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In this paper, we report a new entropy-stabilized fluorite oxide, formed by solid-state reacting the equimolar
mixture of CeO,, ZrO,, HfO,, TiO, and SnO, at 1500 °C. We demonstrated that the oxide is truly entropy-
stabilized by showing that the oxide was transferred to a multiphase state when annealed at lower temperatures,
and the transition between the low-temperature multiphase and high-temperature single-phase states is re-
versible. Room-temperature thermal conductivity of the fluorite oxide was measured to be 1.28 Wm ™~ 'K~ !, The

value is only half of that for 7 wt% yttria-stabilized zirconia, suggesting the material could be useful for thermal-

insulation applications.

1. Introduction

In the past ten years, a new class of materials consisting of five or
more elemental species, referred to as high-entropy alloys (HEAs), has
attracted extensive attentions [1-6]. In these materials, configurational
entropy, instead of cohesive energy, predominates the thermodynamic
stability. The concept was inspired by an “accident” discovered during
searching for metallic materials with high glass-forming ability. The
original hypothesis was that the vitrified ability of a material should be
synchronous with its entropy since the amorphous structure is highly
disordered (high entropy). However, it was found that vitrified ability
was not always coordinated with entropy. Instead, some systems with
high configurational entropy can form stable single-phase crystals ra-
ther than glasses. It was demonstrated that HEAs exhibited many at-
tractive properties as compared to conventional alloys, such as high
hardness, great mechanical strength, and good wear/corrosion re-
sistance. HEAs are becoming a new research focus in the field of ma-
terials science and solid-state physics [3-6].

While previous research on high-entropy materials primarily fo-
cused on metals, the concept was also explored for non-metallic ma-
terials. In 2015, Rost and co-workers successfully synthesized a single-
phased (Mgg 2C0¢ 5Nig 2Zng »Cup )0 and demonstrated that the rock-
salt-structured five-component oxide was stabilized by configurational
entropy, thus named it as entropy-stabilized oxide (ESO) [7]. This work
represents a breakthrough in searching for high-entropy non-metallic
materials. From then onwards, many high-entropy ceramics with
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different crystal structures have been realized, including perovskite
oxide [8,9], ultrahigh-temperature boride [10], fluorite oxide [11,12]
and spinel oxide [13]. It is worth mentioning that although the terms of
high-entropy and entropy-stabilization are often used interchangeably
by researchers, they refer fundamentally different concepts. High-en-
tropy simply means that the system has high configurational entropy.
On the other hand, entropy-stabilization requires that the system has
both high configurational entropy and positive forming heat (+ AH), so
that it is entropy that predominates the thermodynamic stability. In
fact, many high-entropy materials reported previously are lack of de-
monstrating the second requirement. That is a reason why HEAs has
now been referred to as multiple-principle-element alloys (MPEAs) or
complex concentrated alloys (CCAs).

In this paper, we report a new entropy-stabilized fluorite oxide -
(Ceg oZrg oHf( 2Sng 2T 2)O2. We demonstrate that this five-component
oxide can reversibly transform between low-temperature multiphase
and high-temperature single-phase, clearly indicating that the single-
phase oxide formed at the finite temperature is entropy-stabilized.

2. Experimental

By considering the guidelines for forming entropy-stabilized oxides
outlined in ref 7, five-component CeO,-ZrO,-HfO,-SnO,-TiO, system
was selected in this study. The crystal structure, coordination number
(CN) of cation, and cation radius of these oxides are listed in Table 1. It
is seen that CeO,, ZrO, and HfO,, exhibit fluorite structure, while SnO,
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Table 1
Crystal structure, cation coordination number and cation radius of the starting
oxides.

Oxide Structure Cation coordination number Cation radius (nm)
CeO, Fluorite 8 0.097
ZrO, Fluorite 8 0.084
HfO, Fluorite 8 0.083
SnO, Rutile 6 0.069
TiO, Rutile 6 0.061"

* The radius of Sn** and Ti** are 0.081 and 0.074 nm, respectively, when
their coordination number is 8.

and TiO, exhibit rutile structure. The cations have the same valence
number, but different radii and CNs.

The synthesis processing is as follows. First, the powders obtained
were weighed and ball-milling using alcohol as milling media to form
an equimolar mixture. Ball-milling was performed for 6h to ensure
uniform mixing. After that, the mixture was dried and subsequently pre-
sintered at 1300 °C for 6 h. The pre-sintered powder was ball-milled
again for another 6 h. The resultant powder was pressed into discs of
10 mm diameter and 1 mm thick, which were finally sintered at 1500 °C
for 6 h followed by cooling down with furnace. Approximately, it took
about 12 min for cooling from 1500 to 1100 °C, which corresponding to
a cooling rate of ~33°C/min.

