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ABSTRACT: High-entropy rare-earth (RE) sesquioxides (RE,O;)
containing five cations in equimolar amounts have been
investigated for a variety of applications, but little is known about
their polymorphic behavior and coefficient of thermal expansion.
Here, we evaluate the effect of the average ionic radius (AIR) on
the polymorphism of high-entropy RE,O;. Powder samples of
compositions 1 (Lu,Y,Ho,Nd,La),0; (AIR = 0.938 A) and 2
(Gd,Eu,Sm,Nd,La),0; (AIR = 0.982 A) were synthesized via a wet
chemical method, and bead samples were prepared for aerody-
namic levitation by melting the powders in a copper hearth.
Structural transitions were monitored upon cooling from the melt
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to 1000 °C via in situ X-ray diffraction on aerodynamically levitated samples. The phase evolution was liquid, hexagonal H-type, and
monoclinic B-type for composition 1 and liquid, cubic X-type, H-type, and B-type for composition 2. Based on their AIR, the general
polymorphic transformations of the high-entropy RE,O; follow the trend of single-RE RE,O3, but the transition temperatures differ
from those of single-RE RE,O;. The coeflicient of thermal expansion values of the B-type phase of compositions 1 and 2 are similar

to those of Gd,0; and previously published high-entropy RE,O5.

1. INTRODUCTION

Rare-earth (RE) sesquioxides (RE,O;) are of great techno-
logical importance due to their unique fundamental proper-
ties." Typically, the oxides formed by the trivalent lanthanides
from La** to Lu** and the RE-like Y>* and Sc** cations are
referred to as RE sesquioxides. Some of the RE,O; offer a high
quantum yield, attractive biocompatibility, high thermal and
chemical stability, and resistance to phase transformation upon
irradiation, which make them suitable for optical applications
such as in white light and laser;” biomedical applications such
as in drug delivery and cell tracking and labeling;” electronic
applications such as electrochemical and electroluminescent
sensors;” and radiation-resistant materials for application in
reactors.”® Complex mixtures of REs in sesquioxides may
reveal attractive functional and structural properties that are
still to be discovered.

Most of the RE,O5 undergo polymorphic transitions,” which
should be considered when designing such materials for
specific applications. Three structures are observed below 2000
°C: sesquioxides from La,O; to Nd,O; are stable with a
trigonal structure (A-type, space group P3ml); sesquioxides
from Sm,0; to Gd,O; are stable with a monoclinic (B-type,
C2/m) or cubic structure (C-type, Ia3); Y,0;, Sc,0; and
sesquioxides from Tb,O; to Lu,O; are stable with a C-type
structure. Above 2000 °C, sesquioxides from La,O; to Tm,04
transform into a high-temperature hexagonal structure (H-
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type, P6;/mmc), and upon further heating sesquioxides from
La,0; to Eu,0O; transform into a cubic structure (X-type,
Im3m).”® As an exception, sesquioxides formed by Yb, Lu, Y,
and Sc maintain a single C-type structure from room
temperature to melting.”® A schematic diagram of poly-
morphic transformations for RE,Oj; is shown in Figure 1. An
additional orthorhombic perovskite (Pnma) structure is
observed in LaLuOj; and compounds with a similar difference
in cationic radii.”"’

Mixing five or more REs in equiatomic amounts has been
proven to result in single-phase RE,O; with potential
functional applications. Inspired by the compositional design
of high-entropy oxides,'"'? pioneering work on multi-
component RE oxides indicates the surprising stability of a
single phase up to 1500 °C.">'* Such structural stability and
the variety of high-entropy RE,O; compounds that can be
synthesized'>~"” open the door to the discovery of functional
properties that may surpass the performance of single-RE
oxides. A few properties reported for high-entropy RE oxides
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Figure 1. Schematic diagram of polymorphic transformations for
single-RE RE, O3 as a function of temperature and RE ionic radius for
coordination number VI.® Vertical dashed lines indicate the relative
horizontal position of the AIR of compositions 1 (Lu,Y,Ho,Nd,-
La),0; and 2 (Gd,Eu,Sm,Nd,La),0,.

include multiwavelength luminescence emission,”’ photo-
catalytic activity,”' electrical conductivity,”*’ and environ-
mental barrier coating.”*

