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ABSTRACT

The present work details experimental phase stabilization studies for the dis-
ordered, multi-cation A¢B,Oq7 (A = Zr, Hf; B = Nb, Ta) system. We leverage
both high-temperature in situ and ex situ X-ray diffraction to assess phase
equilibrium and metastability in A¢B,O,7 ceramics produced via reactive sin-
tering of stoichiometric as-received powders. We observe that the A¢B,O;7 phase
can be stabilized for any stoichiometric combination of Group 4B and 5B tran-
sition metal cations (Zr, Nb, Hf, Ta), including ternary and quinary systems. The
observed minimum stabilization temperatures for these phases are generally in
agreement with prior calculations for each disordered A¢B;O;7 ternary permu-
tation, offering further support for the inferred cation-disordered structure and
suggesting that chemical disorder in this system is thermodynamically prefer-
able. We also note that the quinary (ZrzHf3)(INbTa)O;7 phase exhibits enhanced
solubility of refractory cations which is characteristic of other high-entropy
oxides. Furthermore, A¢B,O;; phases experience kinetic metastability, with the
orthorhombic structure remaining stable following anneals at intermediate
temperatures.
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interest persists to understand the thermodynamic
and kinetic behavior of high-entropy systems and
their relative roles in phase evolution [1, 13-16]. In

Introduction

Rost et al. reported the first entropy-stabilized rock-
salt oxide—(Cop>Cup Mg, Nig»Zng)O-in 2015. [1],
In the subsequent years, multiple group identified
additional single-phase, multi-constituent cation
oxides to explore new properties and to test the
entropic stabilization possibility [2-12]. Significant
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such systems, the elemental diversity and configu-
rational disorder generate an entropy-enthalpy
exchange uncommon in naturally occurring materials
that allows unusual cation coordinations with new
property tunability across a variety of applications,
ranging from dielectrics [17] to catalysis [18] to
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magnetism [19-21]. Recently, the A¢B,Oq; (A = Zr,
Hf; B = Nb, Ta) oxide family was explored in this
high configurational entropy context; specifically,
work by McCormack and Kriven [22] and subse-
quently by Voskanyan et al. [23] provided a com-
prehensive structure solution and predicted
decomposition temperatures above which a series of
these formulations are entropy-stabilized in the sin-
gle-phase state [22, 23]. In the present report, we
provide in situ and ex situ x-ray diffraction analysis
to identify experimentally the temperature-time
combinations that can produce A¢B,O;; phases, to
generate indications of their practical metastability
and to provide companion data for existing
predictions.

In 1973, Galy and Roth [24] first identified the
orthorhombic structure of ZrsNb,O,; (space group
Ima2). Recent work by McCormack and Kriven [22]
demonstrates that AgB,O;; with A =Zr, Hf and
B =Nb, Ta are isomorphous with the unit cell
structure shown in Fig. 1. This layered structure
features 6-, 7-, and 8-coordinated cation polyhedral
(also modeled in Fig. 1). Subsequent work by Vos-
kanyan et al. [23] predicted stabilization tempera-
tures for each single-phase A¢B;O;; isomorph.
Notably, experiments show that fully disordered
crystals form at lower temperatures than predicted
for 50% ordered variants suggesting that cation sub-
lattice disorder, and presumably configurational
entropy, influences thermodynamic stability win-
dows. Furthermore and Luo et al. [25] and Tan

Figure 1 Model of the

et al. [26] successfully produced multi-cation (> 3)
AgB20Oq7, demonstrating an extension into more
complex systems.

Current models for Ag¢B>O;7 (A = Zr, Hf; B = Nb,
Ta) include cation disorder where A and B cations
freely and randomly populate all polyhedral sites
[22, 23]. Assuming complete cation disorder (and
disregarding contributions from the anion sublattice
with singular oxygen occupancy), the ideal configu-
rational entropy is given by Eq. 1:

x (21: xdnx,) +vy <21: y,-lnyi) +z (21: zilnzi> }
(1)

