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Abstract
Multicomponent oxides have received significant recent attention due to their
potential for improved property tunability. In simple structures, composition-
ally complex oxides can be stabilized by increased configurational entropy
and are sometimes called “high entropy” ceramics. In phases with multiple
cation sublattices or complex stoichiometries, it is more difficult to achieve
high configurational entropy. However, there is limited knowledge about the
factors influencing stability and solubility limits in many systems. This study
investigated the limits on the stability of rare earth (RE) aluminates con-
taining mixtures of RE cations including Gd, La, Nd, Yb, and Y in cases
where (i) a fixed RE:Al ratio attempts to constrain the material into a single-
phase aluminate or (ii) a two-phase aluminate, and in equilibrium with RE
zirconates that readily dissolve multiple RE3+. The results show that it is dif-
ficult to form single-phase, equimolar mixed-RE aluminates encompassing a
range of RE3+ sizes. Instead, the RE3+ selectively partition into specific phases
based on RE-size trends in the constituent binary systems. The results are dis-
cussed in terms of the phase stability and cation partition trends and potential
applications.

KEYWORDS
aluminates, phase equilibria, phase separation, rare earths, zirconate

1 INTRODUCTION

The past decade has brought burgeoning interest in the dis-
covery, synthesis, and characterization of compositionally
complex oxides offering improved properties for a vari-
ety of functional and structural applications. The current
excitement about these ceramics, which feature multiple
cations mixed on individual crystal sublattices, grew from

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
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the results of Rost et al.1 showing that multication rock
salt solid solutions were stabilized by high configurational
entropy. Similar approaches have been applied to a variety
of oxide ceramic structures and composition ranges.2–7 In
some cases, the designs seek to use configurational entropy
to stabilize crystal structures that are unstable in lower-
order systems containing subsets of the same components.
In other cases, compositions are designed to tune the
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properties between end members or by leveraging the role
of disorder governing thermal ormass transport properties
without a particular focus on entropy.
There is an ongoing discussion about the role of entropy

in stabilizing these multicomponent materials, the best
metrics to quantify and compare configurational entropy
(Sconfig), and the appropriate naming conventions.4,8,9 This
debate stems in part from the varying degrees to which
chemical disorder can be achieved in diverse oxide crys-
tal structures. In one limit are structures such as rock salt
(MO, where M is a metal) and fluorite (MO2) that have
a single cation sublattice that can flexibly accommodate
a variety of cation substitutions. The ideal Sconfig for a
multisublattice structure (e.g., one for cations and one for
anions) can be calculated according to Eq. 1 for the frac-
tion fi of component i distributed randomly on the ax sites
of sublattice x, and the gas constant R.10
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Considering a notional compositionally complex oxide
comprising a random, equiatomic mixture of five metal
cations in MO or MO2, the ideal Sconfig are 0.8R and 0.54R
per mole of atoms, respectively. Due to the absence of dis-
order on the oxygen sublattice, these values are less than
an equivalent five-component metal alloy (Sconfig = 1.61R)
and do not meet the classic definition of “high entropy”
(Sconfig ≥ 1.61R), but still exhibit entropic stabilization in
some systems.2,3,9,11,12
In another limit are oxides with multiple distinct cation

sublattices that, due to cation size or charge constraints,
limit mixing between sublattices. One commonly studied
system is the perovskite family defined as ABO3, where
the A and B cations are coordinated by 12 and 6 oxygen,
respectively.11 Random mixing of five cations on either A
or B yields Sconfig = 0.32R. In another example, mixing
five cations on a single sublattice in the garnet system
(A3B2T3O12, where the A, B, and T cation sites are coor-
dinated by 8, 6, and 4 oxygen, respectively) yields Sconfig in
the range 0.16R to 0.24R depending on the sublattice with
the mixed cations. Families of compositionally complex
compounds in these structures, as well as other alumi-
nates, silicates, and zirconates, have also been synthesized
and characterized.6,12–18 While meeting a definition of
compositional complexity, these examples do not have
particularly “high entropy,” and thus have less capacity
for reducing the free energy by increasing configurational
entropy in the case of unfavorable enthalpy of mixing for
the components.
Despite the reduced role of entropy, interesting ques-

tions emerge about the thermodynamic stability of com-

positionally complex, multisublattice oxides. These ques-
tions, elaborated below, deal with the relative importance
of average versus individual ionic radii in determining sta-
bility and constraints imposed by the requirements to fill
multiple sublattices with appropriately sized cations. The
rare earth (RE) aluminates, which form multiple crystal
structures in the binary RE2O3-Al2O3 systems and have
varying degrees of accessible configurational entropy, pro-
vide a useful model system to explore these questions.
The relevant binary compounds are defined in the next
paragraph before the discussion of their compositionally
complex variants.
Figure 1 shows the general trends for the stability of the

four possible aluminate line compounds as a function of
the Shannon-Prewitt radii32,33 for the RE3+ with a coor-
dination number (CN) of 8. RE4Al2O9, which forms for
the smaller andmid-sized RE, exhibits a monoclinic struc-
ture at room temperature (and thus is typically abbreviated
“M”) and transforms to an orthorhombic polymorph at
high temperature.34,35 REAlO3 forms with perovskite-type
structures (P) for virtually all RE radii; distortions for
the cations smaller than Nd3+ lead to an orthorhombic
structure (o-perovskite, oP) while the larger RE form a
rhombohedral (trigonal) structure denoted r-perovskite or
rP.36,37 TheRE3Al5O12 stoichiometry crystallizes in the gar-
net (G) structure with Al filling the B and T sites. This
phase is stable for the smaller RE3+ and is also known
for persistent metastability for other stoichiometries.38–40
Finally, REAl11O18 is an alkali-earth deficient magneto-
plumbite (β-Al2O3) variant formed for the largest RE.41,42
Available experimental and calculated thermodynamic
data37,43 suggest that perovskite and monoclinic alumi-
nate stability increases and decreases, respectively, with
increasing RE size. G has the strongest size dependence on
Gibbs energy with the most negative formation enthalpy
for RE3+ radii near Y.
The stoichiometry and the nature of the cation sub-

lattices influence the achievable configurational entropy
in compositionally complex aluminates formed by mix-
ing different RE3+ with a fixed Al stoichiometry (Table 1).
This variation, combined with the size-dependent trends
in stability (Figure 1) and the need for specific RE:Al sto-
ichiometry to form each phase, prompts the following
questions related to the ability to form compositionally
complex aluminate solid solutions:

1. To what degree is the capability to form a composition-
ally complex, single-phase solid solution determined by
the range of cation sizes versus the average cation size?

