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Abstract: Phase transformations in multicomponent rare earth sesquioxides were studied by splat
quenching from the melt, high temperature differential thermal analysis and synchrotron X-ray
diffraction on laser heated samples. Three compositions were prepared by the solution combustion
method: (La,Sm,Dy,Er,RE)20s, where all oxides are in equimolar ratios and RE is Nd or Gd or Y. After
annealing at 800 °C, all powders contained mainly a phase of C-type bixbyite structure. After laser
melting, all samples were quenched in a single phase monoclinic B-type structure. Thermal analysis
indicated three reversible phase transitions in the range 1900-2400 °C, assigned as transformations
into A, H, and X rare earth sesquioxides structure types. Unit cell volumes and volume changes on
C-B, B-A, and H-X transformations were measured by X-ray diffraction and consistent with the trend
in pure rare earth sesquioxides. The formation of single phase solid solutions was predicted by
Calphad calculations. The melting point was determined for the (La,Sm,Dy,Er,Nd).0s sample as
2456 + 12 °C, which is higher than for any of constituent oxides. An increase in melting temperature
is probably related to nonideal mixing in the solid and/or the melt and prompts future investigation
of the liquidus surface in Sm203-Dy203, Sm203-Er20s, and Dy203-Er20s systems.

Keywords: high entropy oxides; rare earth oxides; laser melting; aerodynamic levitation; phase
transition; melting; thermodynamics

1. Introduction

Alloys often contain tens of elements in strictly defined ratios with one element as "the base" of
the alloy (e.g., all steels have more than 70 at. % Fe). Recently, a new design approach had emerged,
which is focused on "baseless" or multi-principle element alloys (MPEAs) with the concentration of
each element no more than 35 at. % but not less than 5 at % [1]. The reports on complex, concentrated
alloys (CCAs) appeared in the literature since the 1960s [2]; however, the new research direction took
off in 2004 after the discovery of remarkable hardness, yield strength, and resistance to annealing
softening in several MPEAs made by Taiwanese metallurgists [1,3]. They also introduced the term
"high-entropy alloys (HEA)," arguing that in these complex compositions, the gain in configurational
entropy is responsible for the formation of simple single-phase solid solutions, rather than
intermetallic compounds which would have a deleterious effect on the properties.

The high entropy design approach was recently applied to carbides [4,5] borides [6-8], and
oxides [9-18] for high temperature and battery related applications. Most of the high entropy
compositions that were successfully prepared as single phases are within the 15 % limit of atomic
radii differences known as a Hume-Rothery [19] rule to metallurgists and as a Goldschmidt [20] limit
for isomorphic mixtures to mineralogists (the majority of mineral species meet HE definition [21]).
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While the argument about the role of configurational entropy is highly contentious [2,22], the name
has its merits and rightfully attracts attention to thermodynamic controls, and we use high entropy
(HE) term to refer to five component rare earth oxides studied in this work.

It soon will be a century since Goldschmidt et al. [23] published the first research on rich

polymorphism in rare earth sesquioxides (R20s, where R is a lanthanide, Y or Sc). They originally
divided quenchable polymorphs into A, B, and C types (Figure 1).
A-type is trigonal (P-3m1), typical for sesquioxides of the large lanthanides, and also called La20s-
type; B-type is monoclinic (C2/m), typical for lanthanides in the middle of series and also called
Sm20s-type [24]; C-type is cubic (Ia-3), typical for small lanthanides, Y and Sc, and also called
bixbyite-type after the naturally occurring (MnFe)20s mineral.
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Figure 1. Phase transformations in rare earth and yttrium sesquioxides vs. ionic radii for octahedral
coordination. Lines connect the best values for pure sesquioxides. The data points represent
temperatures of phase transitions from thermal analysis of three (Lao2Smo2Dyo2Ero2REo2)203
compositions studied in this work, where RE - Nd, Gd, or Y, plotted vs. average ionic radius.

Most rare earth oxides can be obtained in more than one structure type (polymorph) at ambient
conditions: normally A-type La:0s and Nd:0s can be synthesized in C-type structure [25] at
temperatures below ~500 °C (and C-type was predicted [26] to be their ground state structure); while
normally C-type oxides from Dy to Yb were obtained in B-type structure in nanoparticles [27]. The
oxides of trivalent actinides also found in these structure types [28]. Two high temperature structures
were first identified by Foex and Traverse [29,30]. H-type is hexagonal (P63/mmc) [31] and was
reported for all rare earth and Y sesquioxides except Lu and Yb [32]. For oxides from La to Dy, the
transformation of the hexagonal phase to the cubic X-type (Im-3m) structure was detected before
melting [33]. X-type structure was also reported to be formed in Tm20s3 and Lu20s after irradiation
with Xe and Au ion beams [34].

The systematic research on phase equilibria in rear earth oxides has mostly been focused on pure
oxides and several binary systems. There are only a few systematic investigations of ternaries and
they are limited to studies on quenched samples [35,36]. All the studied systems of trivalent rare earth
oxides are characterized by wide ranges of solid solutions in the structures identified in pure oxides.
Eleven interlanthanide perovskites are known to form in several systems combining large and small
rare earths: LaROs (R=Y, Ho-Lu), CeROs (R =Tm-Lu), and PrROs (R =Yb-Lu) [37-39]. They all show
an orthorhombic (Pnma) distortion and do not melt congruently, but decompose at 800-2000 °C into
solid solutions of one of rear earth oxide structure types [39]. LaGdO:s in B-type structure attracted
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attention for application as high-k gate dielectric [40] and as an optical temperature sensor when
doped with Er/YD [41,42].

Mixed three-four valent Ce, Tb, and Pr oxides with cubic defect fluorite related structures have
been studied for gas sensor and catalyst applications [43]. Following the high entropy approach,
Tseng et al. [44] studied thermal expansion and magnetic susceptibility of (Gd,Tb,Dy,Ho,Er):0s
composition, which formed solid solution in C-type structure. Djenadic et al. [11] reported that the
presence of Ce* in several HE rare earth oxide compositions produced defect fluorite solid solutions.

In this work, we studied three compositions containing five rare earth sesquioxides in
equiatomic ratios: (La,Sm,Dy,Er,RE)20s, with RE either Nd or Gd or Y. All chosen rare earths are
trivalent in the solid state, and their sesquioxides represent all polymorphs: A-type (La, Nd), B-type
(Sm, Gd, Dy), and C-type (Er, Gd). However, they all form an H-type structure at high temperature
(Figure 1) with very intriguing properties, such as fast oxygen ion conductivity and superplasticity
[45], but was never quenched to room temperature.

We performed laser melting, splat quenching, and annealing of the samples and characterized
their high temperature phase transformations and thermal expansion by a combination of in situ
differential thermal analysis and synchrotron diffraction on laser heated samples. An unexpected and
surprising finding was the substantial (> 100 °C) increase in melting temperatures compared to those
expected from consideration of melting points of constituent oxides.

2. Materials and Methods

The intimately mixed rare rear earth oxides of desired stoichiometry were first synthesized by
the solution combustion method [46] and characterized by X-ray diffraction (XRD). Then samples
were laser melted in the hearth and in aerodynamic levitator and used for high temperature
synchrotron XRD, differential thermal analysis (DTA), splat quenching, and prolonged annealing
experiments. The experiment flow chart is provided in supporting information (Figure S1).

2.1. Sample Synthesis

Aqueous solutions of rare earth nitrates (Sigma-Aldrich 99.9% metals base) were mixed in
desired stoichiometry. Ethylene glycol and citric acid were mixed at a molar ratio of 1 to 2 and added
to the nitrate water solution. The mixed nitrate—citrate solution was evaporated at 150 °C under
agitation by magnetic stirring until a highly viscous foam-like colloid was formed. This colloid was
annealed in air at 800 °C for 96 h. Additional heat treatment was performed at 1100 °C for 12 hours.
The samples were analyzed by room temperature powder X-ray diffraction after each treatment.

2.2. Laser Melting and Splat Quenching

Powders after heat treatment at 1100 °C were laser melted in air on the copper hearth with 400
W COz laser and remelted in an argon flow in the aerodynamic levitator. The resulting samples were
oblate spheroids 2.6-2.9 mm in diameter, with flattening of ~0.1. The structure and phase
transformations in obtained samples were studied by XRD and DTA. Sample composition and
homogeneity were characterized by electron microprobe analysis. Laser melted spheroids were
further processed by splat quenching using a splittable nozzle aerodynamic levitator. The employed
device is part of a drop-and-catch (DnC) calorimeter, described in detail earlier [47]. For quenching
experiments, solid copper plates were installed in place of the calorimeter sensors (Supplementary
Materials, Figure S2). The samples produced by splat quenching were analyzed by room temperature
XRD.

2.3. Microprobe Analysis

A Cameca SX-100 electron microprobe was used for imaging and analysis of the chemical
composition of laser melted samples. Energy dispersive spectroscopy and backscattered electron
imaging (BSE) were used for the characterization of sample homogeneity. Quantitative chemical
analysis was performed by wavelength dispersive spectroscopy (WDS) using synthetic rare earth
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orthophosphate crystals for calibration standards for all rare earths except Y, for which synthetic
Y3Al:O12 (YAG) was used due to flux originated Pb contamination detected in YPOs standard.

