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ARTICLE INFO ABSTRACT

Eleven fluorite oxides with five principal cations (in addition to a four-principal-cation (Hfy 25Zrg 25Ce0 25Y0.25)
0,5 as a start point and baseline) were fabricated via high-energy ball milling, spark plasma sintering, and
annealing in air. Eight of the compositions, namely (Hfy 25Zro25C€0.25Y0.25)02.5, (Hfo.25Z1r0.25Ce€0.25)
(Yo0.125YD0.125)02.5, (Hfo.2Zr0.2Ce0.2)(Y0.2Ybo.2)O25, (Hfo.25Zr0.25C€0.25)(Y0.125C20.125)02.5, (Hfo.25Zr0.25Ce0.25)
(Y0.125Gdo.125)02.5, (Hfo 2210 2Ce0.2)(Y0.2Gdo.2)O2.5, (Hfo. 25210 25C€0.25) (YDo.125Gd0.125)02.5, and (Hfp 2Zro 2Ceo.2)
(Ybg 2Gdo.2)O2 5, possess single-phase solid solutions of the fluorite crystal structure with high configurational
entropies (on the cation sublattices), akin to those high-entropy alloys and ceramics reported in prior studies.
Most high-entropy fluorite oxides (HEFOs), except for the two containing both Yb and Gd, can be sintered to high
relative densities. These single-phase HEFOs exhibit lower electrical conductivities and comparable hardness
(even with higher contents of softer components such as Y,O3 and Yb,03), in comparison with 8 mol. % Y,03-
stabilized ZrO, (8YSZ). Notably, these single-phase HEFOs possess lower thermal conductivities than that of
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8YSZ, presumably due to high phonon scattering by multiple cations and strained lattices.

1. Introduction

High-entropy alloys (HEAs), also known as complex concentrated
alloys (CCAs) or multi-principal element alloys, typically consist of five
or more principal elements in amounts ranging from 5 to 35 at. % [1,2].
The configurational entropy can reach a significant amount once five or
more principal components are present in the system; it reaches a
maximum value of AS;,;x = RInN per mole for a N-component system,
where R is the gas constant, for an equimolar composition. HEAs/CCAs,
with intrinsically high lattice strain, are generally observed to possess
lower thermal conductivity and higher hardness than their individual
constituents [1,3]. HEAs/CCAs also exhibit a variety of other superior
or promising properties [1,3].

Since the initial publications of HEAs/CCAs in 2004 by Yeh et al. [4]
and Cantor et al. [5], studies of high-entropy metallic alloys have at-
tracted great attention in the metallurgy community. In 2015, an en-
tropy-stabilized oxide of the rocksalt crystal structure,
(Mgo.2Zng 2Cug C0g oNig2)O, was fabricated by Rost et al. [6], ex-
tending HEAs from metals to ceramics with ionic bonds. Further studies
of this entropy-stabilized rocksalt oxide showed that doping aliovalent
cations can lead to excellent lithium conductivity and enhanced di-
electric constants [7,8]. It should be noted that prior studies have also

fabricated high-entropy nitride and carbide films via reactive sputtering
techniques [9,10]. More recently, high-entropy ultra-high temperature
ceramics (HE-UHTCs), e.g., (Hfy 5Zr( 2Tag 2Nbg »Tip 2)Bs and five other
single-phase five-component metal diborides, and high-entropy func-
tional ceramics, e.g., Sr(Zrg»SngoTigHfp2Mng )O3 and five other
single-phase high-entropy perovskite oxides (HEPOs), have also been
successfully synthesized [11,12]. Recent research efforts have been
reported towards making multicomponent rare earth oxides [13], (Ti,
Ta, Nb)C,N; _, cermets [14], and high-entropy thermoelectric mate-
rials [15].

Fluorite oxides are utilized for a variety of applications including
solid ionic conductors, high temperature coatings, and -catalysts
[16-20]. The most widely-used fluorite oxides are based on zirconia
(Zr0Os), hafnia (HfO,), or ceria (CeO5), and they are often doped with
yttria (Y2053) and/or various other oxide dopants (including rare earth
oxides as well as MgO, CaO, and other oxides). This class of oxide
materials often possess high oxygen conductivities, low thermal con-
ductivities, high hardness, and high melting temperatures. In particular,
rare earth doped zirconia and ceria are of great technological interest
because of their high ionic or mixed conductivities as well as low
thermal conductivities [16,17,19-21].

