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High-entropy rare-earth (RE) zirconates with pyrochlore structure were successfully fab-
ricated by pressureless and spark plasma sintering. RE,Zr,0; compound with nominal
composition (Lag,Y02Gdo2Ndo2Smo2)Zr,0; was prepared by simple glycine nitrate pro-
cedure (GNP). GNP process yielded powders with low crystallinity and after subsequent
calcination, well crystalline ceramics were formed. During calcination defective fluorite
(F-REZr,07) and crystal pyrochlore (Py-RE,Zr,0;) structures coexist. Formation of pure
crystalline pyrochlore occurs after sintering at 1450 °C. High-density ceramics, free of any
additives, were obtained after powders compaction and pressureless (PS), as well as field
assisted sintering technique (FAST) at 1450 °C. Theoretical investigations of the high-entropy
RE,Zr,0; pyrochlore systems were performed. Unit cell parameter of the obtained Py-
RE,Zr,0y7 is 10.5892(2) A and 10.5999(2) A for PS and FAST sintering, respectively, which is in
good agreement with the results of Density Functional Theory (DFT) calculations. The ther-
mal diffusivity of sintered samples at room temperature was ~0.7 mm?/s for both sintering

methods.
© 2021 SECV. Published by Elsevier Espaiia, S.L.U. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Se fabricaron con éxito, mediante sinterizacién por plasma sin presién y por chispa, los
circonatos de tierras raras (RE) de alta entropia con estructura de pirocloro. El compuesto
RE,Zr,07 con composicién nominal (Lag ;Yo 2Gdo2Ndo 2Smg2)Zr,0; se prepard mediante un
procedimiento simple de nitrato de glicina (GNP). El proceso GNP produjo polvos con baja
cristalinidad y después de la posterior calcinacién, se formaron cerdmicas bien cristalinas.
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Durante la calcinacién coexisten estructuras defectuosas de fluorita (F-RE,Zr,0;) y pirocloro
cristalino (Py-RE,Zr,05). La formacién de pirocloro cristalino puro se produce después de la
sinterizacién a 1.450°C. Después de la compactacién de polvos y sin presién (PS), asi como

por la técnica de sinterizacién asistida en campo (FAST) a 1.450 °C, se obtuvieron ceramicas
de alta densidad, libres de aditivos. Se realizaron investigaciones teéricas de los sistemas de
pirocloro RE,Zr, 05 de alta entropia. El pardmetro de celda unitaria del Py-RE,Zr,07 obtenido
es 105.892(2) A y 105.999(2) A para la sinterizacién PS y FAST, respectivamente, lo que esté

de acuerdo con los resultados de los calculos de la teoria funcional de la densidad (DFT).

La difusividad térmica de las muestras sinterizadas a temperatura ambiente fue de ~ 0,7
mm?/s para ambos métodos de sinterizacién.

© 2021 SECV. Publicado por Elsevier Espaiia, S.L.U. Este es un articulo Open Access bajo

la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Compounds based on the A;B,07 general formula, where A
and B are metals, represent a family of phases isostructural
to the pyrochlore mineral. When the structure is concerned,
the pyrochlore shows Fd3m crystal structure, which describes
materials of the A;B,06 and A3B,0; types in which the A
and B species are generally rare-earth (RE) or transition metal
species [1]. Its structure is a superstructure derivative of the
simple fluorite structure (AO;=A40g), where the A and B
cations are ordered along the (110) direction (space group 227),
and it is very close to the disordered fluorite structure (space
group 225) [1].

In compounds with the space group 227, the A-site cation
is ordinarily occupied by larger trivalent 8-coordinated cation,
typically rare-earth elements, while the B-site represents the
smaller tetravalent 6-coordinated cation of transition metals,
i.e. Ti, Zr, Hf [1-3].

Not only the structure but also the properties of these com-
pounds are highly dependent on the composition and the ratio
of radii of A-site cation (rA%*) and B-site cation (rB3*). The sta-
bility of pyrochlores is governed by the radius ratio between
the A- and B-site cations [4-7]. The pyrochlore-type structure
is experimentally observed for radius ratio rA3*/rB** in the
range from 1.46 to 1.78. When the cation radius ratio is higher
than 1.78 a monoclinic perovskite with layered structure is
preferred, while for a ratio lower than 1.46 a distorted fluorite
structure is favored [1].