Only a few studies focus on the polymorphic trans-
formations and thermal expansion of high-entropy RE,O; at
elevated temperatures. Such knowledge is relevant for
applications and synthesis methods that involve refractory
temperatures such as environmental barrier coating and crystal
growth from the melt, respectively. A single C-type phase was
reported for (Gd,Tb,Dy,Ho,Er),0; up to 1650 °C."* However,
one might expect a transition to H- and/or X-type phases
around 2000 °C as in the case of single-RE RE,O;. In fact,
another report demonstrates the transition sequence B-, H-,
and X-type in the range 1900—2400 °C for (La,Sm,Dy,Er,-
X),0;, where X is either Nd, Gd, or Y."” The reported
coefficient of thermal expansion (CTE) of these compounds is
similar to that of Gd,03.”° However, it is not yet clear how
composition affects the polymorphic behavior and thermal
expansion of high-entropy RE,O;.

Since the polymorphism of single-RE RE,O; is dictated by
the RE* ionic radius,® the average ionic radius (AIR) of
complex compositions may play an important role in their
structural stability. To investigate that, we designed two five-
component, equiatomic sesquioxide compositions. Composi-
tion 1 (Lu,Y,Ho,Nd,La),0; has a medium AIR (0.938 A) that
was achieved by mixing small (Lu**, Y**, and Ho") and large
cations (Nd** and La*"). The AIR of composition 1 is equal to

the ionic radius of Gd** although Gd*' is not included in the
composition. With composition 1, we investigate whether the
polymorphism of the high-entropy sesquioxide will be similar
to that of Gd,0;. Composition 2 (Gd,Eu,Sm,Nd,La),05 has a
medium AIR (0.982 A) that was achieved by mixing medium
(Gd*, Eu**, and Sm*") and large cations (Nd** and La*"). The
AIR of composition 2 is close to that of medium-sized Pm>*
(0.982 A) although Pm*" is not included in the composition.
With composition 2, we investigate whether the polymorphism
of Pm,0; can be replicated in a high-entropy sesquioxide
without including the unstable Pm isotopes in the compound.
The structural evolution of both compounds is analyzed upon
cooling from the melt via in situ high-temperature X-ray
diffraction (XRD) in the range of 1000—2450 °C. The unique
sample aerodynamic levitation capability allowed data
collection at extreme temperatures (>2400 °C) in a contain-
erless sample environment.

2. METHODS

2.1. Composition Formulation. To study the effect of AIR on
the polymorphic behavior of high-entropy RE,O; two five-
component equiatomic compositions were formulated. The criterion
to select RE elements was their ionic radii. Composition 1
(Lw,Y,Ho,Nd,La),0; contains a mixture of small (Lu**, Y**, and
Ho*) and large (Nd** and La**) REs, and composition 2
(Gd,Eu,Sm,Nd,La),0; contains a mixture of medium (Gd*, Eu*,
and Sm*) and large REs; commas in sample composition indicate
equiatomic amounts. Table 1 shows a list of REs and their respective
ionic radius; the AIR of compositions 1 and 2 are included for
comparison. The AIR of composition 1 is the same as the ionic radius
of Gd*, while the AIR of composition 2 is close to that of Pm*
(0.979 A), although Pm was not included in any of the two
formulations.>®

2.2. Synthesis of Precursor Powder Samples. Powder samples
were prepared using a wet chemistry synthesis method. RE nitrates
RE(NO,);xH,0 of 99.99% purity were used as the source of cations.
A list of nitrates used are seen in Table 2. The powders were calcined
in air at 550 °C for 2.5 h, and finally, crystallized in air at 900 °C for 1
h. These powders were used as a precursor material for the
preparation of spherical bead samples as described in Section 2.4.

2.3. Room-Temperature Powder XRD. To determine the
structure of the as-prepared powders, the samples were subjected to
room-temperature powder XRD. A PANalytical Empyrean diffrac-
tometer was used in Bragg—Brentano geometry. X-rays were
generated from a Cu Ka source operated at 45 kV and 40 mA. The
following optics were used on the incident X-ray beam: 0.04 rad Soller
slits, a 1/4° divergence slit, a 10 mm fixed-beam mask, and a 1/2°
antiscatter slit. The following optics were used on the diffracted X-ray
beam: a 1/4° antiscatter slit, 0.04 rad Soller slits, and a nickel f filter.
A PIXcel’® detector was used to collect the diffraction patterns.
Patterns were collected in the 26 range of 20—90°. The General
Structure Analysis System II software (GSAS-II) was used to perform
Rietveld structure refinements”’ and obtain phase composition and
lattice parameters.

