1 and
Table S1 in the SI. The size of the unit cell decreased linearly as the Y content increased at constant Zr
concentrations in NdxY,ZriyO2.5, consistent with Vegard’s Law. [48]. No significant changes in the unit cell
parameters were observed when any of the materials synthesized at 1500 °C were subsequently annealed at

temperatures up to 1400 °C.



The calculated pattern obtained by Rietveld refinement consistently underfitted the intensities of the (311)
and (222) peaks found at ~69.6° and ~73.2°, respectively. Changes from the ideal site occupancies based on the
ideal stoichiometry of each material could affect the intensities of these reflections, accounting for the mismatch
in peak intensities. Additionally, a slight preferential orientation away from the (100) direction was observed in
several compounds. (The preferred orientation factor varied from 0.93 to 1.02.)

In general, all of the ternary NdxZr,xO,.5 materials studied that were synthesized at 1500 °C were stable
up to and including a post-annealing temperature of 900 °C. However, two peaks at ~32.8° and 36.7° associated
with monoclinic ZrO; and one at ~34.3° associated with tetragonal ZrO, were observed when Ndo 25710750185 was
annealed at 1400 °C (Figure 3). The concentrations of each phase in this system were determined to be 11.3% the
monoclinic phase, 4.2% the tetragonal phase, and 84.5% the cubic phase (see Table 1). This result indicated that
the cubic structure of the ternary Nd-stabilized zirconia sample was not stable when annealed at this temperature.
No peaks associated with lower-symmetry zirconia phases were observed when the quaternary Nd-YSZ materials
were annealed at 1400 °C (cf. Figure 2b, Figures S1 and S2). The powder XRD results showed that the long-range

cubic fluorite structure can be stabilized by the addition of a small amount of Y** to the NdxZr«O»-5 system.

3.2. SEM and EDS

SEM micrographs were collected from several of the pellets and these are presented in Figure 4 and
Figures S3-S7. The micrographs were collected in secondary electron (SE; Figure 4a,c) and backscattering
electron (BSE; Figure 4b,d) modes, which allowed for an examination of both the surface topography and the
distribution of Nd in the sample. No significant changes in the porosity or topography of any of the pellet surfaces
were observed when the NdYZri«y0:.5 materials were annealed at 1400 °C (Figure 4a,c, Figures S3-S7). This
observation indicates that the pellets did not crack or degrade during the annealing process.

Several bright spots were observed in the BSE images from both the as-synthesized and annealed
NdxYyZrixyO2.5 materials (Figures 4b,d, Figures S3-S7). The bright spots are indicative of regions of high Nd
concentration because Nd scatters electrons much more efficiently than Zr or Y due to the higher atomic number
of Nd. The heterogeneous distribution of Nd within the materials was confirmed by the Nd L, EDS maps, as
shown in Figure 5 and Figures S3-S7. The EDS maps show that no significant change in the Nd distribution

occurred upon annealing.



The Zr L, EDS maps presented in Figure 6 showed that there was a significant segregation of Zr in the
ternary Nd«Zri.<O5 materials, and the number of Zr inclusions increased when the materials were annealed at
1400 °C. The presence of Zr inclusions in NdxZr1.xO25 could be indicative of the formation of small islands of
monoclinic ZrO,, which is consistent with the powder XRD results that showed monoclinic and tetragonal ZrO,
phases were formed when Ndo2sZro750183 was annealed at 1400 °C (vide supra). In contrast, no obvious Zr
inclusions were observed in the Zr EDS maps from any of the quaternary NdxYZri.x.yO2.5 materials. These results

indicate that the addition of a small amount of Y will increase the thermal stability of NdxZri.x.yO,.5 materials.