Due to different combinations of A and B cations sites,
pyrochlores possess a wide range of various chemical and
physical properties such as thermal conductivity [8,9], nuclear
waste storage capacity [10], neutron absorption [11], ionic
conductivity [12,13], geometrically frustrated magnetism [14],
luminescence [15,16], photocatalysis [17], that could be con-
trolled by changing the constituent ions. The other very
attractive method for obtaining pyrochlore with novel or
improved properties is the high-entropy concept. The focus
of high-entropy pyrochlores (HEPy) synthesis is on complex
element compositions, in which many cations are doped onto
one site [18]. The structure can accept the chemical sub-
stitution of a wide variety of elements on the cation and
anion sites. Two different types of doping for pyrochlores
are common: (1) substitutional doping onto the A- or B-
sites, (2) antisite doping of A/B-site cations onto the B/A-sites
[18-24].

Numerous methods can be used to fabricate different
pyrochlore materials, such as solid-state reaction method [25],
sol-gel method [26], solid-state displacement reaction [27],
a combination of sol-gel processing and complex precipita-
tion [28], mechanical milling [29] and molten salt reaction
[30], combustion synthesis [31], precipitation method [32],
hydrothermal route [33], atmospheric plasma spraying [34],
etc. Bearing in mind that among all of these various meth-
ods the glycine nitrate process (GNP) method was successfully
used for the synthesis of a significant number of oxides [15] it
is believed that this method could be also effectively employed
for the synthesis of high-entropy pyrochlores powders.

In this paper, the high-entropy design concept is employed
to fabricate five rare-earth metal zirconate ceramics. Firstly,
the formation of the variable compositions of ordered and
disordered pyrochlore structures was investigated using a
combination of quantum mechanics and group-theoretical
analysis. In the experimental part, the GNP method for
pyrochlore materials obtainment was selected in the present
research as it provides excellent mixing of constituent ele-
ments in the liquid state allowing the formation of the final,
crystalline, product after thermal treatment at relatively low
temperature [35]. The phase evolution during calcination, as
well as sinterability of the obtained powders, were studied
along with crystallinity of the final phase in the sintered body.

Materials and methods
Theoretical studies

Pyrochlore structures were generated using the Primitive Cell
Approach for Atom Exchange (PCAE) method [36] or the super-
cell approach using the Crystall7 program package [37,38],
and investigation of disordered systems and solid solutions
was conducted using the group action theory [39]. Structural
optimization on the ab initio level was performed using the
Crystall7 code, based on a Linear Combination of Atomic
Orbitals (LCAO) [37,38].

Density functional theory (DFT) calculations were utilized
in the present study, using the local density approximation
(LDA) with Perdew-Zunger (PZ) correlation functional [40].
In particular, effective core pseudopotential (ECP) for lan-
thanum labeled La_ECP_Heifets_2013 [41,42] was used together
with the ECP for gadolinium labeled Gd_ECP.Doll 2008 [43]


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

68 BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 62 (2023)66-76

and ERD_SmallCore_2017 [44]. An all-electron basis set (AEBS)
labeled buljan_1999 for yttrium [45], the ECP pseudopoten-
tial for samarium labeled Sm_ERD_ SmallCore 2017 [44], the
ECP pseudopotential for neodymium labeled Nd_ERD. Small-
Core_2017 [44], the AEBS basis set for oxygen [46-48], and in
the case of zirconium the ECP pseudopotential by Hay and
Wadt labeled Zr ECP_.HAYWSC_311d31G_dovesi_1998 [49] were
applied in all calculations. For the integration over the Bril-
louin zone, a k-point mash of 8 x 8 x 8 was generated using the
Monkhorst-Pack scheme [50]. To analyze the symmetry of the
calculated structures, the SFND algorithm [51] and RGS algo-
rithm [52] implemented in the KPLOT software package [53]
were used. Investigated pyrochlore structures were visualized
using the VESTA program [54].