2.4. Room Temperature X-Ray Diffraction

Room temperature powder XRD was used to characterize samples after precipitation, laser
melting, splat quenching, differential thermal analysis, and synchrotron diffraction experiments. The
measurements were performed using Bruker D8 Advance diffractometer (Bruker, Madison, WI) with
CuKa radiation and a rotating sample holder. The operating parameters were 40 kV and 40 mA, with
a step size of 0.01° and dwell 3 s/step. Lattice parameters, phase fractions, and crystallite sizes of
powders after annealing were refined using whole profile refinement as implemented in MDI Jade
2010 software package (Materials Data, Livermore, CA). GSAS-II [48] was used for Rietveld [49]
refinement of lattice parameters and phase fractions in laser melted samples.

2.5. High Temperature X-Ray Diffraction

High-temperature X-ray diffraction experiments were performed on an aerodynamic levitator
at beamline 6-ID-D at the Advanced Photon Source (APS), Argonne National Laboratory. The
levitator at the beamline provided by Materials Developments, Inc. (Evanston, IL) and described in
detail elsewhere [50]. The samples 63-70 mg in weight, were prepared by laser melting as described
above.

The diffraction experiments were performed in transmission geometry with X-ray wavelength
0.1236 A (100.3 keV energy). The beam was collimated in a "letterbox" shape 500 um wide and 200
um tall. The samples were levitated in argon flow and heated from the top with 400 W CO: laser. The
levitator software provided manual control of the levitation gas flow rate and manual or automated
laser power control for sample heating. Diffraction data were collected in 100 °C increments based
on the surface temperature of the levitated bead, which was monitored with a single color pyrometer
(875-925 nm spectral band, IR-CAS3CS, Chino Co., Tokyo, Japan) with emissivity set to 0.92.
Emissivities for rare earth oxides above 2000 °C are unknown [51], and thermal gradient in laser
heated aerodynamically levitated bead exceeds 100 °C [52-54]. In this work, the temperatures of
diffracted volume were assigned based on phase transformation temperatures obtained from DTA
measurements.

The diffraction images were recorded with a Perkin-Elmer XRD 1621 area detector positioned at
a distance 1099 mm from the sample. The exposure time was set to 0.1 s to avoid detector saturation;
100 exposures were summed and recorded into a single image used for further processing with
GSAS-II software [48]. The sample to detector distance, detector tilt, and beam center coordinates was
calibrated using NIST CeO: powder standard available at the beamline and with Y20s bead prepared
by laser melting. The images from area detector were integrated from 1 to 7 °20 at 70-120 ° azimuth
into diffraction patterns with 1600 points (0.00375 steps in 20) (see Figure S3). Room temperature
diffraction images were collected from every bead before and after laser heating. During the
processing of diffraction data from levitator, sample displacement was refined at room temperature
from known cell parameters and kept constant during further refinements. Pawley [49,55] method,
as implemented in GSAS-II, was used for refinement of unit cell parameters at high temperatures.

2.6. Differential Thermal Analysis

Differential thermal analysis was performed with a Setaram Setsys 2400 instrument modified to
enable excursions to 2500 °C. The experiments were conducted in Ar flow at heating and cooling rates
20 °C/min using WRe differential heat flow sensor and thermocouple for furnace temperature control.
Laser melted beads, 100-140 mg in weight were placed in tungsten crucibles and sealed under Ar
atmosphere to avoid the possibility of sample and standards contamination with carbon vapor from
vitreous carbon protection tube. Multiple measurements were performed on each sample.
Temperatures of phase transformations were determined as average from the onset [56] of
endothermic peaks on heating. Enthalpies of phase transformation were calculated as the averages
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of absolute values of endothermic heat effects on heating and exothermic heat effects on cooling. The
instrument and methodology were described in detail elsewhere [53,57-59]. Temperature and
sensitivity calibrations were performed using melting and phase transition temperatures and
enthalpies of Au (1064 °C), AlzOs (2054 °C), Nd20s (A-H, H-X, and X-L at 2077 °C, 2201 °C and 2308
°C, respectively), and Y203 (C-H and H-L at 2348 °C and 2439 °C, respectively). It must be noted that
international temperature scale ITS-90 [60] defines no fixed points above the freezing point of gold,
albeit alumina melting temperature 2054 + 6 °C was recommended to be included as a secondary
reference point on the ITS [61,62].

2.7. Calphad Modeling

Calphad [63-66] modeling was performed to compare with experimental results. Calphad-type
thermodynamic database for rare earth sesquioxides was created by Zinkevich [67]. He critically
reviewed all relevant experimental data available before 2006 and evaluated missing fusion
enthalpies values based on measured enthalpy of fusion and volume change on melting for Y20s. In
more recent Zhang and Jung [68] evaluation, missing data were estimated from liquidus in
RE203-Al20s phase diagrams. However, new measurements for fusion enthalpies [53] are in better
agreement with Zinkevich's assessment. Zhang and Jung's evaluation is also at large variance with
values proposed by Konings et al. [69]. Zinkevich [67] database for rare earth sesquioxides is openly
available at the NIST website [70] and was used in this work without any modifications. Thermo-Calc
(Stockholm, Sweden) software was used for calculations.

3. Results

3.1. Chemical Composition

The composition was determined by microprobe analysis on laser melted samples recovered
after high temperature diffraction experiments. The measured ratios were close to nominal,
indicating no preferential loss of any component on melting and laser heating during diffraction
experiments. The microprobe results are reported in Table 1, with variations given as two standard
deviations of the mean of 12 analysis per sample. Backscattered electron micrographs are included in
supporting information (Figures S4-S6). The following stoichiometries of synthesized rare earth
sesquioxides were obtained: (Lao.1sSmo20Dyo.18Ero.18Y0.26)203, (Lac19Smo21Dyo21Er020Gde19)20s, and
(Lao20Smo20Dyo21Er020Ndo19)20s. For the sake of brevity, we will refer to these compositions as HE-Y,
HE-Gd, and HE-Nd, respectively, where "HE" stands for "high-entropy" and element symbol is for
rare earth element in (La,Sm,Dy,Er,RE)20s nominal composition.

Table 1. Atomic percent of rare earth cations in laser melted rare earth sesquioxides from the results
of wavelength dispersive microprobe analysis.

Rare Earth HE-Nd HE-Gd HE-Y
La 19.5+0.2 18.7+0.4 17.7+0.8
Sm 20.1+0.1 20.7+0.1 19.8 +0.1
Dy 20.8+0.1 21.1+0.2 18.0+0.3
Er 20.3+0.1 20.3 +0.2 18.4+0.3
Y - - 26.0 +0.4
Gd - 19.3 +0.2 -
Nd 19.3+0.1 - -
MW g/mol 350.89 358.84 323.09
Ave radii A 0.954 0.945 0.936

1 The average ionic radius of rare earth after Shannon [71] for RE® in octahedral coordination

3.2. Phases after Solution Combustion Synthesis and Annealing
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After 800 °C annealing of powders from solution combustion synthesis, the cubic C-type phase
with crystallite size 20-40 nm was a major phase in all samples. The B-type phase was also detected
in HE-Nd and HE-Gd samples (Table 2, Figures S7, S8). After annealing of the powders at 1100 °C,
only the B-type phase was identified in HE-Nd sample; the amount of B-type phase in HE-Gd sample
increased to 70 wt.%. The C-type phase was retained in HE-Y composition, and its crystallite size
increased to ~65 nm. The decrease in volume on C-B transformation was calculated from XRD data
in HE-Nd and HE-Gd samples as 8% on average.

3.3. Phases after Laser Melting, Splat Quenching, and Annealing

Melt processing yielded a B-type phase in all studied compositions. Room temperature XRD
patterns are shown in Figure 2; the example of the whole profile refinement plot is included in Figure
59 in the supplementary materials. The unit cell parameters and crystallite sizes of B-phase measured
after splat quenching from ~3000 °C and after laser melting and 60 days annealing, are listed in
Table 3.

Table 2. The phase composition of powders after and heat treatment at 800 °C and 1100 °C.

Experiment Phase HE-Nd HE-Gd HE-Y
C-type (cubic, bixbyite-type) Ia-3, Z =16
Air a A 10.903(1) 10.863(2) 10.814(3)
800 °C V, A3z 81.0(1) 80.1(1) 79.0(1)
96 hours  Size 38 +1nm 21+1nm 21+1nm
wt.% ~85 wt.% ~90 wt.% 100 wt.%
B-type (monoclinic, Sm20s-type) C2/m, Z =6
a A 14.259(5) 13.90(4) -
b, A 3.620(1) 3.53(5)
¢, A 8.862(3) 9.00(4)
B,° 100.67(1) 96.8(1)
V, A3z 749 +0.1 73+2
Size 32 +2 nm 13+2nm
wt.% ~15 wt.% ~10 wt.%
AV (C>B) % -7.5+0.1% -9.7 +0.3%
C-type (cubic, bixbyite-type) Ia-3, Z =16
Air a A 10.825(1) 10.804(1)
1100 °C V, A3z - 79.0(1) 78.8(1)
12 hours  Size 49+ 1 nm 65+1nm
wt.% ~30 wt.% 100 wt.%
B-type (monoclinic, Sm20s-type) C2/m, Z =6
a A 14.242(1) 14.227(1)
b, A 3.6152(2) 3.601(1)
¢, A 8.857(1) 8.833(1) -
B,° 100.62(4) 100.66(1)
V, A¥z 74.7(1) 74.1(1)
Size 73+1nm 68 £ 1 nm
wt. % ~70 wt.%
AV (C>B) % -8.7 £0.1% -6.8 £0.1%

*The numbers in brackets indicate uncertainty in the last digit from the refinement of XRD data.