2. Does fixing the availability of cations for one sublat-
tice (e.g., Al in aluminates) to match the stoichiometry
of a particular phase increase the likelihood of form-
ing a version of that phase with a compositionally
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1762 YU et al.

F IGURE 1 Stability ranges for RE aluminates, adapted from Ref. (19). The larger filled symbols indicate the single-RE aluminates
considered to be stable and open symbols indicate cases where conflicting reports suggest the phase has limited stability or is metastable. The
average (small symbols) and range (shaded bars) of RE3+ sizes for reported single phase, multi-RE monoclinic,20 perovskite,21–24 and
garnet25–31 aluminates are shown for comparison.

TABLE 1 Definition and characteristics of phases observed in this study.

Name Formula Abbreviation Space group 𝑺𝐢𝐝𝐞𝐚𝐥
𝐜𝐨𝐧𝐟 𝐢𝐠

∕𝑹*

Bixbyite (REO) (RE,Zr)O1.5+δ R, REO 𝐼𝑎3̄ **
Fluorite (Zr,RE)O2–δ F 𝐹𝑚3̄𝑚 **
Monoclinic RE4Al2O9 M P21/c 0.43
o-Perovskite REAlO3 oP Pnma 0.32
r-Perovskite REAlO3 rP 𝑅3̄𝑐 0.32
Garnet RE3Al5O12 G 𝐼𝑎3̄𝑑 0.24
Magnetoplumbite REAl11O18 MP P63/mmc 0.05

*Calculated per mole of atoms assuming random mixing of 5 RE elements on the site(s) containing RE.
**Sconfig depends on the Zr concentration and oxygen stoichiometry and falls in the range ∼0.6R to ∼0.85R.

complex second sublattice containing cations that do
not independently stabilize that phase? Furthermore,
would the ability to form that phase change if it were
in a multiphase field without the sublattice stoichiome-
try constraint? For instance, would defining a material
with a 5:3 RE:Al ratio (RE3Al5O12, matching the garnet
stoichiometry) and containing Yb3+ and Y3+, which do
form garnet, and Gd3+, Nd3+, and La3+, which do not
readily form garnet, favor forming a single-phase garnet
solid solution? If so, would increasing the RE:Al ratio to
fall between REAlO3 and RE3Al5O12, and thus presum-
ably form a two-phasemixture that distributes the large
RE3+ in perovskite and the small RE3+ in garnet, reduce
the incorporation of the large RE3+ in the garnet?

3. Does introducing a phase capable of dissolving a large
range of cations, thus serving as a “sink” for cations
rejected fromother phases, change the tendency to form
multicomponent solid solutions?

The behaviors are ultimately determined by
composition-dependent changes in the lattice stabil-
ity of each phase. Absent a complete thermodynamic

assessment of the relevant systems, initial insight is
gained by analyzing literature reports on the formation
of single-phase RE aluminates containing multiple RE
elements. These data, collected in Figure 1, show that
all reported multi-RE garnets25–31 have average RE radii
located near the center of the garnet stability range.
Additionally, except for select cases where a single RE3+
(either Gd3+ or Eu3+) from outside the stability range
is included, all the elements included in these multi-
RE garnets form garnet independently. Conversely, the
reports of multi-RE perovskites21–24 cover the entire range
of RE sizes, including one example where the single
phase covers the entire range from Lu to La, albeit as
a thin film.22 Likewise, the single report of a multi-RE
monoclinic phase20 includes a wide range of cation sizes
within the monoclinic stability range. One conclusion
is that the aluminates only incorporate RE3+ into a
solid solution if the RE will independently form a given
phase. However, most reports focus on examples where
single phases are formed, and there is presently limited
knowledge about the extent and limits of solid solution
formation.
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TABLE 2 Compositions of mixed aluminate materials studied (Gd:La:Nd:Yb:Y = 1:1:1:1:1, mean RE3+ radius = 1.065 Å).

Formula
Simple
stoichiometry

Al/RE
(atom ratio) Full cation stoichiometry

RE4Al2O9 Al33RE67 0.5 Al33Gd13La13Nd13Yb13Y13
Al40RE60 0.67 Al40Gd12La12Nd12Yb12Y12

REAlO3 Al50RE50 1 Al50Gd10La10Nd10Yb10Y10
Al55RE45 1.25 Al55Gd9La9Nd9Yb9Y9

RE3Al5O12 Al63RE37 1.67 Al63Gd8La8Nd8Yb8Y8

More information about the stability of these compo-
sitionally complex phases is gained by coupling studies
about the existence of single-phase material with anal-
ysis of cation partitioning (preferential enrichment or
exclusion) in multiphase mixtures. Seeking to answer the
questions posed above, this experimental study exam-
ines the RE3+ partitioning in mixtures of RE aluminates
and mixtures of RE aluminates in equilibrium with RE
oxide and the RE zirconate fluorite phase. In addition to
providing insights about the stability limits for composi-
tionally complex materials, the results for these systems
have practical importance for the design of multiphase
aluminate-zirconate materials of interest as prospective
thermal and environmental barrier coatings (T/EBC) in
turbine engines.38,44,45

2 EXPERIMENTALMETHODS

2.1 Material selection

Two material families were studied. The first are alumi-
nate compositions corresponding to the stoichiometric M,
P, and G compounds along with compositions in the two-
phase fields between them (Table 2). The mixed aluminate
samples were formulated with an equimolar mixture of
Gd, La, Nd, Yb, and Y that samples most of the entire
RE3+ size range with an average radius near the center
of the range. Based on the data in Figure 1, if the stabil-
ity is determined by the average RE radius, single-phase
monoclinic and o-perovskite could form, but single-phase
garnet would only be expected if the modest configura-
tional entropy is sufficient to overcome the instability of
garnet containing the larger RE3+.
The second family is a series of mixed aluminate-

zirconate compositions with three overall Al:RE:Zr ratios
and three different RE mixtures (Table 3 and Figure 2).
One pair of Al:RE:Zr ratios varies the AlO1.5 content at
fixed RE:Zr ratio (Al10RE76Zr14* and Al30RE60Zr10). A sec-