Experimental procedure

Materials and synthesis

Starting chemicals used for the synthesis of high-entropy
pyrochlore powders were glycine, zirconium chloride, and RE
nitrates hexahydrates (RE=La, Y, Nd, Gd, Sm). All precursors
were used in the as-received forms. The synthesis was carried
outin a stainless-steel reactor in which all reactants were dis-
solved in distilled water and added according to the previously
calculated composition of the final powder. The synthesis
reaction was proposed according to the following equation:

2RE(NOs)s - 6Ho0 + 2ZrCly + 4NH,CH,COOH + 30,
= (Lao_zYoAzGdo‘szoAQSmOAz)z Zr,07 + 5Hy + 8CO,
+18H,0 + 8HC1 (39 mol of gases/mol of

(Lao.2Y0.2Gdo 2Ndo 2Smg 2), Zr;07) (1)

where RE states for La, Y, Gd, Nd, Sm. The reaction (1) is pre-
sented in its simplified form since this reaction is taking place
in multiple stages, which is explained elsewhere [6].

The mixture of solutions was heated in a laboratory
furnace, where the reaction after ignition proceeds sponta-
neously and terminates extremely fast at about 450°C with
the strong release of gaseous products in accordance with the
reaction (1). As aresult, the ash powder was obtained. Calcina-
tion of the obtained ash was undertaken to burn out organic
components and produce a clean homogeneous oxide powder
of the desired stoichiometry. The obtained powder was cal-
cined for 120 min at a temperature ranging from 950 to 1350 °C.
Synthesized powders were uniaxially compacted at 200 MPa
without any binder into disks with 15mm in diameter and
5mm thickness. Samples were conventionally sintered in a
furnace at 1450°C. The heating rate was 10 °C/min while the
soaking time was 4 h. The other technique used in the present
study for the densification of as-synthesized pyrochlore pow-
ders was the field assisted sintering technique (FAST) for spark
plasma sintering (SPS) conducted at 1450 °C for 5min using a
pressure of 70MPa in an argon atmosphere. The heating and
cooling rates were 100 and 50 °C/min, respectively. During the
present study, the conventional and FAST sintering processes
were conducted at the same sintering temperature of 1450°C
to obtain pyrochlore samples with comparable characteristics.

Materials characterization

The phase analysis of calcined powders was accomplished by
X-ray diffraction (XRD) using RIGAKU Ultima IV diffractometer
with filtered Cu Ka radiation (1.54178 nm) in the 26 range from
20° to 80°. The present phases were identified using the PDXL2
software (version 2.0.3.0), with reference to the patterns of the
International Centre for Diffraction Data (ICDD) [55], version
2012.

The microstructure and chemical composition of the sin-
tered samples was studied by field-emission scanning electron
microscopy (FE-SEM) using the S-4800 FE-SEM microscope,
Hitachi, Japan, operated at 20 keV coupled with the INCA x-site
energy dispersive spectrometer (EDS), Oxford Instruments,
UK. Also, the microstructure of the SPS-sintered sample was
studied by transmission electron microscopy (TEM) utilizing
the JEOL JEM 2100 microscope, JEOL, Akishima, Japan, with
LaBg electron source operated at 200kV in a scanning mode
(STEM). The TEM imaging samples were prepared by grinding,
dimpling, and Ar-ion thinning.

Raman spectra of the polished FAST-sintered high-entropy
pyrochlore sample were recorded using the DXR Raman Micro-
scope, Thermo Fisher Scientific Inc., USA, equipped with an
Ar laser operating at 532nm irradiation wavelength. Fifteen
Raman spectra were recorded under the same operating con-
ditions at different positions of the SPS-sintered sample to
confirm a homogenous structure of the sample.

The thermal diffusivity of sintered samples was measured
by the laser flash technique using the LFA 1000, Linseis, Ger-
many, from room temperature up to 200 °C with a step of 100°C
in a nitrogen atmosphere. The thermal diffusivity measure-
ments were conducted in the mentioned temperature range
due to the expected low thermal diffusivity of the obtained
samples at higher temperatures. Prior to the measurement, a
thin layer of graphite was sprayed onto both sides of the sin-
tered pyrochlore samples to hinder any reflection of the laser
beam or the sensitivity of the infrared sensor on the backside
of samples. At least three measurements were done at each
temperature and the mean values were calculated.

The densities of all sintered samples were measured by the
Archimedes method. The theoretical density of 15.84 g/cm3
was calculated based on the crystal structure of pyrochlore
with the space group 227 and the proportional ratio of cations
according to the desired nominal composition.

