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achieved in this study using a coprecipitation method. The crystal structures have
been investigated by neutron, synchrotron X-ray powder diffraction, and elec-
tron diffraction techniques. While the general long-range structure may be well
described by the defect-fluorite type structure with Fm3m symmetry, electron
diffraction has highlighted a complex underlying modulated structure that varies
between each compound. These compounds have been tested for ion-irradiation
response using in situ 1 MeV krypton ions and transmission electron microscopy
characterization. None of the compounds undergo a crystalline to amorphous
transition, even holding at 50 K. Both the underlying fluorite and modulated
superstructures are little affected by the irradiation. However, some atomic rear-
rangements are observed in the postirradiated electron diffraction patterns for

the Sm,ZrO5 specimen.
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1 | INTRODUCTION

ture, rare-earth zirconates with stoichiometry A,Zr,0,
have been studied as potential ceramic materials for

With the ongoing development of refractory ceramic
compounds, designed for use within high energy parti-
cle, corrosive, and ablative environments, zirconates have
been developed due to their suitable properties. Rare-earth
zirconate compounds possessing a fluorite or pyrochlore
crystal structure and having different stoichiometries are
of interest for numerous applications, including nuclear
fuel and related materials'2, nuclear waste forms,> fast
ion conductors,”!! and thermal barrier coatings,>"'*
among others.'>'® Possessing remarkable properties such
as high radiation tolerance, high chemical durability, and
ability to incorporate a range of actinides into the struc-

inert matrix fuel (IMF)""'® using MgO as a secondary
phase to improve thermal conductivity.!” Furthermore,
ceramic-based waste-forms offer a containment matrix
for radio-toxic elements produced as a byproduct of spent
nuclear fuel or from decommissioning nuclear-based
weapons. The ability of zirconate compounds to incor-
porate high actinide loadings>" along with their high
radiation tolerance,®?’ and generally improved aqueous
durability relative to titanate-based ceramics, has made
these compounds the focus of waste-form-related studies.

Studies on Ln,05;-ZrO, systems (Ln = lanthanides)
show regions of single-phase solid solutions between
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stoichiometries of  Lng,sZry750158  through  to
Ln,Zr0s.>"? However, these solid solutions only exist
for limited lanthanides, predominantly for Ln = Sm-Dy.
Attempts to fabricate smaller, heavier lanthanide zir-
conates in the Ln,ZrOs region tend to give multi-phase
materials such as Yb,0;5 solid solution coupled with the
delta-phase Yb,Zr;0,,.>*% For the lighter, larger lan-
thanides (Ln = La, Pr, Nd), a pyrochlore plus cubic solid
solution tends to form.?>?’ There has only been limited
study on zirconate compounds of stoichiometry Ln,ZrOs.
An X-ray and electron diffraction study on Ln,03-ZrO,
compounds by Withers et al.”> gave some insight into the
complexity of the crystal structures of several Ln,ZrOs
(Ln = Sm, Gd, Tb, Dy) compounds. These structures
tended to present as either fluorite-like or pyrochlore-like
with diffuse features found within the electron diffraction
patterns showing the presence of modulated structure.
The temperature-structure study on Gd,ZrOs carried
out by Lyashenko et al.?® showed at lower temperature,
a defect fluorite structure containing ~-OH groups was
formed. At temperatures above approximately 1000°C,
the —~OH groups were driven off, and two commensurate
defect-fluorite phases were formed with a small volume of
ordered phase within the larger fluorite type phase. This
type of observation has been noted in several studies on
related cubic rare-earth titanates of the same stoichiom-
etry Ln,TiOs where nano-domains of pyrochlore-type
structure exist within a defect-fluorite-like matrix.?~*?

Starting with the basic fluorite structure, VIIM'VX,,
where M can be a range of medium to large tetravalent
cations (e.g., Zr, Hf, Th, U) or divalent cations (e.g., Ca,
Sr, Ba) in eightfold coordination, and X is typically O
or F~ in fourfold coordination, there are many variations
on the theme when considering charge balanced combi-
nations of cations and anions. These structures exist in
cubic space group Fm3m, and when there is more than one
cation present, they are generally disordered over the avail-
able cation sites. However, in many compositions, electron
diffraction patterns reveal the structures also include one
or more modulations on the parent fluorite structure.’

Ordered derivatives of the fluorite structure are
also common, including compounds with the A,B,0;
pyrochlore (“227” type)**~3° structure which adopts space
group Fd3m, the A;BO, (“317” type), and the A,BO;
(“215” type) compounds.’>? Literally speaking, in these
broad families, there are hundreds of known compounds,
providing a fertile ground for discovery research in phase
transitions and useful industrial properties.