In splat quenching experiments, samples were heated in oxygen flow to the temperature several
hundred degrees above the melting point to allow for cooling during ~100 ms drop time from the
splittable nozzle to the splat quenching plates. Sixty days annealing at 1100 °C was performed on the
laser melted samples, recovered after thermal analysis. The crystallite sizes of splat quenched
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samples were about 80 nm. The crystallite sizes of the laser melted samples after thermal analysis
and annealing were in the range of 95-150 nm. The decrease in volume of B-type phase after
annealing compared to splat quenched samples was calculated from measured cell parameters as
0.6-0.8 %. This variation is consistent with the retention of thermally induced defects in splat
quenched samples.

Table 3. Room temperature unit cell parameters and crystallite sizes of HE samples after splat
quenching from ~3000 °C, and after laser melting and annealing at 800 °C for 60 days. All samples
were indexed in a monoclinic B-type structure (S.G. C2/m, Sm20s-type).

Unit cell HE-Nd* HE-Gd HE-Y
parameters splat quench 800°C/60d splat quench 800°C/60d splat quench 800 °C/60 d
a, A 14.245(1) 14.244(1) 14.194(1) 14.180(1) 14.159(2) 14.139(1)
b, A 3.6150(1) 3.6025(1) 3.5956(1) 3.5840(1) 3.5741(2) 3.5617(1)
¢ A 8.857(1) 8.839(1) 8.818(1) 8.797(1) 8.781(1) 8.758(1)
B,° 100.63(1) 100.69(1) 100.59(1) 100.59(1) 100.61(1) 100.65(1)
V, A%z 74.72(1) 74.28(1) 73.73(1) 73.24(1) 72.79(1) 72.24(1)

Cryst. size 76 +1 nm 95+ 1 nm 80 +1 nm 101 +1 nm 86 +1 nm 147 + 3 nm

*Cell parameters refined with internal standard on HE-Nd sample after HTXRD experiments (a, b, c, B):
14.244(1) A, 3.610(2) A, 8.852(2) A, 100.611(5)°.

4,0,-2)

s.q. 3160 °C s.q. 2900 °C

s.q. 3360 °C

20 30 40 20 30 40 20 30 40
20 26 26

Figure 2. (A), (B), (C): powder X-ray diffraction patterns of three (Lao25mo2Dyo2Ero2Xoz2)20s
compositions, where X —Y, Gd, or Nd, respectively. Patterns were collected at room temperature
using CuKa radiation (A = 1.54056 A) on samples obtained by splat quenching (s. q.) of the melts from
indicated temperatures and after annealing at 800 °C for 60 days. All patterns identified as monoclinic
(B-type) phases. Table 3 lists the results of cell parameters refinements. The typical profile refinement
plot is presented in supporting information (Figure S9 in Supplementary Materials).

All samples after melting show an increase in the intensity of (4, 0, -2) peak of B-phase compare
with calculated from ideal B-type structure. This variation is not related to the complex composition
of the studied sample since we observed a similar effect in pure Sm20s (Figure S10 in Supplementary
Materials) and it is likely due to twinning [72].

3.4. Temperatures and enthalpies of phase transformations from DTA experiments

Thermal analysis was performed on laser melted samples to enable sealing W crucibles; thus,
the initial structure for all samples was B-type. The transition temperatures detected in the samples
by differential thermal analysis are plotted in Figure 1, data are summarized in Table 4.
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On heating to 2400 °C, three reversible heat effects were observed in all samples, which were
assigned to B-A, A-H, and H-X phase transformations (Figure 511). Enthalpies of transformations
obtained from endothermic peaks on heating and exothermic peaks on cooling were generally
consistent and were averaged to obtain the values listed in Table 4. The range of undercooling
increased with transition temperature, with maximum observed values 14, 43, and 63 °C for B-A,
A-H, and H-X transformations, respectively. For the A-H transition, the width of DTA peaks on
heating in studied samples was similar to that observed for pure Nd2Os at the same heating rate [59].
However, the peaks corresponding to B-A and H-X transformations were substantially wider than
those for A-H in HE compositions and for H-X in pure Y203 and Nd20s (e.g. 4144 °C for H-X
transition in HE samples vs. 12 °C for pure Nd20s).

Temperatures and enthalpies of transitions increased with decreasing average ionic radius, from
HE-Nd to HE-Gd to HE-Y, consistent with the trend among pure rare earth sesquioxides. The
exception was the enthalpy of B-A transition in HE-Y sample, which, although the same within
calculated uncertainties, appeared ~2 kJ/mol smaller than that for B-A transition in HE-Gd sample.
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Figure 3. (A) The schematic of differential thermal analyzer and samples placement. (B) Heat flow
trace (no baseline subtraction), showing heat effects on heating from HE-Nd
((Lao20Smo20Dyo.21Ero20Ndo19)20s) and Y203 samples. Endothermic B-A-H-X-Liquid transformations
for HE-Nd are labeled in black. Endothermic C-H-Liquid transformations for Y20: are labeled in red.
The assignment of the exothermic direction of the heat flow signal for HE-Nd and Y20s is opposite
due to the placement of the samples. Melting temperatures for Y203 and HE-Nd are marked on the
temperature trace. Y203 melting point (2439 °C) was used for calibration.

Table 4. Results of thermal analysis of (Lao20Smo20Dyo21Ero20Ndo19)20s (HE-Nd),
(Lao19Smo21Dyo.21Ero20Gdo19)20s (HE-Gd), and (Lao.1s8Smo20Dyo.18Er0.18Y0.26)20s (HE-Y) samples

HE-Nd HE-Gd HE-Y
Ts-a °C 1916 £ 9 (5)* 1957 + 5 (4) 1975 + 13 (4)
AHsa J/g 57 + 3 (10) 56+ 7 (8) 56+ 8 (8)
AHs-a kJ/mol 19.8+1.0 203+27 18.0+2.7
ASg-a J/mol/K 9.0£0.1 9.1£0.1 8.0+02
Tat °C 2125 £ 3 (5) 2180 + 2 (4) 2199 + 4 (6)
AHan]/g 22 + 3 (10) 23+1(7) 28+1(9)
AHa1 kJ/mol 7.7+0.9 83+05 92+0.3
ASa J/mol/K 3.20.1 3401 3.7+0.1
Thx °C 2202 + 4 (2) 2235+ 5 (2) 2254 + 8 (4)
AHuxJ/g 79+ 1(2) 85+23 (3) 126 + 7 (4)
AHnx kJ/mol 278402 30.6+8.3 40.6 +2.4

ASH-x J/mol/K 11.2+0.1 122+04 16.1+0.1
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Tm °C 2456 + 12
*The uncertainties are reported as two standard deviations of the mean with the number of
experiments given in parentheses.

Transition entropies were calculated from AusS = AuwsH/T, where T is the temperature in Kelvin
at the transition onset on heating. Entropies of transitions are nearly constant between compositions,
with average values ~9 J/mol/K for B-A transformation; ~3.4 J/mol/K for A-H transformation, and
~11.5 J/mol/K for H-X transformation, except for ~16 J/mol/K value for H-X transformation of HE-Y
at 2254 °C. This deviation might be related to the fact that pure Y203 does not undergo H-X
transformation.

During DTA experiments above 2300 °C, failure of the sensor is frequent, and the maximum
achievable temperature is limited by magnitude and direction of temperature drift of the control WRe
thermocouple. For calibration of the DTA thermocouple in this temperature range, pure Y203 (Tm
2439 + 12 °C) [73] was used as a standard. All studied compositions were heated to temperatures
above 2450 °C; however, the peak corresponding to melting onset was registered only for HE-Nd
sample at temperature 17 °C above the melting point of Y20s (Figure 3). Due to significant
uncertainties in baseline choice and sensitivity calibration at this range, the enthalpy and entropy of
fusion were not evaluated.

3.5. Volume changes and thermal expansion from high temperature XRD

In diffraction experiments on levitated samples, powder-like diffraction patterns are obtained
by ensuring the rotation of the solid sample in the gas flow [53,54,58]. When sample spheroids are
prepared by melt solidification, as in this study, the exact shape of each bead depends on the surface
tension of the particular composition, volume change on melting, and stochastic nature of nucleation.
Due to these variations and crystal growth at high temperature, the rotation does not always produce
the required random orientation of crystallites. In some cases, data are amenable to structure
refinement [32,52]; however, in the present study, variations in intensities only allowed unambiguous
identification of B - A and H - X transformations and refinement of the unit cell parameters of
corresponding phases.
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Figure 4. (A) Calculated X-ray diffraction patterns for different structure types for (La, Sm, Dy, Er,
Nd)203 composition and instrument parameters corresponding to the experimental condition (A =
0.1236 A). Note the similarity of diffraction patterns for A and H structures. (B) GSAS-II contour plot
of experimental diffraction patterns collected at 1800-2200 °C on laser heated HE-Nd bead. See
Figures S11 and S12 for refinement plots.
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The A-H transformation shows well pronounced peaks in DTA measurements (Figure S11);
however, the diffraction patterns of A and H phases are very similar (Figure 4). In our experiments,
the data quality did not allow us to unambiguously identify the A-H transition from diffraction on
levitated samples. Volume changes on B-A and H-X transformations were calculated from unit cell
parameters at phase transformation temperatures. The data are presented in Table 5, and examples
of refinements are included in supplementary materials (Figures S12, 513). Both transitions are
accompanied by volume contraction. The volume change on B-A transition was refined for all
samples and found to be -2.5 + 0.1 % for HE-Nd and HE-Gd and -3.1 + 0.1 % for HE-Y (Table 5).