Table 1. List of RE** Cations, Their Respective Ionic Radius, and the AIR of High-Entropy Compositions 1 and 2 for

Coordination Number VI**?

RE?*" cations

H03+
0.894

Y3+
0.892

Lu3+

ionic radius (A) 0.848

Gd3+
0.938

Nd3+
0.995

Pm3+

0.979

Eu3+ Sm3+

0.950 0.964

sample ID and composition

1.061

AIR (A)

“Commas in sample compositions

1 (Lu,Y,Ho,Nd,La),0,
0.938

indicate equiatomic amounts.
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2 (Gd,Eu,Sm,Nd,La),0,
0.982
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Table 2. Composition, Manufacturer, and Purity of Nitrate
Used in the Synthesis of Precursor Powder

puri

nitrate composition supplier (%)
lutetium nitrate hydrate ~ Lu(NO;);6H,0  Thermo 99.99
Scientific
yttrium nitrate hydrate Y(NO;);-4H,0 Sigma-Aldrich 99.99
holmium nitrate hydrate ~ Ho(NO,);:SH,0  Alfa Aesar 99.99
gadolinium nitrate Gd(NO;);:6H,0  Sigma-Aldrich 99.99
hydrate
europium nitrate hydrate ~ Eu(NO,;);6H,0  Alfa Aesar 99.99
samarium nitrate Sm(NO;);-6H,0  Alfa Aesar 99.99
hydrate
neodymium nitrate Nd(NO;);-6H,0  Alfa Aesar 99.99
hydrate
lanthanum nitrate La(NO;);:6H,0  Sigma-Aldrich 99.99
hydrate

2.4. Preparation of Spherical Bead Samples for In Situ High-
Temperature Diffraction Experiments. The precursor powder
samples described in Section 2.3 were melted in a copper hearth to
prepare 2- to 3-mm-diameter spherical samples. Herein, such
spherical samples are referred to as beads. A 400 W continuous-
wave CO, laser was used to heat and melt the powders. The melt was
rapidly cooled by turning off the laser so that the samples maintained
a spherical shape. The bead samples have a favorable sample geometry
for subsequent aerodynamic levitation during the in situ high-
temperature diffraction experiments described in Section 2.5. The
preparation of bead samples was performed at the Spallation Neutron
Source at Oak Ridge National Laboratory (ORNL).

2.5. Structural Evolution Analysis with In Situ High-
Temperature XRD. The bead samples were used to study the
polymorphic behavior of both 1 (LuY,Ho,Nd,La),0; and 2
(Gd,Eu,Sm,Nd,La),0; via in situ high-temperature synchrotron-
generated XRD at the Advanced Photon Source (APS), beamline 6-
ID-D, at Argonne National Laboratory (ANL). To achieve elevated
temperatures (>2400 °C) without concern with sample holder
stability and reactivity, a containerless sample environment was
adopted by using an aerodynamic conical nozzle levitator system.”®
Bead samples were placed on the levitator nozzle, and ultrahigh-purity
Ar gas was used to levitate the samples. The vertical position of the
levitator was adjusted with respect to the X-ray beam to provide
diffraction from the top part of the sample. Monochromatic
synchrotron radiation (0.124035 A) was used to obtain diffraction
patterns in the Debye—Scherrer geometry. An amorphous silicon 2D
X-ray detector was used, and the sample-to-detector distance was
~1241 mm. Room-temperature diffraction from a LaB4 standard
sample was obtained to calibrate the detector distance and tilt.

To heat the samples, a Synrad Firestar i401 400 W continuous-
wave CO, laser (10.6 ym) was focused on the top of the beads. A
Chino IR-CAS near-infrared optical pyrometer was used to record the
sample temperature, which was estimated using Wien’s law. The
emissivity of the samples was set to 0.92, which is a typical value for
oxides.”” Both laser and X-ray beams were co-incident on the top few
hundred microns of the sample. The experimental setup used in this
work has been thoroughly described before.”*™>* The mass change of
the bead samples after the data collection was lower than 1.3 wt %.