This configurational entropy expression is valid for
a cation-disordered system with three different sites
(in this case, 6-, 7-, and 8-coordinated positions, with
the mole fraction of the ith cation on each site rep-
resented by x;, y;, and z;). This yields a configurational
entropy of 4.50R J/mol-K per unit cell for a ternary
A¢B>O47 phase, or, normalized per cation, 0.56R
J/mol-K, where R is the universal gas constant [23].
In comparison (Cog>Cup.Mgo2Nip2Zng)O features
1.61 J/mol-K entropy when fully disordered. As
pointed out by McCormack and Kriven [22], disorder
in the ZrsTa,O;; and Hf;Nb,O,; isomorphs can be
inferred directly from X-ray diffraction due to suffi-
cient dissimilarity in atomic scattering factors of the
constituent cations and consequently distinct

Sconf =-R

diffraction patterns for fully ordered and fully

A6B2017 structure and cation
coordinations, per the structure
solution provided by Galy and
Roth [24] and McCormack
and Kriven [22] (model
rendered using CrystalMaker®
software suite).
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disordered crystals. Disorder in the ZrgNb,O;7; and
Hf¢Ta;O,7 systems is generally inferred from their
isomorphs because atomic scattering contrast
between these cation pairs does not produce suffi-
cient diffraction contrast. In the context of prior work,
the present experiments monitor temperature
thresholds for phase-evolution in these more chal-
lenging A¢B,O;; systems and contribute to under-
standing phase stabilization in a composition
spectrum.

We believe that A¢B,O,7 system crystals are special
among many-cation solid solution formulations
because it becomes entropy stabilized at high tem-
peratures [23] despite its distribution of metal ions on
three dissimilar lattice sites in a low-symmetry
structure. This is different than other examples where
a high-symmetry cubic host like rocksalt, spinel, or
perovskite is more common. Furthermore, the order—
disorder transition shuffles cations with different
preferred valence states among 6-, 7-, and 8-corrdi-
nated oxygen polyhedral, which may produce inter-
esting property modifications. As such, we feel a
more granular exploration of the stabilization tem-
peratures with a more rigorous comparison of
structure evolution at high temperatures in the con-
text of existing calculations [23] is warranted and
endeavor to provide this analysis in the present
manuscript.

Methods

AgB20O17 ceramics are prepared by conventional high-
temperature, pressureless, solid-state reactive sinter-
ing. Stoichiometric amounts of as-received powder
(ZrO,;, TOSOH, 99.87%; Nb,Os, Sigma-Aldrich,
99.99%; HfO,, Sigma-Aldrich, 98%; TayOs, Sigma-
Aldrich, 99.5%) are ball milled in methanol (Fisher
Scientific, Grade: Certified ACS Reagent) using pris-
tine yttrium-stabilized zirconia media for 30 h. X-ray
diffraction scans of the as-received powders are
provided in the Supplementary Materials. Powders
are air-dried at 100 °C to drive off methanol for at
least 2 h, followed by uniaxial pressing to form ~ 1
g pellets in a 0.5 inch cylindrical steel die. Green
bodies are air sintered at T = 1300 °Cfor 12 h to
obtain phase-pure ceramics. A combination of scan-
ning electron microscopy (Zeiss Sigma) and X-ray
diffraction (Panalytical Empyrean, Bragg-Brentano
geometry, Cu Ko source, /=154 A) is used to

identify the temperature and time combinations that
produce the single-phase state. For high-temperature
X-ray diffraction studies (Emyprean II Malvern Pan-
alytical, Co Ko source, 4 = 1.79 A, Anton-Paar HTK
1200N high-temperature stage; scans converted back
to Cu Ku 20 positions), green bodies were subjected
to single-ramp heat treatments with measurements
collected every 10 °C from 600 to 1150 °C; a batch
program with a 2 °C/min ramp rate and 2 min dwell
at temperature prior to each measurement was used.
Ex situ reaction studies at lower temperatures were
conducted to study minimum temperatures for phase
stability.

Results and discussion

X-ray diffraction data for conventionally fired sam-
ples indicate that all proposed permutations in the
AeB20O47 (A = Zr, Hf; B = Nb, Ta) family, including
the four ternary systems and one quinary system,
adopt the orthorhombic A¢B,O;; structure at suffi-
ciently high temperature and time exposures. As an
initial high-temperature thermodynamic stability
test, a sample set (including the four ternaries and
one quinary composition) were reacted at 1300 °C for
12 h. X-ray diffraction patterns for the entire set are
shown in Fig. 2; a logarithmic intensity scale is used
so that minor constituents are maximally visible. All
compositions fully form orthorhombic A¢B,Oq; fol-
lowing this heat treatment, indicating thermody-
namic stability at high temperature and practical
metastability upon cooling. This observation is in
agreement with both McCormack and Kriven [22]
and Voskanyan et al. [23], who synthesized ternary
AgB20O47 phases in a similar thermal budget regime.
We note that cooling from high temperature was
initially 10 °C/min and then slowed below approxi-
mately 600 °C to the natural cooling rate of the box
furnace.