The microhardness of the sintered samples was deter-
mined using the Vickers indentation hardness tester model
Buehler Identamet 1114, Buehler, Germany, by applying a load
of 1kgf (9807 mN) for 15s. The microhardness values were
determined at 10 measuring points of each sample with excel-
lent reproducibility.

Results and discussion

Theoretical investigations of the RE;Zr,07 pyrochlore
systems

Theoretical methods were applied to investigate the vari-
able composition of the ordered and disordered pyrochlore
structures using quantum mechanics, group action theory,
PCAE, and supercell methods. The experimentally observed
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Fig. 1 - (a) Ordered pyrochlore structure obtained from the recorded XRD data, (b) model of ordered pyrochlore structure
generated using the 2 x 2 x 2 supercell. Lanthanum atoms/polyhedra are presented in yellow color, yttrium in blue,
gadolinium in gray, samarium in purple, neodymium in orange, zirconium in green, and oxygen atoms in red color.

(Lap2Y0.2Gdp2Ndp2Smp 2)2Zr,07 compound crystallizes in the
cubic Fd3m (no. 227) space group as parent pyrochlore struc-
ture La,Zr,07, where La atoms are located at 16d, Zr atoms at
16¢, and O atoms at 48f and 8b Wyckoff positions. The PCAE
method was applied to create various doped LayZr,0; com-
positions. The primitive cell consists only of four lanthanum
atoms, with only one symmetry irreducible active site, out of
four active sites (see Table A.1in Appendix A), resulting in five
possible compositions for La substitutions: 0%, 25%, 50%, 75%,
and 100%. If zirconium atoms are additionally substituted on
the B cation position, together with La atoms, the number of
possibilities increases to nine compositions and a total of eight
active crystallographic sites (see Table A.2 in Appendix A).
Moreover, the total number of symmetry independent classes
of composition increases to 35, e.g. for 87.5% of lanthanum at A
cation position (equals to 7 La atoms) there is one lanthanum

atom that can be substituted on A cation position or one Zr
atom that can be replaced on the B cation position creating 2
symmetry independent classes of compounds, etc. (see Table
A.2 in Appendix A).

A large number of supercell structures were created to
investigate the variable composition of ordered and disordered
pyrochlore structures. By constructing the 2 x 2 x 2 supercell
of pyrochlore structure, the number of La atoms sites are
increased to 32, but with only one symmetry irreducible active
site (see Table A.3 in Appendix A). The number of possible
compositions is largely increased to 33, however, the total
number of symmetry independent classes of composition was
dramatically increased to 11.251.322 possible chemical sys-
tems. Some additional interesting supercell structures are
presented in the supporting information given in Appendix
A (Appendix Asee Tables A.4 and A.5 in Appendix A).

F-111

Intensity (a.u.)

10 20 30 40

20

Fig. 2 - Calcined (La, Gd, Nd, Sm, Y)>Zr,0; powders treated at different temperatures for 2 h: (a) 950 °C, (b) 1050°C, (c)

1150°C, (d) 1250°C and (e) 1350 °C.
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Fig. 1a shows experimentally observed ordered pyrochlore
structure, with partial occupancy on La (16d) Wyckoff position
sharing eightfold coordinated polyhedra with 20% of Y, Gd,
Nd, and Sm, respectively, while Zr atoms are in the sixfold
coordinated octahedral environment. By generating the
2 x 2 x 2 supercell a full occupancy of the La, Y, Gd, Nd, and
Sm atoms at A cation position was obtained, Fig. 1b. After
structural optimization on the DFT level within this supercell,
calculated unit cell parameters were slightly underestimated
from the XRD results (<2%) which is in agreement with
previous calculations using LDA functional [56,57] (addi-
tional structures for various compositions are presented in
Fig. A1 as supporting information given in Appendix A).
These results show a strong indication that these variable
composition order/disorder pyrochlore systems are partic-
ularly susceptible to geometrical frustrations in agreement
with previous research on pure and doped order/disorder
pyrochlore structures [20,58-70]. Present experimental and
theoretical results for doped pyrochlore structures might have
numerous practical applications, from oxygen conductors
with improved NO; sensing performance [71] to photocatalyst
materials for environmental and energy applications [72].

XRD analysis

Typical XRD patterns of powders calcined at different temper-
atures for 2h are shown in Fig. 2.

