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ROLUL ENTROPIEI CONFIGURATIONALE iN SISTEME OXIDICE
DE TIP FLUORIT — SCURTA RECENZIE
THE ROLE OF CONFIGURATIONAL ENTROPY
IN FLUORITE OXIDES SYSTEMS: A MINI-REVIEW

VASILE — ADRIAN SURDU" , ECATERINA ANDRONESCU
Department of Science and Engineering of Oxide Materials and Nanomaterials, Faculty of Applied Chemistry and Materials Science,
Politehnica University of Bucharest

Configurational entropy has been recently used
to develop innovative materials with multiple different
cations or anions, belonging to different crystallographic
systems. Fluorite oxides exhibit chemical stability, thermal
stability and thermal insulating properties and therefore are
of interest in high temperature applications. Entropy
engineering via compositional considerations proved to be
beneficial in increasing hardness and decreasing thermal
conductivity coefficient. Several aspects need to be
considered and investigated in order to understand the
mechanisms involved in the functionality of such materials.
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1. Introduction

Configurational entropy was recently used to
stabilize solid solution alloys into single-phase
crystalline materials. This led to a new class of alloys
called high-entropy alloys (HEAs) or multi-principial
element alloys comprised of a random arrangement
of more than 4 metallic components in near-
equiatomic proportions (chemical disorder) [1,2].

Cantor’s and Yeh'’s work [3,4] on alternative
approach consisted in exploration of higher order
diagrams where compositions containing near equal
amounts of components showed that high mixing
entropy, ASpnix = —RY x;Inx;, where Smix is the
mixing entropy, R is the gas constant and xi is the
mole fraction of component i, seem to form
significantly fewer phases than that dictated by the
Gibbs Phase Rule [5,6]. Considering the number of
components and the atomic concentration of each
component, there are three types of compositions:
equimolar, non-equimolar (when the number of
components is more than 4 and 5% < x; < 35%)
and minor elemental additions (when x; < 5% ).
Besides this composition considerations, the
scientific  community has agreed on four
characteristics that are expected to have an
influence on the composition-structure-property
relationship of high entropy alloys:

i. The high entropy effect: a mixing entropy of
1.61R calculated for an equimolar 5-
component solid solution is expected to
enhance the potential for solid solution
formation at high temperatures.
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Entropia configurationala a fost recent utilizata

pentru a dezvolta materiale inovatoare cu cationi sau anioni
diferiti, apartindnd diferitelor sisteme cristalografice. Oxizii
de tip fluorit prezinta stabilitate chimica, stabilitate termica
si proprietati de izolare termica si, prin urmare, sunt de
interes in aplicatii la temperaturi ridicate. Ingineria entropiei
prin consideratii compozitionale s-a dovedit a fi benefica in
cresterea  duritdtii si scdderea coeficientului de
conductivitate termica. Mai multe aspecte trebuie luate in
considerare si investigate pentru a intelege mecanismele
implicate in functionalitatea acestor materiale.
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i. Slow kinetics: the diffusion coefficients are
lower comparing to corresponding
conventional alloys

iii. Severe lattice distortion: the lattice
distortions are caused by the differences in
atomic size of the constituents

iv. The synergistic effect: amplified effects can
arise from the combined interactions
between the components which may lead
to improved or new properties.

Most of the work concerning configurational
entropy refers to alloys. In what concerns ceramics,
only a couple of high-entropy ceramic (HEC)
structures have been successfully fabricated.
Comparing with HEAs, HECs family possess
structural diversity and may be divided in: rock salt,
fluorite, perovskite, spinel, Half Heusler, zinc blende,
CrSiz-type and AlB2-type[7]. Rock salt structured
ceramics with (C00.2Cu0.2Mgo.2Nio.2Zno.2)O
composition were the first discovered HECs by Rost
et al.[8] and consequently the most studied. Several
papers show the entropy stabilization effect,
investigate the crystal structure and the disorder at
different length scales and explore new or improved
functionalities in several derivatives of this system
containing additional elements like Li, Na, Ga or K.
Studies regarding the previously mentioned systems
showed promising ion-conducting and dielectric
properties useful for electrochemical energy storage
with composition-based tailorable properties[9]. The
interest in high entropy ceramics in the scientific
community, evaluated by the number of publications
by year (Fig. 1) shows an ascending trend starting
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Fig. 1 - Publications about high entropy ceramics and high entropy fluorite oxides by year. Data available from Web of Science until 2020
| Publicatii referitoare la ceramica cu entropie ridicaté cu structurd de tip fluorit. Date disponibile de pe Web of Science pédna in 2020

with the work of Christina Rost in 2014. Since then,
researchers and engineers studied various
compositions and structures possessing
configurational entropy, including high entropy
fluorite oxides.

