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Abstract

Y2Tiz207 pyrochlore are widely used for various applications, from oxygen transport
to materials strengthening. Ultra-pure oxygen deficient Y2Ti207-s pyrochlore
powders synthesized by high-energy ball milling (HEBM) are studied by X-ray
diffraction (XRD). Rietveld analysis of diffraction patterns reveals that a large
oxygen sub-stoichiometry can be accommodated in this material with only minor
structural changes. This accommodation results from the ability of Ti ions to change
their valence state, which is confirmed by complementary EELS analysis. [t may also
explain why Y2Ti207 is both radiation and mechanical milling resistant. This work
highlights the fact that selection of cations allows rigid ionic structures like
pyrochlore to accommodate a large amount of point defects.

Keywords: oxygen-deficient pyrochlore, X-ray diffraction, defective ionic
structure

1. Introduction

The pyrochlore oxides of general formula A2B207 are extensively used in the
industry. Because of the diversity of elemental composition and their high density
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of anionic defects, pyrochlore oxides find many applications such as cathode and
solid electrolyte for fuel cells, ceramics for nuclear waste conditioning, dielectric,
piezoelectric, ferro- and ferrimagnetic components, semiconductors, high refractive
index optical elements, thermal and environmental barrier coatings, or catalysts [1-
7]. Due to their irradiation and coarsening resistance, Y2Ti207 pyrochlore
nanoparticles are also successfully used as reinforcement for Oxide Dispersion
Strengthened (ODS) ferritic steels [8, 9]. In ODS steels, these nanoparticles are
incorporated in the metal powder grains through mechanical alloying. They produce
a nano-precipitation that significantly improves the mechanical properties of the
ferritic alloys, especially creep lifetime [10].

Synthesis of Y2Ti207 pyrochlore phase can be achieved through different ways:
mechanochemical synthesis, hydrothermal and solvothermal processes, Pechini
type route, polymerized sol-gel or coprecipitation [7, 11-16]. HEBM of Y203and TiO:
precursors, followed by a thermal annealing appears to be a promising elaboration
route as it is a simple, economical, and solvents-free method [11, 17]. However,
defects induced by this solid-state way are often considered difficult to analyze and
even more to quantify [18, 19].

The aim of this work is to examine the nature of defects and to study the structural
stability of oxygen-deficient Y2Ti207-s nano-particles by X-ray diffraction. The
material processing and experimental characterizations are first described, before
presenting the results of diffraction patterns refinements. Finally, the stability of
oxygen-deficient Y2Ti207-s pyrochlore is discussed.

2. Material processing and experimental characterizations

The crystalline structure of the ideal pyrochlore phase and the
mechanosynthesis process are briefly described before discussing the annealing
conditions of Y2Ti207 nanoparticles.

2.1. The Y2Ti207 pyrochlore structure

Ideal pyrochlore structure can be defined as a lacunar and twice ordered
fluorite structure, following the general formula A2B2060". The cubic lattice of
space group Fd3m consists of eight face-centered cubic sub-lattices, ie. 88
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atoms. There are four unique atomic positions and, by fixing the origin at the B
site (origin choice 1 in crystallographic international tables), the atoms have the
following Wyckoff positions : Aat 16d (1/2,1/2,1/2), B at 16¢ (0, 0, 0), O at 48f
(x,1/8,1/8)and O’ at 8b (3/8, 3/8, 3/8).

Fig. 1 displays the different coordination polyhedra describing the Y2Ti207
pyrochlore structure: six oxygen anions occupy the 48f position and are bound
to two Y cations and two Ti cations, while the seventh oxygen is surrounded by
four Y cations in position 8b. An ordered vacancy lies at position 8a, the
tetrahedral site formed by four Ti cations. Yttrium is therefore coordinated to
eight oxygen atoms (green distorted cubes in Fig. 1) and titanium to six oxygen
atoms (blue distorted octahedra in Fig. 1) [20].

