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ABSTRACT

Entropy-stabilized oxides are single-phase, multicomponent oxides that are stabilized by a large entropy of mixing, AS, overcoming a positive
enthalpy. Due to the —TAS term in the Gibbs’ free energy, G, it can be hypothesized that entropy-stabilized oxides demonstrate a robust ther-
mal stability. Here, we investigate the high temperature stability (1300-1700°C) of the prototypical entropy-stabilized rocksalt oxide
(MgCoNiCuZn),,0 in air. We find that at temperatures >1300 °C, the material gradually loses Cu and Zn with increasing temperature. Cu
is lost through a selective melting as a Cu-rich liquid phase is formed. Zn is sublimed from the rocksalt phase at approximately similar tem-
peratures to those corresponding to the Cu loss, significantly below both the melting temperature of ZnO and its solubility limit in a rocksalt
phase. The elemental loss progressively reduces the entropy of mixing and results in a multiphase solid upon quenching to room temperature.
We posit that the high-temperature solubility of Cu and Zn is correlated providing further evidence for entropic stabilization over general sol-
ubility arguments.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0199076
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In recent years, high entropy materials have extended from metal
alloys' * to high-entropy and entropy-stabilized oxides (HEOs and
ESOs), first with the synthesis of (MgCoNiCuZn),,O (herein referred
to as (MgCoNiCuZn)O, unless non-equimolar) by Rost ef al. in 2015.°
Surrounding these materials is the prospect of high temperature stabil-
ity due to the large —TAS contribution in Gibbs’ free energy, which
further stabilizes the structure with increasing 7. Due to the relative
youth of the field, however, the high temperature stability of HEOs has
been investigated in few cases.”” Here, we investigate the high temper-
ature (1300-1700 °C) stability of bulk (MgCoNiCuZn)O, the prototyp-
ical ESO.

(MgCoNiCuZn)O is synthesized from the binary rocksalt oxides,
MgO, CoO, and NiO, and the binary non-rocksalts, ZnO (wurtzite)

and CuO (tenorite),” where the Zn>" and Cu*" cations are stabilized
into octahedral coordination by the entropy of mixing. This is not
without consequences for the crystal, as it has been shown that the
local and global structures of (MgCoNiCuZn)O are distorted from an
ideal rocksalt, due in part to the Jahn-Teller distortion of the Cu?t
ions.®” The structural evolution of (MgCoNiCuZn)O due to this local
distortion has been investigated at annealing temperatures up to
800°C."" Despite the significant property changes stemming from
these distortions, however, no thorough investigation has been done
into the stability of (MgCoNiCuZn)O at higher temperatures. It could
be hypothesized that these materials are increasingly stable at elevated
temperatures due to the associated increase in entropy or, alternatively,
that the stability is dominated by high-temperature solubility
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equilibria. In this work, we demonstrate that achieving high tempera-
ture stability in entropy stabilized materials is more complex than
these hypotheses.

Here, we report the degradation of (MgCoNiCuZn)O at extreme
temperatures (>1300 °C) in air, with the loss of Cu and Zn. We hypoth-
esize that the entropy associated with the melting of CuO clusters
encourages the loss of Cu from the structure, and that local distortions
and defects around Cu*" ions will result in greater diffusion rates for
ions at elevated temperatures. This enables phase segregation and net
removal of these ions from the (MgCoNiCuZn)O pellet, increasing the
ionicity of the rocksalt grains and causing a change in morphology.
Furthermore, we posit that the loss of Cu and the associated decrease in
entropy leave Zn as the high energy (enthalpy) constituent in a nominal
three-component ~ (MgCoNi), 330 rocksalt alloy, resulting in a corre-
lated effect between the loss of Cu and the loss of Zn.

In this work, our samples consist of ~5 x 5 x 2.5 mm® fragments
of single-phase, polycrystalline (MgCoNiCuZn)O that was derived
from a single sintered pellet. The pellet was prepared by mixing and
grinding the constituent powders [MgO, CoO, NiO, CuO, and ZnO
(all Alfa Aesar, 99.99%)], then pressing at 70 000 psi, and sintering at
1100 °C for 18 h before air quenching to room temperature. This pro-
cedure is performed twice to ensure homogeneity. A homogeneous
and nominally equimolar composition of the pellet was confirmed
using scanning electron microscopy energy dispersive spectroscopy
(SEM EDS). All composition analysis was conducted using a Thermo
Fisher Nova 200 Nanolab SEM/FIB. Samples were mounted to an Al
stub using conductive C tape. The SEM EDS was conducted using a
20 kV accelerating voltage, 0.6 nA probe current, and ~500x magnifi-
cation. Images were taken using an Everhart-Thornley detector. EDS
was performed at a minimum of three different locations on each pel-
let within a particle. EDS quantification and mapping were done using
the Ko, transitions for each element.