Configurational entropy in fluorite oxide
systems might have an important influence in
obtaining improved properties highly demanded in
aerospace, automotive and energy applications
which require increased operating temperature and
low thermal conductivity [10].

This minireview focuses on the latest
findings in what concerns synthesis, processing and
properties of high entropy fluorite oxides.

2.Fluorite oxide structure

In oxides with fluorite-type structure (MO2),
M4+ and O? ions are located at 4a (0, 0, 0) and 8¢
(Va, Va, Va) sites, respectively, in the cubic Fm-3m
space group (Fig. 2).

In pure state, the actinide dioxides have
cubic fluorite-type structure and are the most
important characteristic oxides of the series.
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Fig. 2- Crystal structure of a fluorite-type structured MO, /
Structura cristalina de tip fluorit MO,

Table 1 summarizes their lattice parameters [11—
15],.coordination number, cation radius [16] and
melting point [17-20].

Actinide dioxides are used as nuclear fuels
explicitly or in mixtures called mixed oxide fuel
(MOX) [19]. These are high-melting point, refractory
oxides and show decreasing average melting point,
lattice parameters and cation radius in series.

Table 1

Lattice parameters, cation coordination number, cation radius and average melting point of actinide dioxides
Parametrii retelei cristaline, numarul de coordonare al cationilor, raza cationica si punctul mediu de topire ai oxizilor actinidelor

Chemical formula  Lattice parameters [A]  Cation coordination number  Cation radius [A]  Average melting point [K]
ThO; 5.56975 8 1.05 3643
PaO, 5.5050 8 1.01 -
uo, 5.4704 8 1 3120
NpO- 5.4340 8 0.98 3070
PuO, 5.3977 8 0.96 3017
AmO, 5.3888 8 0.95 -
CmO; 5.3642 8 0.95 -
BkO, 5.3400 8 0.93 -
CfO, 5.3100 8 0.92 -




Relatively smaller-sized cations (Hf** and
Zr**)y have a largely distorted monoclinic
baddeleyite-type structure at room temperature.
However, at high temperatures or by using
substituents or dopants, these oxides also stabilize
in fluorite system [21,22]. This approach was
intensively studied and applied in structural,
electronic or magnetic systems. Doping strategy
induces local chemical disorder, which results in
stabilizing fluorite structure and generation of point
defects when heterovalent ions are used for this
purpose. A new strategy adopted by several
research groups, consists of structure stabilization
by entropy induced by designing multicomponent
chemical compositions.

3.Compositionally Complex Fluorite Oxides
(CCFO)

Djenadic and Sarkar [23,24] investigated
multicomponent equimolar fluorite oxide systems
containing three to seven of the following rare earth
cations: Ce**, Gd%, Lad*; Nd3*, Pr3+4+ Sms3*+ Y3+
The results obtained by the authors from
diffractometry, microscopy, and spectroscopy
analyses on powders obtained from nitrate
precursors by nebulized spray pyrolysis
demonstrate presence of crystalline powders with
fluorite structure, Fm-3m space group for following
compositions: CeO2 , (Ce,Pr)O25, (Ce,La,Pr)O2s,
(Ce,La,Pr,Sm)O2-, (Ce,La,Pr,Y)02-,
(Ce,La,Pr,Sm,Y)02-s, (Ce,La,Nd,Pr,Sm,Y)O2s,
(Ce,La,Nd,Pr,Sm,Y)O2.5. Upon calcination at
1000°C, the compositions with the highest unit cell
parameters show bixbyte structure, la-3 space
group. This might be the first experiment where
entropy stabilization at low temperatures combined
with point defects generation and mixing efficiency
during bottom-up synthesis techniques led to
fluorite-structure stabilization. Cyclic heat-treatment
analysis of phase transformations would be
beneficial to further clarify this aspect. Sajid et al.
[25] highlighted the importance of selecting the
starting component with Ce** addition to improve
single-phase solid solution formation.