Diffraction patterns were collected upon cooling the samples from
the melt. A room-temperature pattern was initially collected and then
the samples were melted. The FIT2D software was used for real-time
visualization of the diffraction patterns; the molten state was
determined when the diffraction lines were no longer seen, and a
typical pattern from a liquid sample was observed.*® Diffraction
patterns were obtained at constant temperatures every 50 °C down to
1000 °C; the cooling rate between temperature steps was ~20 °C/
min. FIT2D was used to refine instrumental parameters and integrate
the 2D diffraction images into 1D patterns. GSAS II was used for
Rietveld structure refinement.
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3. RESULTS AND DISCUSSION

3.1. Structure of As-Prepared Powders. A single C-type
phase was observed for as-prepared powders of compositions 1
and 2. As seen in Figure 2, the room-temperature powder XRD

1

Powder XRD: as-prepared powders
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Figure 2. Room-temperature powder XRD patterns of the as-
prepared powders. Samples of compositions 1 and 2 have a single C-
type phase. Reference patterns of C-type Gd,0; (ICSD no. 40473)
and Pm,0; (ICSD no. 647284) are included for comparison.

patterns of compositions 1 and 2 match well with reference
patterns of C-type Gd,O; and Pm,0O;, respectively, which is
expected since the AIR of the high-entropy compounds is close
to the ionic radii of Gd** and Pm*" as seen in Table 1. At 900
°C, which is the highest temperature to which powders were
heated during the synthesis, the expected structure of
compositions 1 and 2 should be the C- and B-type,
respectively, considering their AIR in the schematic diagram
of polymorphic transformations seen in Figure 1. Considering
that the C- to B-type transition is irreversible in single-RE
RE,0;,” composition 2 may have this transition above 900 °C,
which is surprising since the transition occurs at 700 °C for
Pm,0;.** This indicates that the complex nature of
composition 2 favors the C-type structure over a wide range
of temperatures compared to single-RE RE,Oj; of similar AIR.
Significant variations in phase-transition temperatures of high-
entropy RE,O; compared to single-RE RE,O; have been
previously reported.'” Therefore, polymorphic transition
temperatures of high-entropy RE,O; cannot be predicted by
the diagram of polymorphic transformations of single-RE
RE,O;.

The powder of composition 1 has a more intense lattice
strain and a smaller unit cell volume than composition 2. In
Figure 2, the more pronounced peak broadening observed for
composition 1 indicates a more intense lattice strain. This is
expected since composition 1 combines small and large RE**
and this disparity in ionic radii induces lattice strain. The
refined lattice parameters of compositions 1 and 2 are 10.7313
and 10.9950 A, respectively. Therefore, composition 2 has a
larger C-type unit cell, which is expected since composition 2 is
composed of larger REs as seen in Table 1.
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3.2. Structure of the As-Prepared Bead Samples. A
single monoclinic B-type structure was observed for the as-
prepared beads of compositions 1 (Lu,Y,Ho,Nd,La),0; and 2
(Gd,Eu,Sm,Nd,La),0,, indicating a phase transition from the
C-type phase seen in the powders. Room-temperature
synchrotron XRD patterns of the as-prepared beads were
obtained on the conical nozzle levitator setup prior to the high-
temperature experiments. Figure 3 includes those patterns with

phase, there is a phase transition from C- to B-type for both
compositions 1 and 2. In this work, high-temperature phase
transitions are determined using the bead samples; therefore,
the C- to B-type transition temperature is not investigated.
3.3. Phase Evolution upon Cooling from the Melt.
3.3.1. Phase Evolution of Composition 1 (Lu,Y,Ho,Nd,La),0;.
As the bead of composition 1 was cooled from the melt, XRD
patterns corresponding to liquid, single H-type phase, and
single B-type phase were observed as seen in Figure 4. Rietveld

. L Lt L . reT—l refinement results are listed in Table SI in the Supporting
served pattern
— Calculated pattem Information. A schematic representation of the phase evolution
- g‘f"c"g“’“"d is shown in Figure S, left. The sample of composition 1
ifference
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Figure 3. Room-temperature synchrotron XRD patterns and Rietveld
refinement results of the as-prepared beads of compositions 1
(Lu,Y,Ho,Nd,La),0; and 2 (Gd,Eu,Sm,Nd,La),0;. Both compounds
have a single B-type phase. The lattice parameters of the monoclinic
unit cell are listed in the figure.