After confirming the composition, the pellet was fragmented, to
undergo separate high temperature annealing treatments and subse-
quent characterization. Individual polycrystalline (MgCoNiCuZn)O
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samples were annealed at 1300, 1400, 1500, 1600, and 1700 °C in air
using a SentroTech ST-1700°C bottom loading furnace. All samples
were placed on a bed of (MgCoNiCuZn)O powder contained within
an alumina crucible and introduced to the furnace at the target tem-
perature and held at this temperature for 2 h before air quenching.

SEM EDS analysis reveals inhomogeneity in the annealed sam-
ples. Images in Fig. 1 were produced using the Cu concentration maps
to color SEM images of the same region. In samples annealed between
1300 and 1600 °C, we observe isolated, non-grain regions of high Cu
concentration between rocksalt particles. At high temperatures, we
anticipate that regions of tenorite CuO segregate within the rocksalt
particles, melting to form a Cu rich liquid phase that is solidified into
an amorphous phase upon quenching. At 1300°C, a significant
amount of Cu remains in the rocksalt particles commensurate with
smaller segregated Cu deposits. At the highest temperatures, the lower
viscosity of the Cu-rich liquid allows most of it to drain from the pellet
before quenching occurs, leaving fused rocksalt particles. Volume frac-
tion analysis was performed using Image] Software,'’ and results are
shown in the supplementary material, Fig. S1. Note that the Zn EDS
signal is homogenous even in the dilute limit annealed at the highest
temperatures (shown in the supplementary material, Fig. S2), indicat-
ing Zn is sublimating from the rocksalt particles, rather than segregat-
ing. It has been shown computationally that the local strain around
Cu*" and Zn*" ions reduces the formation energy of cation vacan-
cies;'” we theorize that this expected higher vacancy concentration
around these ions results in greater mobilities at these high tempera-
tures, allowing clustering and net diffusion of these ions out of the
rocksalt structure.

In the regime of annealing temperatures from 1300 to 1500 °C,
particle size also increases significantly from the pristine sample. At
low temperature, the samples appear as smooth, round particles with a
significant density of pores, filled by Cu-rich material. The sample
annealed at 1600 °C is in an intermediate state, where the particles are
still round with some porosity, filled in by liquid Cu during the anneal,
with striated facets beginning to emerge. Above this regime, after

1400 °C

FIG. 1. Composition and morphology of
(MgCoNiCuZn)O sintered pellets following
high temperature annealing. SEM EDS of
pellet following annealing at up to 1700°C
showing inhomogeneous distribution of Cu
following annealing. Regions of high Cu
concentration are observed between rock-
salt particles after annealing. The rocksalt
particles are homogeneous in Mg, Co, Ni,
and Zn, with a decreasing Zn concentra-
tion with increasing temperature due to
sublimation. There is still a non-zero Cu
concentration in the rocksalt particles;
however, it is not easy to see in the EDS
maps due to the much larger segregated
Cu concentration. Images were taken
using an Everhart-Thornley detector
(ETD) and colored using the Cu concen-
tration maps collected using EDS. Raw
SEM images of all annealed pellets can
be found in the supplementary material.
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annealing at 1700 °C, the pores have disappeared, and the particles have
fused completely, striated with clear facets. This emergence of faceting is
consistent with an increased ionicity of the alloy as Zn and Cu concen-
trations are reduced. Large intragranular cracks are observed across the
pellet, likely due to the high thermal strains that are expected during
quenching. Raw SEM images of all annealed pellets and SEM EDS maps
can be found in the supplementary material (Figs. S2 and S3).