Entropy stabilization in the temperature
range 1100-1200°C for
(Ce0.20Zr0.20Y 0.20Gdo.20L.a0.20)O2-5 obtained by
hydrothermal treatment of solutions containing
nitrate precursors was observed by Spiridigliozzi et
al. [26]. Cyclic heat treatments show entropy
stabilization in the case of
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(Ce0.20Zr0.20Y0.20Gdo.20La0.20)02-5 prepared using
ammonia as mineralizer.

Unit cell parameters for (Hf, Zr, Ce) core
cubic fluorite-type structures (Table 2) reported by
several authors [27-29] increases with the addition
of larger ions comparing to reference Zr*.
Moreover, due to stabilization in this structure,
cations in a smaller oxidation state than 4+ change
their coordination number to a higher value, 8,
during solid solution formation, thus leading to the
increase of the ionic radius of the species. The
difference in charge is compensated by oxygen
vacancies generation, which play an important role
in the defect chemistry, and hence on the functional
properties of the material.

Relative densities measurements within
presented data showed values > 95% with three
exceptions: (Hfo.25Zr0.25Ce€0.25Ybo.125Gd0.125)O2-5,
(Hfo.2Zro.2Ce0.2Y0.2Ybo.2)O2-5 and
(Hfo.2Zro2Ceo2Ybo2Gdo2)O2-5, after processing at
1650°C by Spark Plasma Sintering (SPS). In the
case of the last two compositions, increasing the
SPS temperature at 1800°C has a beneficial effect
on obtaining fully dense ceramics with a relative

density of 98.2%.
Zhao et al. [30] designed and synthesized a
defective fluorite structured

(Yo.25Ybo.25Er0.25LU0.25)2(Zro.sHfo.5)207 by solid-state
reaction method from oxide precursors using ball-
milling and spark plasma sintering. Annealing heat
treatments at 1450°C and 1590°C with different
soaking times demonstrate the sluggish grain
growth due to complex composition. Experiments
show a similar grain growth rate at 1450°C for high
entropy (Yo.25Ybo.25Ero.25Luo.25)2(Zro.sHfo5)207 and
Y2Zr207 reference sample. When analysing grain
sizes obtained by annealing at 1590°C at various
times between 0 and 18 h, there is evidence of a
much lower rate of 0.151 ym2h in the case of
(Yo.25Ybo.25Ero.25LU0.25)2(Zro.sHfo5)207  in contrast
with 0.328 um?/h observed for Y2Zr.O7. Moreover,
the high-entropy composition shows a narrow grain
size distribution. The study was developed in what
concerns composition to rare-earth niobates and
tantalates [31]. X-ray diffraction, scanning electron
microscopy and electron dispersive spectroscopy
measurements showed pure phases with
homogeneous distribution of the elements for
(Y13Yb13Eri3)3sTaO7,  (Y13Yb13Eri3)sNbO7  and
(Sm1sEu16Y16Yb1eLu1sErie)3s(Nb12Ta2)O7  with
defective fluorite structure and relative densities
higher than 99%.
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Table 2

Summarized sintering temperature and physical properties in single-phase YSZ and compositionally complex ceramics fluorite oxides
Conditiile tratamente termice de sinterizare si proprietétile fizice ale YSZ si ceramicilor compozitional complexe de tip fluorit [27—29]

Composition Sintering Cubic | Tetragonal Relative | Nanohardness E k E/k
temperature Density [GPa] [Gpa] | [W-m™"K] [Gpa'm-
¢c) ah)  [ad) oA | KW

8YSz SPS/1800 5.134 — 97.3 17.3+1.5 219.2 2.19+0.07 100.3 +

0.6 +2.6 3.2

(Hfo.314Zro0.314C€0.314Y0.029YD0.029)O2-5 SPS/1800 — 3.682 5238 |96.9% 17.1+£1.8 2012 [1.78+0.05 |113.0%