With focus on nuclear materials, radiation tolerance
studies have been a common theme for pyrochlore-
and fluorite-structured materials. Studies by Lumpkin
et al.’’? collated the available radiation tolerance data on
the Ln,B,0, (B =Ti, Zr, Hf, Nb, Ta, Sn) pyrochlore—fluorite

system. There was a general trend of improved radiation
tolerance, ability to maintain the crystalline structure dur-
ing irradiation, found for those compounds with fluorite
structure with the zirconates showing the best response of
those surveyed. In an oxide pyrochlore review by Subra-
manian et al.,*’ an empirically derived stability field for
pyrochlore formation was established based on the A3*
to B** cation ionic radii ratios. This pyrochlore stability
field ranges from rgq/rz = 1.46 to rgy,/rry = 1.78. From
this, Ln,Zr,0; compounds with Ln = La, Ce, Pr, Nd, Pm,
and Gd can reasonably be expected to form the pyrochlore
structure, while zirconates with lanthanides smaller than
Gd will tend to form the fluorite structure. For Ln,Ti,0,
pyrochlore compounds, smaller lanthanides tend to give
improved radiation response*' due to their increased ten-
dency for an irradiation-induced order to disorder tran-
sition. Further improvements in ion-irradiation tolerance
have been noted for the cubic Ln,TiO5 when compared
with the related Ln,Ti,O; compounds due to greater level
of disorder found in the former.*? It is this ability for the
cubic structure to maintain crystallinity in a disordered
state that has often been correlated with the rare-earth zir-
conates’ outstanding radiation tolerance.*>**

A 2 MeV Au ion-irradiation study by Begg et al.’
on the Gd,(Ti,Zr,)O; system of compounds showed
both a systematic increase in fluorite-like disorder and
improved resistance to radiation-induced amorphization
with increasing zirconium content. As with previous radi-
ation studies on the Gd,Zr,0,; compound ion-irradiation
helped transition the crystal structure from pyrochlore
to defect fluorite but did not amorphize the structure.?
In fact the only zirconate in the Ln,Zr,0; series, which
undergoes heavy ion-irradiation-induced amorphization
in the low MeV energy range, is La,Zr,0, by 1.5 MeV Xe
ions.'® This compound did however have a low critical tem-
perature of 310 K above which crystallinity could be main-
tained during ion irradiation.

In the present study, a soft coprecipitation synthesis
method has been employed to ensure the complete mix-
ing of the reactants, thus resulting in high composition
homogeneity of the product. The Ln,ZrOs materials have
been characterized by neutron and synchrotron X-ray pow-
der diffraction, and electron microscopy to understand the
nature of the average and local structure and the phase
transition from pyrochlore to defect fluorite as a func-
tion of the decreasing ionic radius of the A-site cation. An
important question to be addressed here is the effect of
the size of lanthanide on the order-disorder transforma-
tion in the Ln,ZrOs system. As the pyrochlore to defect
fluorite transformation is well known in the Ln,B,0, com-
pounds, a major aspect of this study will be to examine
our new results in the light of the differences in stoi-
chiometry between the two systems. The experimentally
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determined crystal structural characteristics are coupled
with the property of radiation tolerance to give fundamen-
tal understanding between these. The results and trends
may be used to guide decisions on applications of zir-
conates in extreme environments.

2 | EXPERIMENTAL
2.1 | Materials and methods
Lanthanide(IlI) nitrate  hydrate [Ln(NO;);-xH,0]

(99.9%+) (Ln = Sm, Eu, Gd, or Tb) and zirconyl nitrate
hydrate [ZrO(NO;),-xH,0] (99+%) were purchased from
Sigma-Aldrich with the Zr content quantitatively deter-
mined by gravimetric analyses. All chemicals were A. R.
grade and used as received. Milli-Q grade water was used
in all experimental procedures.

The calculated amounts of lanthanide nitrate and zir-
conyl nitrate were dissolved in 100 ml of water. The mixture
was magnetically stirred to produce an aqueous solution.
Note that 1.667 M ammonia solution was dropwise added
to form the precipitates until the ammonia concentration
reaches 0.1 M with pH = ~ 11.1. The resultant precipitate
was further stirred for 1 h and separated from the aqueous
phase by centrifuge for 20 min at 9500 rpm, dried overnight
in a 95°C oven, and then calcined for 4 h at 750°C in a fur-
nace in air with ramp rate of 2°C/min. The calcined pow-
der was pelletized using a uniaxial cold press at approx-
imately 180 MPa and sintered for 24 h at 1400°C in air
with 5°C/min heating/cooling rate. The supernatant of the
centrifugation was collected and dried at 100°C. No solid
materials were detected by thermogravimetric analysis at
750°C, which confirmed that no metal ions were lost dur-
ing centrifuge processing.

A further bulk polycrystalline Sm,ZrO5 sample was syn-
thesized via the conventional mixed oxide route. Preheated
at 800°C for 4 h and stoichiometric quantities of the pre-
cursor oxides Sm,05 and TiO, (Sigma-Aldrich, 99.9 %+)
were weighed and ball-milled using yttria-stabilized ZrO,
balls carried out in cyclohexane media. The pellets were
consolidated by uniaxial pressing followed by cold iso-
static pressing at 250 MPa. Sintering was carried out at
1500°C for 48 h in air using a heating and cooling rate of
5°C/min.