3.3. Zr K-edge XAS
3.3.1. XANES

The Zr K-edge XANES spectra collected from the as-synthesized and annealed NdxYyZrixyO25
compounds are presented in Figure 7 and Figure S8 in the SI. Three features were observed in these spectra,
which are labelled as A, B, and B’ in Figure 7a. Feature A is attributed to dipole-forbidden (quadrapolar)
Zr 1s => Zr 3d transitions, and features B and B’ are attributed to the dipole-allowed Zr 1s = Zr 4p transitions
[49,50]. The Zr K-edge spectra did not change when the composition was changed (Figure 7a). However, a small
increase in the intensity of the feature located at ~18020 eV was observed when Ndo 25Zro.7502-5 was annealed at
1400 °C (Figure 7b). This change can be understood by comparing these spectra to the spectra collected from
tetragonal ZrO; (Y0.00Z10.9101.96) and monoclinic ZrO; (Figure 7c). The energy difference between features B and
B’ decreases as the symmetry of the structure decreases, resulting in an increase in the intensity at ~18020 eV.
Based on this comparison to the spectra from the Zr standards, the change in the spectra from Ndo 25719750183
upon annealing is attributed to the formation of tetragonal and/or monoclinic ZrO,. This result is consistent with
the powder XRD results which showed that monoclinic and tetragonal ZrO, was formed when the Ndo25Zr9 7501 33
material was annealed at 1400 °C (vide supra). No changes were observed when the other NdiYZri-x.yOa-5
materials were annealed at temperatures up to 1400 °C (cf. Figure 7b, Figure S8), which is also consistent with
the powder XRD results. These results show that the addition of Y*" stabilized the cubic structure of

NdyYyZr14yO02.5.

3.3.2. EXAFS



The Zr K-edge EXAFS spectra were collected from the as-synthesized and annealed NdiYZri-x.yO2-5
materials to better understand how the local structure around Zr changed with composition and annealing
temperature. The Fourier transformed EXAFS spectra from the as-synthesized samples are presented in Figure 8a.
These spectra have two prominent peaks, which are labelled as C and D. Peak C is attributed to scattering in the
first shell between Zr and the nearest-neighbour O atoms, and peak D is attributed to the second shell scattering
path between Zr and the next-nearest-neighbour (NNN) Zr, Y, and Nd atoms. The intensity of Peak C did not
change with Nd content while the intensity of peak D decreased with increasing Nd content.

It has been previously suggested that the decrease in the intensity of feature D is due to an increase in the
disorder of the second shell cations [51]. However, an examination of the real portion of the Fourier transformed
EXAFS spectra, shown in Figure 8b, indicates that this decrease may in fact be due to changes in the
backscattering amplitude function (Fj(k)) and phase-shift function (¢j(k)) of the NNN atoms. It can clearly be seen
from the plots in Figure 8b and 8c that the amplitude of the Zr—Zr/Y/Nd scattering path decreases with increasing
Nd content, and that the decrease in feature D is due to changes in the phase-shift function (¢j(k)) and
backscattering amplitude function (Fj(k)) between the Zr-Nd and Zr-Zr/Y scattering paths. (The Zr-Zr and Zr-Y
scattering paths were treated as being identical during this analysis given the similar atomic numbers of Zr and Y.)
Therefore, the change in the intensity of peak D is attributed to the differences between the Zr—Zr and Zr—Nd
phase-shift and amplitude functions, and is not due to structural changes.

The changes observed in the EXAFS spectra from Ndo.2s5Zr0750183 when it was annealed at different
temperatures are presented in Figure 9a. Only minimal changes in the intensity of feature C were observed;
however, the intensity and peak width of feature D decreased when the material was annealed at 1400 °C. This
change likely occurred due to increased disordering in the second shell (vide infra). In contrast, only small
changes in feature C and almost no changes in feature D were observed when the quaternary NdyYZri.xyOa-s
materials were annealed (Figure S9).