Tiat 16c position

0’ at 8b position

Y at 16d position
Empty 8a position

0 at 48f position

Figure 1: Y2Ti207ideal pyrochlore structure. Green distorted cubes and blue distorted octahedra
correspond to Yand Ti cations coordination environments, respectively. (2-column fitting figure,
color should be used)

2.2. Mechanosynthesis and thermal annealing

Y2Ti207-s pyrochlore nanostructured powder is obtained by HEBM of Y203 and
TiO2 precursors, followed by a thermal annealing. In order to remove surface
adsorbed species, precursor nanopowders Y203 (Sigma-Aldrich, 99.9%) and TiO2
(Degussa, 99.5%) foremost undergo a 10 hours long degassing under secondary
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vacuum (10-¢mbar) at 1000°C and 500°C, respectively. Powders are then stored
under a protective argon atmosphere to avoid any contamination. As described
by Simondon et al. [11], three grams of a stoichiometric mixture Y203: 2TiOz are
placed in a modified Fritsch Pulverisette Po equipped with tungsten carbide vial
and ball. A 120 hours milling is performed under static vacuum at a specific
milling intensity of 1400m.s~2 [21]. After ball milling, powders are stored in a
glove box under high purity Ar atmosphere (99.995%). During milling process,
WC vial and ball react with the powders and reduce them via a solid-state
reaction, as previously reported [22, 23]. Rietveld refinement of XRD patterns of
pyrochlore powders annealed 1 min at 900°C under vacuum revealed a high sub-
stoichiometry in oxygen (not shown here). It was then decided to anneal them
under oxygen atmosphere. To perform the heat-treatment, powders are placed
in an alumina container disposed in a quartz tube. A secondary vacuum (10-¢
mbar) is carried out at room temperature before setting an oxygen atmosphere
(poz=1 atm) supplied by a pure 0z flow (99.995% purity, 10 1/h). Crystallization
of the desired phase occurring around 850°C [11], it has been chosen to perform
heat treatments just above and at higher temperature, i.e. 900°C and 1050°C,
respectively. Annealing were conducted during various duration, from one to
1200 minutes. The heating rate is fixed at 10°C/min. The different thermal
treatments are summarized in Table 1.

Powder Atmosphere Annealing . A.nneah.ng
temperature ( C) time (min)
900_1 1
900_10 10
900-120 120
900_300 Doz = 1 bar 900 300
900_600 600
900_1200 1200
10501 1
1050_10 10
1050_120 _ 120
1050 300 | Pez=1lbar 1050 200
1050_600 600
1050.1200 1200

Table 1: Annealing conditions of the different milled powders.
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2.3. Characterization

Y2Ti207-snanostructured powders are characterized after thermal annealing.
The characteristic size and shape of nanoparticles are determined using
Transmission Electronic Microscopy (TEM). X-ray powder diffraction technique
is also used to analyze the crystalline structure of Y2Ti207-s.

2.3.1. TEM

Nanometric crystallites of annealed powders are observed by TEM.
Aggregates are briefly grinded in an agate mortar and set on a 3 mm cupper mesh
coated by a carbon film. Images are acquired with a JEOL 2010-F operating at 200
kV coupled with a Gatan Orius SC600A CCD camera. Oxidation state of Ti cations
are determined by electron energy-loss spectroscopy (EELS) using a dual-
corrected JEOL neoARM operated at 200 kV and equipped with a Continuum
Gatan Image Filter (GIF).

2.3.2. X-ray diffraction setup and refinement

X-ray diffraction diagrams are collected on a Brucker D8 Advance (250 mm
goniometer) using a Cu K« (1.54056 A) source operating at 40 kV and 40 mA. A
primary slit of 0.1 mm width has been used for collimating the incident beam. A
positioning sensitive detector (Vantec) was used to collect intensities during 26
scans on the range 20°-120°. The angular step and the step time were kept
constant and equal to 0.02° and 4 seconds, respectively. These set-up allows to
maximize the signal-to-noise ratio and insures an accurate definition of Bragg
peaks (>10 points/peak). Optical aberrations of the X-ray setup have been
previously studied [24] and were used to analyse diffraction patterns. In order
to extract information on the atomic structure and the microstructure, Le Bail
and Rietveld refinements have been performed on collected diffraction patterns,
using the Jana2006 software [25]. Weighted and Bragg reliability factors were all
below 10% (see Tables 2 and 3). The flat backgrounds are approximated by a
Legendre polynomial of degree five. The shape of Bragg peaks were fitted by
pseudo-Voigt profiles. A Cagliotti function has been extracted from the analysis
of diffraction patterns collected on a LaBs NIST sample for the X-ray setup.
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3. Results

3.1. Crystalline nature of annealed nanoparticles

Fig. 2 displays the XRD diagrams acquired on the powder annealed at 1050°C
during 600 minutes. All Bragg peaks of the diffraction patterns can be indexed by
the Fd3m space group, regardless of the heat treatment performed and in
agreement with the expected pyrochlore structure. No extra Bragg peaks
associated with either tetragonal or orthorhombic TiOz or cubic or monoclinic
Y203 were observed. Table 2 summarizes information extracted from the analysis
of diffraction patterns for all samples. Information on the chemical reaction is
given by measurement of the scale factor, which does not vary. This insures that
no amorphous phase exists, corroborating the solid-solid chemical reaction is
achieved at the chosen temperatures.