The phase composition was analyzed using X-ray diffraction (XRD,
D8 ADVANCE A25, Bruker). A step size of 0.02° and a collection time of
0.2s or 3s per step at 40kV and 40 mA over the diffraction angle (26)
ranging from 10 to 80° were used. The microstructure was observed by
high-resolution transmission electron microscopy (HR-TEM, JEM-
2100F, JEOL). The elemental composition was determined using energy
dispersive spectroscopy (EDS) on a field emission scanning electron
microscope (FESEM, Quanta FEG 650, FEI) equipped with Oxford
Instruments EDS X-Ray spectrometer.

The electric conductivity was measured on a source-meter (2450,
Keithley Instruments Inc.) in a temperature range of 600-1100 °C. The
thermal conductivity was measured at room temperature using the
physical property measurement system (PPMS, 6000, Quantum Design
Inc.). The size of sample for thermal conductivity measurement is 5 mm
X 5mm X 3 mm.

3. Results and discussion

The effect of sintering temperature on the phase composition was
studied first. It is found that the material was transferred to almost
single fluoride phase only when the sintering temperature reached
1500 °C. Fig. 1 is the XRD pattern of the sample sintered at 1500 °C,
together with Rietveld analysis. The pattern shows that the sample is
almost a pure fluoride phase, with a slight amount of second phase.
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Fig. 1. XRD patterns together with Rietveld fits of the (Ceg 2Zro >Hf( 2Sng 2Tip )
O, sample prepared at 1500 °C.
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Lattice parameter calculated from the pattern is 5.3518 A. This value is
smaller than that (5. 411 f\) of CeO,, likely due to that all of the radii of
the rest cations are slightly smaller than that of Ce** (Table 1). The
(Ceg.2Zrg oHf »Sng 5 Tig 2)O5 sample sintered at 1500 °C was also ana-
lyzed using TEM. All regions investigated by TEM exhibited perfect
crystallinity, evident by the sharp lattice fringes (Fig. 2a and c). The
SAED patterns (Fig. 2b and d) have been indexed to be a FCC cubic
fluorite (Fm-3 m) structure, consistent with XRD findings.

In order to demonstrate the oxide formed above is predominantly
stabilized by entropy, we need to show that it can transfer to a multi-
phase state by annealing at lower temperatures, and the multiphase
state can be reversibly transferred back to the original single-phase
state by annealing at higher temperatures. To do so, we first annealed
the obtained single-phase oxide at different temperatures for 4h to
check whether the single-phase oxide can be transferred to a multiphase
one or not. The XRD diffraction patterns of the samples annealed at
different temperatures are shown in Fig. 3. It is seen that the new dif-
fraction peaks start to appear when the annealing temperature reaches
1050 °C, indicating the formation of a second phase. The intensity of
these new peaks increases when the annealing temperature was in-
creased to 1100 °C. The XRD patterns obtained from the samples an-
nealed at 1000 °C or lower did not show any new diffraction peaks. This
could be due to that the concentration of the second phase is too small
to be detected or the material remained the single phase.

We then annealed the multiphase oxide obtained at 1100 °C at
higher temperatures for 4h to check if the multiphase state can be
transferred back to its original single-phase state or not. Fig. 4 shows
the XRD diffraction patterns of the annealed samples. It is seen that the
intensity of the diffraction peaks from the sample annealed at 1200 °C
are similar to that annealed at 1100 °C, suggesting that the multiphase
state is stable within this temperature range. Further increasing the
annealing temperature leads to the decrease in the intensity of the
diffraction peaks of the second phase. At 1500 °C, the diffraction peaks
from the second phase disappeared in XRD profile and the material was
transferred back to the original single fluorite phase.

The phase-transition can also been seen from SEM observation on
the microstructure. As shown in Fig. 5, compared to the sample sintered
at 1500 °C (Fig. 5a), the sample annealed at 1100 °C (Fig. 5b) exhibited
the phase decomposition and formation of the second phase. Such
phase-decomposition was removed and the microstructure was restored
by annealing the sample at 1500 °C again (Fig. 5c).