0.6 +2.2 3.6
(Hfo.314Zr0.314C€0.314Y0.020Gd0.020) O2-5 SPS/1800 — 3.69 5245 |96.1+ 18.5+1.4 199.4 |1.74+0.05 | 1143
0.6 +2.0 3.6
(Hfo.314Zr0.314C€0.314Y0.029Ca0.029) O2-5 SPS/1800 5214 | — 97.3 + 18.4+1.3 180.1 1.65+0.05 |1094+
0.6 +4.8 4.4
(Hfo.284Zr0.284C€0.284Y 0.074 Yb0.074) O2-5 SPS/1800 5.21 — 97.5+ 17.7+£1.7 2328 [1.74+0.05 |133.6¢
0.6 +2.2 4.3
(Hfo.284Zr0.284Ce€0.284 Y 0.074Gdo0.074) O2-5 SPS/1800 5225 | — 96.9 + 18.2+1.7 2189 |[1.70+0.05 | 1284+
0.6 +23 4.2
(Hfo.284Zr0.284Ce€0.284 Y 0.074Ca0.074) O2-5 SPS/1800 5218 | — 95.4 + 19.6+0.6 153.8 | 1.54+0.05 |99.6+
0.6 +23 3.4

(Hfo.25Zr0.25Ce0.25Y 0.25)O2-5 SPS/1650 5.24 — 98.5 13.6+£0.5 — 1.74+£0.15 —

(Hfo.25Zr0.25C€0.25Y0.125Yb0.125)O2-5 SPS/1650 5.23 — 100 12.7+0.7 — 1.55+0.20 —

(Hfo.25Zr0.25Ce0.25Y0.125Ca0.125)O2-5 SPS/1650 5.25 — 98.5 13.3+£0.6 — 1.1+0.2 —

(Hfo.25Zr0.25Ce0.25Y0.125Gd0.125)O2-5 SPS/1650 5.25 — 96.4 13.2+0.5 — 1.17+£0.13 —

(Hfo.25Zr0.25Ce0.25Yb0.125Gd0.125)O2-5 SPS/1650 5.25 — 77.8 12.6+0.5 — 1.81+0.14 —

(Hfo.25Zr0.25Ce0.25Y0.125 Ti0.125)O2-5 SPS/1650 — — — — — — —

(Hfo.25Zr0.25Ce0.25Y0.125M0.125)O2-5 SPS/1650 — — — — — — —

(Hfo.2Zro.2Ce0.2Y0.2Ca0.2)02-5 SPS/1650 — — — — — — —

(Hfo.25Zr0.25Ce0.25Y 0.125L.80.125) O2-5 SPS/1650 — — — — — — —

(Hfo.2Zr0.2Ce0.2Y0.2Ybo.2)O2-5 SPS/1800 5.227 — 98.2 — 232.6 2.23+0.07 104.4 =
SPS/1650 5.24 0.6 +24 1.29+0.11 3.3

93.7

(Hfo:2Zr02Ce02Y02Gdo2)0z5 SPS/1800 | 5.265 | — 982+ |16.3%1.2 2389 |2.19£006 |1063+

SPS/1650 5.28 0.6 13.1+£0.5 27 1.61+0.13 3.3

95.8
(Hfo.2Zro.2Ce0.2Ybo.2Gd0.2)O2-5 SPS/1650 5.27 — 68.4 12.3+£0.7 — 1.62+£0.13 —
(Hfo.2Zro.2Ce0.2Sn0.2Tio.2)O2 CS/1500 5.3518 | — — — — 1.28 —

4.Design and preparation of compositionally
complex fluorite oxides

Crystals are solid materials which
constituents are arranged in a highly ordered,
repeating structures. This representation allows
engineers and researchers to focus on a
microscopic subset of unique species and positions
to depict materials properties, including mechanical,
electronic or magnetic features [32,33].

Predicting formation of high-entropy
ceramics is challenging, owing to the complexity of
the composition and the lack of the data. The
disordered configuration is difficult for most
computational approaches. Kaufmann et al. [32]
developed a model on a machine-learning
architecture that uses decision trees that individually
make predictions on each input and the overall
prediction determined by a majority voting process.
The predictor used in this model can evaluate the
entropy forming ability in under a millisecond and
the results are in good agreement with previously
reported data. To date, the model was only used to
describe high entropy metal carbides.