* Subscript in abbreviated composition notation represents the mol% of
the corresponding oxide on a single cation basis, rounded to the closest
integer value.

ond pair varies the RE:Zr ratio at fixed AlO1.5 content
(Al30RE60Zr10 and Al30RE35Zr35). The primary motivation
to select these stoichiometries is to strategically sample
two- and three-phase fields in the ternary AlO1.5-REO1.5-
ZrO2 systems including combinations of the G, P, and
M in equilibrium with fluorite or the ZrO2-saturated RE
oxide. An additional consideration is that the selected
stoichiometries avoid the ordered pyrochlore (Py) and
δ-phase zirconates in favor of fluorite in most of the
ternary subsystems, facilitating analysis of the partition-
ing behavior in the case where the zirconate phase tends to
form a disordered solid solution. Finally, these aluminate-
zirconate mixtures with RE:Zr ≥ 1 are more likely to have
desirable characteristics for T/EBC applications, and facil-
itate comparison with results from prior studies related
to that application.38,46,47 In addition to the equimolar
Gd, La, Nd, Yb, and Y (RE = GdLaNdYbY henceforth),
mixed aluminate-zirconate compositions were formulated
with equimolar mixtures of Gd and Y (RE = GdY)
and Gd, Yb, and Y (RE = GdYbY). These combina-
tions have average radii near the center of the garnet
and monoclinic ranges, respectively, shown in Figure 1,
and were selected to probe cation partitioning in these
phases that are less stable in the RE = GdLaNdYbY
mixture.

2.2 Material synthesis and equilibration

Well-mixed oxide powders were prepared by co-
precipitation using the previously reported method.38
Solutions were prepared from nitrates of Al, Gd, La,
Nd, Yb, and Y (99.9% pure, Alfa Aesar) in ethanol and
Zr oxy-nitrate (99.9%, Alfa Aesar) in water. The cali-
brated solutions were mixed to yield the desired cation
stoichiometries and added dropwise to excess aqueous
ammonium hydroxide. The hydroxide precipitates were
washed in ethanol, dried, pyrolyzed to 1000◦C, and then
either ground with an alumina mortar and pestle or ball
milled using zirconia media. The powders were cold
pressed into 6 mm diameter pellets, placed onto Pt foil in
covered alumina crucibles, and annealed for 250 and 500 h
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TABLE 3 Compositions of mixed aluminate-zirconate materials studied.

Simple
stoichiometry

RE/Zr
ratio

AlO1.5
(mol %)

Gd:La:Nd:Yb:Y
(atom ratio)

Mean RE3+

radius (Å) Full cation stoichiometry
Al30RE35Zr35 1 30 1:0:0:0:1 1.036 Al30Gd18Y18Zr35

1:0:0:1:1 1.009 Al30Gd12Yb12Y12Zr35
1:1:1:1:1 1.065 Al30Gd7La7Nd7Y7Yb7Zr35

Al30RE60Zr10 5.7 30 1:0:0:0:1 1.036 Al30Gd30Y30Zr10
1:0:0:1:1 1.009 Al30Gd20Yb20Y20Zr10
1:1:1:1:1 1.065 Al30Gd12La12Nd12Yb12Y12Zr10

Al10RE76Zr14 5.7 10 1:0:0:0:1 1.036 Al10Gd38Y38Zr14
1:0:0:1:1 1.009 Al10Gd25Yb25Y25Zr14
1:1:1:1:1 1.065 Al10Gd15La15Nd15Yb15Y15Zr14

F IGURE 2 Ternary AlO1.5-REO1.5-ZrO2 isothermal sections representing the expected equilibria at 1500◦C with increasing RE3+ size
from left to right; adapted from literature reports.38,48–50 For Yb, Y, and Gd, the REO is the cubic (bixbyite) structure and for Nd and La it is the
A-type (P32/m).

at 1500◦C in lab air. No changes in phase constitution
were observed between 250 and 500 h. The reported
composition data are from the samples equilibrated for
500 h.

2.3 Characterization

A portion of each equilibrated pellet was ground to
a powder for X-ray diffraction (XRD, Rigaku Mini-
flex 600, step = 0.04◦, dwell time per step = 3.6 s).
The other portion was mounted in epoxy and pol-
ished to a 1 μm finish for electron probe microanaly-
sis (EPMA) and to use backscattered scanning electron
microscopy (BS-SEM, Hitachi SU8230) to characterize the
microstructures.
The EPMA characterization of the RE = GdY and

GdYbY samples used previously reported methods.39,46
EPMA of samples with RE = GdLaNdYbY used a Cameca
SX100/SXFive FE-EPMA with beam energy of 12 keV and

current of 30 nA. Measurements were performed with
a low overvoltage condition to reduce absorption path
length andminimize activation volume formeasuring sub-
micron grains. The analyzing crystals were LIF for Yb Lα,
LLIF for La Lβ, Nd Lβ, and Gd Lβ, PET for Y Lα, Zr Lα,
and LTAP for Al Kα. The on-peak and off-peak counting
times were 20/10 s for Zr, Y, Nd, and Gd and 50/25 s for
La, Yb, and Al. Interference corrections were applied to
Al for interference by Yb, to Y for interference by La, and
to Gd for interference by Nd. The standards were GdPO4
(NMNH 168488), LaPO4 (NMNH 168490), NdPO4 (NMNH
168492), YbPO4 (NMNH 168498), YPO4 (NMNH 168499),
synthetic Al2O3, and synthetic zircon (ORNL #257). The
oxygen concentration was determined by stoichiometry.
Depending on the grain size and distribution, point mea-
surements were made for between four and ten grains of
each phase. Average compositions are reported; standard
deviationswere generally less than 0.3mol% for each oxide
but occasionally as high as 1 mol%, especially for smaller
grains.
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TABLE 4 Observed phases after 500 h at 1500◦C, labeled according to the abbreviations in Table 1.