The results of the fits of the EXAFS data are presented in Table 2 and Table S2, and are plotted in Figure
9 and Figures S10-S16. The Zr—O bond length was determined to be 2.16+0.01 A in all the materials studied,
which is in good agreement with previously reported results from cubic zirconia materials [16,46,52,53]. The Zr—

O bond length and Debye Waller factor (c®) were independent of composition and annealing temperature,
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indicating that the local Zr—O coordination environment remained unchanged upon annealing. The Zr—Zr/Y bond
lengths were determined to be 3.55+0.01 A, which is again in good agreement with previously reported results
[46,52]. The Zr-Nd bond length was found to vary between 3.7-3.8 A. The Zr-Zr and Zr-Nd bond lengths are
only slightly less than the bond length predicted using the ionic radii of Zr** and Nd**[34]. The Zr-O2 bond
distance was found to be 4.34-4.43 A, though the effort for this value was found to be large (£0.07 A). In general,
the Zr—O2 scattering path did not contribute significantly to the fitted model of the EXAFS spectra.

The Debye-Waller factor of the Zr—Zr/Y scattering paths did not vary significantly with changes in
composition or annealing temperature in all the materials studied. However, the Debye-Waller factor of the Zr—
Nd path nearly doubled when the Ndo 2571750183 material was annealed at 1400 °C. The Debye-Waller factor
contains contributions from both static disorder and thermal disorder, and an increased value indicates more
disorder in the system [44]. The thermal disorder is expected to remain nearly constant as all spectra were
collected at room temperature [54]. Therefore, the observed changes in the Debye-Waller factor are likely
attributable to changes in the static disorder of the system. The EXAFS results indicate that while the local
coordination environment around Zr remains relatively constant, the extended system becomes disordered when
Ndo25Zr0.7501 88 is heated at 1400 °C. The Zr K-edge EXAFS results also show that this disordering does not occur

in the quaternary NdxYyZri«yO2-5 materials (see Table 2 and Table S2).

3.4. Zr Li-edge XANES

Zr Ls-edge XANES spectra collected from several of the as-synthesized and annealed NdxYyZrixyO2-5
compounds, as well as monoclinic ZrO; are presented in Figure 10. The Zr Ls-edge is attributable to Zr 2p—>Zr 4d
transitions, and the two observed features (E and F in Figure 10) are due to the crystal field splitting of the Zr 4d
states. Feature E is attributed to Zr 2p=> Zr 4d e, transitions while feature F is attributed to Zr 2p = Zr 4d to*
transitions [55,56].

The features in the spectra from the NdxY,Zr|xyO.5 materials were more intense and sharper than the
features observed in the spectrum from monoclinic ZrO,. Additionally, a feature observed at ~2225 eV in the
monoclinic ZrO, spectrum is not present in the spectra from NdxYyZri.xyO25. The intensity of Feature F was
observed to increase as the amount of Nd in the NdxYZr|«yO2.5 materials decreased. The origin of these changes

may be caused by a shift to a more symmetric coordination environment around the Zr centres. This increase in
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symmetry results in more degenerate 3d states, leading to narrower, more intense peaks [55]. These results
indicate that the symmetry of the Zr coordination environment increased as Y replaced Nd in the NdxYyZr1-xyO2-5
system. The Zr Ls-edge is more sensitive to changes in the geometry of the Zr coordination environment than the
Zr K-edge, which is why the Zr K-edge XANES and EXAFS spectra did not indicate there were changes in the
local coordination environment. These results indicate that changes in the coordination geometry of Zr occurred

when Y replaced Nd in the quaternary NdxYyZrixyO2.5 system.

3.5. Y K-edge EXAFS

The EXAFS region of the Y K-edge spectra allows for an understanding of how the local structure around
Y in the Nd<Y,ZrixyO2.5 materials changed with both composition and annealing temperature. The Fourier
transformed EXAFS spectra from several of the as-synthesized materials are presented in Figure 11. These spectra
strongly resembled the Zr K-edge EXAFS spectra, and exhibited two main peaks, labelled as G and H. Similar to
the Zr K-edge, peak G is attributed to first shell Y-O scattering paths and feature H is attributed to scattering
between Y and the second-shell cation ions (i.e., Y, Zr, and Nd). The intensity of peak H decreased as the Nd
content increased, and the intensity of peak G did not change with changing Nd content. The change in the
intensity of peak H can be attributed to the difference in the scattering amplitude and phase shift functions of Nd
compared to Y, similar to the Zr K-edge EXAFS spectra discussed in section 3.3.2. The Fourier transform of the
Y K-edge EXAFS spectra from the as-synthesized and annealed materials are compared in Figure 12a and Figure
S17. These comparisons show that no significant changes in the EXAFS spectra are observed when the materials
were annealed. Therefore, it can be concluded that the Y coordination environment did not change with annealing
temperature.