Rietveld refinement results. The patterns of both samples were
well fitted with calculated patterns of a single monoclinic
phase. As seen from the lattice parameters listed in Figure 3,
the bead of composition 1 has a smaller unit cell volume
(434.996 A%) than that of composition 2 (456.632 A%), which
is expected considering their AIR listed in Table 1. Since the
beads were prepared by melting the powders with a C-type

1-(Lu,Y,Ho,Nd,La),0,  2-(Gd,Eu,Sm,Nd,La),0,

Figure S. Schematic representation of phase transitions observed
upon cooling from the melt for compositions 1 (left) and 2 (right).

solidified at ~2350 °C with a single H-type structure. A
transition from single H-type to a single B-type structure
occurred at ~2150 °C. None of the diffraction patterns
indicated a mixture of H- and B-type phases. Therefore, it is
likely that the thermal equilibrium between both phases occurs
between 2200 °C (single H-type phase) and 2150 °C (single
B-type phase), which correspond to the temperatures of
consecutive measurements. The B-type phase was stable upon

1 (Lu,Y,Ho Nd La),0,

—— B-type structure (space group C2/m)
—— H-type structure (space group P63/mmc)
—— Liquid

II.M

4 5 6 7
26 (degree)

Figure 4. In situ high-temperature XRD patterns of composition 1 (Lu,Y,Ho,Nd,La),0;. The transitions observed upon cooling from the melt are
liquid to H-type (~2350 °C) and H-type to B-type (~2150 °C).
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Figure 6. In situ high-temperature XRD patterns of composition 2 (Lu,Y,Ho,Nd,La),0;. The transitions observed upon cooling from the melt are
liquid to a mixture of H- and X-type structures (~2350 °C), a single H-type (2250 °C), a mixture of B- and H-type structures (1750 °C), and a

single B-type structure (1700 °C).

cooling to 1000 °C. These polymorphic transformations are
expected according to the position of the AIR of composition 1
in the diagram of polymorphic transformations in Figure 1.
The transition temperatures listed here correspond to the
temperature at which a diffraction pattern indicated a different
crystal structure than the immediately preceding collected
pattern. Exact phase-transition temperatures may lie within the
50 °C temperature step between measurements.

Both the melting and B- to H-type transition temperatures
of composition 1 are close to the smaller end of the
temperature range previously reported for Gd,O;. Composi-
tion 1 is compared to Gd,O; because its AIR is the same as the
ionic radius of Gd*, Table 1. The melting point of Gd,0j is
reported in the range of 2392—2445 °C**™* while
composition 1 solidifies ~2350 °C. This is in agreement
with previous work that demonstrated that the melting point of
RE,O; can be suppressed in high-entropy compositions with
similar AIR.*' The B- to H-type transition temperature of
Gd,0; is reported in the range of 2170—2195 °C,*** while
composition 1 had this transition at ~2150 °C, which is close
to the lower end of this range. Therefore, the polymorphic
behavior of single-RE,O; can be used to predict the type of
phase transformations that may occur in high-entropy RE,O;.

3.3.2. Phase Evolution of composition 2 (Gd,Eu,Sm,Nd,-
La),0s. As the bead of composition 2 was cooled from the
melt, XRD patterns corresponding to liquid, a mixture of X-
and H-type, single H-type, a mixture of H- and B-type, and
single H-type structures were observed as seen in Figure 6.
Rietveld refinement results are listed in Table S2 in the
Supporting Information. A schematic representation of the
phase evolution is shown in Figure 5, right. The sample of
composition 2 solidified at ~2350 °C, and a mixture of H- and
X-type structures was observed at ~2350 and ~2300 °C; the
relative amounts of the H-type phase were 57 and 95 wt %,
respectively. This indicates that the cubic X-type phase is stable
in a relatively short temperature range, and the H-type phase is
preferentially formed at temperatures close to the melting
point. A single H-type phase was observed from 2250 to 1800
°C. The H- to B-type transition was observed at 1750 °C with
a mixture of both phases (81 wt % H-type). Upon further
cooling, a single B-type phase was observed from 1700 to 1000
°C.
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The observed polymorphic transformations of composition
2 are slightly different than the ones predicted in the diagram
of polymorphic transformations in Figure 1 for the respective
AIR. Since the AIR of composition 2 is close to that of Pm?*,
the polymorphism of Pm,O; will be considered to compare to
composition 2. The melting point of Pm,0; (X-type to liquid)
was reported as 2320 °C,*"*’ while composition 2 solidifies at
~2350 °C. The X- to H-type transition of Pm,O; was reported
at 2225 °C,*** indicating that the temperature range of
stability of the X-type structure is larger for Pm,0; (~100 °C)
than composition 2, for which a single X-type phase was not
observed. Additionally, the H- to A-type transition was
reported for Pm,O; in the range of 2117—2135 °C*** but
was not observed for composition 2. Finally, the A- to B-type
transition of Pm,0O; was reported in the range of 1600—1740
°C,*** while the H- to B-type transition was observed at 1750
°C which is close to the larger end of the reported range. Once
again, the polymorphic behavior of a high-entropy RE,O;
could not be accurately predicted by the polymorphism of a
single-RE RE,O; with a similar AIR.