The phases of the annealed samples were determined by x-ray dif-
fraction (XRD) at room temperature post-quench. 260-w scans were per-
formed with a Rigaku Smartlab diffractometer, using a 1.54 A Cu Ko
source, a Ni filter, Bragg-Brentano geometry, a 10 mm slit at 4°/min,
and with a 0.1° step size. The 20— scans reveal diffraction peaks consis-
tent with a rocksalt structure and a lattice parameter of 4.239 + 0.001 A
(determined by Rietveld refinement using International Center for
Diffraction Data’s Powder Diffraction File PDF-5"" 00-073-0933) in
agreement with prior reports of bulk (MgCoNiCuZn)O.””'*"> XRD
spectra of a pristine sample and samples after annealing are shown in
Fig. 2. All the peaks identified in the XRD belong to the rocksalt system;
no wurtzite, tenorite or other secondary phase peaks are observed. This
further indicates that the residual Cu-rich phase is amorphous and pre-
sent no evidence of wurtzite (ZnO) or tenorite (CuO) phases in the
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FIG. 2. X-ray diffraction patterns following high temperature anneal of
(MgCoNiCuZn)O. X-ray diffraction data for an as-sintered pellet (1100 °C for 18 h)
of polycrystalline (MgCoNiCuZn)O and the same (MgCoNiCuZn)O pellet after
annealing for 2h at the given temperature and subsequent air quench. The peak
intensity ratios for the as-sintered sample are typical of a rocksalt structure; how-
ever, following annealing, the peaks broaden, and the intensity ratios shift to a more
intense 220 peak. This could be an indication of change in local structure. No tenor-
ite or wurtzite secondary phases are observed. Datasets are offset vertically for
clarity.
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annealed samples. An unusual trend is observed in the peak intensity
ratios of the annealed samples, and that the Iy/I5, ratio decreases from
1300 to 1500 °C before increasing again when the annealing tempera-
ture is increased further. This is seen to inversely correlate with the Cu-
rich fraction (supplementary material, Fig. S1), and this correlation is
shown in the supplementary material, Fig. S4, along with further
discussion.

We investigated the evolution of the composition (by SEM EDS)
with annealing temperature to understand the chemistry of the emer-
gent phases. The sample composition and ideal configurational
entropy for equimolar 3-, 4-, and 5-component oxides (and the
temperature-entropy product) are shown in Fig. 3, plotted against
annealing temperature. Elemental analysis of samples annealed at tem-
peratures above 1400 °C shows a significant deviation of composition,
with Zn and Cu being lost from the pellet. At temperatures 1500 °C
and higher, a significantly increased Mg concentration is observed.
From cross-sectional EDS of the sample annealed at 1600 °C, it has
been confirmed that this increase Mg concentration is primarily at the
surface (supplementary material, Fig. S5). We hypothesize that this is a
result of the strain introduced by quenching the sample. Using the
experimentally determined composition, Fig. 3(b) plots the expected
lattice parameter using Vegard’s law'® and the Shannon ionic radii'”
for these compositions along with the lattice parameters as determined
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FIG. 3. Selective loss of Cu and Zn at high temperature in (MgCoNiCuZzn)O. (a)
SEM EDS data showing the cation atomic percent of a rocksalt particle surface, fol-
lowing a 2-h dwell at the given temperature. The 20 °C sample is as-sintered and
has not undergone an annealing treatment. Errors are the error in the fit according
to the SEM software. Lines have been added to help guide the eye along the
changes in each elemental composition and sum to 100%. Additionally, the calcu-
lated configurational entropy (S) of each composition is shown in the bottom panel,
along with the TS product. The dotted lines represent the expected S/k values for
ideal five-, four-, and three-component systems, respectively. We observe that sig-
nificant losses in Cu and Zn occur, and correspondingly, this results in a drop in
entropy. (b) The experimental lattice parameters and errors as determined using
Rietveld refinement for the Ko:1 peaks in Fig. 2, along with the Vegard's law esti-
mate using the compositions from (a). The Vegard's law'® calculation was done
using experimental values for MgO, CoO, and NiO, and using the octahedrally coor-
dinated ionic radii'” for Cu?* and Zn?*, to estimate the lattice parameter of rocksalt
CuO and ZnO. While individual points have poor correlation, the overall trend
between the change in Vegard's law and the measured lattice parameter is similar.
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FIG. 4. Comparison of observed Cu and Zn composition to maximum solubility at the
solidus. The shaded area indicates the maximum range of miscibility based off only the
binary rocksalt-CuO and rocksalt-ZnO systems. The copper concentration in
(MgCoNiCuzn)O is observed to correspond roughly with the solubility of Cu in the rock-
salt-Cu oxide binary systems in the 1300~1700°C range. We note the observed Zn
composition in (MgCoNiCuZn)O is much lower than the maximum solubilities in the
associated binary oxide constituents, and that the Cu and Zn concentrations are corre-
lated. Dotted lines indicate linearly extrapolated data. Dashed lines (cp) indicate calcu-
lated data (details in the supplementary material, Fig. S6). Ni-Cu solubility data from the
solidus in the NiO-CuO phase diagram.”’ The same is true, respectively, for the MgO-
Zn0,”® CoO-Cu0,”" Mg0-Cu0,”* CoO-Zn0,” and NiO-ZnO systems. The NiO-ZnO
data are shown as individual points as it is obtained from the NiO-ZnO axis of a ternary
Fe,05-NiO-ZnO** phase diagram as no NiO-ZnO data could be found.

using Rietveld refinement from Fig. 2 data. The general agreement
between Vegard’s law and the experimental lattice parameter indicates
that the quantified composition is correctly identified as belonging to
the rocksalt phase, thus a reasonable basis to estimate ideal configura-
tional entropy form.

