Journal of the European Ceramic Society 42 (2022) 4328-4334

ELSEVIER

Contents lists available at ScienceDirect
Journal of the European Ceramic Society

journal homepage: www.elsevier.com/locate/jeurceramsoc

Journal of the
European Ceramic Society

t.)

Check for

Densification of the entropy stabilized oxide (Mgp 2C0g 2NigoCug2Zng )0 W&

V. Jacobson*”, K. Gann”, M. Sanders ", G. Brennecka

# National Renewable Energy Laboratory, 16000 Denver West Parkway, Golden, CO, USA
b Colorado School of Mines, 1500 Illinois Ave., Golden, CO, USA

ARTICLE INFO ABSTRACT

Keywords:
Entropy

Oxide

Mixing
Thermal profile

The first entropy-stabilized oxide, (Mgo 2C00.2Nip.2Cug.2Zng 2)O, was reported in 2015. Initial studies synthesized
this material using solid state processing and were limited to densities < 80%. Here, we report a straightforward
solid state route to sinter samples to densities up to 98% of the theoretical by identifying the role of oxygen and
promoting the resulting mechanisms in densification. Previous works have studied effects of cation stoichiometry
on the entropy-driven reaction to form a single phase, but few have explored the associated effects of anion

stoichiometry and/or redox chemistry on both phase stability and densification. We demonstrate here that tuning
heating rate and pO, during heating of initially-homogeneous calcined powders can enhance densifying diffusion
processes and enable reliable sintering of dense Mgg.2C09.2Nig 2Cug 2Zng 2)O samples.

1. Introduction

The first entropy-stabilized oxide (ESO), (Mgp.2Cog 2Nig.2Cug 2Zng 2)
O, was reported in 2015 by Rost et al. [1]. This system is commonly
referred to as J14 and will be referred to as such in the remainder of this
study. Although many other high-entropy ceramics (of which ESOs are a
subset) have been reported since [2-5,6,7], this five-cation system re-
mains the most studied. Above 875 °C, J14 is stable in a single-phase
rock salt structure with a homogeneous distribution of cations. Both
the structure and the cation distribution are maintained upon quenching
to room temperature [1,8]. Some lattice distortion has been observed in
these samples and has been explained both by local distortions in the
oxygen anion sublattice that accommodates the differently sized cations
and by Jahn-Teller distortions, particularly those associated with the
Cu?®* cations [8-11,12,13]. Both rapid Li-ion conduction [4,14-16] and
high redox activity [17] have been reported for J14 and its derivatives,
highlighting the importance of ionic mobility and redox reactions in this
system. While characterization of single phase samples has been well
explored, a fundamental understanding of densification and sintering in
this flagship ESO system is still lacking.

The majority of prior studies on J14 utilized bulk ceramic processing
by mixed-oxide and carbonate approaches and were unable to achieve
densities greater than 80% of the theoretical density [1,4,12,18,19]
whether by sintering calcined powders or using a reactive sintering
approach from the raw precursors [3]. Reaction-assisted flash sintering
methods have also been used to synthesize single-phase J14 in a matter
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of seconds at room temperature; however, the reported densities are less
than 62% of the theoretical density [3]. In 2018, Biesuz et al. [20]
leveraged the fine particle sizes and intimate cation mixing of
hydrothermally-prepared and co-precipitated powders to prepare sin-
tered samples of 91% and 97% densities, respectively. Additionally,
Hong et al. [9] produced 99.3% dense samples using field-assisted sin-
tering, with a heating rate of 100 °C min~! and simultaneous application
of 35 MPa of uniaxial pressure. These studies achieved high density
sintered samples but provided limited mechanistic insight for why their
routes had succeeded where others had failed.

The original studies from Rost et al. [1,8] confirmed the
entropy-stabilized (and not simply ‘high-entropy’) aspects of this
composition by demonstrating that the phase transition between the
constituent oxides and the single-phase homogeneous rock salt is both
reversible and endothermic. The temperature of the entropy-stabilized
transition is roughly 875 °C for the equimolar version of this chemis-
try. Note that because this single phase is stabilized by entropy, its
apparent stability at room temperature relies on kinetic hindrance; thus,
quenched samples stay homogeneous, but CuO can precipitate during
slow cooling [21]. Likewise, during slow heating— commonly used
during traditional sintering— samples experience finite time at temper-
atures where phase separation is both energetically favorable and
kinetically feasible. Further, some studies have noted that Co?* cations
oxidize to Co>" during heating [13,20,22], which would be incompat-
ible with the homogeneous distribution of divalent cations in a rock salt
lattice and therefore add an enthalpic driving force for cation diffusion.
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Fig. 1. Precursor binary oxides were mixed and then measured using a hot stage in-situ XRD. A heating rate of 500 °C min™' to 1000 °C followed by a 6 h hold reveals
that approximately 5.6 h at temperature is required for full incorporation of all precursor phases into the single phase rock salt J14. All subsequent tests were

conducted on this single phase powder.

We hypothesize that such transient reactions can strongly affect
diffusion rates and therefore impact the dominant sintering mechanism
at any given stage of sintering. Here, we show that designing a thermal
profile around known reactions can facilitate densification to > 98%
theoretical density in the flagship entropy-stabilized oxide J14 ceramics
fabricated from calcined powders.