5
5_
do
3_
o>
&3t 2t
& vt
g 5
b3 - 0
= 20 30 40 50 60 70 80 90 100110
=
1
0

28 30 32 34 36 38 40
26 (degrees)

Figure 2: Zoom showing the comparison between the experimental (red cross) and refined (black
line) diffraction pattern with associated errors (grey line) collected on sample annealed 600
minutes at 1050°C. The inset displays the full diagram with the refinement and associated errors.
The quality of the refinement is justified by the very good agreement between the measured and
computed patterns. (2-column fitting figure, color should be used)
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Powder Scale Rup CDD (\/E ) Lattice ) TEM mean
factor (10-%) (%)  (nm) (10-4) parameter (A)  crystallite size (nm)
e g
900_10 1(1322)8 8.12 1(2? (23%622(; 10(.21;):)38 )
900_120 1('33)0 8.35 (11171) (11?521‘; 10.((2?34 i
900_300 1'(%9 8.03 (%‘; (11(.)615) 10.((33)172 )
| e B mme g
900_1200 1-(‘%4 7 48 1(8? 1(151)7 10.((;‘3389 ]
O B
oo e B e
1050_120 1'(47?3 6.86 1((23;3 ?592; 10.((;%23 ]
1050_300 1'(137 6.22 (?SE); ?ﬁg 10.((;2367 )
s T 8T
1050_1200 1'(3;33 7.09 (1111(; ?{3% 10.((;3?29 ]

Table 2: Various values related to the different Y2Ti207-s powders from XRD diagrams analysis:
scale factor, weighted reliability factor, coherent diffracting domains size, micro-strains and
lattice parameter, as well as the mean crystallite size measured on TEM micrographs. Associated
errors are the standard uncertainties computed by Jana2006.

3.2. Crystallites size and micro-strains

TEM micrographs of three annealed powders are presented in Fig. 3.
Aggregates of 900_1 powder are made of poorly defined grains (Fig. 3a), whereas
polygonalization and slight growth occur with dwelling time (900_600, Fig. 3b)
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and temperature (1050_600, Fig. 3c). The crystallites exhibit a roughly spherical
shape, and their size is about 100 nm as mentioned in Table 2.

900 _10hrs | ©) 1050_10hrs

100:nm

Figure 3: TEM micrographs of 900_1, 900_600 and 1050_600 annealed particles. Increasing the
annealing time, grains become spherical. (2-column fitting figure)

XRD peaks widening gives complementary information on the pyrochlore
microstructure. The size of coherent diffraction domains (CDD), L, and the micro-
deformation (Ve2) can be determined by the Lorentzian component of the
pseudo-Voigt peaks profile; the Gaussian component is due to instrumental
widening described by the Cagliotti function. As TEM observations prove the
grains are spherical, the classical Hall-Williamson (HW) analysis can be
performed on the Lorentzian component of pseudo-Voigt profiles [26]:

ﬁhkl.COS Hhkl = A/L + 2(\/8_2) sin Hhkl (1)

where Shiiis the full width at middle height (FWMH) of the Lorentzian component
of the hkl Bragg peak, L is the characteristic size of the CDD, and (Ve2) can be
understood as the root mean square of the micro-strain in the material, i.e. the
average deviation of the interplanar distances drk to their mean value.

Numerical values of both L and (Ve2) are reported in Table 2. The characteristic
sizes of CDD extracted from X-ray refinements are nanometric for all the
synthesized powders, with a size from 89 (8) nm to 134 (10) nm. These results
are of the same order of magnitude than the mean crystallite size determined by
TEM observations. This implies that L can be understood as a grain size. As
shown in Fig. 4a, the coarsening rate of the CDD is higher at 1050°C than at 900°C,
but is still moderate. This is consistent with the exceptional coarsening
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resistance of Y2Ti207 nano-features observed in ODS steels up to 1100°C [27]. The
heat-treatment performed are therefore suitable to produce nanostructured
materials and avoid major coarsening.