The XRD pattern of the sample calcined at 950 °C exhibits
very broad diffraction lines indicating its low crystallinity
state. The strongest reflection, located around ~29°, can be
assigned to the {111} reflection of the defect fluorite struc-
ture. Also, the other reflections correspond to the fundamental
fluorite structure with the 225 space group: F{200}, F{220},
F{311}. However, at higher temperatures, calcination temper-
ature causes narrowing of the diffraction lines and increasing
of their intensities, which is the result of increased crystal-
lite size. The powders thermally treated at 1150°C show that
in addition to the defective fluorite-type structure, the phase
with the pyrochlore type structure also appears. A new phase
exhibits an ordered pyrochlore type structure, which is char-
acterized by the presence of typical superstructure diffraction
peaks at the 26 values of 14° {111}, 37° {331}, 45° {511}, and
51° {531} using Cu Ka radiation [73].

The thermal treatment at 1450 °C showed that densities of
93% and 98% of theoretical density can be achieved for pres-
sureless and FAST sintering, respectively. Generally speaking,
the success of powders consolidation is closely related to the
control of the competition between densification and coars-
ening. In the case of pressureless sintering, it can be observed
that at a temperature of 1450 °C the maximal achieved density
was 93%. On the other hand, it was noted that the density for
the FAST-sintered sample at the same temperature of 1450° C
was 98%. The green structure, i.e. pore size distribution, plays
an important role in the achievement of high density. Den-
sification is retarded or inhibited for wide pore distribution.
In such a case, big pores became larger while small pores
shrank. The SPS-sintered samples show much better results
when densities are concerned compared with the convention-
ally sintered one, despite the short sintering time of 5 min. The
XRD patterns of these samples depicted that both obtained
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Fig. 3 — Results of the Rietveld refinement of (a)
pressureless sintered, and (b) FAST-sintered RE,Zr,07
ceramics at 1450 °C.

ceramics possess the pyrochlore structure with the 227 space
group.

Rietveld’s method was employed to conduct structural
refinement of the XRD patterns of samples densified by pres-
sureless, as well as by FAST technique. The best fit between
calculated and observed XRD patterns is shown in Fig. 3.

Rietveld refinement

The best fits between calculated and observed XRD patterns
for two samples containing pyrochlore phase and which were
sintered at 1450 °C are given in Fig. 3. All allowed Bragg reflec-
tions are shown by vertical bars. By inspecting differences
between the experimental and the calculated profiles, a good
agreement can be observed.

During Rietveld refinement, five different cations (La, Y,
Gd, Nd, and Sm) were placed in the A cation site posi-
tions. The occupancy was set at 20% for each position.
The refined unit cell parameter for the sample presented in
Fig. 3a is a=10.5892(2) A, and the coordinate of the oxygen
is x(01) =0.3379(8). The sample presented in Fig. 3b has the
same structure and the cell parameter a=10.5999(2) A, while
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the coordinate of the oxygen is x(01) =0.3393(7). The Rietveld
refinement was not efficient enough in obtaining informa-
tion regarding the presence and amount of each cation in
the A site cation position. Five dopant cations (La, Y, Gd, Nd,
and Sm) have the same 3+ oxygen number and similar ionic
radii for the 8-fold coordination, according to [74]: La3* = 1.16 A;
Y3+ =1.019A; Gd3*=1.053 A; Nd3* =1.109 A, and Sm3+ =1.079 A.

In this way, the refined occupation factor cannot be consid-
ered as reliable information for the assessment of the number
of cations in the A site position. The bond distances in the
investigated compound were analyzed using Rietveld refine-
ment. According to these results, Zr is surrounded by six O
atoms at the same distance of 2.09 A. Cations in position A of
the pyrochlore structure are coordinated with 8 oxygen atoms
with an average bond distance of 2.48 A.

SEM and EDS analysis

The synthesized high-entropy pyrochlore powders were found
to have good sinterability. Namely, as already shown, the
thermal treatment at 1450 °C resulted in the achievement of

A

densities of 93% and 98% of theoretical density, for pressure-
less and FAST sintering, respectively. Obtained densities show
a great influence on the mechanical properties of the obtained
ceramics, such as hardness. The achieved hardness in the
case of conventional sintered pyrochlore is 8.3 GPa, while the
FAST-obtained sample shows a hardness of 12.9GPa. Such a
significant difference can be attributed to the development
of the microstructures through different densification proce-
dures.