Mixed aluminate-zirconate materials
RE constitution Al30RE35Zr35 Al30RE60Zr10 Al10RE76Zr14
GdY F + G F +M + oP F +M + R
GdYbY F + G F + oP +M + R M + oP + R
GdLaNdYbY MP + F + G + rP F + rP + R F + rP + R
Mixed aluminate materials
RE constitution Al33RE67 Al40RE60 Al50RE50 Al55RE45 Al63RE37
GdLaNdYbY rP + R (+M) M + rP + R oP + rP (+M) G + rP MP + G + rP

Note: Parentheses indicate a small phase fraction.

F IGURE 3 XRD patterns and representative BS-SEM
micrographs from the Al30RE35Zr35 mixed aluminate-zirconate
samples equilibrated at 1500◦C. Reflections labeled “P” refer to rP
polymorphs.

3 RESULTS AND DISCUSSION

The combination of XRD,microstructure, and EPMAcom-
position data (e.g., the RE:Al ratio for the aluminates)
described below was used to identify the phases present in
each sample (Table 4). This section first describes the gen-
eral trends in the equilibrium phase assemblages, followed
by discussion of the cation partitioning in each sample and
phase.

3.1 Equilibrium phases

3.1.1 Aluminate-zirconate mixtures

XRD and microstructure data for the Al30RE35Zr35 sam-
ples are shown in Figure 3. Garnet and fluorite coexist
in equilibrium for RE = GdY and GdYbY, while the
GdLaNdYbY sample contains magnetoplumbite and the r-

F IGURE 4 XRD patterns and representative BS-SEM
micrographs from the Al30RE60Zr10 mixed aluminate-zirconate
samples equilibrated at 1500◦C. Reflections labeled “P” are
characteristic of both the oP and rP polymorphs.

perovskite in addition to garnet and fluorite. This means
that the presence of Yb3+ and Y3+ is sufficient to stabi-
lize Gd in the garnet phase expected for the smaller RE
elements (Figure 1), while the larger range of RE radii
in the GdLaNdYbY sample is better accommodated by a
mixture of the garnet, r-perovskite, and magnetoplumbite
aluminates.
Figure 4 shows XRD and microstructure observations

for the Al30RE60Zr10 samples. The RE = GdY composition
formed amixture ofmonoclinic, fluorite, and o-perovskite.
This assemblage is consistent with the expected single-RE
ternary assemblages for both Gd3+ and Y3+ shown in
Figure 2. Adding Yb3+ (RE = GdYbY) stabilizes REO in
addition to fluorite and the monoclinic and o-perovskite
aluminates. The addition of the larger RE3+ in the
GdLaNdYbY sample destabilizes the monoclinic alumi-
nate in favor of the r-perovskite, which coexists with REO
and fluorite. All the Al10RE76Zr14 compositions form REO
as one of the equilibrium phases (Figure 5). The sample
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1766 YU et al.

F IGURE 5 XRD patterns and representative BS-SEM
micrographs from the Al10RE76Zr14 mixed aluminate-zirconate
samples equilibrated at 1500◦C. Reflections labeled "P" are
characteristic of both the oP and rP polymorphs.

RE = GdY forms fluorite and the monoclinic aluminate
with the REO. Adding Yb destabilizes the fluorite in favor
of the o-perovskite, while the addition of Nd3+ and La3+ in
the RE = GdLaNdYbY sample destabilizes the monoclinic
aluminate, the perovskite structure shifts to r-perovskite,
and fluorite reappears as an equilibrium phase. The obser-
vation that increasing the number of RE3+ in the material
either maintains or increases the number of equilibrium
phases runs counter to the expectation that increased
configurational entropy by adding more RE would drive
the system toward a smaller number of solution phases.

3.1.2 Aluminates

XRD patterns and representative microstructures for the
Zr-free, mixed aluminate samples are shown in Figure 6.
The r-perovskite phase appeared in every sample, regard-
less of the Al:RE ratio. The identity of the additional equi-
librium phases varies with the Al:RE ratio. The Al33RE67
sample, which corresponds to the stoichiometry of the
monoclinic aluminate (RE4Al2O9), forms a mixture of pri-
marily r-perovskite and REO. Occasional grains of the
monoclinic phase were observed in the microstructure but
the fraction was too small to be evident by XRD. The impli-
cation is that there is sufficient driving force to form the
perovskite (REAlO3) with the larger RE3+, so most of the
available Al is consumed to form perovskite. As a result,
the monoclinic aluminate is destabilized, and the remain-
ing smaller RE3+ forms the REO. Increasing the alumina
content in the sample to Al40RE60 increases the fraction of

F IGURE 6 XRD patterns and BSE-SEM micrographs from the
mixed aluminate samples with RE = GdLaNdYbY equilibrated at
1500◦C. Reflections labeled “P” are characteristic of both the oP and
rP polymorphs.

the M phase, but the r-perovskite and REO remain in sig-
nificant fractions. This observation means that M is only
stabilized once enough Al is present to satisfy the REAlO3
formation by the larger RE3+.
The further increase in the alumina content from

Al40RE60 to Al50RE50 (corresponding to the perovskite sto-
ichiometry REAlO3) produces amixture of perovskite with
a small fraction of the monoclinic likely due to the syn-
thesized composition being slightly Al-deficient. The XRD
pattern for this sample shows characteristic peaks for the
oP polymorph in addition to rP, and, as elaborated in the
discussion of the cation partitioning below, the EPMAdata
also suggest that two perovskite variants are present in
this sample. Garnet appears upon increasing the Al frac-
tion to Al55RE45. The o-perovskite was not evident in the
microstructures or found by distinguishing composition
in the EPMA data, but oP characteristic reflections with
very low intensity in the XRD data suggest there may
be a small fraction. The apparent replacement of oP by
the garnet aluminate suggests that garnet is the preferred
phase for the smaller RE3+ if there is sufficient Al3+ to
consume the RE while forming garnet. Finally, the equi-
librium assemblage for Al63RE37, which corresponds to the
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YU et al. 1767

TABLE 5 Phase compositions in the mixed aluminate-zirconate samples with RE = GdY measured by EPMA (mol%).