2.2 | Characterization

Scanning electron microscopy (SEM): Fragments of samples
were mounted in epoxy resin and polished using several
grades of diamond polish down to a final 1-um diamond
finish. SEM was carried out on a Zeiss Ultra Plus operated

at accelerating voltage 15 kV with the morphology ana-
lyzed by annular selected backscattered imaging.

Synchrotron X-ray diffraction (SXRD): The crystal struc-
ture data for Sm,ZrOs, Eu,ZrOs, and Gd,ZrO5; were col-
lected using the Australian synchrotron 10-BM-1 powder
diffraction beamline® fitted with a Mythen II microstrip
detector. The wavelength was determined as 0.72749 A
using an NIST LaBg4 (660b) standard for wavelength cali-
bration. Data were collected at room temperature between
10-80° 2-theta, for 5 min at each of the two detector posi-
tions of Mythen detector and binned in steps of 0.00375°.
The diffraction data were refined via the Rietveld method
using software Rietica.*® Background was corrected for via
user-input points, thermal parameters set to isotropic, and
peaks were fitted via the pseudo-Voigt profile function.

Neutron diffraction: The Echidna, high resolution, pow-
der diffraction beamline at the Australian Nuclear Science
and Technology Organisation (ANSTO)*” was used for col-
lection of neutron diffraction data for the Tb,ZrOs5 sam-
ple. The powdered specimen was held within a vanadium
cylinder, and data were collected at room temperature.
The neutron wavelength was 1.62150 A. As with the syn-
chrotron diffraction data, the diffraction data were refined
using the Rietveld method.

Transmission electron microscopy (TEM): Selected sam-
ples were investigated using a JEOL 2200 FS TEM
equipped with an in-column Omega energy filter and an
Oxford X-Max energy-dispersive X-ray detector (EDS) ana-
Iytical system. The TEM was operated at the maximum
accelerating potential of 200 kV. Samples were prepared
by crushing small pieces of the ceramics under ethanol
using an agate mortar and pestle and depositing a small
drop of the solution onto holey carbon grids. EDS spectra
were obtained from suitably thin grains, at least 30 grains
per sample, to ensure that sample compositions are within
specification with regard to Ln,ZrOs stoichiometry and
free of impurities. The EDS system was standardized using
the Cliff-Lorimer k-factor method.*® Unfiltered selected
area electron diffraction pattern (SAED) was recorded dig-
itally from thin areas of these grains after tilting into zone
axis orientations with the main objective being the iden-
tification of diffuse scattering features. The SAEDs were
measured and indexed using the Gatan Microscopy Suite
(GMS3) and Crystal Maker software (Crystal Maker and
Crystal Diffract).

In situ irradiation coupled with TEM characterization:
The TEM specimens were prepared as finely ground crys-
tals as described in the TEM methods section. Note that 1
MeV Kr ion-irradiation was carried out along with in situ
TEM characterization using Hitachi H-9000-NAR oper-
ated at 300 kV, at the Argonne national laboratory.** For
each irradiation experiment five electron transparent crys-
tals were selected and monitored via collection of bright
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field images and electron diffraction patterns. The speci-
mens were monitored at a range of fluence steps to track
any crystal structure changes associated with increasing
fluence. The irradiation and monitoring were kept separate
to eliminate any potential synergistic annealing caused by
both ion-beam and electron-beam irradiating the speci-
men at the same time. The Sm,ZrO5 specimen was held at
50 K during irradiation, while all other samples were held
at room temperature.

Density and apparent porosity: Archimedes’ displace-
ment method was employed to determine the pelletized
sample density using water as the medium. Bulk density
refers to the ratio of the mass of a material to its bulk vol-
ume. Apparent porosity refers to the percentage ratio of the
volume of the open pores in a material to the bulk vol-
ume of that material. The theoretical density was deter-
mined from the structural parameters, which were deter-
mined via the Rietveld refinement method using the soft-
ware Rietica.*

3 | RESULTS AND DISCUSSION

3.1 | Fabrication

A comparison of the differences in morphology for the
Sm,ZrOs compound achieved via two different fabrica-
tion approaches are shown in Figure 1. These images were
collected using backscattered SEM imaging, an approach
useful for highlighting any variation in the distribution
of elements within the sampled area. Figure 1A is the
Sm,ZrOs sample fabricated in the present study, while Fig-
ure 1B is the Sm,ZrOs sample produced using the con-
ventional mixed oxide route for a solid state reaction,
with the detailed method disclosed previously.”” These
two samples appear distinctly different; there is much
greater porosity in the mixed oxide route fabricated sam-
ple, and there is also poorer homogeneity indicated via
variation in the intensity of grey-scale in this sample
relative to the wet-chemistry approach. Previous studies
have shown that improved mixing at the molecular level
is achieved via this wet-chemistry approach leading to
improved homogeneity.'*>° The software ImageJ°' was uti-
lized to investigate the porosity of the SEM backscattered
images for Figure 1, where the measured porosities were
15.6% and 27% for the wet-chemistry and mixed oxide route
respectively (Figures S2-S3 at SM). While there may be
some variation in calculated values for porosity depend-
ing on the image contrast thresholding used, this source
of error should be consistent if the same approach is used
for each image. The greater porosity evident for the mixed
oxide route fabricated sample may be attributed to the
much greater particle size for the precursor oxide powders