CCFO powders are usually obtained by ball-
milling followed by heat treatment [28]. This process

is simple and scalable but requires large amount of
energy both for milling and for heat treatment, due
to high melting points of precursors. Another
approach is represented by bottom-up techniques
such as nebulized spray pyrolysis, co-precipitation
or hydrothermal which were reported by a few
publications [23-26]. The second approach uses
milder conditions for synthesis, which offer the
advantage of reduced energy consumption.
However, the disadvantage arises from high costs
for salt precursors.

Shaping and sintering CCFO ceramics
reported so far in the literature are spark plasma
sintering [28] and conventional sintering [27].
Conventional sintering usually involves long dwell
times at high temperature which might affect the
final composition because of preferential
volatilization of one of the components. Moreover,
the pellets obtained after the thermal treatment are
often porous possibly requiring further pulverization
or sintering treatment. Another weakness of this
processing method is that high-temperature phase
transformation may be competitive with sintering,
thus contributing to the formation of internal
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Fig. 3- Thermal conductivity of (Hf,Zr,Ce) core ceramic compositions with different additions / Conductivitatea termica a compozitiilor
ceramice cu continut de (Hf,Zr,Ce) si adaosuri diferite

stresses and physical defects [34]. These
disadvantages might be overcome by using
alternative methods such as SPS, flash sintering or
cold sintering, which involve lower sintering
temperatures, shorter dwell times or activation of
consolidation process by pressure.

5.Properties of compositionally complex
fluorite oxides

5.1.Thermal conductivity

Most experimental studies regarding
medium and high entropy fluorite oxides have
reported lowered thermal conductivity by
configurational entropy but the phenomenon was
not clarified yet. The available data for (Hf, Zr, Ce)
core ceramic compositions with additions of MgO,
Ca0, SnOg, TiO2 or RE203 (RE = rare earth cation)
obtained by SPS [27-29] are plotted in Fig.
comparing to industry standard 8YSZ (8% yttria
stabilized zirconia) for thermal barrier coatings.

The values depicted in Fig. 3 show a
reduction of thermal conductivity from 2.02 + 0.17
Wm'K' for 8YSZ to 1.28 Wm'K' for
(Hfo.2Zro.2Ce0.2Sno.2Tio2)O2. The difference is even
larger in the case of
(Hfo.25Zro.25Ce0.25Y0.125Ca0.125)O2-5, which shows a
thermal conductivity 1.1+0.2 Wm-'K-'. However,
the causes of this behavior lies in both intrinsic and
extrinsic effects. On the one hand, increased
phonon scattering due to multiple cations on the
same site in the fluorite structure which cause mass
and bond disorder as well as Frenkel defects can
reduce measured values for thermal conductivity.
On the other hand, microstructure (grain size,
porosity) may also have a significant contribution
[28,35-37].

/\ Composition Fea\l] Reference
A(Ce,Gd,Nd,Pr,Sm,Moo_s)Oz.a 0.64 [38]
(Ce,Gd,La,Nd,Pr,M0(5)0.5 0.69 [38]
(Ce,Gd,Nd,Pr,Sm,Mo0g 3)O25 0.69 [38]
(Ce,Gd,La,Nd,Pr,Mo 3)O2.5 0.76 [38]
(Hfo_zzro_zceo_zYo_zGdo_2)02_5 1.14 [28]
(Hfo.2Zr02Ce0.2Y0.2Yb0.2)025 1.23 [28]
(Hfo_zzro_zceo_zsno_zTio_z)Oz 1.43 [27]

5.2.Electrical conductivity

Electrical conductivity of single phase
(Hfo.2Zro2Ce0.2Sno.2Tio.2)O2 [27] was measured in
the temperature range of 600-1100°C. The
activation energy (Ea) determined by the authors
from Arrhenius plot of 1.43 eV shows a
semiconductor behaviour. In the case of (Hf, Zr, Ce)
core CCFOs prepared by Gild et al. [28] the
activation energies (Table 3) range between 1.14
and 1.29 eV. Besides, it was found that electrical
conductivities of CCFOs are one order of magnitude
lower than of 8YSZ. This aspect might be explained
by higher amount of oxygen vacancies in
heterovalent structrures compared to
(Hfo.2Zro.2Ce0.2Sno.2Tio.2)O2 .