The root mean square of the micro-strain (Ve2) is divided by 4 with the annealing
time at 900°C and by 2 at 1050°C (see Fig. 4 and Table 2). Extended annealing
time leads to a better ordering of crystallites structure, in accordance with both
TEM observations and a conventional pattern of stress relaxation. The

decreasing of (Ve?) with the annealing time may also be due to the time-
dependency of the diffusion of defects in the material. The vanishing of defects
under an oxygen partial pressure of one atmosphere is probably due to the
oxidation of the pyrochlore powders. The vacancy concentration decreases as
the oxygen atoms penetrate inside the material, and the inter-reticular distance
dnkitends to reach a unique value.

200 0.004

150 F 0.003 F %
@ 0.002 F =

= Tk

50 F 0.001 F & B

1 10 100 1000 1 10 100 1000
Annealing time (min) Annealing time (min)

Figure 4: Evolution of CDD (a) and micro-strains (b) extracted from the HW analysis with
annealing time. Powders annealed at 900°C (open symbols and dashes) exhibit larger variations
in micro-strains than those treated at 1050°C (black symbols and full line). Only slight coarsening
is observed with time for both of the annealing temperature. (2-column fitting figure)

3.3. Evolution of the unit cell parameter

The position of different Bragg peaks, corrected from the positioning misfit,
allows to compute the evolution of the unit cell parameter, a, of the pyrochlore
structure. Fig. 5 displays the variation of a with annealing time. As shown in Fig.
5, powders annealed at 900°C exhibit wide variations from 10.11272 (144) A to
10.09266 (21) A, for 900_1 and 900_600, respectively (see Table 2). From 1 to
120 minutes, the lattice parameter decreases linearly with the logarithm of time.

10
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However, this trend does not fit anymore for the sample annealed 300 minutes
and more, suggesting that a steady state was reached. Samples heat-treated at
1050°C exhibit only a slight decrease of the lattice parameter with time, from
10,09528 (29) A for 1050_1 to 10.09329 (34) A for 1050_1200.

10.120
10415 |
10.110 |

10.105 | {]

10.100

a(A)

10.095

10.090 |

1111l 1 1 1111l 1 1 111111l 1 1 1111l

1 10 100 1000
Annealing time (min)

10.085

Figure 5: Evolution of the unit lattice parameter with annealing time at 900°C (open squares and
dashes) and 1050°C (black squares and full line). Errors bars associated with the evolution of a
are also plotted. (1-column fitting figure)

3.4. Variations of oxygen position and stoichiometry

To go at step beyond, Rietveld refinements were performed to follow the
evolution of structural parameters, ie. position and occupancy rate of atoms
constituting the pyrochlore structure, as a function of the annealing time and
temperature. As we are concerned by an oxygen diffusion mechanism, attention
has been concentrated on the position and the occupancy of oxygen atoms along
the 48f and 8a Wyckoff positions. Refinements performed assuming vacancies in
the 8a sites are always unstable, so their occupancy rate has been constrained to
be fully occupied. This work focuses here on the Ossrposition, which includes 6
of the 7 oxygen atoms and is therefore the main source of anionic vacancies and
oxygen mobility [20, 28]. The quality of the Rietveld refinements is assessed by

11
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the low values of Rpragg factor that remains lower than 10% as reported in Table
3.

Fig. 6 displays the evolution of the reduced atomic position of the 48f oxygen
atoms, defined by x (Fig. 6a), and their sub-stoichiometry §, (Fig. 6b). Numerical
values are also reported in Table 3. Fig. 6a reveals that at 1050°C, x (black
squares) remains almost constant and equal to 0.332. This result is in agreement
with previous investigations at equilibrium state [29, 30]. At lower temperature,
we observe a large decreasing of x (open squares) with the annealing time from
0.3525(31) to 0.3332(7), for 900_1 and 900_600, respectively. Only large
annealing time (>300 min) allows reaching the expected equilibrium value of x.
Fig. 6b shows that the oxygen sub-stoichiometry § in the pyrochlore structure
strongly depends on the annealing time and temperature. The oxidizing
atmosphere (poz = 1 atm) decreases the density of 48f vacancies due to the
diffusion of oxygen in the lattice. Oxygen sub-stoichiometry & ranges from
1.59(19) to 0.01(10) for 900_1 and 1050_1200, respectively. The sub-
stoichiometry linearly decreases with the logarithm of time at fixed
temperatures (Fig. 6b). Adjusting annealing time and temperature under oxygen
atmosphere is therefore a simple and efficient way to tune the oxygen
stoichiometry of Y2Ti207-s nanostructured powders on a wide range.