The microstructure of sintered samples for both sintering
methods is shown in Fig. 4.

The pressureless sintered sample showed a bimodal struc-
ture with the crystal size in the range from 0.5 to 2pm,
revealing the tendency of the microparticles to coarsen during
the sintering regime of 4h at 1450 °C, Fig. 4a. It is assumed that
during pressureless sintering, smaller grains are consumed
by larger grains increasing in that way the average grain size.
Another important feature, observed in the SEM micrographs,
is the significant presence of pores through a large sample
area. The pores are trapped at the polyhedral grain boundaries,
as well as at the triple grain junctions.

0e

| R LG L TR T T
0 12 " 16

Fig. 4 - SEM micrographs and EDS spectra of (a) pressureless sintered, and (b) FAST-sintered high-entropy pyrochlore

ceramics treated at 1450°C.
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Fig. 5 - Averaged Raman spectrum of the FAST-sintered sample recorded in the range from 200 to 1000 cm™! at fifteen
measuring points distributed over the sample surface. The insert shows a schematic overview of the measuring points

distribution on the sample surface.

On the other side, the microstructure of the FAST obtained
sample exhibits densely compacted rounder-shaped grains
with a narrower size distribution, Fig. 4b. The mean grain size
of the FAST-sintered sample is smaller than that of the cor-
responding conventionally sintered grade. Namely, the grain
size of this ceramic sample is in the range of 0.4-0.5 pm. The
observed difference in the grain size implies that the SPS
sintering has the potential to control the grain growth and
homogenize the resulting microstructure due to a volumet-
ric SPS heating mode and enhanced vacancy diffusion in this
electrically conductive material. The presence of pores is also
observed, but to a much lesser extent than for the convention-
ally sintered sample.

Qualitative EDS analysis clearly shows the presence of
all elements in accordance with the nominal composition
of pyrochlore, regardless of the way of their densification.
The difference in the peak positions and intensities was not
detected indicating the same elemental composition and their
chemical stability at these temperatures in ambient atmo-
sphere, as well as in vacuum.

Since the application of the FAST sintering technique
allowed the obtainment of pyrochlore ceramic material with
higher density, Raman and TEM studies were conducted only
for this material.

Raman spectroscopy

Raman spectroscopy is a very sensitive technique when differ-
ent pyrochlore structures are concerned. Having this in mind
this analysis was carried out to observe fine domain structural
changes, which cannot be done by the XRD method. Fifteen
measurements were made at different positions on the sam-
ple surface. Attained results suggest that the FAST-sintered
sample was homogeneous since significant differences in
Raman spectra were not observed at different measuring
positions.

The factor group analysis of the A,B,07 pyrochlore has pre-
dicted the appearance of 6 Raman active modes. From Raman
spectra of the FAST-sintered sample, presented in Fig. 5, four
out of the six predicted Raman bands for the Ln zirconates
can be distinguished. Namely, the most intense Raman band
present at 307 cm~! can be ascribed to the Eg mode due to
the ZrOg bending, two peaks observed at approximately 389
and 589cm™! could be attributed to the Tyg modes, while
the Raman band shown at 522 cm™! can be identified as the
A1g mode. The remaining 2 bands that correspond to the Tag
modes and that should be present at approximately 470 and
845 cm~! were not observed [75-77].

From the XRD data shown in Figs. 2 and 3, as well as from
the Raman spectrum presented in Fig. 5, it is obvious that
the presented peaks are sharpened and, accordingly, it can
be concluded that Ln,Zr,07 (Ln=La, Nd, Sm, and Gd) shows
the pyrochlore structure [5].

TEM analysis

Low-magnification TEM image of the high-entropy pyrochlore
sample densified by FAST at 1450°C is shown in Fig. 6a. The
TEM analysis reveals that the microstructure of this sample
is composed of densely compacted micron-sized pyrochlore
grains. The final ceramic material is composed mainly of
grains with equiaxed morphology, where some of the grains
are significantly smaller due to the high agglomeration of the
starting powder. The effect of pressure applied during the
FAST densification can be perceived through the destruction
of present agglomerates, particle redistribution, and elimina-
tion of pores [49]. Crystalline high-entropy pyrochlore grains
are in direct contact without the presence of an amorphous
or secondary phase at the grain boundaries and also at the
triple grain contacts. Fig. 6b shows the high-resolution TEM
images of the pyrochlore grains, while the corresponding
selected diffraction area is presented in Fig. 6c. If this kind
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Fig. 6 - (a) STEM micrograph of the RE;Zr,0; ceramic sample sintered using the FAST technique at 1450 °C for 5min, (b)
HR-TEM image of two pyrochlore grains, and (c) selected area diffraction of the grain marked as 1 in the corresponding