)

FIGURE 1 Scanning electron microscopy (SEM) annular
selected backscattered images of Sm,ZrO; fabricated via (A)
soft-chemistry route and (B) conventional mixed oxide route. The
black regions are pores, while slight variation in the grey contrast
(image-B) is indicative of slight variation in elemental distribution

when compared with those of the molecular level mixing
achieved via the wet-chemistry approach.

An initial attempt was made to fabricate a large portion
of the lanthanides, from lanthanum to ytterbium, in the
Ln,ZrOs stoichiometry as single-phase materials. This
proved to be successful for four of the lanthanides, Sm,
Eu, Gd, and Tb, while the remaining all consisted of
multiple phases as shown in Figure S1 at Supporting
Materials (SM). The series of backscattered images shown
in Figure 2 is of the successful attempts. Based on SEM
analysis of the four, single-phase Ln,ZrOs compounds
studied here (Ln = Sm, Eu, Gd, Tb), there was almost
complete reaction of all precursors after sintering in air at
1400°C for 24 h. Small amounts, less than 1vol%, of Ln,0;
(Sm, Eu or Gd) precursors were detected in each respective
lanthanide zirconate, while no precursor was detected
in the Tb,ZrOs sample. Furthermore TEM-EDS analysis
was utilized to confirm the homogeneous nature of the
fabricated compounds and to quantify the cation ratios.
The TEM-EDS system had previously been calibrated
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FIGURE 2
(C) Gd,ZrOs, and (D) Tb,ZrOs. Black regions are pores

with numerous titanate-based compounds, including rare-
earth pyrochlores and zirconolites, via the Cliff-Lorimer
k-factor method.*® By analyzing 30 grains for each spec-
imen, a good level of statistical confidence is achieved
(Tables S1-S4 at SM). The calculated cation and anion

numbers,  Sm; 00(0.08)270.97(0.06) 04.940.001)>  EU2.00(0.04)

Z10.93(0.04)04.86(0.01)s  Gd2.00(0.06)Z¥0.92(0.05)O4.84(0.01)» and
Tb2.00(0'07)Zr1'05(0.06)05.10(0'01), with errors based on two

standard deviations, shown in brackets, indicate the
homogeneous nature of each sample. This result is sig-
nificant as zirconates tend to require higher sintering
temperatures and long sintering times to achieve a rea-
sonable percentage of reaction between the precursors.
A review of the Ln,0;-ZrO, systems by Andrievskaya?’
showed that it was possible to achieve solid solutions
for compositions between Ln,Zr,0; to Ln,ZrOs where
Ln = Sm, Eu, Gd and Tb, although the phase diagrams
tended to start at temperatures of 1800°C and above. Stud-
ies on rare-earth oxide-zirconia solid solutions are rarely
conducted below 1500°C due to low diffusion mobility
plus a slow rate of solid solution formation.?’

3.2 | Crystal structure

While in this study ideally all samples would have been
characterized via neutron diffraction, the large neutron
absorption cross-sections for the lanthanides Sm, Eu, and
Gd have made this impractical. In this study, Tb,ZrOs
has been analyzed via neutron diffraction (Figure 3). The

Scanning electron microscopy (SEM) annular selective backscattered images for compounds of (A) Sm,ZrOs, (B) Eu,ZrOs,

structure has been identified as a defect fluorite with
Fm3m symmetry. This was as expected as there is a large
solid solution of fluorite-related structure for the Tb,ZrOs
to Tb,Zr,0, and higher zirconia content, region.”” The
oxygen occupancy, determined from Rietveld refinement
of the data, of 87% + 1% (Table 1), is slightly higher than that
expected (83 %) for the nominal stoichiometry Tb,ZrOs
and idealized oxidation states of Tb3*, Zr*t, and O%. Due
to the lower sensitivity of X-rays to oxygens (especially
in the presence of much heavier lanthanides), the oxygen
occupancy was fixed to the nominal 83% in the refinements
against SXRD data for Ln,ZrOs (Ln = Sm, Eu, and Gd),
although Sm, Eu, and Gd are all expected to be trivalent.
While it was expected that the smaller lanthanide Tb
would take on a fluorite-type structure for the solid solu-
tion between Tb,ZrO5 and Tb,Zr,0,, it was not known if
the larger lanthanide Sm would take on a pyrochlore-type
structure, especially when sintered at the relatively lower
temperature of 1400°C. Based on the cation ratios of
Ln: Zr, it is expected that Gd,Zr,07 (rgas4/Tzrar = 1.46)
would be on the phase boundary between pyrochlore
and defect-fluorite, while smaller lanthanides such as
Tb to Lu would assume the defect-fluorite structure
regardless of sintering temperature.*’ For Gd,Zr,0;, the
phase transition temperature boundary from pyrochlore
to defect-fluorite is 1530°C, for Sm,Zr,0,, this transition
is achieved at 2000°C,** while for Eu,Zr,0, at 1855°C.*
However, in a phase diagram for the Ln,03-ZrO, system
by Tabira et al.,”® it was indicated that Sm,ZrOs and
Gd,ZrOs sintered at 1500-1600°C could be found in the
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FIGURE 3