Phase Sample AlO1.5 GdO1.5 YO1.5 ZrO2

Monoclinic Al30RE60Zr10 33.8 34.8 31.4 0.0
Al10RE76Zr14 33.4 30.6 36.0 0.0

o-Perovskite Al30RE60Zr10 50.5 28.4 21.1 0.0
Garnet Al30RE35Zr35 62.3 16.9 20.7 0.1
REO Al10RE76Zr14 0.0 39.8 44.5 15.7
Fluorite Al30RE35Zr35 0.7 18.0 15.7 65.6

Al30RE60Zr10 0.7 28.9 36.8 33.7
Al10RE76Zr14 0.6 35.0 33.3 31.1

garnet stoichiometry RE3Al5O12, contains r-perovskite and
magnetoplumbite in addition to garnet.

3.2 Phase compositions and RE cation
partitioning behavior

This section describes the tendency for each RE3+ to pref-
erentially partition into or out of each phase. The analysis
was performed by calculating the normalized RE3+ frac-
tions in each phase from the compositions measured by
EPMA. These fractions were then compared to the bulk
average RE fractions of 0.5, 0.33, and 0.2 for the equimolar
RE combinations in RE = GdY, GdYbY, and GdLaNdYbY,
respectively. The uncertainty in these fractions was calcu-
lated by propagating the typical standard deviations in the
measured compositions into the calculation of the reported
RE3+ fractions.

3.2.1 Aluminate-zirconate mixtures

The phase compositions for the GdY aluminate-zirconate
samples are listed in Table 5. The aluminate stoichiome-
tries match the expected total Al:RE ratios and contain
essentially no ZrO2. The REO contains no AlO1.5 but
dissolved approximately 16 mol% ZrO2, which is slightly
greater than the solubility limits shown in the ternary sec-
tions in Figure 2. The fluorite has limited (<1mol %) AlO1.5
solubility and varies in RE:Zr ratio since each sample falls
in a different phase field.
The normalized RE composition for each phase is plot-

ted along the Gd-Y composition axis at the base of the
Gibbs triangles in Figure 7, and for each RE in each phase
in Figure 8A–C. The garnet in Al30RE35Zr35 is enriched in
Y3+, while Gd3+ partitions into the fluorite. This behav-
ior is consistent with the fact that garnet is more stable for
the smaller RE3+. However, the magnitude of these shifts
is modest, suggesting that although Gd3+ garnet does not
exist at equilibrium at this temperature, there is also not a

strong driving force for it to partition out of the Y-stabilized
garnet. The shifts away from the equimolar RE fraction are
more pronounced in the Al30RE60Zr10 sample, with the
perovskite enriched in Gd3+ while excess Y3+ partitions
into the monoclinic and fluorite. For Al10RE76Zr14, the flu-
orite and monoclinic are slightly enriched in Gd3+ and the
REO is enriched in Y3+, but the magnitude of the shifts
in Al10RE76Zr14 is smaller than in the other two samples.
Notably, the direction of the composition shifts for fluorite
and monoclinic are reversed between Al30RE35Zr35 and
Al30RE60Zr10 and Al30RE60Zr10 and Al10RE76Zr14, respec-
tively. This suggests that the garnet, perovskite, and REO
phases exhibit stronger driving force for partitioning,while
the fluorite and monoclinic respond by incorporating the
cations that are preferentially rejected from those phases.
Table 6 lists the measured phase compositions in the

RE = GdYbY samples, and the RE composition shifts
are plotted in Figures 7 and 8D–F. The addition of Yb3+
reduces the tendency for Y3+ to selectively partition
between phases while the general trends for Gd3+ are
the same as the RE = GdY samples. For Al30RE35Zr35,
the fluorite is again enriched in Gd3+, while the garnet
is equally enriched in Y3+ and Yb3+. For Al30RE60Zr10,
the perovskite is enriched in Gd3+ while the fluorite and
REO become enriched in Yb3+. The only noticeable shift
in the Y3+ concentration from the bulk average is themon-
oclinic phase in Al30RE60Zr10. Al10RE76Zr14 shows strong
enrichment in Gd3+ and depletion in Yb3+ in perovskite,
and modest Gd3+ enrichment in monoclinic.† The shifts
in Al30RE60Zr10 and Al10RE76Zr14 occur along a line of
approximately constant Y concentration except a slight
Y3+ enrichment in the monoclinic phase and reduction of
Y3+ in perovskite.
The measured compositions for the RE = GdLaNdYbY

phases (Table 7) were used to calculate the RE3+ partition-

† In Figure 7(C), the nominal bulk composition for the Al10RE76Zr14 sam-
ple sits slightly outside the triangle formed by the three phases; this small
deviation is ascribed to uncertainty in the as-synthesized or measured
compositions.
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1768 YU et al.

TABLE 6 Phase compositions in the mixed aluminate-zirconate samples with RE = GdYbY measured by EPMA (mol%).

Phase Sample AlO1.5 GdO1.5 YbO1.5 YO1.5 ZrO2

Monoclinic Al30RE60Zr10 32.8 21.1 21.2 24.9 0.0
Al10RE76Zr14 34.1 25.8 16.3 23.8 0.1

Perovskite Al30RE60Zr10 50.1 20.2 12.3 17.3 0.0
Al10RE76Zr14 50.2 25.9 8.6 15.3 0.0

Garnet Al30RE35Zr35 61.9 11.1 12.8 13.6 0.5
REO Al30RE60Zr10 1.0 17.3 34.5 27.6 19.6

Al10RE76Zr14 0.3 23.7 29.0 29.2 17.9
Fluorite Al30RE35Zr35 0.9 12.3 10.5 10.7 65.7

Al30RE60Zr10 1.2 17.4 25.5 23.0 32.9

TABLE 7 Phase compositions in the mixed aluminate-zirconate samples with RE = GdLaNdYbY measured by EPMA (mol%).