Thermal expansion of the B-type phase from room temperature to the B-A transition was
calculated from room temperature cell parameters of annealed samples (Table 3) and cell parameters
at the transition temperature (Table 5). The thermal expansion is anisotropic and similar for all three
compositions. The smallest expansion is observed in a parameter (7.8 + 0.7) -10¢/K, linear thermal
expansion coefficients along b and ¢ directions are (1.6 +0.2) -105/K and (1.2 +0.5) -10-%/K, respectively.
The average volume thermal expansion coefficient for all studied compositions in the B-type
structure is (3.5 £ 0.2) -10-5/K.

Table 5. High temperature unit cell parameters and volume changes on B-A and H-X
transformation in HE samples from synchrotron diffraction on laser heated levitated samples

Structure/Sample HE-Nd HE-Gd HE-Y
Te (DTA) Ts-a, °C 1916 +9 1957 +5 1975 +13
a A 14.433(8) 14.403(5) 14.367(7)
B-type b, A 3.711(1) 3.697(1) 3.674(1)
monoclinic ¢ A 9.026(5) 8.987(2) 8.965(3)
C2/m, Z=6 B,° 101.35(2) 101.18(1) 101.09(2)
V, A%z 79.0(2) 78.2(1) 77.4(1)
A-type a, A 3.885(1) 3.874(1) 3.864(1)
trigonal ¢, A 6.199(1) 6.175(2) 6.171(1)
P-3ml, Z=1 V, A%z 81.03(2) 80.24(2) 79.78(1)
AV (B>A), % 2.5+0.1 -2.5+0.1 -3.1+0.1
Te (DTA) Tux, °C 2202 +4 2235 +5 2254 +8
a A 3.898(1 3.869(1
H-type ¢ A 6.21651; 6.1688
P 63/mmc, Z=1
V, A%z 81.81(1) 79.96(1)
X-type a A 4.324(1) 4.2989(1)
Im-3m, Z=1 V, Az 80.85(2) 79.44(1)
AV (H>X), % -1.2+0.1 0.6 +0.1

Due to the narrow temperature range of stability of A and H phases, the accurate calculation of
thermal expansion is not possible. For HE-Nd sample, the average volume thermal expansion of A
and H phases appears to be similar to that for the B phase, but for HE-Y an increase in thermal
expansion is observed. The volume change on H-X transformation was refined for HE-Nd and HE-Y
compositions as -1.2 + 0.1 % and -0.6 = 0.1 %, respectively.

4. Discussion
4.1. Experiment vs. Calphad Predictions

The Calphad approach is used widely in the high entropy alloys and ceramics field [74-76].
Senkov et al. demonstrated [74] that for high entropy alloys, Calphad computations of type and
number of phases agreed well with experimental results only when more than half of binary systems
were fully assessed; however, even when there are enough data on binary and ternary systems,
Calphad predictions of transformation temperatures, phase compositions and fractions are
challenging. Compared with metals, the databases for oxides are much more limited, especially for
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the temperature range addressed in this study. Nevertheless, it is instructive to compare our
experimental results with Calphad predictions.

We used an open-access database created by Zinkevich [67]. It is based on his 2007 assessments
of thermodynamic properties of pure rare earth sesquioxides from room temperature to the melting
point. This database is often used as a starting point for the creation of new thermodynamic
assessments for systems with rare earth oxides [77,78]. Without any modifications, the database
allows modeling of phase equilibria using the ideal solution model (which assumes zero enthalpies
of mixing and the largest configurational entropy gains). A set of interaction parameters for the
regular solution model (which accounts for mixing enthalpies) are included in the Zinkevich review
[67], but they are based on a limited number of selected binary systems, not included in the database
[70] and were not used in the present study. The phase fractions as a function of temperature from
Calphad modeling are shown in Figure 514.

4.1.1. C-B Transition

After calcination at 800 °C, C-type was a major phase in all compositions and was the only phase
detected in the HE-Y sample (Table 2). Calphad computations correctly predicted the formation of
the C-type single phase solid solution in HE-Y and as a major phase in HE-Gd and HE-Nd. After
annealing at 1100 °C, a single phase C-type solid solution was retained in the HE-Y sample, B-type
solid solution became a major phase in He-Gd sample He-Nd completely transformed to B-type
structure. The results for HE-Nd and HE-Gd are consistent with Calphad predictions; however, in
HE-Y the B-type phase was predicted to appear but was not observed experimentally.

Laser melting and splat quenching produced B-type solid solutions in all samples. Calphad
calculations predicted B-type single-phase field for all compositions, with low temperature boundary
shifting from 900 to 1400 °C with decreasing average ionic radius of RE from HE-Nd to HE-Y. Heating
and cooling of laser melted samples in DTA and two months annealing at 800 °C did not reverse
transformation. The B-C transformation below 1000 °C is known to be kinetically hindered in pure
oxides as well [79]; thus, retaining the B phase in our experiments does not indicate slower diffusion
in multicomponent compositions.

4.1.2. B-A-H-X Transitions

Calphad calculations correctly predicted B-A transformation in HE-Nd and HE-Gd samples.
DTA experiments indicated that transformation proceeds over a 40-70 °C range; however, from
Calphad computations, B-A transformation proceeds over a temperature range of several hundred
degrees with a change in the fractions and compositions of phases at equilibrium. For HE-Y
composition, B-type was predicted to transform directly to the H phase over a narrow biphase region.
In contrast, experimental results indicate the B-A transformation in all samples. In agreement with
experiment, the formation of single phase solid solutions in H and X structure types was predicted
for all compositions. H-X transformation was predicted to proceed over an indistinguishably narrow
temperature range, with effectively congruent melting at circa ~2400 °C. The narrow biphasic regions
on H-X transition and congruent melting from Calphad modeling is consistent with single peaks in
DTA.

4.1.3. Biphasic Fields

In a five-component system at constant pressure and temperature, the phase rule allows for up
to six phases. In experiments, we never observed more than two phases at any temperature. Calphad
modeling showed mostly single-phase or biphasic fields and very narrow temperature ranges of
three-phase co-existence (A, B, C and B, A, H). The absence of large biphasic fields for the B-A
transformation from DTA measurements compared with Calphad computations might be attributed
to not reaching equilibrium in scanning experiments below 2000 °C. However, the very narrow
temperature ranges for H-X transformation and melting are predicted from Calphad and observed
in DTA and are likely to be real. In experimental binary phase diagrams of rare earth oxides, the
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biphasic fields on melting and high temperature transformations are usually not resolved and often
added as suggested dotted lines with expectation for them to occur [33,80,81]. Calphad modeling
indicates that biphasic fields on A-H-X-L transitions in most binary rare earth oxide systems are often
extremely small (~20 °C or less) [67].

It is tempting to assume that observed shrinkage of two-phase fields is the effect of the entropy.
Indeed, in many phase diagram, multiphase fields usually shrink with temperature as solid solution
and melt ranges increase. However, that is not always the case. For example, the liquidus loop in the
Os-Re system at 3100 °C is as wide as in Cu-Ni system at 1300 °C and shows 20 at% difference in
composition between solid and liquid phases. The narrow two-phase fields for high temperature
phase transformations and melting are peculiar to intra-rare earth systems. It was demonstrated in
rare earth metal binaries, which melt below 1600 °C and studied more extensively and with higher
accuracy than oxide systems [82,83]. Apparent congruent melting across intra-rare earth binaries was
discussed in detail by Okatomo and Massalski [83]. Spedding et al. [84] concluded the study of Er-Y
and Tb, Dy, Ho, Er binaries with the statement "the isothermal arrests observed for the melting and
transformation temperatures show that there is no appreciable enrichment of one component over
the other during these processes, which is what would be expected from the general experience
encountered in trying to separate rare earths."

4.2. Thermal Expansion and Volume Change on Mixing

A peculiar feature of rare earth oxides is the negative volume change on temperature-induced
C-B, B-A, and H-X transformations. In this work, volumes of C-type and B-type solid solutions at
room temperature were obtained from the analysis of quenched samples, and volumes of B, A, H,
and X-type solid solutions were obtained at temperatures of B-A and H-X transitions. This allowed
calculation of volume changes on C-B transformation at room temperature, and for B-A and H-X
transformation at transition temperatures. Axial thermal expansion of the monoclinic B-type phase
was derived from unit cell parameters measured at B-A transition and on samples quenched to room
temperature. In the sections below, we compare the behavior of high entropy compositions with pure
oxides.