Neutron diffraction data with Rietveld calculated fit for Tb,ZrOs. The black crosses show the measured diffraction data, the

red trace is the calculated fit with the difference between measured and calculated displayed by the green line below the diffraction pattern.
The blue markers indicate the diffraction maxima positions expected in the Fm3m structure

TABLE 1

Rietveld refinement details from powder SXRD data (Sm,ZrOs, Eu,ZrOs, and Gd,ZrOs), and neutron diffraction data for the

Tb,ZrOs; compound. The fits are based on Fm3m symmetry. Oxygen occupancies were fixed for X-ray refinements based on the Ln3** and Zr**

oxidation states

Lattice Oxygen U*100
parameter (A) occupancy (Ln/Zr)
Sm,Zr0; 5.35795(1) 0.83 2.74(1)
Eu,ZrOs 5.33825(2) 0.83 2.84(1)
Gd,ZrO 5.319573(5) 0.83 2.73(1)
Tb,ZrO5 5.25437(5) 0.87(1) 2.28(7)
Rp, unweighted profile R-factor; Rwp, weighted profile R-factor.
2.0
] I ®)
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-
x
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FIGURE 4 Synchrotron powder X-ray diffraction patterns for

samples (A) Sm,ZrOs, (b) Eu,ZrOs, (C) Gd,ZrO;. Patterns are offset
for clarity. Diffraction maxima match those for the fluorite
structure, Fm3m symmetry

defect-fluorite type structure. The synchrotron powder
X-ray diffraction data (Figure 4) from our study show
a defect-fluorite-type structure with Fm3m symmetry.

U*100 Rwp
(0) Rp (%) x (%)
7.40(8) 414 9.86 5.07
7.48(7) 3.66 7.72 4.59
7.1(1) 3.97 10.13 5.67
4.6(1) 3.68 2.30 4.70
TABLE 2 Density and apparent porosity for the Ln,ZrOs
compounds
Density Density
(calculated) (measured) Apparent
(g/cm3) (g/cm3) porosity (%)
Sm,ZrOs 6.77 5.85 13.6
Eu,ZrOs 6.82 5.76 15.5
Gd,ZrOs 6.97 5.90 154
Tb,Zr0Os 7.07 6.17 12.7

The presence of sharp peaks and absence of any broad
features within the diffraction patterns are indicative of
a highly crystalline, single-phase structure for each of the
compounds studied. There is a small shift in diffraction
maxima locations to higher angles that correlates with the
reduction in lanthanide size, from Sm, Eu to Gd. This cor-
responds to a reduction in lattice parameter from Sm,ZrOs
to Tb,ZrO5 (Table 1) with the smallest lanthanide, Tb, from
our investigated series having the smallest cell parameter.
The porosity of these compounds (Table 2) was esti-
mated from the theoretical density, calculated from
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FIGURE 5 The major phases formed for various

rare-earth/metal oxide combinations with the stoichiometry
Ln,BO; (Ln = lanthanides, B = Ti, Sn, Hf, and Zr)

molecular weight and cell volumes from crystal structure
refinements (Table 1), and the measured density. The rel-
atively high porosity determined in this study is signifi-
cant, as it would detrimentally affect the potential of these
materials used in nuclear applications, either by increas-
ing the waste volume in nuclear waste form applications,
or by lowering the thermal conductivity in IMF applica-
tions. A reduction in porosity might be achieved via higher
temperature sintering, the use of pressure such as hot iso-
static pressing, or the addition of a secondary phase such
as magnesium oxide.

Figure 5 lists all the phases formed for different combi-
nation of lanthanides and group IV metals with the stoi-
chiometry Ln,BOs (B = Ti, Zr, Hf, and Sn), from this study
as well as previous studies.?>?>2%-3254-60 While the present
study has focused on the relatively low temperature sinter-
ing at 1400°C, previous studies have shown that it is pos-
sible to achieve limited solid solutions between Ln,Zr,0,
and Ln,ZrOs for a wide variety of lanthanides including
Pr,ZrOs through to Yb,ZrOs>* including the compositions
studied here. However, sintering temperature of 1800-
2200°C had to be employed to achieve these single-phase
compounds. Many of these Ln,ZrOs; compounds were
previously described as either defect-fluorite in Fm3m
symmetry, or for the smaller lanthanides defect fluorite
compounds with the related C-type bixbyite with cubic
Ia-3 symmetry. All four compounds in the current study,
Ln,ZrOs (Ln = Sm, Eu, Gd, and Tb), can be described
satisfactorily based on the fluorite structure. In a study on
the Eu,0;-Zr0, system by Lopato et al.>> where lower sin-
tering temperature (1250°C) was employed, the Eu,ZrOs
was also described as a defect fluorite structure. It should
be noted however that a previous study on Ln,ZrOs by
Withers et al.”? cautioned that describing these structures

eramic Society

simply as defect fluorite could be misleading as they also
tend to possess highly complex modulated local structures.