Specifically, high-entropy materials are of interest for their low
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thermal conductivity due to the possible scattering of phonons by
multiple components and strained lattices. In this work, we examine the
synthesis, phase stability (including the formation of high-entropy solid
solutions), and selected properties of high-entropy fluorite oxides
(HEFOs) consisting of solid solutions with equal molar fractions of
HfO,, ZrO,, and CeO, as the base materials, as well as the additions of
the oxides of Y, Yb, Ca, Ti, La, Mg, and Gd as fluorite phase stabilizers.
We successfully synthesized eight single-phase, high-entropy, fluorite
oxide solid solutions, namely, (Hfy.25Z10.25Ce0.25Y0.25)02.5,
(Hfo.25Z10.25C€0.25)(Y0.125YD0.125) 025, (Hfo.2Z10.2C€0.2)(Y0.2YD0 2)O2.5,
(Hfo 25Zr0.25Ce0.25)(Y0.125Ca0.125) 02 5, (Hfo.25Zr0.25Ce0.25)(Yo.125
Gdo.125)025  (Hfo2Zro2Ce02)(Y0.2Gdo2)025,  (Hfp.25Zr0 25Ce0.25)
(Ybo.125Gdo.125)02.5, and (Hfg.2Zrg 2Ceg.2)(Ybg.2Gdo.2)02.5. The thermal
and electrical conductivities, as well as hardness, of these materials are
measured and compared with 8 mol. Y,03-stabilized ZrO, (8YSZ) as a
reference fluorite oxide. Notably, these single-phase HEFOs possess
lower thermal conductivities than that of 8YSZ, due to high phonon
scattering by the different masses and interatomic forces produced from
the multiple cations.

2. Materials and methods
2.1. Synthesis and fabrication

To synthesize high-entropy fluorite oxides, powders of HfO,, ZrO,,
CeO,, TiO,, Y503, Yby03, Lay03, Gd»03, CaO, and MgO (=99% purity;
purchased from Alfa Aesar, MA, USA) were used as the starting mate-
rials. Appropriate amounts of five powders were weighted (calculated
on a metals basis) and mixed to fabricate each composition of the tar-
geted stoichiometry, listed Table 1.

We have examined 12 compositions. Each composition consists of
an equal molar fraction of HfO,, ZrO,, and CeO, (either 25% or 20% on
a metal basis) as the base material and includes one stabilizer (for
Specimen HEFO1 with 25% Y,03 as the only four-cation system) or two
stabilizers of equal cationic fraction of 12.5% or 20%. In general, the
five-cation compositions examined have the stoichiometry
(Hfo.25Zr0.25C€0.25)(Q0.125P0.125)02.5 (Variant A) or (Hfp 2Zrg 2Ceg o)
(0g.2B0.2)02.5 (Variant B), where a and P represent two stabilizers. In
general, we would not examine Variant B if Variant A did not form a
single-phase HEFO. In addition to the four-cation composition HEFO1:
(Hfg.25Z1r0.25Ce0.25Y0.25)02.5, 11 five-cation compositions (HEFO2A,

Table 1
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HEFO3A, HEFO4A, HEFO4B, HEFO5A, HEFO5B, HEFO6A, HEFO7A,
HEFO7B, HEFO8A, and HEFO8B) were examined in this study, where
“A” or “B” refers to the Variant defined above. In addition, we also
fabricated 8YSZ, Y,03, and Yb,03 as the reference materials. All com-
positions fabricated are listed in Table 1.