4.2.1. Volume Change on C-B Transition

All rare earth sesquioxides can be obtained in their ground-state C-type structure at room
temperature. The B-type structure is both a high pressure and a high temperature phase for
sesquioxides from Sm to Ho, and high pressure phase for sesquioxides from Er to Lu, Y and Sc [85-
88]. In Figure 5, volumes of C and B phases for samples studied in this work are plotted vs. average
ionic radius together with volumes of pure sesquioxides. The volumes of B-type phase in HE samples
show no deviation from the trend. For C-type solid solution, only HE-Y sample was obtained as
single-phase (in HE-Nd and HE-Gd samples C-type phase coexisted with B-type phase).
Nevertheless, the volumes of C-type phase in HE samples show good agreement with the trend.
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Figure 5. Volumes of C and B phases (a) at room temperature and H and X phases (b) at transition temperature
in pure oxides [30,67] compared with (Lao2Smo2Dyo2Ero2REo2)20s HE-RE compositions studied in this work,
where RE - Nd, Gd, or Y, plotted vs. average ionic radius.

The volume contraction on C-B transition in HE samples (~8 %, Table 2) is indistinguishable
from those in constituent oxides, and the B-type phase is both high temperature and high pressure
phase for studied compositions. This comparison gives no indication of strong deviations from ideal
mixing in the solid solution in the B-type structure. For ideal solid solutions, Gibbs energy of mixing
does not depend on pressure and there is no excess volume of mixing. For equiatomic compositions
studied in this work, the volume of an ideal solid solution is an average of corresponding volumes of
constituent oxides, thus they would follow the trend of volume change vs. average ionic radius.

4.2.2. Thermal Expansion of B-type Solid Solutions

Taylor [89] reviewed thermal expansion data for pure rare earth sesquioxides and found no data
on axial expansion for B-type phases. Ploetz et al. [90] studied the linear expansion of B-type Gd, Eu,
and Sm sesquioxides by interferometry and reported the values (10.0-10.8) -10¢ /K for 30 to 850 °C
range. Since the Ploetz et al. measurements were performed on polycrystalline samples, volumetric
thermal expansion can be estimated as three times the linear expansion and corresponds to (3.0 -
3.2)-10%/K. These values are in good agreement with average volume thermal expansion for
multicomponent rare earth oxides measured in this work: (3.5 + 0.2) -10%/K from room temperature
to the B-A transformation temperatures (1916-1975 °C).

4.2.3. Volume changes on B-A and H-X Transformations

The volume change on B - A transformation was refined for HE-Nd and HE-Gd samples as -2.5 +
0.1 % and for HE-Y sample as -3.1 + 0.1 %. The volume change on H-X transformation was refined
for He-Nd and HE-Y samples as -1.2 + 0.1 and -0.6 = 0.1 %, respectively. Since A, H, and X phases
were not quenchable in these compositions, our values were determined from diffraction
experiments at the respective transition temperatures. The volume change on B-A and H-X
transformation reported for pure oxides are about -2 % and -0.5 %, respectively [30,67]. Thus, within
the resolution of the data, we do not observe any anomalies in volume change on B-A, and H-X
transformation in the studied solid solutions compared with pure oxides.

4.2.4. Volumes of H-type Solid Solution vs. Pure Oxides

In Figure 5, the volumes of the H-type phase for HE-Nd and HE-Y are overlayed with values
reported by Foex and Traverse [30] for pure oxides. Foex and Traverse's values correspond to the
temperatures from 2120 °C for La20s to 2330 °C for Ho20s and Y20s. The volume for the H phase for
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Sm20s and Gd20s refers to the temperatures 2200 °C and 2250 °C, respectively. Our data on the
volume of H phase in HE-Nd and He-Gd from diffraction on levitated samples were assigned to
temperatures 2202 + 4 °C and 2254 + 8 °C based on co-existence with X-type phase (Table 5) and DTA
results. Thus we can compare volumes of solid solutions vs. pure oxides at a simila r temperature.
The observed agreement in volume is within 2 %. In contrast with the calculation of volume change
on transition in coexisting phases, XRD measurement of the absolute values for the volumes at high
temperature are affected by sample shift and temperature calibration. Thus, within the resolution of
the data, we do not observe deviations from ideal volumetric mixing in the H-type solid solution for
studied compositions.

4.3. Increase of Melting Temperature in HE-RE

The measured melting temperature for HE-Nd is 2456 + 12 °C. The error is assigned based on
uncertainty in melting temperature of Y20s used for calibration, 2439 + 12 °C [73]. If the solid solution
were to melt congruently, one might estimate, to a very crude first approximation, its melting point
as a weighted average of the endmember melting points [91], namely 2357 + 16 °C. The uncertainties
assigned to melting points of constituent oxides in HE-Nd (La,Sm,Dy,Er,Nd)20s composition are
similar to Y203 (£ 15 vs. + 12 °C), however, Y203 melting temperature was established from
independent measurements in ten laboratories [73], while values for Dy20s and Er20s are based on
results of one group and regarded only as "probable"” [91].

This observation of apparent increase of melting temperature compare with constituent oxides
may be attributed to a combination of kinetic and thermodynamic factors. If the observed behavior
does represent equilibrium, then the solidus-liquidus relations must be strongly perturbed by
nonideal mixing behavior in the solid, liquid, or both.

To raise the melting temperature, nonideality must favor the solid over the liquid. This can occur
by one or both of the following: negative deviations from ideality in the solid phase or positive
deviations in the liquid phase. Negative deviations in the solid solution are generally associated with
local ordering, hinting at a tendency toward compound formation, and resulting in negative heats of
mixing. The volumetric behavior described above shows no evidence for ordering, but volume is not
necessarily a good proxy for energetics. The other possibility is strongly positive deviations from
ideal mixing in the molten oxides, leading, in the extreme, to liquid-liquid phase separation. We know
very little about the structure and thermodynamics of molten binary or multicomponent rare earth
oxide systems, except for a recent report from Nakanishi and Allanore [92] on non-ideal mixing in
La203-Y203 melt, so this possible scenario cannot be assessed at present.

Increase in melting temperature in multicomponent systems compared with end members is not
common in oxides, however, it is known to occur, most notably on the ZrO»-rich side of binaries with
Dy-Yb and Y sesquioxides, where melting temperature increase over 100 °C compared with pure
ZrO2 for the solid solution with 25 mol.% of Yb20s [93]. This almost certainly relates to the formation
of favorable short range order and defect clustering involving tetravalent and trivalent ions and
oxygen vacancies. Such short range order probably is less important in the trivalent oxide systems
studied here. In our system, it is probable that the melting temperature increase should be manifested
at least in one of the related binary systems. No increase in melting temperatures was reported in
studied binaries with La20s [33,94,95]. Sm, Dy, and Er are a common constituent in all HE
compositions studied in this work. The study of liquidus in the binary systems, currently unknown,
is needed to further identify the extent and source of the increase of melting temperatures observed
in HE-RE compositions.

5. Conclusions

In this work, we studied three five-component compositions of trivalent rare earth sesquioxides:
(La,Sm,Dy,Er,RE)20s, with all oxides in equimolar ratios and RE either Nd or Gd or Y. All studied
compositions demonstrated a C-B-A-H-X transformation sequence into structure types typical for
rare earth sesquioxides. Monoclinic B-type phase was obtained in all compositions by laser melting
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and splat quenching and was retained after prolonged annealing at 800 °C. The experimentally
observed phases are in good agreement with Calphad calculations performed using thermodynamic
data for pure sesquioxides and the ideal solution model.

Compared with constituent oxides, A-type and X-type phases occur at wider temperature ranges
in studied compositions. The measured room temperature volumes of C and B phases and volume
changes on C-B, B-A, and H-X transitions are in good agreement with those predicted from
constituent oxides. No anomalies in thermal expansion of B-type solid solution and in volumes of
H-type phases were detected. The obtained data on temperatures, enthalpies, and entropies of
transitions can be used for benchmarking the next generation of thermodynamic databases for rare
earth oxides. The observed increase in melting temperature compared with constituent oxides invites
experimental and theoretical investigations of binaries Sm205-Dy20s, Dy20s-Er20s, Er20s-5Sm20s
systems for which no data on melting temperatures are available.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: The flow
chart of performed experiments, Figure S2: Aerodynamic levitator with splittable nozzle and copper plates for
splat quenching. Figure S3: Integration of area detector diffraction images of aerodynamically levitated bead,
Figures S4-56: Back-scattered electron micrograph of the laser-melted samples, Figure S7: Room-temperature X-
ray diffraction patterns of HE-Y, HE-Gd and HE-Nd samples from solution combustion synthesis, Figure S8:
Rietveld refinement plot of HE-Nd sample after calcination in air at 800 °C for 96 h, Figure S9: Rietveld
refinement plot of HE-Nd sample after splat quenching from melt, Figure S10: Room-temperature powder XRD
patterns on Sm20s sample after annealing at 800 °C and after laser melting, Figure S11: Heat flow trace vs. sample
temperature for HE-Gd sample, Figure S12: Pawley refinement of unit cell parameters for B and A phases of HE-
Gd sample at transition temperature, Figure S13: Pawley refinement of unit cell parameters for H and X phases
of HE-Y sample at transition temperature, Figure S14: Calphad modeling of phase fractions in HE-Y, HE-Gd and
HE-Nd samples.

Author Contributions: Conceptualization, S.V.U, S.H. and A.N.; samples synthesis and characterization, S.H.
and S.V.U.; thermal analysis S.V.U; Calphad computations, W.G.; writing—original draft preparation, S.V.U.
and S.H.; writing —review and editing, W.G. and A.N.; visualization, S.V.U and S.H.