Figure 5 also includes other, previously fabricated rare-
earth zirconates with the Ln,BOs5 stoichiometry; Pr,ZrOs
and Nd,ZrOs (sintered at and above 2200 and 2000°C,
respectively),* Dy,ZrOs,”> Ho,ZrOs,>* Er,ZrOs,° and
Yb,ZrOs>* (all sintered >1600°C). The similar chemistry
and ionic size of hafnium relative to zirconium has resulted
in similar combinations of the rare-earths and metal oxides
forming the fluorite type structure for the Ln,BOs stoi-
chiometry (Figure 5). The Ln,HfOs stoichiometry could
not be achieved for Ln = La, Pr, and Nd*°; however for
the remainder of the rare-earth elements single-phase
compounds could be formed (Ln = Sm-Dy>®, Ho-Lu”).
The use of cation size ratios to predict phase stability
ranges for the pyrochlore and defect-fluorite phases for
the Ln,B,0; stoichiometry in previous studies has proven
to be a good guide; however this appears to break down
when looking at Ln,BOs stannates (Figure 5). The forma-
tion of only Yb,SnOs in the stannate system? indicates
a significant variation in chemistry from tin when com-
pared with hafnium or zirconium. Finally, the significantly
smaller ionic size of Ti has resulted in regions where rare-
earth titanates can take on multiple structures.®® It is only
the smaller lanthanides (terbium to lutetium) where the
Ln,TiOs stoichiometry can take on the cubic form. These
cubic rare-earth titanates have been described as long-
range fluorite with short-range domains of pyrochlore
structure.?”3?

While the long-range average crystal structure can
be well defined as having the defect-fluorite structure
based on our X-ray and neutron diffraction results, TEM
studies employing electron diffraction show complex
modulations. In the (111) zone, the electron diffraction
results for the four compounds (Figure 6) show a sys-
tematic change from Sm,ZrOs to Eu,ZrOs, Gd,ZrOs, and
Tb,ZrOs. Sm,ZrOs (Figure 6A) has diffuse features similar
to those reported previously for Yb,Sn; 5505 5.>° The extra
scattering generally consists of sets of six ball-and-stick
features around the main Bragg beams with sets of three
diffuse spots arranged in triangles in between them.
The scattering is relatively weak for Sm,ZrOs, but the
relationship between the extra spots and Bragg spots can
be determined to be 0.21(220)*. The example shown here
for Eu,ZrO;5 has similar, but stronger scattering features
described using the modulation wave approach as 0.23
(220)*. The superlattice of Gd,ZrOs is commensurate with
the underlying fluorite lattice in the (111) zone axis, and
the extra spots are sharp and evenly spaced according to
the wave vector 0.25 (220)*. There are no obvious extra
spots or reasonably intense diffuse features present in
the (111) zone axis orientation (Figure 6D) for Tb,ZrOs
sample. This is consistent with previous work on the “227”
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FIGURE 6

. D)

- -

Selected area electron diffraction (SAED) patterns (inverted intensity) of the Ln,ZrOs (Ln = Sm, Eu, Gd, and Tb) compounds

viewed down zone axis (111). (A) Sm,ZrOs (diffraction maxima indexed based on the fluorite Fm3m symmetry), (B) Eu,ZrOs, (C) Gd,ZrOs,
(D) Tb,ZrOs. The brightness and contrast have been altered to enhance and highlight the diffuse diffraction maxima

pyrochlore-defect fluorite compounds that exhibit (110)
zone axis patterns similar to those shown in Figure 8G.
The typical electron diffraction patterns for Gd,ZrOs are
obtained in four additional zone axis orientations (Fig-
ure 7). When observed in the (310) zone axis orientation
(Figure 7A), the usual strong diffracted beams are consis-
tent with the parent defect fluorite structure, plus a set of
generally weaker, but sharp spots along c* and lying on
[001] withlodd. Normal to c*, these spots lie on “4(260)*
and thus are commensurate with the lattice. In addition to
these spots, there are additional spots, blobs, and streaks
of diffuse scattering in this orientation. With regard to the
electron scattering in the (411) zone (Figure 7B), the main
features include a set of additional sharp spots on %4(022)*
together with additional diffuse blobs and curved diffuse
features. The consistent pattern of a quadrupling of the lat-
tice in certain directions is also shown for the (332) zone
axis (Figure 7C). In this orientation, we observe sets of
sharp diffraction spots indicating a 4x repeat of the fluorite
subcell along the three (hhl) reciprocal lattice rows shown

in this pattern. The main row of extra spots is interpreted
as 14(220)*. It is noted that the presence of extra rows of
spots on each side of and parallel to the main (hhl) rows in
this pattern. These rows lead to a pattern of six extra spots
around the main beams in each (hhl) reciprocal lattice row;
however, the spots in the offset rows are a mix of both sharp
and diffuse features. An example of diffuse electron scatter-
ing is also presented for the (211) zone axis in Figure 7D.
No quadrupling of the lattice was observed in this orien-
tation, which consists mainly of diffuse features located
on either side of the %2(113)* reciprocal lattice points, with
pairs of short diffuse rods on either side of the Y2(111)*
coordinates.