Dense Equimolar Solid
(Mg, Co, Ni, Cu, Zn)

Cu-rich matrix

CuO melts, giving
rocksalt particles in
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Using the ideal configurational entropy'® for a system with com-
positions {x; }

Sconf = —kp Zx,-ln(x,-).

The compositional changes correspond to an entropy change from
~1.60 to ~1.16kgs. For an ideal five-component system, Sconf is
1.61kg, in a four-component system, it is 1.39kg, and in a three-
component system, it is 1.10 kg (see Fig. 3). The drop in the ideal con-
figurational entropy of the pellet also leads to a decrease in —TAS.
This change in entropy to below that of a four-component oxide sup-
ports a hypothesis that Zn sublimes from the rocksalt phase due to the
entropy no longer being sufficient to counteract an unfavorable
enthalpy.

The entropy-stabilization hypothesis has been challenged by sug-
gesting that general solubility of the species dictates the formation of
(MgCoNiCuZn)O."” Under this hypothesis, the loss of Cu and Zn from
the compound would be due to the solubility limit decreasing with
increasing temperature. Considering the case of Cu,Ni;_,O, the Cu
maximum solubility” at the solidus closely matches the Cu concentra-
tion we observe in Fig. 2(a) over the relevant temperature range. This
comparison is shown in Fig. 4. Generally, the Cu and Zn binary com-
pounds do not correlate strongly with our data.”' >’ Aside from
Cu,Ni; O which shows high solubility, the other Cu binaries exhibit
much lower solubilities for Cu than observed, while all the Zn binaries
suggest far higher solubility. It is important to note that the high temper-
ature MgZnO solubility in air has been reported,”” and this correlates
well with the computed data as well as trends in the other ZnO binaries.
Based on this discrepancy, a general solubility argument is insufficient to
explain the formation and stability of (MgCoNiCuZn)O.

We posit that the correlation between the Zn and Cu composi-
tion is an entropy driven effect. Cu has the least favorable enthalpy
toward the rocksalt structure, and prior density functional theory cal-
culations indicate that the Cu cation is associated with the largest point
defect densities in the crystal.'” From an intuitive enthalpic and kinetic

1400 °C

Zinc is lost by
Sublimation

1700 °C

FIG. 5. Summary of the degradation of entropy-stabilized oxide (MgCoNiCuZn)O. At 20 °C, in the pristine state, a roughly equimolar dense solid made of small rocksalt par-
ticles is observed. Upon annealing at 1300 °C, Cu is segregated into a liquid phase that then solidifies into an amorphous phase along the grain boundaries upon cooling.
When further annealed to 1400 °C, Zn sublimates from the rocksalt phase and is lost. Upon annealing to 1700 °C, once again a dense rocksalt solid is observed; however, it is
now primarily comprised of Mg, Co, and Ni, as Cu and Zn concentrations have significantly reduced.
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perspective, Cu can be expected to segregate first from the structure. If
CuO segregates at =1300 °C, it would be expected to melt, decreasing
total entropy of the alloy. While the addition of ZnO to a single-cation
rocksalt, such as MgO, generally has high solubility limits (Fig. 4), we
expect that this limit is lower in the four-component system due to the
diminishing return of gained entropy with more species, ie., the
entropy change from a one to two cation system is much greater than
that from a three to four component system. It then follows that when
the Cu and associated entropy is lost from the structure, the solubility
for Zn also decreases, causing the correlation in composition that we
observe, as the unfavorable enthalpy is no longer compensated. The
main findings of this work, the loss of Cu by melting above 1300 °C
and the loss of Zn by sublimation above 1400 °C, are summarized
schematically in Fig. 5.

In this work, we show that (MgCoNiCuZn)O, the prototypical
entropy-stabilized oxide, phase separates at high temperatures in air.
This has been observed through a change in structure, composition,
and particle morphology, following annealing treatments at tempera-
tures up to 1700 °C. The material loses a significant fraction of both
Cu and Zn at temperatures >1300°C in correlation. We anticipate
that local cation vacancies around the Cu and Zn result in larger mobi-
lities for these ions, allowing them to cluster and segregate from the
(MgCoNiCuZn)O through selective melting and sublimation.
Furthermore, the correlative loss of Zn indicates that the formation of
the (MgCoNiCuZn)O is not due to general solubility.

See the supplementary material for details on scanning electron
microscopy images, compositional mapping for all samples, and analy-
sis of XRD intensities and computed ZnO-MO phase diagrams.
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