It is notable that, despite the existence of multiple
isomorphous ternary and quaternary compounds,
the quinary system remains stable and does not
decompose into any of its end member derivatives.
This apparent stability of the single-phase quinary
structure is further supported by scanning electron
microscopy and energy-dispersive spectroscopy,
which indicate microstructural homogeneity and
uniform cation dispersion, at least over micron length
scales (Fig. 3). Based on the calculations by
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Figure 2 X-ray diffraction patterns (0-260 geometry) for all
ceramic formulations heat treated to a maximum temperature of
1300 °C. Intensity is shown on a logarithmic scale with an offset
for maximum visibility. In all cases, the AgB,O,; phase is
predominant,
elevated temperature. For the less refractory compositions the

indicating, at least, thermodynamic stability at

transformation is closer to completion.

i]. : / \ '

7(2r3 /-lf3 )(Nb Ta)017

Figure 3 Scanning electron micrograph and accompanying
spectroscopy maps for the quinary
high-entropy isomorph. Elemental maps

energy-dispersive
(Zr;sH3)(NbTa)O17
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Voskanyan et al. [23], the A¢B,O,7 family members
should have substantially positive formation enthal-
pies. Consequently, the observed A¢B,O;7 oxide solid
solution stability s likely results from configurational
entropy contributions which are maximized in a fully
disordered cation sublattice.

McCormack and Kriven [22] used X-ray diffraction
to demonstrate disorder in ZrgTa,0O¢7 and Hf{Nb,O,»
based on cation scattering factor differences that
produce distinguishable reflections for the ordered
versus disordered structures; moreover, calculations
by Voskanyan et al. [23] predict minimum stabiliza-
tion temperatures for ternary AsB,O,; phases that
consider cation sublattice disorder. They calculate
low-temperature thresholds at which each ternary
A¢B2047 isomorph becomes stable (Table 1). To date,
however, stabilization temperatures have not been
isolated experimentally. Doing so is a particular
challenge given the refractory nature of the con-
stituent cation species as well as the slow diffusion
and kinetic metastability which often accompany
disordered many-cation oxides [6].

As an attempt to identify stability thresholds on
heating, four ceramic formulations were analyzed
using in situ high-temperature X-ray diffraction to
monitor the reaction sequence of binary powder
mixtures upon initial heat treatment. To establish a
reference frame, the four ternary formulations were
analyzed initially between room temperature and
1150 °C, the maximum temperature available to our
instrumentation. Figure 4 shows intensity-tempera-
ture-two-theta maps between 600 °C and 1150 °C for
the Zr-Nb, Zr-Ta, Hf-Nb, and Hf-Ta combinations.
Reactions that form A¢B>O17 begin at 910 °C, 1030 °C,
1000 °C, and 1150 °C, respectively. The individual

indicate homogenous cation dispersion at the um length-scale,
with atomic fractions following the batch stoichiometry.



Table 1 Formation enthalpies and minimum stabilization temperatures (i.e. decomposition following AgB,0;7 < 6A0, + 5B,0s) for
ternary A¢B,0O7 phases as calculated by Voskanyan et al. [23] using drop-melt calorimetry