The EXAFS spectra were fitted using models similar to the ones constructed to analyze the Zr K-edge
EXAFS spectra, and are plotted in Figure 12 and Figure S18. The parameters determined from this fit are given in
Table 3 and Table S3 in the SI. The first shell Y-O bond distance was determined to be 2.33 A, consistent with
previous literature reports [15,46,51,52]. This value is smaller than expected from the sum of the Y** and O ionic
radii when Y is in an eight-fold coordination environment, and, instead, this bond distance is more consistent with
Y occupying a 7-fold coordination environment [15,34,46]. It has been previously suggested that the reduced Y-

O bond distance is caused by compression of the Y—O polyhedra, and is not indicative of a reduced coordination
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number [15,46]. The Debye-Waller factor (c°) was only slightly elevated (0.009 A%) when the CN was set to 8.
However, o and CN are correlated, and an overly large CN would result in a large o? value. Therefore, it is
concluded here that the Y CN was 8. In all cases, the Y-O bond distance and ¢ were independent of composition
and annealing temperature, indicating that the Y-coordination environment was not sensitive to these variables.

The second shell Y-Zr/Y bond distance was determined to be 3.63+0.01 A, and the bond length was
independent of both composition and annealing temperature. This value is within error of the 3.64 A metal-metal
bond distance determined from XRD and is only slightly contracted from the value calculated using the Zr—O and
Y-O bond lengths determined from the EXAFS fits. In contrast, the Y-Nd bond distance in Ndo20Y0.05Z10.7502-5
determined from the fit of the EXAFS data was found to be between 3.4-3.5 A, which is significantly less than the
expected value of 3.94 A based on the Y** and Nd** ionic radii. The Debye-Waller factor (c*) of the Y-Nd shell
was determined to be 0.02-0.03 A%, which is unreasonably large. The large ¢* value shows that there is significant
disorder in the second shell Y-Nd scattering paths. The large o* value could also indicate that too large a CN was
used, given that the CN and o” are highly correlated. This likely indicates that Nd and Y were not homogeneously
distributed, and that Nd preferentially occupied sites that were not adjacent to Y atoms.

The fitted Y-Nd bond distance is unreasonable within the fluorite structure, and likely represents a failure
in the fitting model. However, a 3.4 A Nd-Y bond distance is found in the structure of B-phase mixed RE>Os
sesquioxides (RE = Rare-earth, Y, Sc), and the fitted result could possibly indicate that such a phase is present
here [57]. Calculated Y,03-Nd,Os phase diagrams also support the possible presence of a B-phase Nd»«Y O3 type
material as the B-phase is stabilized at Y>O3 mole fractions as low as 0.16 [58]. The presence of such a phase is
also supported by a previous study of Y-doped CeO, by XRD [57]. If a B-phase Nd».xY«O3 was formed in the
materials studied here, it is likely that it would not be observable by conventional powder XRD given the low
concentration and low symmetry of this phase, and further investigation is necessary to confirm if B-phase

Nd».<YxOs3 is present in this system.

3.6. Nd Li-edge XANES
The Nd Ls-edge XANES spectra were collected from several of the YyNd«Zri.xyO25 materials and these
spectra are presented in Figure 13. A single, intense feature is observed in these spectra, which corresponds to

excitation of the Nd 2p electrons to Nd 5d valence states [59]. There were no changes in the Nd Ls-edge XANES
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spectra when any of the as-synthesized NdiYyZrixy0,.5 materials were annealed (Figure 13b). This likely

indicates that the local coordination environment around Nd was stable for all of the materials studied.