The raw powders were mixed via high-energy ball milling (HEBM)
utilizing a SPEX 8000D mill (SpexCertPrep, NJ, USA) for 24 h in a si-
licon nitride jar with silicon nitride media. High-purity isopropyl al-
cohol was used to create a slurry for grinding to prevent caking of the
powders in the milling containers. The HEBM was done in 30-minute
intervals, interrupted by 10-minute cooling pauses to avoid over-
heating. The powders were then densified into 20-mm diameter disks
via spark plasma sintering (SPS, Thermal Technologies, CA, USA) at
1800 °C for 5min under a uniaxial pressure of 50 MPa with a heating
ramping rate of 100 °C/min. The chamber was initially pumped down
to vacuum of at least 10~2 Torr prior to the SPS experiments and
flowed/flushed with argon gas at 700 °C to allow for off-gassing. The
graphite die was lined with 125um thick graphite paper to prevent
reaction of the specimen with the die. After SPS, the specimens were
annealed in open air at 1500°C for 12h for decarburization. Most
samples were subsequently annealed for 24h at 1500 °C for homo-
genization and air-quenched or furnace cooled to room temperature for
characterization and measurements. The samples fabricated for mea-
suring thermal and electrical conductivity as well as hardness testing
were furnace cooled (with the power shut down; instead of quenching
to prevent microcracking), where the initial cooling rate was approxi-
mately 50 °C/min at 1500 °C.

2.2. Characterization

All specimens were characterized by X-ray diffraction (XRD) uti-
lizing a Rigaku diffractometer with Cu Ka radiation.

Scanning electron microscopy (SEM) images and the corresponding
energy dispersive X-ray (EDX) spectroscopy composition maps were
collected from specimens of all compositions. The specimens were
coated with carbon prior to analysis to prevent charging. The mea-
surements were performed at an e-beam voltage of 20 kV to examine
the higher energy peaks of Hf, Ce, and Gd for minimal convolution of
the peaks. Due to the overlap between the Hf M, and Si K, peaks, the
amount of Si contamination in the sample is unknown.

Densities were calculated from the measured mass and geometric

All High Entropy Fluorite Oxides (HEFOs) fabricated, along with lattice parameters, densities, thermal conductivities, and Vicker’s hardness values.

Composition Single Lattice Parameter =~ Theoretical Density (g/ Relative Density Thermal Conductivity Hardness (GPa)
Phase? &) cm®) (Annealed) (W/mK)
HEFO1 (Hfp.25Zr0.25Ce0.25)(Y0.25)02.5 Y 5.24 7.22 98.5 1.74 = 0.15 13.6 = 0.5
HEFO2A  (Hfp 25Zr0.25C€0.25)(Yo.125Tio.125) N - - - - -
025
HEFO3A  (Hf 25Zr0.25Ce0.25) N - - - - -
(Yo0.125M80.125)02.5
HEFO4A  (Hfo 25Z10.25C€0.25)(Y0.125Ybo.125) Y 5.23 7.68 100 1.55 = 0.20 12.7 £ 0.7
Oz
HEFO4B  (Hfj 2Zr¢ 2Ce0.2)(Y0.2Ybo 2)O2.5 Y 5.24 7.88 93.7 1.29 = 0.11 13.3 * 0.6
HEFO5A  (Hf.25Zr0.25Ce0.25)(Y0.125Ca0.125) Y 5.25 7.48 98.5 1.1 £ 0.2 13.3 + 0.6
Oz
HEFO5B  (Hfo.»Zr0 2Ce0.2)(Y0.2C20.2)02.5 N - - - - -
HEFO6A  (Hfp 25Zr0.25C€0.25)(Yo.125La0.125) N - - - - -
025
HEFO7A  (Hfy.257r0.25C€0.25)(Yo0.125Gdo125) Y 5.25 9.22 96.4 1.17 + 0.13 13.2 + 0.5
O25
HEFO7B  (Hfy 2710 2Ce0.2)(Y0.2Gdo.2)O02 5 Y 5.28 9.87 95.8 1.61 = 0.13 13.1 £ 0.5
HEFO8A  (Hfy.25Zr0.25Ce0.25) Y 5.25 10.19 77.8 1.81 + 0.14 12.6 + 0.5
(Ybo.125Gdo.125)02-5
HEFO8B  (Hf »Zrp »Ce.2)(Ybo.2Gdp 2)O0s 5 Y 5.27 11.52 68.4 1.62 = 0.13 12.3 = 0.7
8YSZ Y 6.10 98.8 2.02 = 0.17 13.2 £ 04
Y,03 Y 5.01 99.8 - 6.9 = 0.3
Yb,03 Y 9.17 94.3 - 57 = 0.3
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(311) (Hfo.25Z10.25C€0.25)(Y0.125Ti0.125)02.5, HEFO3A:
(111) VY.Ti.O (Hfo.25Z10,25Ce€0.25)(Y0.125M80.125)02.5,  HEF
(220) oy 2 277 O5B: (Hf 2Zro 2Ceo 2)(Yo.2Ca0.2)02.5, HEFOBA:
(200) ( ) (Hfo.25Z10.25C€0.25)(Y0.125L.a0.125)02.5,  all  of
(222) (400) (420) (422) which possess secondary phases. In all four
0 0 U ‘ 5y U h cases, the primary phases are still solid-solution
(Hf Ce .. )Y Ti )O phases of the fluorite structure.
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parameters of the pellets. The relative densities were calculated uti-
lizing theoretical densities computed utilizing an ideal stoichiometry
and the lattice parameter measured by XRD.