600

Oxide AHf (kJ/mol) Asconf (J/mol K) Tc,lOO% (K) TC’50% (K)
HfsTa,0, 42.94 4+ 7.03 37.402 1148 £ 188 2296 + 376
HfyNb,O,~ 38.44 £ 6.75 37.402 1028 + 180 2055 + 360
Zr¢Tay O 33.64 + 542 37.402 899 + 145 1798 + 290
ZrgNb,O 4 35.52 + 6.45 37.402 950 + 172 1899 + 344
ZrGNb2017 g: 2: ZI'6T82017 2:
g Z B Dy s = N ~o - L P = N ~o
- - & NgO W - oNg ~ A - & NgO ™ = oNg
- O -0 9oN © © ©No - QO -0 9N © © ©oNo
= N &N 2Te & & ECE = N N 2TL & = =9
1150 1150
1100 1100
1050 1050 |
1000 1000
O 950 O 950
g 900 g 900
© ©
g 850 g 850
S S
800 © 800
750 750
700 700
650 | 650
600 ! 600
20 25 30 35 40 45 50 20 25 30 35 40 45 50
Degrees 26 Degrees 26
HfsNb2017 O: Q': HfsTa2017 O: :O:
o) o) ] © ©
= 2% afo & T = Ay
- gc-g oga o Z S& S o)
= TP 2L & = bae T 3
1150 1150
1100 1100
1050 1050
1000 1000
O 950 O 950
£ 900 : 2 900
© \ ©
g 850 T 850
£ , =
% 800 | & 800
750 | 750
700 ! 700
650 i 650
. 600
5

20 25

Figure 4 High-temperature in situ X-ray diffraction plots are
shown for each ternary AgB,O;; phase. Initial formation of the
high-temperature phase is observed for all isomorphs following a

30 35 40 45

Degrees 26

30 35

Degrees 26

rough trend with increasingly refractory constituent cation
combinations; a combination of thermodynamic stabilization and
variable kinetic transport likely contribute to this trend.
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reaction initiation temperatures are determined by
examining line scans for where the A¢B,O,7 811 peak
emerges. We note that while the intensity plots do not
show prominent A¢B,O;; formation for the Hf-Ta
combination, close examination of the line scan at
1150 °C shows the emergence of a small peak, indi-
cating that the reaction will proceed at this temper-
ature. This modest temperature trend is generally
aligned with the average melting points of the con-
stituent oxides. It is important to note that these
temperature trends may be associated with thermo-
dynamic stability differences or may simply reflect
differences in reaction kinetics; discriminating
between these possibilities would require additional
time-dependent studies. An additional challenge is
posed in the frequent overlap in precursor X-ray
peaks, which make it difficult to isolate the disap-
pearance of individual precursor components. This is
a result of the presence of similar phases in the binary
oxides, as well as the chemically derived, polymor-
phic nature of some precursors. To assist in precursor
identification, we provide powder diffraction scans in
the Supplementary Materials (Fig. S1).

In addition to these in situ high-temperature X-ray
diffraction experiments, a series of parallel experi-
ments were conducted ex situ at lower temperatures
with increased dwell times to observe potential phase
formation isothermally on a time axis. In this exper-
imental suite, samples of each ternary A¢B,O;; were
reacted at 850 °C, 950 °C, and 1000 °C, respectively,
for 24 h, with subsequent characterization by X-ray
diffraction. An additional run was conducted for
HfsTa,Oq7 at 1000 °C for 60 h. to observe clearer
high-temperature phase formation. The resulting
scans are displayed in Fig. 5 by composition for each
temperature. We use the 811 peak appearance (the
most prominent peak occurring at ~ 30°20) as the
indicator of initial phase formation. The 811 emerges
in ZrgNb,O;; after 850 °C and 24 h, in ZrgTa,O;; and
Hf;Nb,O;, after 950 °C and 24 h, and in HfTa,Oq»
after 1000 °C and 60 h. Again, these transformation
temperatures scale with the average refractoriness of
the component binaries. Since these solid-state reac-
tions involving multiple component powders are
slow, they do not allow direct conclusions regarding
thermodynamic stability temperature windows. It is
possible (and perhaps likely) that the transition
temperatures for each isomorph are in fact lower than
those presently observed, and determining those

@ Springer

values may require timescales beyond a practical
experimental scope.