4. Discussion

The results presented above show that the Nd.Zr;«O,s materials synthesized at 1500 °C undergoes a
partial phase-transition to a lower-symmetry state when they are annealed at 1400 °C. This result is consistent
with previously reported ternary Y>03-Nd»O3-ZrO, phase diagrams calculated at 1400 °C and 1600 °C [60].
These phase diagrams showed that the range of Nd»O3-ZrO, mixtures that stabilized the fluorite phase decreased
with decreasing temperature, and help explain how the materials synthesized at 1500 °C were not stable when
annealed at 1400 °C.

The energy dispersive spectroscopy (EDS) maps (cf. Figures 5 and 6) showed that Nd inclusions were
present in both the NdiZr;xO:5 and NdxYyZri«yO25 materials, and that Zr inclusions were present in the
NdxZrixO,.5 materials. It is possible that the Nd and Zr inclusions were observed due to shortcomings in the
synthetic process. Given that the materials were made via a high-temperature solid-state reaction using the binary
oxides powders as starting materials, it is likely that the reaction kinetics were limited by the rate of solid-state
diffusion. If the initial starting powders were not thoroughly mixed to a homogenous state, small heterogeneous
regions would be expected as the Nd, Y, and Zr atoms will not be able to diffuse to a homogenous state within a
reasonable time period. The SEM and EDS results highlight the difficulty of generating a true NdxYyZr-x-yO2-5
solid-solution, and the importance of the synthetic procedure when making these materials.

The fits of the Zr K-edge EXAFS spectra indicated that the 6* paramter of Zr—Nd scattering paths in the
Ndo.25Zr0.7501 .88 increased upon annealing at 1400 °C. These results indicate that the disorder between the
metal-centred polyhedra increased upon annealing, and suggest that Nd and Zr became further segregated upon
annealing. Segregation of Zr and Nd upon annealing was also observed by EDS, and both Zr-rich and Nd-rich
inclusions were observed in the annealed Ndo25Zro750183 material. The powder XRD results showed that
monoclinic and tetragonal zirconia phases were formed when NdiZr.<O2-5s was annealed at 1400 °C, and these
phases likely account for the Zr-rich inclusions. No Nd-rich phase was observed by powder XRD in any of the
materials. This likely indicates that Nd-rich phase(s) were either present at concentrations below the XRD

detection limit or adopted a low-symmetry crystal structure. The former seems more likely given that powder
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XRD is relatively insensitive to very low concentration phases [61]. The formation of Nd and Zr rich-phases
provides an explanation for the formation of monoclinic and tetragonal ZrO, that was observed upon annealing.
Nd and Zr became further segregated upon annealing, and Zr-rich inclusions were formed. These inclusions
contained an insufficient amount of Nd to allow for stabilization of the fluorite structure, resulting in the
formation of lower-symmetry tetragonal and monoclinic phases. No tetragonal or monoclinic zirconia phases
were observed in the NdsY,Zri.x.yO1.5 materials and Zr inclusions were not observed when these materials were
annealed at temperatures up and including to 1400 °C. This was likely observed because Y stabilized the cubic

structure, which prevented Zr migration in these materials.

S. Conclusions

The thermal stability of the long-range and local structures in the NdxYyZrixyO2s series was
characterized in order to assess the applicability of these materials as IMFs. The results showed that both
monoclinic and tetragonal zirconia phases were formed when the Nd.Zr.xO».5 materials were annealed at 1400 °C.
Therefore, the ternary materials are not suitable candidates for IMF applications. The addition of a small amount
of Y (y = 0.05) stabilized these materials at temperatures up to and including 1400 °C, and the quaternary
materials should still be considered as IMF materials. The EXAFS results showed that Y and Zr occupy different
coordination environments, and these differences in coordination are not visible by XRD. The SEM and EDS
images indicated the presence of Nd inclusions randomly distributed in the materials studied here, and Nd
inclusions were observed regardless of composition and annealing temperature. Based on these results, it appears
that the synthetic method used to produce these materials must be improved if these materials are to be used in
IMF applications. This study also indicated the importance of understanding changes in the structure on both
long-range and local scales and showed the utility of using XAS techniques in studying cubic stabilized zirconia

materials for IMF applications.
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Tables