The surprising H- to B-type phase transition without an
intermediate A-type phase was supported by Rietveld refine-
ment but was not expected based on the AIR of composition 2
and the phase diagram in Figure 1. Figures S1 and S2 in the
Supporting Information are the observed data and refinement
results for the diffraction patterns collected at 1800 °C (single
H-type phase, weighted R factor wR = 8.1%) and 1700 °C
(single B-type phase, wR = 6.0%). Figure S3 shows the
diffraction pattern collected at 1750 °C; the most intense peaks
correspond to the H-type phase, while secondary phase peaks
are well-fitted for the B-type structure with a wR = 4.3%. In
Figure S4, an attempt to refine a mixture of H- and A-type
phases for this same pattern collected at 1750 °C does not fit
the secondary peaks and results in a wR = 19.9%. Therefore, an
intermediate A-type structure between the H- to B-type
transformation was not detected in this study.

In general, the polymorphic nature of both compositions 1
and 2 as a function of their AIR is in agreement with the
polymorphism of single-RE RE,O; as seen in Figures 1 and 5.
Upon cooling from the melt, the transition sequence for the
smaller-AIR composition 1 was liquid, H-type, and B-type
structure, while for the larger-AIR composition 2, the sequence
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Figure 7. Lattice parameters of B-type (a) and H-type (b) structures of composition 1 (Lu,Y,Ho,Nd,La),0;. Values were obtained from Rietveld
structure refinement using in situ high-temperature XRD data. Gray lines are linear regression fittings, and their respective goodness-of-fit R* is

included in the images.

Table 3. CTE for Each Lattice Axis of B- or H-Type Unit Cells for Compositions 1 and 2 as Well as Literature Values for B-
Type Gd,0; and (La,Sm,Dy,Er,X),0;, Where X = Nd, Gd, or Y*

CTE a (X 107%/K)

sample phase temperature range (°C) a,(a-axis) a,(b-axis) a,(c-axis) A (Xx107%/K)
1 (Lu,Y,Ho,Nd,La),0, B-type 1000—2150 78+02 134 +03 10.5 + 0.2 11
2 (Gd.Eu,Sm,Nd,La),0, B-type 1000—1700 90+03  188+03  132+02 19
H-type 1800—-2250 41 +£3 32+1 18
Gd,0; from ref 25 B-type 20-900 9.7 £ 0.2 154 £ 04 139 £ 0.2 11
(La,Sm,Dy,Er,X),0;; X = Nd, Gd, or Y from ref 17 B-type 25—~1950 7.8 + 0.7 16 + 2 12+5 16
“Anisotropic factor (A) values are included.
a) “:’ :g:g 1 Refined lattice parameters of B-type unit cell @ 3 b) 6301 Re""'ef:_:amce paramelers of wou 2o~ |
N —_ . unit ce! - f o
= 10124~ s 2 (Gd,Eu,Sm,Nd,La),0, o L 5 < 6.27 Z(GdgL?;m Mo L a0 e . ,\
@ 100.91 BOI e mwomm L o = 6.244 e a1 ~--7 1
S 100.74 am - o 8 " cA) e
T T T T T T T T T T f",‘ - 6.21 4 ./7—" 2 _ 0 B
5 2 = R? = 98.6%
o 911 e B 306 v . . . —
> 9084w c(A) P @ - & 2 394] = @(A) Mixture of B-and lm L
o 9.064 R F @ 2 392 /H-type phasi;/_,,,irr/"" f
2 ;;‘g‘ e T RP=996% [ % T 349 g e Mixtife of H-and |
O HNCT e M
S 371 . F 1700 1800 1900 2000 2100 2200 2300 2400
3 3.70 " R?=99.5% - Temperature (°C)
5 v v T T v T T T v
S ustd L LA I a
g. 14.48 1 ( ) ,4——-’4"' 3
Y 14.454 - ) Mixture of B- and |
% 14.42 4 [ R*=98.5% H-type phases _}
K T T T T