Phase Sample AlO1.5 GdO1.5 LaO1.5 NdO1.5 YbO1.5 YO1.5 ZrO2

r-Perovskite Al30RE35Zr35 49.6 8.5 20.5 17.3 1.3 2.6 0.1
Al30RE60Zr10 49.3 10.5 17.7 16.0 2.1 4.3 0.0
Al10RE76Zr14 49.2 3.7 31.4 14.0 0.7 0.8 0.0

Garnet Al30RE35Zr35 62.4 7.5 0.4 1.9 14.4 13.2 0.2
REO Al30RE60Zr10 0.1 14.4 2.1 5.3 35.0 27.5 15.6

Al10RE76Zr14 0.0 21.0 8.7 15.7 23.2 22.8 8.6
Fluorite Al30RE35Zr35 0.0 7.5 1.4 3.9 9.9 9.0 68.3

Al30RE60Zr10 0.6 14.1 4.5 7.9 22.7 21.0 29.3
Al10RE76Zr14 0.0 15.1 15.1 16.5 13.6 13.7 26.0

ing trends plotted in Figure 8G–I. For all three samples,
the most significant trend is the tendency for the per-
ovskite to contain essentially no Yb3+, only small amounts
of Y3+, and to be significantly enriched in Nd3+ and La3+
relative to the equimolar bulk average. The other phases
become correspondingly enriched in the Yb3+ and Y3+,
and the shifts in the Gd3+ concentration are comparatively
modest.
For Al30RE35Zr35, the relative magnitudes of these

shifts are greater for the garnet compared to the fluorite.
The plate-like morphology and small size of the mag-
netoplumbite grains made it difficult to avoid secondary
fluorescence from adjacent phases during quantitative
composition analysis, but it appears to conform to the
REAl11O18 stoichiometrywithLa3+ as the primaryRE com-
ponent. The relative cation partitioning behavior for the
REO and fluorite in Al30RE60Zr10 is similar to the gar-
net and fluorite in Al30RE35Zr35. The Al10RE76Zr14 sample
forms the same phases as Al30RE60Zr10, but its partition-
ing behavior is different. Specifically, the perovskite shows
a more significant enrichment in La3+, which makes up
almost two thirds of the RE3+ in the aluminate, while
the REO shows only slight enrichment in Yb3+ and Y3+,
and the RE3+ constitution in the fluorite matches the
equimolar average within the experimental uncertainty.

The differences between Al30RE60Zr10 and Al10RE76Zr14
can be rationalized based on the strong driving force for La
to enter the perovskite and the lower Al3+ content to stabi-
lize the perovskite aluminate in the latter. In Al30RE60Zr10,
all the La3+ (12 mol% of the total cations) is consumed
to form perovskite well before the Al3+, which makes up
30mol% of the cations. Thus,most of theNd3+ and approx-
imately a third of the Gd3+ also contribute to perovskite
formation before the Al3+ is consumed. Conversely, there
is more La3+ than Al3+ in Al10RE76Zr14 so there are still
Nd3+ and La3+ remaining to enter the fluorite once the
Al3+ is consumed to form perovskite.

3.2.2 Mixed aluminates

The measured compositions of the phases formed in the
mixed aluminate samples (Table 8) were used for the anal-
ysis of the RE3+ partitioning behavior shown in Figure 9.
For all cases except Al50RE50, the perovskite compositions
follow the same trend as in the mixed aluminate-zirconate
samples, with little Yb3+, slightlymoreY3+, and significant
enrichment in Nd3+ and La3+, while the Gd3+ concen-
tration remains near the bulk equimolar fraction. The
excess Yb3+ and Y3+ partitions primarily into the REO for
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YU et al. 1769

TABLE 8 Phase compositions in mixed aluminate samples measured by EPMA (mol%).

Phase Sample AlO1.5 GdO1.5 LaO1.5 NdO1.5 YbO1.5 YO1.5

Monoclinic Al33RE67 31.7 17.6 8.3 11.8 12.5 18.1
Al40RE60 33.2 14.0 5.7 8.2 19.0 20.0
Al50RE50 33.1 8.7 3.9 5.1 30.5 18.7

r-Perovskite Al33RE67 49.5 9.9 19.1 16.8 1.4 3.3
Al40RE60 49.5 10.8 16.4 15.4 2.6 5.2
Al50RE50 50.1 10.2 11.6 11.7 7.6 8.8
Al55RE45 49.9 11.0 15.3 14.6 3.4 5.8
Al63RE37 49.6 9.4 18.8 18.2 1.3 2.7

o-Perovskite Al50RE50 49.9 10.1 9.5 8.6 11.5 10.4
Garnet Al55RE45 61.8 6.3 0.8 1.8 16.4 12.9

Al63RE37 62.3 8.2 0.5 2.2 14.1 12.7
REO Al33RE67 0.1 20.4 2.0 6.7 37.4 33.4

Al40RE60 0.3 13.9 1.5 4.2 48.1 31.9

Al33RE67 and Al40RE60, and in the garnet in Al55RE45 and
Al63RE37. Themonoclinic aluminate shows a slight enrich-
ment in the Yb3+ and Y3+ and depletion in Nd3+ and La3+
relative to the bulk, but the tendency for partitioning is
weaker than the other phases.
The preferential partitioning in the perovskite phase

is less evident in the Al50RE50 sample (Figure 9C). The
EPMA revealed two populations of perovskite grains: one
type has slightly elevated Nd3+ and La3+ concentrations
while the other type is slightly enriched in Yb3+ and Y3+.
Additionally, theXRDpattern for this sample showed char-
acteristic peaks for o-perovskite polymorph in addition to
the r-perovskite. Based on these data and the trends in the
binary aluminates, it is assumed that the r-perovskite is
enriched in Nd3+ and La3+ and the o-perovskite is slightly
enriched in Yb3+ and Y3+. Notably, the trend for parti-
tioning in o-perovskite is reversed from the observations
with RE = GdY and GdYbY, likely because those sam-
ples contained other phases that readily accommodated
the smaller RE3+. The small fraction of monoclinic grains
present in the sample are enriched in Yb3+ and Y3+ and
contain little Gd3+, Nd3+, and La3+.