Table 1: Summary of powder XRD Rietveld Refinement Results

Ndo.25Z.ro.7501.88
As synthesized  Annealed 1400 °C
Ruwp® 7.14 9.00
Unit Cell® 5.2089(7) 5.2060(1)
Wt. Fraction 100% Cubic 84.5% Cubic

11.3% Monoclinic
4.2% Tetragonal

Ndo.20Y0.05Zr0.7501.88
As synthesized Annealed 1400 °C
Ruwp® 7.05 12.29
Unit Cell 5.1977(6) 5.1932(1)
Wt. Fraction 100% Cubic 100% Cubic
Ndo.05Y0.20Zr0.7501.88
As synthesized Annealed 1400 °C
Ruwp® 8.66 12.74
Unit Cell® 5.1658(6) 5.1639(1)
Wt. Fraction 100% Cubic 100% Cubic
Yo.25Zr0.7501.88
As synthesized Annealed 1400 °C
Ruwp® 7.41 9.38
Unit Cell® 5.1555(7) 5.1494(1)
Wt. Fraction 98.3% Cubic 100% Cubic

1.7% Monoclinic
“Ryp = IW; Vo — Vic)* /W Y05 Wi = i comp. wt. fraction; yic = calculated intensity; yio = diffraction pattern intensity.

°Cubic unit cell parameter

Table 2: Zr K-edge EXAFS Results

Ndo.25Zr0.7501.88

As-synthesized Annealed 1400 °C
Se*=0.8(1), AE =-4(1) eV Se*=0.9(1) AE=4(1) eV
Rt = 0.030 Rt = 0.028
CN R (A o2 CN R(A) o2

Zr-O | 7 2.15(1)  0.007(1) | 7  2.16(1)  0.007(1)

Zr-Zr | 9 3.55(1)  0.0101) | 9  3.54(1)  0.011(1)
Zr-Nd | 3 372(4)  00105) | 3 3.8(1)  0.0202)
Zr-02 | 22 438(5)  0.042) | 22 4435  0.04(2)

Ndo.20Y0.05Z10.7501 88

As-synthesized Annealed 1400 °C
Se*=0.87(9) AE=-4(1) eV | So*=0.93(9) AE=-2(1)eV
Rt = 0.028 Rt = 0.020

CN R (A o2 CN R(A) o2

Zr-O | 7 2.16(1)  0.006(1) | 7  2.15(1)  0.008(2)
Zr-Zr/Y | 9.6 3.56(2)  0.0112) | 9.6 3.56(1)  0.012(2)
Zr-Nd |24 38(1) 001309 | 24 3.71(3) 0.009(4)
Zr-02 | 22 440(6)  0.042) | 22 4347  0.04(2)
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Table 3: Y K-edge EXAFS Fitting Results