Nonetheless, these stabilization temperatures
(which probably approach an upper limit) are in-line
with the calculations by Voskanyan et al. [23] pro-
vided that these ceramics exist in the fully or highly
cation-disordered state. We use the least refractory—
thus faster reacting-composition as an illustrative
comparison. Zr¢Nb,O;; starts to form as low as
910 °C in our in situ experiment; however, our ex situ
experiment shows significantly more AsB,O;7 phase
formation after 24 h at 850 °C, suggesting that phase
formation is kinetically limited during the in situ
diffraction experiment. Voskanyan et al. [23] predict
a transformation window into the AgB,O;; disor-
dered structure between 505 °C and 849 °C and the
50% disordered structure between 1282 °C and
1970 °C. The presently observed onset of AgB>Oi7
phase formation aligns well with the disordered
system where all cations occupy the 6-, 7-, and 8-co-
ordinated lattice positions randomly; moreover, per
the previous discussion, it may be possible to observe
phase formation at even lower temperatures at sig-
nificantly longer timescales. Similar comparisons can
be made or all other compositions suggesting that we
presently observe the disordered structures.

In addition to the in situ and ex situ high-temper-
ature X-ray diffraction experiments conducted on the
ternary AgB,O;; systems, we performed parallel
experiments on the quinary (Zr;Hf;)(NbTa)O;; sys-
tem. Figure 6 and Fig. 7 show the in situ X-ray
intensity map and ex situ isothermal scans, respec-
tively. Diffracted intensity from the 811 reflection
emerges ~ 940 °C, and full conversion is being
approached (as indicated by precursor peak
disappearance) ~ 1100 °C.

The 811 reflection emerges in the in situ X-ray
intensity map at lower temperatures than in all but
the least refractory ZrgNb,O,; ternary permutation.
Additionally, the precursor phase peak intensities fall
nearly simultaneously in the same temperature range
where A¢B;Oq7; peaks grow. The simultaneous and
continuous precursor peak intensity reduction sug-
gests that the quinary AB,O,7 phase forms outright,
as opposed to an alternative sequence where multiple
ternary endmembers (which are difficult to resolve
due to similar interplanar spacings) form in parallel.
This is corroborated by ex situ experiments which
display unique behavior of the quinary system with
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Figure 5 X-ray patterns for
ternary A¢B,0O;7 phases
reacted ex situ at intermediate
temperatures.
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respect to phase formation temperature relative to
any ternary endmember.

The ex situ experiments show that the quinary
AgB2O17 phase forms at lower temperatures than
three of the associated ternaries despite including the
most refractory cations (Hf and Ta). This is consistent
with a stronger thermodynamic driving force. Also,
unlike the case for ZrgNb,O47, quinary AgB,O;7 for-
mation is not observed after 24 h. at 850 °C. This
suggests that the overall reaction sequence is not
initial ZrgNb,O;7 formation followed by Hf and Ta
cation assimilation into a pre-existing A¢B>O;7 phase
(or simultaneous ternary endmember formation).
Collectively, these observations are most consistent
with working models where (i) higher configura-
tional entropy available in the quinary system drives

35 40 20 25 30 35 40
20 (degrees)

phase formation at lower temperatures, or (ii) a more
diverse local chemistry available to a quinary system
creates faster mass transport pathways. In either case,
the more chemically diverse formulation adopts the
AeB>O17 phase structure after experiencing a lower
thermal budget than most of its isostructural end-
members. These observations are also consistent with
the larger solid-solubility limits supported in high-
entropy oxides.

Conclusions
In this paper, we use a series of diffraction-based

experiments to locate minimum stabilization tem-
peratures for ternary and quinary permutations of

@ Springer
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Figure 6 In situ high-temperature X-ray diffraction for the
(Zr;Hf3)(NbTa)O,; quinary system.

(Zr Hf )J(NbTa)O,

811)

Offset Logarithmic Intensity

N,
|
20 25 30 35 40

20 (degrees)

Figure 7 Ex situ X-ray diffraction studies for the

(Zr;Hf3)(NbTa)O,; quinary system.
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the AsB,O17 (A = Zr, Hf; B = Nb, Ta) phase family.
We show that these stabilization temperatures are in-
line with previous literature predictions, suggesting
that these phases are substantially to fully disordered
with respect to the cation sublattice. While the
refractory nature of the binary precursor oxides
induces slow reaction kinetics, which in turn makes
absolute stabilization temperature identification dif-
ficult, we find that our results are generally in
agreement with the literature. Furthermore, we
observe that the quinary (Zr;Hf;)(NbTa)O;; phase
experiences a comparatively lower stabilization tem-
perature than most of the ternary endmember
AeB20O47 permutations. We propose that this effect
results from the cation diversity and thus high con-
figurational entropy of the quinary system.
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