3.2.3 RE cation partitioning trends

To compare the behavior of each phase across all sam-
ples, the results of the partitioning analysis for the
RE = GdLaNdYbY samples were grouped by phase and
replotted in Figure 10. The results show that except for r-
perovskite, all phases show a relative enrichment in Yb3+
and Y3+, and depletion in Nd3+ and La3+. The results
for garnet are essentially equivalent for every sample in
which it appears, regardless of the phase(s) it coexists with
(Figure 10A). The behavior of the monoclinic aluminate

is less consistent (Figure 10C). Yb3+ partitions strongly
into the monoclinic phase in the case when it coexists
as a minor fraction with perovskite (Al50RE50). However,
when monoclinic also coexists with REO (Al33RE67 and
Al40RE60), the Yb3+ partitionsmore strongly into the REO,
resulting in proportionally higher concentrations of Y3+
and Gd3+ in the monoclinic.
The magnitude of the shifts for the fluorite and REO

is smaller in the cases when they appear as the primary
phases (Al10RE76Zr14, open squares in Figure 10D and E)
in equilibrium with a small fraction of aluminate (open
squares in Figure 10B). The perovskite follows the oppo-
site trend in most samples, with little Y3+ and Yb3+ and
increased La3+ and Nd3+ content compared to the bulk
average (Figure 10B). However, the perovskite deviates
from this trend in cases where either a small fraction
(Al10RE76Zr14) leads to increased enrichment in La3+ or
when perovskite is the predominate phase (Al50RE50) and
more readily incorporates all RE3+.

3.3 Implications for phase stability in
compositionally complex RE aluminates

Across the range of compositions studied, this investiga-
tion found no scenarios where RE3+ of varying size are
uniformly incorporated into a single-RE aluminate in pro-
portions matching the equimolar bulk fractions. Instead,
the larger RE3+ (La3+ and Nd3+) are the primary RE
cations stabilizing the r-perovskite aluminate while the
smaller Yb3+ and Y3+ are preferentially accommodated
in the monoclinic and garnet aluminates, and the mixed
REO. This tendency matches the stability trends in the
single-RE aluminate systems (Figure 1) where perovskite
is the most stable aluminate for large RE3+ and garnet
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1770 YU et al.

F IGURE 7 RE3+ constitution for the (A) Al30RE35Zr35, (B)
Al30RE60Zr10, and (C) Al10RE76Zr14 mixed aluminate-zirconate
samples with either two or three RE types. Results for the binary
RE = GdY are shown along the bottom axis and the ternary
RE = GdYbY are shown in the center of each Gibbs triangle.

and monoclinic become more stable with decreasing RE
cation size. One interpretation of these results is that
the stabilizing effect of the increased Sconfig upon adding
multiple RE3+ is insufficient to overcome the unfavor-
able enthalpies of formation and mixing for small RE3+
to dissolve into the r-perovskite, or for large RE3+ to dis-
solve into garnet and monoclinic. The cases that came
closest to achieving equiatomic solid solution occurred in
the perovskite polymorphs in the Al50RE50 sample, which
has the highest possible Sconfig among the RE aluminate
mixtures. For the RE aluminate-zirconate mixtures, the
fluorite, which also has a comparatively high Sconfig and
weaker cation site dependency for Zr4+ and RE3+, shows
less preferential RE3+ partitioning.
To further understand this behavior, we can compare the

relative changes in the free energy to form each RE alumi-
nate from the component oxides for the cases where the
RE3+ are equally distributed between the phases and the
caseswith the experimentallymeasuredRE3+ partitioning.
Thermodynamic parameters for the RE aluminates from
Wu and Pelton43 were used for these illustrative calcula-
tions; theMPphasewas not analyzed due to lack of data for
all RE3+. Figure 11A shows the Gibbs energy of formation
(ΔGf) at 1500◦C for the La and Yb aluminates, represent-
ing the extremes in the behavior for the RE3+ studied,
from pure oxide components. The convex hull (lowest
free energy configuration) for Yb system includes mon-
oclinic and garnet but falls just below the Yb-aluminate
perovskite. As indicated by the black arrows, the free ener-
gies for the monoclinic and garnet aluminates become less
negative as the RE3+ size increases toward La, while the
free energy for perovskite becomes more negative. As a
result,monoclinic and garnet fall above the hull for La. The
values for the intermediate-sized RE3+ are not shown, but
they fall along the arrows between the values for Yb and
La.
The ΔGf for the mixed-RE aluminates was then con-

sidered. To understand the degree to which Sconfig drives
solid solution formation, notional values for ΔGf were first
calculated assuming ideal mixing without including the
effect of Sconfig. Figure 11B shows the results for the case
of an equimolar mixture of the five RE in each aluminate
compared to that calculated based on the observed parti-
tioning behavior of each aluminate. These calculations use
the average of all observations for each phase, except that
the results for the perovskite in Al50RE50 were excluded
since there was limited partitioning in that case. The first
key observation is that all three aluminates appear on the
convex hull for both scenarios. The second key observa-
tion is that the curve based on the equilibrium, partitioned
compositions falls below the curve for the equimolar RE3+
distribution. This result makes sense given that the higher
Yb3+ and Y3+ concentrations in garnet and monoclinic,
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YU et al. 1771

F IGURE 8 RE3+ partitioning in the mixed aluminate-zirconate samples with (A–C) RE = GdY, (D–F) RE = GdYbY, and (G–I)
RE = GdLaNdYbY. Perovskite shown with dashed line is oP and the solid lines are rP. Some error bars are smaller than symbols.

and higher La3+ and Nd3+ fractions in perovskite, lower
the free energy of each phase compared to the equimolar
mixture.
Finally, the analysis considered the added effect of