3.3 | Ionirradiation

The SAED patterns have been collected in the (110) zone
axis orientation for all four samples before and after 1
MeV krypton ion-irradiation (Figure 8). All compositions
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FIGURE 7

Selected area electron diffraction (SAED) patterns taken from various crystal fragments of the Gd,ZrOs compound and are

shown down zone axis (A) (310), (B) (411), (C) (332), (D) (211), with two of the diffraction maxima indexed (based on fluorite Fm3m
symmetry) for each diffraction pattern. The brightness and contrast have been altered to enhance and highlight the diffuse diffraction maxima

show evidence for extra diffraction features on the under-
lying fluorite lattice, comparing the electron scattering fea-
tures before and after irradiation. The patterns of the unir-
radiated samples can be broadly classified as Sm type,
Eu-Gd type, and Tb type, the latter pattern being similar
to those observed in the “227” defect fluorite compound
Tb,Zr,0,.%

For unirradiated Sm,ZrO5 sample, a set of irregularly
shaped (star-like) extra diffraction features is observed,
which appears to be commensurate with the underly-
ing defect fluorite structure. These are located on or very
close to the Y2(111)* lattice positions and form rows par-
allel to c* in the reciprocal lattice (Figure 8A). Follow-
ing irradiation, this pattern has changed, with weak and
slightly incommensurate extra spots now located approx-
imately on 0.27(311)* and “connected” to each other and
the strong sublattice spots by diffuse streaks (Figure 8B).
These streaks occur along two of the [112] crystallographic
directions and form a zigzag pattern parallel to c* in the
(110) zone. Figure 8C,D presents the (110) zone axis diffrac-

tion patterns for Eu,ZrOs; before and after irradiation.
Although the image of the unirradiated sample is some-
what grainy, the measured positions of the extra spots lie
on %(311)* (Figure 8C). The corresponding pattern after
irradiation suggests that a similar array of extra spots are
retained but are slightly incommensurate with the main
lattice, lying on positions related to 0.27(311)*. This also
results in a very slight zigzag pattern in the extra spots
when traced along c* (e.g., horizontal rows in the pattern
shown in Figure 8D). The results for Gd,ZrOs are simi-
lar to those of the Eu,ZrOs sample before and after irra-
diation, with the caveat that the extra spots remain com-
mensurate with the sublattice following the ion irradiation
experiment. However, the Gd,ZrOs diffraction patterns
(Figure 8E,F) show extra pairs of streaks on both sides of
the strong Bragg beams, running parallel to the [111] direc-
tions of the reciprocal lattice. The results of the diffrac-
tion study on Tb,ZrOs show that the observed scattering
from the incommensurate superlattice in the (110) zone
is revealed as pairs of weak diffraction spots located on
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Selected area electron diffraction (SAED) patterns (inverted intensity) viewed down zone axis (11 0) for pre- (A, C, E, and G)

and post- (B, D, F, and H) irradiated (1 MeV krypton ions) for samples (A and B) Sm,ZrOs, (C and D) Eu,ZrOs, (E and F) Gd,ZrOs, (G and H)
Tb,ZrOs. The brightness and contrast have been altered to enhance the intensity of the diffuse diffraction maxima, and some major fluorite

diffraction maxima have been labeled in (A)

either side of 0.5(111)* in the reciprocal space (Figure 8G).
The measured distance between the spots is approximately
0.22/(111)* for the unirradiated sample and 0.20/(111)* for
the irradiated sample. In general, these results are nearly
identical to the observations of Tabira et al.>* for Tb,Zr,0,
indicating that variation of the Tb/Zr/O ratio has had
little effect on the nature of the modulations. Previous
studies®%? have also reported similar diffuse scattering
features for several rare-earth zirconates and hafnates in
the “227” pyrochlore type stoichiometry, indicating that
the observed modulations occur over a range of composi-
tion and stoichiometry in these compounds.