The above results clearly demonstrate that single fluorite phase
formed at 1500 °C is stabilized by configurational entropy. The ap-
pearance transition temperature between the multiphase and single-
phase states is about 1500 °C. This temperature is much higher than
that of the five-component rocksalt oxide reported in Ref. [7]. Note that
the maximum configurational entropy for the two oxides should be the
same since both of them are equimolar five-component system.
Thereby, the significant difference in the phase-transition temperature
indicates that the fluorite reported here should have higher positive
formation enthalpy.

Further characterization of the oxide obtained at 1500 °C was done
by elemental analysis. As shown in Fig. 6, all elements are homo-
geneously distributed within the material, excepting that Ce exhibits
clearly segregation around pores. Such segregation was not detected
from XRD analysis, suggesting the amount of segregation is very small.
The reason for the formation of such segregation is not clear at this
moment. One possible reason is that a small amount of liquid phase was
formed during the high temperature sintering. The miscibility gap be-
tween the solid phase and the liquid phase can lead to elemental seg-
regation, which has been commonly observed in liquid phase sintered
ceramics. Another possible reason could be that the solid solution is not
an ideal regular solid solution where atoms are distributed randomly,
but a sub-regular solid solution. In sub-regular solid solutions, Gibbs
free energy-composition curve is not symmetric, which can also lead to
phase separation (or elemental segregation) [15]. Complex
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Fig. 3. XRD patterns of the samples obtained by annealing the single-phase
oxide at (a) 900 °C, (b) 1000 °C, (c) 1050 °C and (d) 1100 °C for 4 h.

concentrated alloys with multi-phase microstructure have received in-
creasing attentions due to their importance in applications [3].

We would also like to mention that the entropy-stabilized fluorite
reported here is different from that reported in Ref. [11]. In the case
here, all cations are equivalence of 4+, thus, no oxygen vacancies were
generated during the formation of the solid solution. On the other hand,
excepting Ce which is a 4-valence cation, the rest of cations are 3 va-
lence in the material of Ref. [11]. Therefore, when forming fluorite
structure, a large amount of oxygen vacancies will be generated. These
vacancies can significantly increase the configurational entropy.

The electric conductivity of the obtained single-phase fluorite was
measured and plot in Fig. 7. The data shows that the conductivity obey
Arrhenius dependence of temperature between 600-1000 °C, sug-
gesting that the material exhibits semiconducting behavior in this
temperature range. But it deviated from Arrhenius relation at tem-
perature higher than 1100 °C. Which is likely due to the phase se-
paration. The data between 600-1000 °C were curve-fit to give the
activation energy of 1.43 eV.
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Fig. 2. HR-TEM images and corresponding
SAED patterns for (Ceg »Zro >Hfg 2Sng 2Tip 2)02
sample sintered at 1500 °C along the [1 1 0] (a,
b) and [001] (c, d) zone axis.
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Fig. 4. XRD patterns of the samples obtained by annealing the 1100 °C and re-
heat treated sample at (a) 1200 °C, (b) 1300 °C, (c) 1400 °C, (d) 1500 °C for 4 h.

The room-temperature thermal conductivity of the single-phase
fluorite was measured to be 1.28 Wm ™! K™, This value is only half of
that for 7 wt% yttria-stabilized zirconia (7YSZ) [14]. The low thermal
conductivity is likely due to the high-entropy. When the same kind of
lattice position is randomly occupied by cations with different atomic
radii, the lattice will be severely twisted. Which cause the decrease in
the mean free path of phonon, thus the decrease in thermal con-
ductivity. The low thermal conductivity suggests that the material
could be useful for thermal insulating.

4. Conclusions

A new entropy-stabilized fluorite oxide was synthesized by sintering
the equimolar mixture of CeO,, ZrO,, HfO,, SnO,, and TiO,. XRD
analysis indicted that the obtained single-phase oxide can be trans-
ferred to a multiphase state by annealing at lower temperatures; and the
multiphase state obtained by low-temperature annealing can be trans-
ferred back to the original single-phase state. The temperature for the
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Fig. 6. Elemental mapping of (Ceg »Zr¢ »Hfy 2Sn »Tip 2)O- sample sintered at 1500 °C for 6 h.
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Fig. 7.The  electric  conductivity of  the entropy-stabilized

(Mg.2C00.2Nig 2Zng 2Clp 2)O- as a function of temperature.

transformation between the multiphase and single-phase states is about
1500 °C. The new entropy-stabilized fluorite oxide exhibited low
thermal conductivity, suggesting that it could be useful for thermal
insulating applications.
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