Funding: This research was funded by National Science Foundation under the award NSF-DMR 1835848
(changed to NSF-DMR 2015852 on funding moved from UC Davis to ASU). Use of the Advanced Photon Source
(APS, beamline 6-IDD), an Office of Science User Facility operated for the DOE Office of Science by Argonne
National Laboratory, was supported by the DOE under Contract No. DEACO2-06CH11357.

Acknowledgments: The authors gratefully acknowledge Matvei Zinkevich, Maren Lepple and Vladislav
Gurzhiy for helpful discussions. The high temperature diffraction experiments would not be possible without
Chris Benmore and Richard Weber ensuring operation and upgrades of aerodynamic levitator at beamline
6-ID-D at APS. Microprobe analysis was performed by Nicolas Botto.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yeh, J.-W.; Chen, S.-K,; Lin, S.-J.; Gan, J.-Y.; Chin, T.-S.; Shun, T.-T.; Tsau, C.-H.; Chang, S.-Y.
Nanostructured High-Entropy Alloys with Multiple Principal Elements: Novel Alloy Design Concepts
and Outcomes. Advanced Engineering Materials 2004, 6, 299-303, d0i:10.1002/adem.200300567.

2. Miracle, D.B.; Senkov, O.N. A critical review of high entropy alloys and related concepts. Acta Materialia
2017, 122, 448-511, doi:10.1016/j.actamat.2016.08.081.
3. Yeh, J.-W.; Lin, S.-J.; Chin, T.-S.; Gan, J.-Y.; Chen, S.-K.; Shun, T.-T.; Tsau, C.-H.; Chou, S.-Y. Formation

of simple crystal structures in Cu-Co-Ni-Cr-Al-Fe-Ti-V alloys with multiprincipal metallic elements.
Metallurgical and Materials Transactions A 2004, 35, 2533-2536, d0i:10.1007/s11661-006-0234-4.

4. Castle, E.; Csanadi, T.; Grasso, S.; Dusza, J.; Reece, M. Processing and Properties of High-Entropy Ultra-
High Temperature Carbides. Sci. Rep. 2018, 8, 1-12, d0i:10.1038/s41598-018-26827-1.



Materials 2019, 12, x FOR PEER REVIEW 16 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Feng, L.; Fahrenholtz, W.G.; Hilmas, G.E.; Zhou, Y. Synthesis of single-phase high-entropy carbide
powders. Scripta Materialia 2019, 162, 90-93, doi:10.1016/j.scriptamat.2018.10.049.

Gild, J.; Zhang, Y.; Harrington, T.; Jiang, S.; Hu, T.; Quinn, M.C.; Mellor, W.M.; Zhou, N.; Vecchio, K,;
Luo, J. High-Entropy Metal Diborides: A New Class of High-Entropy Materials and a New Type of
Ultrahigh Temperature Ceramics. 2016, 6, 37946, doi:10.1038/srep37946.

Tallarita, G.; Licheri, R.; Garronj, S.; Orry, R.; Cao, G. Novel processing route for the fabrication of bulk
high-entropy metal diborides. Scripta Materialia 2019, 158, 100-104, d0i:10.1016/j.scriptamat.2018.08.039.
Liu, D.; Wen, T.; Ye, B.; Chu, Y. Synthesis of superfine high-entropy metal diboride powders. Scripta
Materialia 2019, 167, 110-114, doi:10.1016/j.scriptamat.2019.03.038.

Rak, Z.; Maria, J.P.; Brenner, D.W. Evidence for Jahn-Teller compression in the (Mg, Co, Ni, Cu, Zn)O
entropy-stabilized oxide: A  DFT study. Materials  Letters 2018, 217,  300-303,
doi:10.1016/j.matlet.2018.01.111.

Rost, C.M.; Sachet, E.; Borman, T.; Moballegh, A.; Dickey, E.C.; Hou, D.; Jones, J.L.; Curtarolo, S.; Maria,
J.-P. Entropy-stabilized oxides. 2015, 6, 8485, doi:10.1038/ncomms9485.

Djenadic, R.; Sarkar, A.; Clemens, O.; Loho, C.; Botros, M.; Chakravadhanula, V.S.K.; Kiibel, C,;
Bhattacharya, S.S.; Gandhi, A.S.; Hahn, H. Multicomponent equiatomic rare earth oxides. Materials
Research Letters 2017, 5, 102-109, doi:10.1080/21663831.2016.1220433.

Chen, K,; Pei, X,; Tang, L.; Cheng, H.; Li, Z.; Li, C.; Zhang, X.,; An, L. A five-component entropy-
stabilized fluorite oxide. Journal of the European Ceramic Society 2018, 38, 4161-4164,
doi:10.1016/j.jeurceramsoc.2018.04.063.

Gild, J.; Samiee, M.; Braun, J.L.; Harrington, T.; Vega, H.; Hopkins, P.E.; Vecchio, K.; Luo, J. High-
entropy fluorite oxides. Journal of the European Ceramic Society 2018, 38, 3578-3584,
doi:10.1016/j.jeurceramsoc.2018.04.010.

Jiang, S.; Hu, T.; Gild, J.; Zhou, N.; Nie, J.; Qin, M.; Harrington, T.; Vecchio, K.; Luo, J. A new class of
high-entropy perovskite oxides. Scripta Materialia 2018, 142, 116-120,
doi:10.1016/j.scriptamat.2017.08.040.

Sarkar, A.; Wang, Q.; Schiele, A.; Chellali, M.R.; Wang, D.; Brezesinski, T.; Hahn, H.; Velasco, L.;
Breitung, B.; Sarkar, A., et al. High-Entropy Oxides: Fundamental Aspects and Electrochemical
Properties. Adv Mater 2019, 31, e1806236, doi:10.1002/adma.201806236.

Breitung, B.; Wang, Q.; Schiele, A.; Tripkovic, D.; Sarkar, A.; Velasco, L.; Wang, D.; Bhattacharya, S.S.;

Hahn, H.; Brezesinski, T. Gassing Behavior of High-Entropy Oxide Anode and Oxyfluoride Cathode
Probed Using Differential Electrochemical Mass Spectrometry. Batteries Supercaps 2020, 3, 361-369,
doi:10.1002/batt.202000010.

Wang, Q.; Sarkar, A; Li, Z; Lu, Y.; Velasco, L.; Bhattacharya, S.S.; Brezesinski, T.; Hahn, H.; Breitung,
B. High entropy oxides as anode material for Li-ion battery applications: A practical approach.
Electrochem. Commun. 2019, 100, 121-125, d0i:10.1016/j.elecom.2019.02.001.

Sarkar, A.; Velasco, L.; Wang, D.; Wang, Q.; Talasila, G.; de Biasi, L.; Kuebel, C.; Brezesinski, T.;
Bhattacharya, S.S.; Hahn, H., et al. High entropy oxides for reversible energy storage. Nat. Commun.
2018, 9, 1-9, doi:10.1038/s41467-018-05774-5.

Hume-Rothery, W.; Powell, HM. The theory of superlattice structure in alloys. Zeitschrift fiir
Kristallographie - Crystalline Materials 1935, 91, 23-47, doi:10.1524/zkri.1935.91.1.23.

Goldschmidt, V.M. Laws of crystal chemistry. Naturwissenschaften 1926, 14, 477-485.



Materials 2019, 12, x FOR PEER REVIEW 17 of 21

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Krivovichev, V.G.; Charykova, M.V.; Krivovichev, S.V. The concept of mineral systems and its
application to the study of mineral diversity and evolution. European Journal of Mineralogy 2018, 30, 219-
230, doi:10.1127/ejm/2018/0030-2699.

Tomilin, I.A.; Kaloshkin, S.D. ‘High entropy alloys’—‘semi-impossible’ regular solid solutions?
Materials Science and Technology 2015, 31, 1231-1234, doi:10.1179/1743284715Y.0000000028.
Goldschmidt, V.M.; Ulrich, F.; Barth, T. Geochemical distribution laws of the elements. IV. The crystal
structure of the oxides of the rare earth metals. Skrifter utgit av det norske Videnskap-Akademi i Oslo. (I)
Matem.-Naturvid. 1925, pp. 5-24.

Kennedy, B.].; Avdeev, M. The structure of B-type Sm20s. A powder neutron diffraction study using
enriched '%Sm. Solid State Sciences 2011, 13, 1701-1703, doi:10.1016/j.solidstatesciences.2011.06.020.
Glushkova, V.B.; Boganov, A.G. Polymorphism of rare-earth sesquioxides. Bulletin of the Academy of
Sciences of the USSR, Division of chemical science 1965, 14, 1101-1107, doi:10.1007/BF00847877.

Rustad, J.R. Density functional calculations of the enthalpies of formation of rare-earth
orthophosphates. American Mineralogist 2012, 97, 791-799, d0i:10.2138/am.2012.3948.

Guo, B.; Harvey, A.S.; Neil, J.; Kennedy, LM.; Navrotsky, A.; Risbud, S.H. Atmospheric pressure
synthesis of heavy rare earth sesquioxides nanoparticles of the uncommon monoclinic phase. J. Am.
Ceram. Soc. 2007, 90, 3683-3686, d0i:10.1111/j.1551-2916.2007.01961.x.