Table 3
Electrical conductivity of CCCs
Conductivitatea electrica a CCC-urilor

(Hfo25Zr025C€0.25Y0.125Ca0.125)025  1.23  [28]
(Hfo25Zro25C€0.25Y0.125YD0.125)025  1.27  [28]
(Hfo.25Zr0 25C€0.25Y 0.25)O2.5 1.29  [28]

Dabrowa et al. [38] observed lower activation
energies for single-phase
(Ce,Gd,Nd,Pr,Sm,Mo0.5)O2-5 and
(Ce,Gd,La,Nd,Pr,Mo05)O2:5 compared to mixed
conductor Ceo.sPro202-5 and pure ionic conductor
Ce08Gdo2025 [39]. The nature of conductivity
remains still unclear due to extrinsic and intrinsic
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Fig. 4 - Hardness of (Hf, Zr, Ce) core ceramic compositions with different additions / Duritatea compozitiilor ceramice cu .continut de
(Hf,Zr,Ce) si adaosuri diferite.

contributions, although the results show similarities
to those reported for CeosPro2025 mixed ionic
conductor.

5.3.Hardness

The effect of mixing entropy on hardness
of ceramics in illustrated in Fig. 4.

One can see that medium entropy
compositions  (Hfo.314Zr0.314Ce0.314Y0.020Gd0.020)O2-5,
(Hfo.314Zr0.314Ce0.314Y0.020Ca0.029) O2-5,

(Hfo.2842r0.284Ce€0.284 Y 0.074 Yb0.074) O2-5 and
Hfo.284Zr0.284Ce€0.284Y0.074Gd0.074)O2-5) show higher
nanohardness than reference 8YSZ. While

increasing further the mixing entropy, the values of
nanohardness reduce.

5.4.Thermal expansion

Thermal expansion was determined by
Wright et al. [40] for compositions with different
entropy mixing (Table 4)
(Hfo.314Zr0.314C€0.314Y0.020Yb0.029) O2-5 and
(Hfo.2842r0.284C€0.284Y0.074Ybo.074)O2-5 show similar
thermal expansion to 8YSZ over the studied
temperature range. Higher coefficient of thermal
expansion ( = 7%) observed for
(Hfo2Zro2Ceo2Y02Ybo2)O25 may be attributed to
ordering/clustering of oxygen vacancies, which was
also observed for doped zirconia when oxygen
vacancies exceed 5% [41-43].

6. Conclusions and future prospects

Configurational entropy leads to
unexpected properties for ceramics such as high
hardness, low thermal conductivity or catalyst
support. The unexplored compositional space is
vast, so that design methods and models of such
materials would decrease the number of
experiments performed on intuition of researchers.

Table 4

Coefficient of thermal expansion and oxygen vacancies in CCFOs

Coeficient de dilatare termica si vacante de oxigen in CCC-uri

[41-43]
Coefficient of Oxvaen
c -, thermal ygen
omposition ) vacancies
expansion %
[K1] [ °]
8YSz 11.4+0.5-10°
(Hfo.314Zr0.312C€0.314Y 0.020 Y D0.029)O2.5 114+05-10° 1.5%
(Hfo.284Zr0.284C€0.284Y0.074YD0.074)025  11.6 £0.4 - 10°  3.7%
(Hfo_zzro_zceo_zYo_szo_2)02.5 12.2+0.5 - 106 10%

Stabilizing fluorite structure by entropy engineering
is difficult to track due to high temperatures where
this phenomenon occurs, for which in-situ
characterization techniques are not available. The
weaknesses addressed by recent papers in what
concerns processing may be overcome by
alternative techniques, such as processing powders
in liquid phase or pressure assisted sintering. In
what concerns properties, the role of entropy
stabilization on thermal, mechanical, or electrical
behaviour can only be assessed by taking into
account in addition the nature of cations,
coordination state and charge, as well as structure
and microstructure. Multi-length scale
characterization of the structure is a must in order to
determine the mixing of elements parameter, and
whether cluster formation is highlighted at a certain
scale. Moreover, dimensionality of the entropy-
stabilized fluorite structure may also influence
phase transitons to  non-centrosymmetric
structures, which may lead to a change in the
electrical behaviour of such solid solutions. Tailoring
defect structures is another useful tool which allows
control of the properties. Oxygen vacancies are the
most encountered type of defects in this category of
materials and clustering/ordering might play an
important role for thermal and electrical behaviour.
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