0.360
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0.350
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4 0.340
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Figure 6: Evolution of the reduced atomic position x (a) and oxygen sub-stoichiometry § (b) in
Y2Ti207-s powders annealed under oxygen flow at 900°C (open symbols) and 1050°C (black
symbols). (2-column fitting image)

RBragg | Ti048f| | Y 048f|
Powder o o
(%) (A) (A)
159 03525 2.06653 2.32820
90011 806 gy 31 (30)  (40)
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1.32 0.3478 2.0412  2.3566

900_10 5.68 18) (32) (50) (50)
0.73 0.3361 1.98522 2.43390
900_120 5.24 (13)  (14) (12) (15)

0.70 0.3335 1.97357 2.45142
(12)  (13) (8) (10)
0.37 0.3332 197186 2.45304
® (™ (4) (5)
0.29 0.3347 197869 2.44282
(10) (10 (8) (6)
042 03331 197214 2.45404
@ (6) (8)
0.35 0.3330 197143 2.45534
7y (6 (4) (5)
0.18 0.3306 1.96065 2.47057
® ™ (4) (5)
0.10 0.3319 196642 2.46244
7y (6 (4) (5)
0.05 0.3308 1.96161 2.46966
@ (8 (4) (5)
0.01 0.3344 197752 2.44461
(10 (9 (4) (5)

900_300 5.30

900_600 3.84

900_1200 5.22

1050_1 4.93

1050_10 4.82

1050_120 6.41

1050_300 4.63

1050_600 6.17

1050_1200 5.13

Table 3: Various values related to the different Y2Ti207-s powders extracted from Rietveld
refinements: Rprqgg factor, oxygen sub-stoichiometry (&), x parameter and cation-oxygen 48fbond
lengths. Associated errors are the standard uncertainties computed by Jana2006.

4. Discussion

In order to study in detail the evolution of the structure with the oxygen
stoichiometry, the variation of the unit cell parameter a as a function of ¢ is
plotted in Fig. 7. At very high sub-stoichiometry (6 > 1.0), a is larger than the
expected value for Y2Ti207 pyrochlore (ca. 10.095 A [1, 12]). For smaller & value
(6 < 1), the unit cell only slightly vary.
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The nonlinear evolution of a as a function of § may be explained by a simple
analysis of the oxidation state of Ti cations. Y is well known for having a single
and constant 3+ oxidation state, in contrast to Ti ions whose valence varies from
2+ to 4+. For § < 1.0, it is possible to determine the fraction of Ti3* ions in the
materials from electro-neutrality. The atomic fraction of Ti3+,

a = [Ti3*]/[Ti] (where [X] is the atomic fraction of species X) satisfies:

2x3+2x(Ba+4(1-a))—-(7-8)x2=0 (2)

In this equation, the oxidation states of Yand O are considered constant and equal
to 3+ and 2-, respectively. a results from the existence of oxygen vacancies in the
neighborhood of Ti ions that modify the oxidation state of Ti ions. From the
knowledge of a, the mean ionic radius of Ti, resulting from different oxidation
states can be computed from Shannon radii [31] :

(r) =rppe Xa+rppe X (1—a) (3)

Assuming that the oxygen 02 radius is fixed [31], the mean Ti - O distance is
equal to ryz- + (r). As the oxygen sub-stoichiometry increases, both the mean
radius of Ti and the reduced atomic position of the oxygen x increase due to
electrostatic repulsion. The transition from Ti** to Ti3* induces not only a
variation of the mean Ti radius, but also a slight increase of the oxygen reduced
atomic position x in the unit cell of the pyrochlore structure as displayed in Fig.
7 and 8. For § > 1.0, the electro-neutrality implies that the mean oxidation state
of Tiions is lower than 3+, leading to the vanishing of Ti**ions and the formation
of Ti?* cations. The ionic radius of Ti?*ions (860 pm) is much larger than those
associated with Ti3* (670 pm) and Ti** (605 pm) [31]. To keep the octahedral
environment, x and a must both strongly increase to compensate for the large
Ti2* radius, as illustrated in Fig. 8. Ti cations have a variable oxidation state but
are able to keep the same octahedral coordination environment. This
configuration justifies the ability of the pyrochlore structure to accommodate
anionic vacancies on a large range (0.0 < § < 2.0).