Sconfig, which was determined to be 0.19R, 0.28R, and
0.40R, respectively, for the experimentally observed gar-
net, perovskite, and monoclinic compositions. Notably,
even though the equilibrium compositions exhibit signif-
icant RE3+ segregation between the phases compared to
an equimolar RE3+ distribution, these Sconfig values are
only slightly smaller than the values of 0.24R, 0.32R, and
0.43R for the equimolar RE mixing. In other words, the
partitioning does not significantly decrease the configu-
rational entropy compared to an ideal case with equimo-
lar RE3+ distribution (i.e., no partitioning). Figure 11C
shows ideal ΔGf values including the effect of Sconfig.
The reference state used for this analysis includes the
Sconfig for the equimolar mixed REO1.5. After including
the Sconfig, the curves for the experimentally measured
partitioned RE compositions and the equimolar RE sce-
narios are essentially coincident. This analysis shows that
higher Sconfig in the equimolar RE mixture does lower
the overall free energy more than the case where the
RE cations partition between the phases. However, it
also shows that the effect of the increased Sconfig is not
enough to overcome the RE-size dependence on the for-

mation enthalpies, which ultimately drives the cation
partitioning.
It is not clear whether the similarity between the two

curves in Figure 11C carries significance. One interpreta-
tion is that there is not a significant energetic benefit for
the RE cations to partition in comparison to remaining
uniformly distributed between the phases. However, this
interpretation is at odds with the fact that RE partitioning
is consistently observed across a variety of aluminate-
containing stoichiometries. A more likely scenario is that
there is an additional, nonideal contribution to the free
energy due to mixing on the RE sublattice(s) in the alu-
minates that would increase the energetic benefit of the
partitioning. However, a more rigorous computational
thermodynamic assessment of these multicomponent sys-
tems is still necessary to enable further analysis of these
effects.
With this context, the three questions posed in the intro-

duction are revisited. The first question dealt with the
relative importance of the individual versus average cation
sizes in determining stability. The results show that having
an average cation radiuswithin the stability range for a spe-
cific phase is insufficient to stabilize that phase. This effect
is most evident in the absence of the monoclinic phase in
many of the samples with RE=GdLaNdYbY, even though
the average radius for this RE mixture falls within the
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1772 YU et al.

F IGURE 9 Normalized RE fractions for each phase in the
mixed aluminate samples showing the cation partitioning trends.
Except as noted in (C), perovskite is r-perovskite.

range for monoclinic stability. Instead, it appears energeti-
cally favorable to accommodate the combination of larger
and smaller cations in amixture of the perovskite and REO
than the single monoclinic phase.
The second question sought to understand the influence

of stoichiometric constraints imposed in a second sublat-
tice on the stabilization of compositionally complex solid
solutions. We found that controlling the RE:Al ratio was
generally not effective in promoting the formation of a
single-phase solid solution. This effect is most pronounced
for the Al33RE67 and Al63RE37 samples, which correspond
to the stoichiometries of the monoclinic (RE4Al2O9) and
garnet (RE3Al5O12), respectively. The Al33RE67 sample
formed essentially no monoclinic since the Al3+ instead
stabilized the Nd- and La-rich perovskite, and monoclinic
was only formed once additional Al3+ was added in the
Al40RE60 sample. Likewise, the Nd3+ and La3+ in the
Al63RE37 sample separated into the perovskite andmagne-
toplumbite rather than entering the garnet. Even Al50RE50

F IGURE 10 Trends in RE3+ partitioning in each phase across
all samples with RE = GdLaNdYbY. In (B), the dashed line is oP and
the solid lines are rP.

formed two perovskite polymorphs with equivalent Al:RE
ratio, rather than a single phase.
The third question relates to the tendency for additional

solid solution phases, in this case fluorite and the ZrO2-
saturated REO, to influence the formation of a multi-RE
aluminate solid solution. Insight is gained by comparing
the partitioning behavior for the Zr-free and Zr-containing
samples shown with closed and open symbols, respec-
tively, in Figure 10. For garnet, there is not a discernable
difference between the two families of materials. Most
of the perovskite compositions also follow similar trends
regardless of whether they are in equilibrium with a zir-
conate or not. The perovskite in the Al10RE76Zr14 sample is
an exception, however, showing that the presence of large
fractions of fluorite and ZrO2-saturated REO that read-
ily accommodate the smaller RE3+ allows the perovskite
to become even more enriched in La3+ than when the
perovskite exists in equilibriumwith the other aluminates.
The results have implications for the future design of

compositionally complex oxides. There are limits on the
extent to which increased configurational entropy can be
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F IGURE 11 (A) Calculated ΔGf at 1500◦C for La- and
Yb-garnet, perovskite, and monoclinic aluminates at 1500◦C using
thermodynamic parameters fromWu and Pelton.43 In (A), the solid
lines show the equilibrium convex hull, the dashed lines connect
the energies above the hull, and the straight black arrows show the
direction of change upon increasing the RE3+ size. (B) Calculated
ΔGf for mixed-RE aluminates with either equimolar mixing of the
five RE in this study (dashed lines) and the average compositions of
the measured equilibrium phases (solid line) assuming ideal mixing
and without considering Sconfig. (C) Calculated ΔGf for the cases in
(B) but including the ideal Sconfig.

used to stabilize solid solutions based on structures with
multiple sublattices. This conclusion was inferred from
analysis of the range of the reported single-phase,multi-RE
aluminates and confirmed by the experiments. Addition-
ally, the results show that, with few exceptions, cationswill
partition between phases in mixed cation materials. This
imposes additional constraints on the thermochemical
compatibility of multicomponent oxides used in layered or
composite systems.

4 CONCLUSIONS

This study assessed the stability of rare earth aluminates
and aluminate-zirconates containing equimolar mixtures
of up to five RE3+ spanning the range of sizes. The analy-
sis focused on changes in equilibrium phase assemblages
and selective partitioning of the RE3+ between phases. The
important conclusions are:

1. There were no scenarios in which all RE3+ dissolved
into a single aluminate in equimolar proportions.
Instead, the larger RE3+ (Nd3+ and La3+) tended to sta-
bilize and partition into the perovskite aluminate while
the smaller RE3+ (Yb3+ and Y3+) partitioned into the
garnet and monoclinic aluminates.

2. Adding larger RE3+ in the mixture destabilized the
monoclinic aluminate in favor of mixtures containing
the larger RE3+ in the perovskite and the smaller RE3+
in the rare earth oxide and fluorite phases.

3. The addition of the RE zirconate fluorite did not sig-
nificantly change the RE3+ partitioning trends in the
aluminates except in cases where the aluminate was a
minor phase.

4. The RE3+ closest to the average size for the mix-
ture (Gd3+ for RE = GdLaNdYbY and Y3+ for the
RE = GdYbY samples) was least likely to selectively
partition between phases.
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