900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Temperature (°C)

Figure 8. Lattice parameters of B-type (a) and H-type (b) structures of composition 2 (Gd,Eu,Sm,Nd,La),0;. Values were obtained from Rietveld
structure refinement using the in situ high-temperature XRD data. Gray lines are linear regression fittings, and their respective goodness-of-fit R* is

included in the images.

was liquid, X-type, H-type, and B-type. Additionally, the
transition to a B-type phase was at a much lower temperature
for composition 2 (1700 °C) than for composition 1 (2150
°C). It is important to note that the specific transition
temperatures of compositions 1 and 2 could not be predicted
by the diagram in Figure 1. Also, composition 2 did not form
the A-type phase indicated in that diagram.

3.4. Thermal Expansion Coefficient Obtained from
Refined Unit Cell Parameters. 3.4.1. Thermal Expansion of
Composition 1 (Lu,Y,Ho,Nd,La),0;. Structure refinement
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results indicate the expansion of B- and H-type unit cells
with increasing temperature for composition 1. Figure 7a
includes the lattice parameters a, b, ¢, and f of the B-type unit
cell. The parameter f corresponds to the angle formed
between the a- and c-axes. The discontinuity in § values with
temperature in Figure 7a is insignificant if two factors are taken
into account: (1) the 8 values varied less than 0.5% in the
entire temperature range (from ~101.2 to 101.6°) and (2) the
standard deviation of f values obtained from Rietveld
refinement is ~0.05°. Figure 7b includes the lattice parameters
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a and ¢ of the H-type unit cell. A relatively low goodness-of-fit
R* (84.4%) was obtained for the linear regression of the H-type
lattice parameter c¢. This deviation from linearity is not
statistically significant because only four data points are
available for the H-type cell.

Refined lattice parameters can be used to determine the
high-temperature CTE. The CTE « is determined as

( di ) 1

a=|—|-

daT )1,
where [ is the lattice parameter and T is the temperature. The
differential expression dI/dT was taken as the slope of the
linear regression applied to the lattice parameter data (Figure
7a). Additionally, [, was taken as the refined lattice parameter
at the lowest temperature that a given crystal structure was
observed during the high-temperature experiments. The CTE
values of the B-type phase of composition 1 are listed in Table

3.

Composition 1 has CTE values similar to those of Gd,0,
and previously published high-entropy RE,O;. Sawbridge and
Waterman® reported the CTE of B-type Gd,O; in the range
of 20—900 °C, and Ushakov et al.'” reported the CTE of B-
type (La,Sm,Dy,Er,X),0;, where X is either Nd, Gd, or Y from
room temperature to ~1950 °C. The reported values are in
Table 3; the (La,Sm,Dy,Er,X),0; compounds had similar
CTE, and only one set of values is listed. The similarity in the
CTE values of composition 1, Gd,0;, and (La,Sm,Dy,Er,-
X),0; indicates that complex compositions do not largely
affect the thermal expansion of RE,O;. It is not possible to
accurately calculate the CTE of the H-type structure for
composition 1 because of its narrow temperature range of
stability and the resulting small number of data points seen in
Figure 7b.