2.3. Measurements of Thermal/Electrical conductivities and hardness

Thermal conductivities were measured using time-domain thermo-
reflectance [22,23]. A ~90nm Al film (measured using picosecond
acoustics [24]) is thermally evaporated onto each sample to act as a
transducer to convert the optical energy to thermal energy. Using a
Ti:Sapphire laser emitting a train of subpicosecond pulses at a central
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wavelength of 800 nm and a repetition rate of 80 MHz, the output is
divided into a pump and probe path. The pump, which is modulated at
a frequency of 9.8 MHz, was used to heat the sample, while the probe
was utilized to monitor the change in reflectivity at the sample surface.
A lock-in amplifier was used to isolate these reflectivity changes at the
pump modulation frequency. The pump and probe beams were focused
with a 5X objective lens to 35um and 15um 1/e* diameters, respec-
tively. Utilizing a multilayer, radially symmetric heat diffusion model,
we extracted the thermal conductivity and Al/HEFO thermal boundary
conductance by adjusting these parameters to obtain the best fit to the
ratio of in-phase to out-of-phase voltage obtained by the lock-in
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Fig. 4. Thermal conductivities of the eight single-phase HEFOs, along with
8YSZ, measured by TDTR. All HEFOs possess lower thermal conductivities than
the fully-dense 8YSZ; three of them, i.e., HEFO4B: (Hf »Zro>Cep2)(Yo.2Ybo.2)
O.s  HEFOS5A:  (Hfo25Zr0.25C€0.25)(Y0125C0.125)02.5, and  HEFO7A:
(Hfy 25Zr0.25Ce0.25)(Y0.125Gdo.125)02.5, show significantly lower thermal con-
ductivities. All specimens were fabricated by the identical process of SPS and
subsequent 1500 °C annealing in air.

amplifier [22,25]. The heat capacity of the Al film from a prior report
[26] was used. The Al thermal conductivity was obtained from 4-point
probe resistivity measurements and applying the Wiedemann-Franz
law. Fundamentally, we measured the thermal effusivity of the HEFO to
obtain the thermal conductivity. We utilized a rule of mixtures based on
the constituent oxides to obtain an estimate of heat capacity for each
sample, typically ~3Jcm™3K?'. Uncertainties for the extracted
thermal conductivities included those from the repeatability over sev-
eral spots on the sample, the uncertainty in Al thickness, and the un-
certainty in HEFO heat capacity.

Electrical conductivities were measured for compositions HEFO1,
HEFO4A, HEFO4B, HEFO5A, and HEFO7B, as well as the 8YSZ re-
ference, with electrochemical impedance spectroscopy (EIS) using an
impedance analyzer (Solartron 1255B) in the frequency range of 1 MHz
to 1 Hz between 650 and 850 °C at 25 °C intervals with Pt electrodes on
both sides of the pellets in zero grade dry air. Platinum pastes were
applied to both faces of the samples and subsequently cured at 1000 °C
for 10 min prior to conductivity measurements. Total conductivity was

3581
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(a) Fig. 3. Cross-sectional SEM images and the
corresponding EDS compositional maps of
three selected specimens: (a, b) HEFO4B:
(Hfo'2ZI‘0>2C80_2)(Y0,2Yb0,2)o275 and HEFO7B:
(Hfp.2Zro.2Cep 2)(Y0.2Gdp 2)O2.s that exhibit
single solid-solution phases with homogeneous
compositions and (o) HEFO5B:
(Hfp.2Zro.5Ceg 2)(Y0.2Cag 2)05.5 with a CaHfO5
secondary phase. SEM images and the corre-
sponding EDS compositional maps, along with
XRD patterns, of all 12 specimens are docu-
mented in the Data Statement.