Gutowski, K.E.; Bridges, N.J.; Rogers, R.D. Actinide Structural Chemistry. In The Chemistry of the
Actinide and Transactinide Elements, Morss, L.R., Edelstein, N.M., Fuger, J., Eds. Springer Netherlands:
Dordrecht, 2011; 10.1007/978-94-007-0211-0_22pp. 2380-2523.

Foex, M.; Pierre Traverse, ]. Polymorphism of rare earth sesquioxides at high temperatures. Bull. Soc.
Fr. Mineral. Cristallogr. 1966, 89, 184-205.

Foex, M.; Traverse, ].P. Investigations about crystalline transformation in rare earths sesquioxides at
high temperatures. Rev. Int. Hautes Temp. Refract. 1966, 3, 429-453.

Aldebert, P.; Traverse, ].P. Neutron diffraction study of the high temperature structures of lanthanum
oxide and neodymium oxide. Mater. Res. Bull. 1979, 14, 303-323.

Pavlik, A.; Ushakov, S.V.; Navrotsky, A.; Benmore, C.J.; Weber, R.J.K. Structure and thermal expansion
of Luz0s and Yb20s up to the melting points. Journal of Nuclear Materials 2017, 495, 385-391,
doi:10.1016/j.jnucmat.2017.08.031.

Coutures, J.; Rouanet, A.; Verges, R.; Foex, M. High-temperature study of systems formed by
lanthanum sesquioxide and lanthanide sesquioxides. I. Phase diagrams (1400°C < T < T liquid). ]. Solid
State Chem. 1976, 17, 171-182.

Tracy, C.L.; Lang, M.; Zhang, F.; Trautmatm, C.; Ewing, R.C. Phase transformations in Ln20s materials
irradiated with swift heavy ions. Phys. Rev. B: Condens. Matter Mater. Phys. 2015, 92, 174101/174101-
174101/174114, doi:10.1103/PhysRevB.92.174101.

Schneider, S.J.; Roth, R.S. Phase equilibriums in system involving the rare earth oxides. II. Solid-state
reactions in trivalent rare earth oxide systems. J. Res. Natl. Bur. Stand., Sect. A 1960, A64, 317-332,
doi:10.6028/jres.064A.031.

Chudinovych, O.V.; Korichev, S.F.; Andrievskaya, E.R. Interaction of Yttrium, Lanthanum, and
Samarium Oxides at 1600°C. Powder Metallurgy and Metal Ceramics 2020, 58, 599-607, doi:10.1007/s11106-
020-00113-0.



Materials 2019, 12, x FOR PEER REVIEW 18 of 21

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Qi, J.; Guo, X.; Mielewczyk-Gryn, A.; Navrotsky, A. Formation enthalpies of LaLn’Os (Ln'=Ho, Er, Tm
and Yb) interlanthanide perovskites. Journal of Solid State Chemistry 2015, 227, 150-154,
doi:https://doi.org/10.1016/j.jssc.2015.03.026.

Artini, C.; Pani, M.; Lausi, A.; Costa, G.A. Stability of interlanthanide perovskites ABOs (A=La-Pr; B=Y,
Ho-Lu). Journal of Physics and Chemistry of Solids 2016, 91, 93-100, d0i:10.1016/j.jpcs.2015.12.014.

Artini, C. Crystal chemistry, stability and properties of interlanthanide perovskites: A review. Journal
of the European Ceramic Society 2017, 37, 427-440, doi:https://doi.org/10.1016/j.jeurceramsoc.2016.08.041.
Pavunny, S.P.; Kumar, A.; Misra, P.; Scott, ].F.; Katiyar, R.S. Properties of the new electronic device
material LaGdOs. Phys. Status Solidi B 2014, 251, 131-139, doi:10.1002/pssb.201470102.

Siai, A.; Haro-Gonzalez, P.; Horchani Naifer, K.; Ferid, M. Optical temperature sensing of Er®/Yb%"
doped LaGdOs based on fluorescence intensity ratio and lifetime thermometry. Optical Materials 2018,
76, 34-41, d0i:10.1016/j.optmat.2017.12.018.

Gutierrez-Cano, V.; Rodriguez, F.; Gonzalez, ]J.A.; Valiente, R. Upconversion and Optical
Nanothermometry in LaGdOs: Er®* Nanocrystals in the RT to 900 K Range. J. Phys. Chem. C 2019, 123,
29818-29828, doi:10.1021/acs.jpcc.9b06959.

Fagg, D.P.; Marozau, L.P.; Shaula, A.L.; Kharton, V.V.; Frade, ].R. Oxygen permeability, thermal
expansion and mixed conductivity of GdxCe0.8—xPr0.202-d, x=0, 0.15, 0.2. Journal of Solid State
Chemistry 2006, 179, 3347-3356, doi:https://doi.org/10.1016/j.jssc.2006.06.028.

Tseng, K.-P.; Yang, Q.; McCormack, S.J.; Kriven, W.M. High-entropy, phase-constrained, lanthanide
sesquioxide. Journal of the American Ceramic Society 2020, 103, 569-576, doi:10.1111/jace.16689.

Aldebert, P.; Dianoux, A.].; Traverse, ].P. Neutron scattering evidence for fast ionic oxygen diffusion in
the high temperature phases of lanthanum oxide. ]. Phys. (Orsay, Fr.) 1979, 40, 1005-1012,
doi:10.1051/jphys:0197900400100100500.

Erukhimovitch, V.; Mordekoviz, Y.; Hayun, S. Spectroscopic study of ordering in non-stoichiometric
magnesium aluminate spinel. 2015, 100, 1744, doi:https://doi.org/10.2138/am-2015-5266.

Ushakov, S.V.; Shvarev, A.; Alexeev, T.; Kapush, D.; Navrotsky, A. Drop-and-catch (DnC) calorimetry
using aerodynamic levitation and laser heating. Journal of the American Ceramic Society 2017, 100, 754-
760, doi:10.1111/jace.14594.

Toby, B.H.; Von Dreele, R.B. GSAS-II: the genesis of a modern open-source all purpose crystallography
software package. |. Appl. Crystallogr. 2013, 46, 544-549, doi:10.1107/50021889813003531.

Rietveld, H.M. The Rietveld method. Phys. Scr. 2014, 89, 098002/098001-098002/098006, 098006 pp.,
doi:10.1088/0031-8949/89/9/098002.

Weber, ]. K.R.; Tamalonis, A.; Benmore, C.J.; Alderman, O.L.G.; Sendelbach, S.; Hebden, A.; Williamson,
M.A. Aerodynamic levitator for in situ x-ray structure measurements on high temperature and molten
nuclear fuel materials. Review of Scientific Instruments 2016, 87, 073902,
doi:doi:http://dx.doi.org/10.1063/1.4955210.

Guazzoni, G.E. High-Temperature Spectral Emittance of Oxides of Erbium, Samarium, Neodymium
and Ytterbium. Applied Spectroscopy 1972, 26, 60-65, doi:10.1366/000370272774352597.

Ushakov, S.V.; Navrotsky, A.; Weber, R.J.K.; Neuefeind, J.C. Structure and Thermal Expansion of YSZ
and La:Zr.07 Above 1500°C from Neutron Diffraction on Levitated Samples. Journal of the American
Ceramic Society 2015, 98, 3381-3388, doi:10.1111/jace.13767.

Ushakov, S.V.; Maram, P.S.; Kapush, D.; Pavlik, A]., II; Fyhrie, M.; Gallington, L.C.; Benmore, C.J;
Weber, R.; Neuefeind, J.C.; McMurray, J.W., et al. Phase transformations in oxides above 2000°C:



Materials 2019, 12, x FOR PEER REVIEW 19 of 21

experimental  technique  development.  Adv.  Appl.  Ceram. 2018, 117,  s82-s89,
doi:10.1080/17436753.2018.1516267.

54. McCormack, S.J.; Tamalonis, A.; Weber, RJK,; Kriven, W.M. Temperature gradients for
thermophysical and thermochemical property measurements to 3000 °C for an aerodynamically
levitated spheroid. Review of Scientific Instruments 2019, 90, 015109, doi:10.1063/1.5055738.

55. Toby, B.H. Estimating observed structure factors without a structure. In International Tables for
Crystallography, Gilmore, C.J., Kaduk, J.A., Schenk, H., Eds. International Union of Crystallography
Oxford University Press: Oxford, 2019; Vol. H, p. 468.

56. Boettinger, W.J.; Kattner, U.R.; Moon, K.-W.; Perepezko, ].J. DTA and Heat-flux DSC Measurements of
Alloy Melting and Freezing; National Institute of Standards and Technology: U.S. Government Printing
Office, Washington, DC, 2006.

57. Ushakov, S.V.; Navrotsky, A. Direct measurements of fusion and phase transition enthalpies in
lanthanum oxide. ]. Mater. Res. 2011, 26, 845-847, d0i:10.1557/jmr.2010.79.

58. Ushakov, S.V.; Navrotsky, A. Experimental approaches to the thermodynamics of ceramics above

1500°C. J. Am. Ceram. Soc. 2012, 95, 1463-1482, doi:10.1111/j.1551-2916.2012.05102.x.

59. Navrotsky, A.; Ushakov, S.V. Hot matters - experimental methods for high-temperature property
measurement. Am. Ceram. Soc. Bull. 2017, 96, 22-28.