Yo.25Zr0.7501.88

As-synthesized
So2=0.9(1) AE =-3(1) eV

Annealed 900 °C
So2=1.2(2) AE =-6(1) eV

Annealed 1400 °C
So2 =0.9(1) AE =-3(1) eV

R =0.033 Ra=0.011 R =0.033
CN R (A) o? CN R (A) o? CN R (A) o?
Y-0 8 2.32(1) 0.009(2) 8 2.32(1) 0.012(2) 8 2.32(1) 0.008(2)
Y-Zr/Y 12 3.626(8) 0.008(1) 12 3.616(9) 0.009(1) 12 3.626(8) 0.007(1)
Y-02 22 4.39(9) 0.03(2) 22 4.29(7) 0.027(8) 22 4.36(6) 0.02(1)
Ndo.20Y0.05Zr0.7501.88
As-synthesized Annealed 900 °C Annealed 1400 °C
So? =1.1(1) AE =-3(8) eV So? =0.77(8) AE = -4(1) So? = 0.86(9) AE =-4(1) eV
R =0.022 Rt =0.018 Rt =0.01
CN R (A) o2 CN R (A) o2 CN R (A) o2
Y-0 8 2.32(1) 0.009(2) 8 2.33(1) 0.009(2) 8 2.33(1) 0.009(1)
Y-Zr/Y 9.6 3.639(8) 0.008(1) 9.6 3.66(1) 0.008(2) 9.6 3.632(8) 0.0092(7)
Y-Nd 2.4 3.52(9) 0.02(2) 2.4 3.41(3) 0.005(2) 2.4 3.4(1) 0.03(2)
Y-02 22 4.40(6) 0.03(1) 22 4.1(2) 0.1(1) 22 4.42(6) 0.03(1)
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Figure Captions

Figure 1 The fluorite structure of cubic zirconia is shown. Zr, Y, and Nd are randomly distributed in one 8-fold
coordination site (blue spheres), and the O (red-spheres) adopts a 4-fold coordination environment in this

structure. All atoms occupy special positions [17,18].

Figure 2 The powder X-ray diffraction patterns of the as-synthesized and annealed materials from (a)
Ndo25Z10.7501.88 and (b) Ndo.10Y0.10Z10.8001.90 are plotted along with patterns generated by Rietveld refinement of
the data. (Annealed materials are labelled as “An”.) The intensities of the (220) reflections found at ~58° and the
(311) reflections found at ~69.6° were generally underfit by the simulated pattern, which may indicate a deviation
from the ideal stoichiometry in these materials. The XRD patterns from Ndo25Zro7501.8s indicate that small
amounts of monoclinic and tetragonal ZrO, was formed when the material was annealed at 1400 °C, as shown by
the peaks marked with asterisks. No changes in the diffraction patterns were observed when the

Ndo.10Y0.10Z10.8001.90 material was annealed.

Figure 3 The diffraction patterns from as-synthesized Ndo25Zro.7501.8s and Ndo25Zr0.7501.83 materials annealed at
1400 °C are presented. The diffraction patterns show that small amounts of tetragonal and monoclinic ZrO, are

formed when Ndo25Zr0.7501 33 is annealed at 1400 °C.

Figure 4 Secondary electron micrographs from (a) as-synthesized Ndo25Zro750183 and (¢) Ndo2sZr7501 .83
annealed at 1400 °C are presented. The backscattering electron micrographs from (b) as-synthesized
Ndo.25Z10.7501 .88 and (d) Ndo25Zr0.75018s annealed at 1400 °C are also presented. The secondary electron images
show that there were no significant changes in the pellet surface when the materials were annealed. Bright spots in
the backscattered election images indicate that Nd-rich inclusions were present in these materials. A 50 um scale

bar is included in (b) and the scale for all the images is the same.

Figure 5 Nd EDS maps from (a) as-synthesized Ndo.2s5Zr0.75015s, (b) as-synthesized Ndo.10Y0.10Z10.8001.90, (C)

Ndo25Zr07501.83 annealed at 1400 °C, and (d) Ndo.10Y0.10Z1r0.3001.90 annealed at 1400 °C are presented. The maps
22



were collected in the same region and at the same magnification as the micrographs presented in Figure 4. These
maps confirm that Nd was not homogenously distributed in these materials. A 100 pm scale bar is included in (a),

and the scale for all the images is the same.

Figure 6 Zr EDS maps from (a) as-synthesized Ndo2s5Zro7501ss, (b) as-synthesized Ndo.10Y0.10Z1r08001.90, ()
Ndo 257107501 33 annealed at 1400 °C, and (d) Ndo.10Y0.10Z10.8001.90 annealed at 1400 °C are presented. The maps
were collected in the same region and at the same magnification as the micrographs presented in Figure 4. The
maps show that Zr was not homogenously distributed in the Ndo25Zr0.7501.s3 materials. A 100 um scale bar is

included in (a), and the scale for all the images is the same.