Some new electron scattering features have been
observed in this series of Ln,ZrOs compounds. The incom-
mensurate structure or modulation is seen to gradually
change as the A-site cation radius becomes smaller from
Ln = Sm to Tb. For Gd,ZrOs, the superstructure is com-
mensurate with the lattice, while for Tb,ZrOs, only the
strong diffracted beams of the underlying fluorite struc-
ture are apparent in the (111) zone axis. However, in the
(110) zone, Tb,ZrOs exhibits pairs of extra spots along
the (111) plane in a pattern that is nearly identical to that
found in a previous study on Tb,Zr,0,.”* In addition,
Gd,ZrOs appears to be an ordered superstructure with a
fourfold repeat relative to the fluorite subcell. The four-
fold repeat is also observed in three other zone axis ori-
entations where it coexists with additional diffuse scat-
tering features. This raises questions about the origin of

the scattering, for example, is it entirely due to modula-
tions with some of the scattering at a ¥ value of the fluo-
rite subcell, or could it be due to cation-vacancy ordering?
One possibility for the “215” stoichiometry is the devel-
opment of a Sm-Sm-Zr-vacancy or similar ordering pat-
tern that would be consistent with the fourfold repeat
observed in the reciprocal space. This suggestion remains
to be determined. Overall, based on the sets of available
electron diffraction patterns observed in this study, we
can classify the additional scattering observed in the (110)
zone axes as Sm type, Eu-Gd type, and Tb type. Follow-
ing irradiation, we find that the incommensurate super-
structure of Sm,ZrOs has changed to the pattern of the
Eu-Gd type. To our knowledge, this is the first observation
of a change in superstructure in pyrochlore-defect fluorite
compounds during irradiation of thin crystals with 1 MeV
Kr ions. Generally speaking, these Ln,ZrOs defect-fluorite
structures change more or less gradually across the series
from Ln = Sm to Tb, with specific superstructures and/or
modulations developing as a function of the Ln/Zr cation
radius ratio. Under the conditions of our experiments
with respect to ion energy, mass, and crystal thickness, it
appears that the energy difference between Sm,ZrOs and
Eu,ZrOs is the only one that is small enough to be acces-
sible to a measurable change induced by the 1 MeV Kr ion
irradiations.

Previous radiation studies on actinide and lanthanide
zirconates with the A,Zr,0, stoichiometry have shown
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these compounds to be sufficiently radiation-tolerant to
avoid any crystalline to amorphous phase transitions. The
only exception has been discovered for the amorphization
of the La,Zr,0; compound.'® For Gd,Zr,05, a pyrochlore
to fluorite structural change with heavy ion irradiation
has been previously shown.®? This pyrochlore to fluorite
structural change has also been noted for Am,Zr,0 due to
alpha self-irradiation.® Our study is the first to look at the
irradiation effects in the related defect-fluorite structured
zirconates of Ln,ZrOs stoichiometry.

Looking at the previous Ln,Zr,0; ion-irradiation stud-
ies, it seemed reasonable to hypothesize that the Ln,ZrOs
compounds would maintain their crystalline structure
during 1 MeV Kr irradiation. While it was expected that the
long-range fluorite structure should be maintained regard-
less of ion fluence, it has been significant to note that the
shorter-range structure, as shown via the diffuse scatter-
ing within the electron diffraction patterns, has also been
maintained. The only structure to have been altered during
ion-irradiation appears to be for the Sm,ZrO5 compound.
While the fluorite structure remains, the diffuse diffrac-
tion maxima from the modulated structure have been sub-
tly changed to something more closely representing that
found for the Eu,ZrO5 and Gd,ZrOs compounds. This may
represent a more stable, lower energy structural configu-
ration for the Ln,ZrOs compounds, although a more in-
depth study of the structure and energetics of this system
would be required to confirm this. The minimal structural
change postirradiation found for the Ln,ZrO5 system of
compounds lends further evidence of the zirconates tol-
erance to radiation damage. The maintaining of crystal
structure will minimize any volume swelling effects, along
with any structural degradation often associated with crys-
talline to amorphous or crystalline to crystalline phase
transitions.

4 | CONCLUSIONS

The use of a soft-chemistry fabrication method has
provided complete mixing of the precursors producing
homogeneous distribution of elements within the sin-
tered ceramics. This approach has also allowed a rel-
atively low sintering temperature, 1400°C, to be used
while still achieving complete reaction between the pre-
cursors. This is significant as zirconates tend to be
highly refractory and require high sintering temperatures
and long sintering times to achieve complete precursor
reaction.

The combination of diffraction characterization tech-
niques has given insight into the crystal structure details
for the Ln,ZrO5 compounds. X-ray and neutron diffraction
show that the general structure is well defined by Fm3m

American Ceramic Society

symmetry. The neutron diffraction data for Tb,ZrO5 did
indicate a small variation from the expected oxygen vacan-
cies with a slightly higher occupancy noted. However, elec-
tron diffraction shows a much more complex structure
than just the fluorite-type, something noted in a previous
study.”?

As with previous ion-irradiation studies on rare-earth
zirconates, the ion-irradiation response for the newly mea-
sured Ln,ZrOs (Ln = Sm, Eu, Gd, and Tb) compounds
shows these to be radiation tolerant. The original crystal
structure, both long-range fluorite and shorter-range mod-
ulations, was maintained up to high fluence using 1 MeV
krypton ions.
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