HR-TEM image presented in (b).
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Fig. 7 - Thermal diffusivity of the pressureless sintered and FAST-sintered high-entropy pyrochlore ceramics. Error bars

represent standard deviation.

of microstructure is possible to achieve during sintering at
1450 °C for only 5 min, then it is not surprising to discover that
this sample possesses a high relative density (>98%). This type
of the obtained microstructure provides the advantageous
mechanical properties of the ceramic material, especially
when the high-temperature applications are concerned.

Thermal diffusivity

One of the very important features of high-quality thermal
barrier coating materials is their low thermal diffusivity. The
effect of temperature on the thermal diffusivity of sintered
pyrochlores is shown in Fig. 7. The thermal diffusivities of
the (Lag2Y0.2Gdo2Ndo2Smg2)2Zr,07 pyrochlore system were
measured for the first time. The obtained results indicate that
five elements present in the A cation positions are responsi-
ble for the high scattering of phonon transport that decreases
the heat conductivity. Since the porosity of material also

shows a significant influence on its thermal conductivity, it
was not surprising to discover that the pressureless-sintered
sample, due to its higher porosity, showed a slightly lower
value of thermal diffusivity in comparison to the FAST-
sintered sample. Regardless of the sintering method used in
the present work (pressureless sintering or FAST sintering),
the recorded thermal diffusivity of high-entropy pyrochlore
at room temperature was ~0.7 mm?/s. Fabrichnaya et al. [78]
also reported that thermal diffusivities for the SPS-sintered
LayZry07, NdpZr,07, and SmyZr,O7 pyrochlore samples were
1.13, 1.09, and 0.91 mm?/s, respectively. Similarly, Zhang et al.
[79] measured thermal diffusivities of the (Smj-xLax)2Zr,0y
ceramics and found that their thermal diffusivities were in
the range of 0.42 - 0.96 mm?/s, which is significantly lower
than the thermal diffusivity of pure LayZr,0; determined as
1.45mm?/s. Moreover, Zhou et al. [80] investigated the effect
of rare-earth doping on the thermal properties of lanthanum
zirconates and found that Lay(Zry gCeo2)207, Lai7Dyo 321,07,
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and Laj 7(DyNd)o 15(Z1r0.8Cep2)207 had lower thermal conduc-
tivity/diffusivity than undoped Laj;Zr,Oy. Namely, in their
work, the thermal diffusivities of doped lanthanum zirconates
were reported to be in the range of 0.65-0.81 mm?/s. Accord-
ingly, it can be concluded that the thermal diffusivity results
presented in this study are comparable to the results previ-
ously reported in the literature for the rare-earth zirconates
with pyrochlore structure. Therefore, these ceramic materi-
als, characterized by very low thermal diffusivity/conductivity,
can be considered as promising candidates for thermal barrier
coatings.

Conclusion

A study on the synthesis and densification of the high-entropy
pyrochlore ceramics, using the combined experimental and
theoretical approach, was presented.

Densification of the green compacts was achieved without
the addition of sintering aids. A relative density of approx-
imately 93% and 98%, as well as microhardness of 8.3 and
12.9GPa were achieved by applying the pressureless and
FAST sintering, respectively. The thermal diffusivity of both,
pressureless and FAST-sintered, ceramics was approximately
0.5mm?/s. The microstructure of the obtained FAST-sintered
pyrochlore ceramic exhibits low porosity with the equiaxed
grains in direct contact without the presence of amorphous or
secondary phases and grain size in the 0.4-0.5 pm range.

Theoretical investigations on the variable composition
of ordered/disordered pyrochlore structures were performed
using several different computational methods. In particular,
various compositions were analyzed using the group action
theory, predicted and experimentally observed pyrochlore
models were generated using the PCAE and supercell
approach, while the DFT-LDA structure optimization on the
ab initio level concurs with the present XRD and Raman obser-
vations.
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