60. Preston-Thomas, H. The International Temperature Scale of 1990 (ITS-90). Metrologia 1990, 27, 3-10,
doi:10.1088/0026-1394/27/1/002.

61. Schneider, S.J. Cooperative determination of the melting point of alumina. Pure Appl. Chem. 1970, 21,
115-122, doi:10.1351/pac197021010115.

62. Hlavac, ]J. Melting temperatures of refractory oxides. Part I. Pure Appl. Chem. 1982, 54, 681-688,
doi:10.1351/pac198254030681.

63. Kaufman, L.; Agren, J. CALPHAD, first and second generation — Birth of the materials genome. Scripta
Materialia 2014, 70, 3-6, d0i:10.1016/j.scriptamat.2012.12.003.

64. Lukas, H.L.; Fries, S.G.; Sundman, B. Computational thermodynamics: the CALPHAD method; Cambridge
University Press: Cambridge, 2007.

65. Sundman, B.; Kattner, U.R.; Palumbo, M.; Fries, S.G. OpenCalphad - a free thermodynamic software.
Integrating Materials and Manufacturing Innovation 2015, 4, 1, doi:10.1186/s40192-014-0029-1.

66. Pelton, A.D.; Kang, Y.-B. Modeling short-range ordering in solutions. Int. ]. Mater. Res. 2007, 98, 907-

917, doi:10.3139/146.101554.

67. Zinkevich, M. Thermodynamics of rare earth sesquioxides. Progress in Materials Science 2007, 52, 597-
647, doi:10.1016/j.pmatsci.2006.09.002.

68. Zhang, Y.; Jung, L.-H. Critical evaluation of thermodynamic properties of rare earth sesquioxides (RE =
La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Sc and Y). CALPHAD: Comput. Coupling
Phase Diagrams Thermochem. 2017, 58, 169-203, d0i:10.1016/j.calphad.2017.07.001.

69. Konings, R.J.M.; Benes, O.; Kovacs, A.; Manara, D.; Sedmidubsky, D.; Gorokhov, L.; Iorish, V.S,;
Yungman, V.; Shenyavskaya, E.; Osina, E. The Thermodynamic Properties of the f-Elements and their
Compounds. Part 2. The Lanthanide and Actinide Oxides. Journal of Physical and Chemical Reference Data
2014, 43, 013101, doi:10.1063/1.4825256.

70. Zinkevich, M. Thermodynamic database for rare earth sesquioxides Availabe online:

https://materialsdata.nist.gov/handle/11256/965 (accessed on 4/16/2020).



Materials 2019, 12, x FOR PEER REVIEW 20 of 21

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Shannon, R. Revised effective ionic radii and systematic studies of interatomic distances in halides and
chalcogenides. Acta Crystallographica Section A 1976, 32, 751-767, d0i:10.1107/S0567739476001551.
Eyring, L. Chapter 27 The binary rare earth oxides. In Handbook on the Physics and Chemistry of Rare
Earths, Elsevier: 1979; Vol. 3, pp. 337-399.

Foex, M. Study on yttrium oxide melting point. High Temp. - High Pressures 1977, 9, 269-282.

Senkov, O.N.; Miracle, D.B.; Chaput, K.J.; Couzinie, ].-P. Development and exploration of refractory
high entropy alloys—A review. Journal of Materials Research 2018, 33, 3092-3128,
doi:10.1557/jmr.2018.153.

Zhang, C.; Zhang, F.; Chen, S.; Cao, W. Computational Thermodynamics Aided High-Entropy Alloy
Design. JOM 2012, 64, 839-845, doi:10.1007/s11837-012-0365-6.

Zhong, Y.; Sabarou, H.; Yan, X.; Yang, M.; Gao, M.C; Liu, X.; Sisson, R.D., Jr. Exploration of high
entropy ceramics (HECs) with computational thermodynamics - A case study with LaMnO3+d. Mater.
Des. 2019, 182, 108060, d0i:10.1016/j.matdes.2019.108060.

Gong, W.; Liu, Y.; Xie, Y.; Zhao, Z.; Ushakov, S.V.; Navrotsky, A. Thermodynamic assessment of BaO-
Ln20s (Ln=La, Pr, Eu, Gd, Er) systems. Journal of the American Ceramic Society 2020, 103, 3896-3904,
doi:10.1111/jace.17060.

Gong, W.; Ushakov, S.V.; Agca, C.; Navrotsky, A. Thermochemistry of BaSm204 and thermodynamic
assessment of the BaO-Sm20s system. Journal of the American Ceramic Society 2018, 101, 5827-5835,
doi:10.1111/jace.15810.

Roth, R.S.S., S.J. Phase Equilibria in Systems Involving the Rare-Earth Oxides. Part I. Polymorphism
of the Oxides of the Trivalent Rare-Earth Ions. Journal of Research of the National Bureau of Standards - A.
Physics and Chemistry 1960, 64A, 309-316.

Rouanet, A.; Coutures, J.; Foex, M. High-temperature phase diagram of the lanthanum(IIl) oxide-
ytterbium(III) oxide system. J. Solid State Chem. 1972, 4, 219-222, doi:10.1016/0022-4596(72)90108-9.
Maister, I.M.; Lopato, L.M.; Shevchenko, A.V.; Nigmanov, B.S. Yttrium oxide-erbium oxide system. Izv.
Akad. Nauk SSSR, Neorg. Mater. 1984, 20, 446-448.

Norgren, S. Thermodynamic assessment of the Ho-Tb, Ho-Dy, Ho-Er, Er-Tb, and Er-Dy systems. .
Phase Equilib. 2000, 21, 148-156, doi:10.1361/105497100770340200.

Okamoto, H.; Massalski, T.B. Thermodynamically improbable phase diagrams. J. Phase Equilib. 1991,
12, 148-168, doi:10.1007/BF02645711.

Spedding, F.H.; Sanden, B.; Beaudry, B.J. Erbium-yttrium, terbium-holmium, terbium-erbium,
dysprosium-holmium, dysprosium-erbium, and holmium-erbium phase systems. |. Less-Common
Metals 1973, 31, 1-14, d0i:10.1016/0022-5088(73)90126-4.

Hoekstra, H.R. Phase relationships in the rare earth sesquioxides at high pressure. Inorg. Chem. 1966, 5,
754-757, d0i:10.1021/ic50039a013.

Bai, L.; Liu, J,; Li, X;; Jiang, S.; Xiao, W.; Li, Y.; Tang, L.; Zhang, Y.; Zhang, D. Pressure-induced phase
transformations in cubic Gd20s. ]J. Appl. Phys. 2009, 106, 073507/073501-073507/073504,
doi:10.1063/1.3236580.

Irshad, K.A.; Anees, P.; Sahoo, S.; Sanjay Kumar, N.R.; Srihari, V.; Kalavathi, S.; Chandra Shekar, N.V.
Pressure induced structural phase transition in rare earth sesquioxide Tm20s: Experiment and ab initio

calculations. J. Appl. Phys. 2018, 124, 155901/155901-155901/155908, d0i:10.1063/1.5049223.



Materials 2019, 12, x FOR PEER REVIEW 21 of 21

88.

89.

90.

91.

92.

93.

94.

95.

Liu, D.; Lei, W,; Li, Y.; Ma, Y; Hao, J.; Chen, X,; Jin, Y.; Liu, D.; Yu, S.; Cui, Q., et al. High-Pressure
Structural Transitions of Sc20s by X-ray Diffraction, Raman Spectra, and Ab Initio Calculations. Inorg.
Chem. 2009, 48, 8251-8256, doi:10.1021/ic900889v.

Taylor, D. Thermal expansion data: III. Sesquioxides, M20s, with the corundum and the A-, B- and C-
M:20s structures. British Ceramic Transactions and Journal 1984, 83, 92-98.

Ploetz, G.L.; Krystyniak, C.W.; Dumas, H.E. Sintering characteristics of rare-earth oxides. ]. Am. Ceram.
Soc. 1958, 41, 551-554, d0i:10.1111/j.1151-2916.1958.tb12914.x.

Coutures, J.P.; Rand, M.H. Melting temperatures of refractory oxides: Part II. Lanthanoid sesquioxides.
Pure Appl. Chem. 1989, 61, 1461-1482, d0i:10.1351/pac198961081461.

Nakanishi, B.R.; Allanore, A. Electrochemical Investigation of Molten Lanthanum-Yttrium Oxide for
Selective Liquid Rare-Earth Metal Extraction. Journal of The Electrochemical Society 2019, 166, E420-E428,
doi:10.1149/2.1141913jes.

Rouanet, A. Zirconium dioxide - lanthanide oxide systems close to the melting point. Rev. Int. Hautes
Temp. Refract. 1971, 8, 161-180.

Fabrichnaya, O.; Savinykh, G.; Zienert, T.; Schreiber, G.; Seifert, H.J. Phase relations in the ZrO2-Sm20s-
Y203-Al20s system: experimental investigation and thermodynamic modelling. Int. . Mater. Res. 2012,
103, 1469-1487, d0i:10.3139/146.110794.

Shevchenko, A.V.; Nigmanov, B.S.; Zajtseva, Z.A.; Lopato, L.M. Interaction of samarium and

gadolinium oxdes with yttrium oxides. Izv Akad Nauk SSSR, Neorg Mater 1986, 22, 775-779.

© 2020 by the authors. Submitted for possible open access publication under the terms
@ ® and conditions of the Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/).