Ca

determined by fitting Nyquist plots using the Z-View software
(Scribner, Inc.). Activation energies for the total conductivities were
determined from the Arrhenius plots.

Vicker’s hardness measurements were performed on all single-phase
high-entropy oxides as well as 8YSZ, pure Y503, and pure Yb,O3 sam-
ples (made by the identical HEBM and SPS fabrication procedure) as
benchmarks. Hardness measurements were performed with a Vickers’
diamond indenter at 200 kgf/mm? with a hold time of 15s. The in-
dentations were examined for conformation with the standard ASTM
C1327. The indentations averaged 20-25um in width during the
testing. Twenty-five measurements were performed at different loca-
tions of each specimen; the mean and standard deviation are reported.

3. Results and discussion
3.1. Phase formation and compositional uniformity

After SPS and subsequent 1000 °C annealing in air, a cubic (fluorite-
structured), single-phase, solid solution was observed to form in eight

different compositions: HEFO1: (Hfy 25Zr¢ 25Ceg.25Y0.25)02.5, HEFO4A:
(Hf.25Z10.25C€0.25)(Y0.125YD0.125)02.5,  HEFO4B:  (Hfg 5Zrg 2Ceo.2)

(Yo0.2Ybo.2)O02.5, HEFO5A: (Hf.25Zr.25Ce0.25)(Y0.125Ca0.125) 025,
HEFO7A: (Hfo.25Zr0.25Ce0.25)(Y0.125Gd0.125)02.5, HEFO7B:
(Hfp.2Zrg 2Ce0.2)(Y0.2Gdo.2)O2.-5, HEFOS8A: (Hfo.25Z10.25C€0.25)

(Ybg.125Gdo.125)02.5, and HEFO8B: (Hfg 5Zrg 2Ceg.2)(Ybg 2Gdo.2)02.5
according to the XRD analysis (Fig. 1).

Four other compositions have secondary phases, which were iden-
tified using XRD to be Y,Ti,O, in HEFO2A: (Hfj >5Zrg 25Ce0 25)
(Yo.125Ti0.125)02.5, MgO in HEFO3A: (Hfy 25Zr¢ 25Ce0.25)(Yo.125Mgo0.125)
02_5, CaHf03 in HEFO5B: (Hfo_zzro_zceolz)(Yo_zcaoiz)OZ_a, and Laz(Hf/
Zr)207 in HEFOG6A: (Hfo_252r0_25Ce0,25)(Y0_125La0,125)02_3, reSpeCtiVely
(Fig. 2). Yet, the major phase is still a cubic fluorite solid-solution phase
in each of these four cases.

Furthermore, EDX elemental maps (documented in Supplementary
Figures) verified compositional uniformity in the eight specimens of
HEFO1, HEFO4A, HEFO4B, HEFO5A, HEFO7A, HEFO7B, HEFO8A, and
HEFOS8B that XRD suggested the formation of single-phase solid solu-
tions, as well as the presence of the secondary phases in four other
compositions (HEFO2A, HEFO3A, HEFO5B, and HEFO6A). Fig. 3 shows
three selected (representative) elemental maps of HEFO4B:
(Hfo.2Zro 2Ce0.2)(Y0.2Ybo.2)O2.s  and  HEFO7B:  (Hfp.2Zr0.2Ceo.2)
(Y92Gdp2)O25, where single solid-solution phases formed, and
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Fig. 5. Arrhenius plots of measured conductivities for five single-phase HEFO, along with 8YSZ, from 650 °C to 850 °C (measured in zero grade dry air).
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Fig. 6. Grain size distributions of HEFO4B: (Hfy 5Zr( »Cep 2)(Yo.2Ybo.2)O2 5 and 8YSZ. Both specimens were fabricated by the identical process of SPS and subsequent

1500 °C annealing in air.