Figure 7 (a) Zr K-edge XANES spectra from the as-synthesized NdxYxZri.xyO25 materials are presented. Three
features, A, B, and B’ were observed and correspond to quadrapolar (A) and dipolar (B, B’) transitions. The Zr K-
edge spectra did not change with changes in composition. (b) The Zr K-edge XANES spectra from the as-
synthesized and annealed Ndo25Zr0.75018s and Ndo.20Y0.05Z10.7501.88 materials are compared. A slight increase in
intensity was observed at around 18025 eV when the Ndo25Zro.7501.5s material was annealed at 1400 °C and peak
B’ shifted to slightly lower energy. Inset: A close-up view of the change observed in the main-edge region of the
spectra from as-synthesized Ndo.25Zr0.7501.s8 and Ndo25Zr0.7501 .83 annealed at 1400 °C. (c) The Zr K-edge XANES
spectra from Ndo25Zr975013s, tetragonal ZrO, (Yo009Zros10196), and monoclinic ZrO, are compared. The

separation of features B and B’ decreased with decreasing symmetry of the unit cell.

Figure 8 (a) The magnitudes of the Fourier-transformed Zr K-edge EXAFS spectra from the as-synthesized
materials are compared. Two features were observed in these spectra, labelled as C and D. Feature C was due to
Zr-O single scattering paths and feature D was due to Zr-Zr/Y/Nd single scattering paths. Feature C was
independent of composition while feature D increased with decreasing Nd content. (b) The real part of the Fourier
transformed Zr K-edge EXAFS spectrum from Ndo25Zro.7501.83 along with the real portions of the contributions
from the Zr-Zr (CN=9) and Zr —Nd (CN=3) scattering paths are shown. The sum of these scattering path

contributions is compared to the contribution from a Zr—Zr path with CN = 12. The oscillations in the summed
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scattering path are reduced compared to the Zr—Zr scattering path with CN = 12 and better match the data. (c) The
magnitudes of the scattering path contributions from the Zr—Zr and Zr-Nd single scattering paths (i.e., Feature D)

are compared with the Zr K-edge EXAFS spectrum from Ndo»5Zr0 7501 ss.

Figure 9 (a) The magnitudes of the Fourier-transfromed Zr K-edge EXAFS spectra from the as-synthesized and
annealed Ndo2s5Zro750183 materials are compared. Feature C was relatively independent of annealing temperature
while there was a decrease in the intensity of peak D when Ndo.25Zr0.7501.88 was annealed at 1400 °C. The EXAFS

spectrum from the as-synthesized Ndo.25Zro.7501.s3 1s compared with its fit in (b) k-space and (c) real space.

Figure 10 The Zr Ls;-edge XANES spectra from the as-synthesized materials are plotted along with the spectrum
from monoclinic ZrO,. Features E and F arise from transitions to e, and t», states, respectively. Feature F

decreased as the Nd content decreased.

Figure 11 The magnitudes of the Fourier transformed Y K-edge EXAFS spectra from the as-synthesized
materials are presented. Feature G arises due to Y-O single-scattering paths and feature H is attributed to

Y-Y/Zr/Nd single scattering paths. The intensity of both features increased with decreasing Nd content.

Figure 12 (a) The magnitudes of the Fourier transformed Y K-edge EXAFS spectra from the as-synthesized and
annealed Ndo20Yo0.05Z10.7501.83 materials are plotted. Feature G changes slightly with annealing temperature while
feature H was independent of annealing temperature. The EXAFS spectrum from the as-synthesized

Ndo20Y0.05Z10.7501 38 is compared with its fit in (b) k-space and (c) real space.

Figure 13 The Nd Ls-edge XANES spectra from as-synthesized and annealed NdyxYyZri«yO2.5s materials are

presented. The strong white-line feature at 6014 eV is due to Nd 2p—>Nd 5d transitions. No changes in the spectra

were observed between the as-synthesized and annealed materials.
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Figure 3
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Figure 8
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Figure 9
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Figure 10
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Figure 11
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Figure 12
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Figure 13
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