3.4.2. Thermal Expansion of Composition 2
(Gd,Sm,Eu,Nd,La),0;. Structure refinement results indicate
the expansion of the B- and H-type unit cell with temperature
for composition 2. Figure 8a includes the lattice parameters a,
b, ¢, and f of the B-type unit cell. The angle f varied less than
1% in the entire temperature range in which the B-type phase
was observed. At 1750 °C, a mixture of B- and H-type phases
was observed. At this temperature, the lattice parameters a and
¢ of the B-type unit cell lie below the linear trend seen for the
values obtained at lower temperatures. This indicates that the
B-type cell is richer in smaller REs than the H-type cell at 1750
°C. A similar observation is seen at ~2300 and 2350 °C in
Figure 8b. At those temperatures, there is a mixture of H- and
X-type phases, and the H-type phase is richer in smaller REs
than the X-type phase. Such deviation from linearity for lattice
parameter values at phase-transition temperatures is a common
phenomenon.”*~* The X-type phase was observed in only two
diffraction patterns, and its lattice parameter increased from
4.37397 A at ~2300 °C to 4.3807 A at ~2350 °C.

For composition 2, the CTE values of the H-type phase are
significantly larger than those of the B-type phase as seen in
Table 3. The B-type phase has CTE values similar to those of
composition 1, which suggests that the type of REs in a high-
entropy sesquioxide does not largely affect the CTE. A
relatively large number of lattice parameter data points allowed
the calculation of the CTE values of the H-type phase of
composition 2 seen in Table 3. To the best of our knowledge,
the CTE of H-type single-RE or high-entropy RE,O; has not
been previously reported. The CTE of the hexagonal YbFeOj,

(1)
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(same space group as the B-type structure, C2/m) along the c-
axis was reported as ~30 X 107%/ K,46 which is similar to the
calculated value for composition 2 seen in Table 3. It is
important to mention that the CTE calculations reported here
did not include the lattice parameters corresponding to
temperatures at which a mixture of phases was observed
(1750, 2300, and 2350 °C).

Composition 2 has a higher degree of expansion anisotropy
than composition 1 and is less favorable for high-temperature
applications and synthesis methods. The anisotropic factor A is
given by A = la, — oyl + lo, — | + oy, — ol and is listed in
Table 3. High A values for composition 2 indicate a greater
disparity in the CTE along the unit cell axes, which makes it
more likely to fracture if subjected to high-temperature
applications under cycling conditions. Additionally, materials
with high A values are more challenging to be grown as single
crystals via directional solidification. As the crystal cools,
twinning and cracking may result from the expansion
anisotropy and are more likely to occur for materials with
high A values.*”**

4. CONCLUSIONS

The polymorphic structures formed in high-entropy RE,O; are
dictated by their AIR and follow the general trend of single-RE
RE,O;. Upon cooling from the melt to 1000 °C, the phase
evolution observed for composition 1 (Lu,Y,Ho,Nd,La),0,
was liquid, H-type, and B-type. The AIR of composition 1 is
equal to that of Gd*, its polymorphic behavior is similar to
that of Gd,0;, and the transition temperatures are lower for
the high-entropy compound. The phase evolution observed for
composition 2 (Gd,Eu,Sm,Nd,La),0; was liquid, X-type, H-
type, and B-type. The AIR of composition 2 is close to that of
Pm®'; however, the polymorphic behavior of the high-entropy
sesquioxide could not be predicted by the polymorphism of
Pm,0; because no H- to A-type transition was detected.
Additionally, the X-type phase is stable in a much shorter
temperature range for composition 2 than Pm,0O;.

Complex compositions do not largely affect the CTE of the
B-type phase; the CTE of the H-type phase was reported for
the first time and is considerably larger than that of the B-type
phase. Both compositions 1 and 2 have CTE values that are
similar to those of Gd,O; and previously published high-
entropy RE,Oj;. The CTE of the B-type phase is a,, a;, and a,
equal to 7.8, 13.4, and 10.5 X 107%/K for composition 1, and
9.0, 18.8, and 13.2 X 107%/K for composition 2, respectively.
For the first time, we report the CTE values of the H-type
phase of a RE,O;, which are significantly larger than those of
the B-type phase. Composition 2 has a, and a, equal to 41 and
32 X 107%/K, respectively.

Future investigation of high-temperature applications and
synthesis methods for high-entropy RE,O; can benefit from
the polymorphism and thermal expansion results reported
here. Novel compounds could be tailored as a function of AIR
to prioritize a specific structure over a desired temperature
range or to adjust transition temperatures. Additionally, RE
combinations other than the ones reported here may result in
compounds with surprisingly different polymorphic and
thermal expansion behaviors, which inspire further inves-
tigation.
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