HEFO5B: (Hfy »Zr¢ 2Ceg 2)(Yo.2Cap.2)02.5, where a CaHfO3 secondary
phase formed.

The eight single-phase solutions all have high configurational en-
tropies contributed from the cation sublattices, i.e., 1.39R/mole (i.e.,
1.39R per mole of (Hfy 25719 25Ce0.25Y0.25)02.5) for HEFO1, 1.56R/mole
for HEFO4A, HEFO5A, HEFO7A, and HEFO8A, and 1.61R/mole for
HEFO4B, HEFO7B, and HEFO8B. In this regard, this term “high en-
tropy” is adopted here because of its historical significance and only
implies that these HEFOs have relatively higher configurational en-
tropies per mole of metal cations, in comparison with conventional
fluorite oxides such as YSZ.

It is also important to note that here we only count the configura-
tional entropy contribution from the cation (metal ions) sublattice and
normalize it to per mole of the oxide chemical formula (that contains

3582

one mole of metal cations). There is an additional configurational en-
tropy contribution from the anion sublattice due to the oxygen va-
cancies, which is much smaller.

3.2. Sintered densities

The relative densities of sintered specimens for all single-phase
materials were calculated based on the measured densities and theo-
retical densities computed from XRD lattice parameters and listed in
Table 1. Most sintered samples achieved over ~95% of their respective
theoretical densities after the SPS and 1500 °C annealing, with the only
two exceptions of HEFO8A: (Hfp 2571 25Ce0.25)(Ybo.125Gdo.125) Os.5
(77.80/0 relative density) and HEFOS8B: (Hfo_gzro_2C€0.2)(Yb0'2Gd0.2)02_5
(68.4% relative density). The lower densities observed in HEFO8A and
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Fig. 7. Measured hardness of eight single-phase HEFO along with 8YSZ, Y,03; and Yb,O3 for comparison.

HEFO8B containing both Yb and Gd are likely related to the sluggish
diffusion of the heavy/large rare earth cations in the lattice. In fact,
ceria and zirconia based ceramics are known to have poor sintering
characteristics as the size of dopant cations increases [27-29].

3.3. Thermal conductivity

The thermal conductivities of YSZ have been extensively studied
due to its use as a thermal barrier coating at high temperatures. The
conductivity is observed to be dependent upon the porosity, fabrication
method, and doping level. The thermal conductivity of our 8YSZ spe-
cimen, fabricated using the same methods as our HEFOs, was measured
to be 2.02 + 0.17 W/m-K, which is in good agreement with literature for
fully-dense, polycrystalline 8YSZ [30].

The measured thermal conductivities of eight single-phase HEFOs
are all lower than that of 8YSZ (Fig. 4). Specifically, HEFO5A:
(Hf0A252r0_25Ce0,25)(Y0A125Ca01,25) 02-8 (Wlth 98.5% relative density)
possesses the lowest thermal conductivity of 1.1 + 0.2 W/m-K, followed
by HEFO4B and HEFO7A. The reduced thermal conductivities in HEFOs
are likely related to increased phonon scattering in the system due to
multiple metal cations, which can lead to reductions in the phonon
mean free path due to scattering from mass and bond disorder [31,32].

Both grain sizes and porosity can affect thermal conductivity, in
addition to the intrinsic effects. On one hand, significant phonon scat-
tering at the grain boundaries is not expected to be a major factor due to
the large grain size of 1-3um of the HEFOs. On the other hand, the
porosity in the two less dense HEFO8A; (Hfy 25Zrg 25Ceg 25)
(Ybo.125Gdp1.25) Oas (~78% relative density) and HEFO8B:
(Hfy.2Zr9.2Ceg.22)(Ybg 2Gdg 2) Oo.5 (~68% relative density) can reduce
their thermal conductivities. Thus, we expect fully-dense specimens of
these two compositions should possess higher thermal conductivities.
Note, all six other HEFOs are dense (~94% to 100% relative densities).
Overall, we can conclude that high-entropy effects do appear to reduce
thermal conductivities in general.