14
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Ti oxidation state
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Figure 7: Increasing of lattice parameter a (squares) and Ti ionic radius (triangles) with oxygen
sub-stoichiometry (6), due to Ti oxidation state variations in Y2Ti207-spowders annealed at 900°C
(open symbols) and 1050°C (black symbols). (1-column fitting figure)
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Figure 8: Schematic description of the variations of the reduced atomic position x, unit cell
parameter a and Ti-O distance induced by changing Ti oxidation state in a sub-stoichiometric
pyrochlore structure. Atoms are roughly on scale. (2-column fitting figure, color to be used)

To confirm the presence of reduced Ti cations, the 900_1 sample is analyzed
by EELS. This technique of spectroscopy is able to distinguish the valence of ions
constituting the nanostructured powders. Spectra focused on the Ti-L32 and 0-K
edges are acquired on several aggregates. As shown on Fig 9, Ti-L32 and O-K edges
are clearly identified on the background-subtracted EELS spectra. Some
aggregates of 900_1 powder exhibits Ti** ions, clearly identified as the Ti-L32
edges are subdivided [32, 33]. Other aggregates in the same powder display Ti
reduced cations as shown on Fig 9. Ti-L32 edges of reduced ions are single peaks,
slightly shifted towards lower energy-loss [32]. It is difficult to determine if the
EELS spectra is the signature of Ti?*, Ti3* or a convolution, as their EELS profiles
are very similar [32, 33]. The 0-K edge splitting attenuation may indicate a
predominance of Ti3* [33]. In any case, EELS analysis confirms the presence of
reduced Ti ions predicted by the XRD Rietveld refinements. The inhomogeneity
of the powder revealed by EELS is probably due to its out-of-equilibrium state.
This may explain why the most sub-stoichiometric powders have larger
uncertainties about the various data extracted from XRD refinements.

Ti2" or Ti%*
TiL,

e counts (a.u.)

450 460 470 480 490 500 510 520 530 540

Energy loss (eV)
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Figure 9: Background-subtracted EELS spectra focused on Ti-Lz3 and O-K edges acquired in
the same conditions on two different aggregates of 900_1 Y2Ti207-s pyrochlore powder. Reduced
Ti (up) and Ti** (bottom) cations are identified. (2-column fitting figure)

5. Conclusion

In this work, the evolution of the oxygen deficient Y2Ti207-s resulting from
HEBM was studied with X-ray diffraction technique. The Rietveld method has
been applied on the diffraction patterns collected on pyrochlore powders
annealed in various conditions under an oxidizing atmosphere. The analysis of
these diagrams provides quantitative information, not only on the
microstructure but also on the atomic structure of this material as a function of
the oxygen sub-stoichiometry. The Rietveld analysis proves that the
concentration of point defects on the 48f position decreases with annealing time
at a given temperature, as expected for a diffusional process. Structural
information derived from refinements highlights that this oxidation process is
associated with a change in the Ti valence confirmed by EELS analysis. The link
between oxygen substoichiometry and Ti oxidation state is explained, and
thresholds have been determined:

e For 0.0 < 6 < 1.0 the oxidation state of Ti varies from +4 to +3 and induces
only slight variations in the pyrochlore cell structure;

e As soon as 1.0 < § < 2.0, the appearance of large Ti?* cations leads to
important deformations of coordination environment, and an increase in
the unit cell parameter and the reduced atomic position. The coordination
environment of Ti cation is notwithstanding conserved, ensuring the
stability of the pyrochlore phase.

The main result of this work is to show that even for crystalline structure
made of rigid building blocks like pyrochlore, a large amount of oxygen vacancies
can be accommodated. The negligible variation of the unit cell parameter for a
large sub-stoichiometric range may explain the stability of this particular
pyrochlore under extreme solicitations, such as HEBM and irradiation [34, 35].
The ability of such pyrochlore for accommodating a large amount of oxygen
vacancies might also find various applications in nuclear waste immobilization
[36, 37] and oxygen catalysts and transport [3-5, 38, 39].
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