3.4. Electrical conductivity

The measured electrical conductivities of HEFOs and the 8YSZ re-
ference in zero-grade dry air between 650 °C and 850 °C are shown in
Fig. 5. HEFOs generally have significantly lower conductivities than
8YSZ. Arrhenius plots [In(eT) vs. 1000/T] of the electrical con-
ductivities were used to find the activation energies. Since the platinum
electrode is not blocking (for electrons and holes), the measured con-
ductivities include both electronic and (oxygen) ionic contributions. All
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the HEFOs examined possess similar activation energies of
1.14-1.29 eV and nearly identical conductivity values.

The conductivities of the 8YSZ specimen are approximately an order
of magnitude higher than the HEPOs. This is not surprising, as an op-
timal amount of doping into zirconia and ceria based ceramics exists
(e.g., ~ 8mol. % Y,03 in YSZ) [33,34] and our HEFOs have much
higher doping levels (e.g., equivalent to ~14 mol. % in HEFO1 or
HEFO4A, and ~ 25 mol. % in HEFO4B). In addition, partial substitution
of CaO (a dopant used in HEFO5A) into the YSZ lattice is observed to
depress the overall conductivity at lower temperatures [35].

Another factor that can affect ionic conductivity of fluorite oxides is
the grain size [36]. Our HEFOs generally have smaller grain sizes than
the 8YSZ reference, which can also contribute to lower overall con-
ductivities. Electron backscattering diffraction (EBSD) was used to de-
termine the grain size distributions in both the 8YSZ reference sample
and HEFOA4B: (Hf,5Zrg2Ceps) (Ybo2Gdp2)Oss as examples. The
average grain size of HEFO4B is 4.71 + 0.73 um, while that of the 8YSZ
is 12.78 +4.02 pm, as is shown in Fig. 6. The smaller grain sizes in
HEFOs may be due to “sluggish kinetics” of grain growth of high-en-
tropy materials, and they can reduce the overall electrical con-
ductivities due to the well-known high grain boundary resistance in
fluorite oxides.

3.5. Hardness

The measured Vicker’s hardness values of eight single-phase HEFO
specimens are in the range of 12.3 to 13.6 GPa, which are comparable
with that of an 8YSZ specimen fabricated via the identical procedure
(13+ 0.5 GPa), as shown in Fig. 7 and Table 1. The reported hardness of
doped zirconia and ceria based ceramics varies from 6 to 13.5 GPa, with
ceria based ceramics leaning towards lower values [19,37-39]. Pure
Y-03 and Yb,O3 were also fabricated utilizing the identical procedure
for testing to benchmark, which possess significantly lower hardness
values of 6.9+0.3GPa and 5.7+ 0.3 GPa, respectively. XRD char-
acterization verified that the pure Y,03 and Yb,0s3, as well as 8YSZ, all
showed single cubic phases. HEFO8A: (Hfj25Zr9.25Ce0.25)
(Ybg.125Gdo.125)02.5 and HEFO8B: (Hf( 2Zro 2Ceo.2) (Ybo.2Gdo.2) O2.5 are
slightly softer in comparison with other HEFOs due to their higher
porosities. In summary, the eight HEFOs all possess hardness values
(with a mean of 13.25 GPa and a standard deviation of 0.5 GPa) com-
parable to that of 8YSZ (13 GPa for our specimen fabricated using the
same procedure, similar to that reported in Refs [40,41]), despite
higher contents of the softer components of Y503 and Yb,Os.
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4. Conclusions

Eight single-phase HEFOs or high-entropy fluorite oxides were
fabricated via high-energy ball milling, spark plasma sintering, and
annealing. The high-entropy fluorite oxides exhibit hardness values
comparable to that of the 8YSZ reference (despite high contents of
softer components such as Y,03 and Yb,03) and possess lower electrical
conductivities. Notably, these HEFOs shows promising potential as low
thermal conductivity materials, which are likely a result of the multiple
different cation species leading to phonon scattering due tomass and
bond disorder.
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