2. Experimental details

Stoichiometric (Mgp 2C00.2Nig 2Cug.2Zng 2)O was fabricated by mix-
ing equimolar amounts of MgO [Alfa Aesar, 99.99%], Co(IL,II)O [Alfa
Aesar, 99.7%], NiO [Sigma Aldrich, 99.995%], CuO [Alfa Aesar,
99.995%], and ZnO [Alfa Aesar, 99.99%]. The Co(IL,II)O powder was
analyzed via XRD refinement using GSAS II[23] in order to determine
the relative amounts of CoO and Coy03 in order to ensure proper,
equimolar batching of the cations. These were either roller milled for
more than 6 h or planetary milled for 2 h in ethanol with
yttrium-stabilized zirconia (YSZ) milling media and fish oil as a
dispersant. After milling, the powder was calcined in air at 900 °C for 8 h
and quenched in air. The calcined powder was milled in a planetary mill,
using the same parameters, to reduce the particle size. The milled
powder suspension was dried overnight to evaporate the ethanol. The
dried powder was mixed using a mortar and pestle to combat floccula-
tion and size segregation during drying. Particle sizes and size distri-
bution were analyzed by a Microtrac S3500 particle size analyzer and
SEM image analysis techniques. This single-phase, calcined powder was
used for all subsequent sintering experiments.

Cylindrical pellets were formed by pressing the powder in either a
6.35 mm or 12.7 mm diameter die in a uniaxial Carver press. Prior to
powder loading, the dies were lubricated with stearic acid dissolved in
methanol. Samples were pressed at approximately 1.25 x 10° Pa for at
least 5 min. Green density was measured via geometric density mea-
surements, and samples were sintered only if the measured green density
was greater than 55% of the theoretical density.

All heat treatments included a double crucible configuration, with an
outer alumina crucible and lid to minimize loss of volatile species. A
liner of crimped platinum foil prevented direct contact and potential
reaction of the J14 powder and pellets with the alumina crucible. Pellets
were sintered in either a box furnace or a horizontal tube furnace under
the heating profiles and atmospheres detailed in Section 3.3. After sin-
tering, all samples were air quenched by immediate removal of the
crucibles from the hot furnace.

To verify entropy stabilization and the single phase development in
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both calcined powders and sintered pellets, crystal structure and phase
purity were confirmed using a PANalytical PW3040 X-ray Diffractom-
eter (XRD). To better understand the kinetics of the precursor incorpo-
ration process, in-situ XRD data were collected using a PANalytical
Empyrean XRD with a domed DHS 1100 stage. First, the mixed-powder
samples were heated at 500 °C min " to 1000 °C and held at 1000 °C for
more than 6 h, and XRD patterns were collected every 20 min. These
data were consistent with earlier reports of the reactions of these pre-
cursor oxides to form a single rock salt phase that persists upon
quenching. To better understand the stability of the rock salt phase upon
reheating, additional in-situ XRD tests were run on calcined, single-
phase powders using a much slower heating ramp rate of 5 °C min ™
up to 1100 °C min ! in both air and nitrogen atmospheres. Each of these
XRD tests used Cu-k, radiation and GSAS II for XRD data refinement
[24]. Pawley methods were used for refinement of patterns from sam-
ples that were clearly a single phase, and a combination of Rietveld and
Le Bail methods were used to refine patterns from samples with sec-
ondary phases or anisotropic lattice strain. Linear shrinkage was
measured with a Netzsch Dilatometer 402. A Netzsch STA 449 F3 ASC
Jupiter was used for simultaneous data collection for differential scan-
ning calorimetry (DSC) and thermogravimetric analysis (TGA).
Constant-rate heating experiments were conducted at ramp rates be-
tween 2 °C min~! and 10 °C min™! to 1100 °C for each of these thermal
analysis techniques.

Porosity and grain size were examined on images collected using an
FEI Quanta 600i Environmental Scanning Electron Microscope (ESEM)
under high vacuum (<0.75 Torr) with 20 kV accelerating voltage. Prior
to imaging, samples were polished to a 1 pm diamond grit and thermally
etched for at least 90 min at a temperature 50°C below the sintering
temperature. The line intercept method [25] was used in conjunction
with ImageJ software [26] to find the average grain size. Densities of
samples were determined by applying Archimedes’ principle and a fluid
displacement technique. Calculated densities were verified by the
porosity observed in ESEM micrographs.

3. Results and discussion
3.1. Crystal structure

Diffraction patterns from both single-phase calcined powders and
sintered ceramic pellets match the simulated diffraction pattern [27] for
a cubic Fm3m rock salt structure with randomly-distributed cations and
are consistent with previous reports [8]. Refinements of XRD data for
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Fig. 2. (a) In-situ XRD performed in air with a heating rate of 5 °C min~! shows that, starting around 500°C, both tenorite CuO and spinel Cos0, begin to precipitate
from the calcined powder and are fully re-integrated above 1000 °C. (b) The same test run in a nitrogen atmosphere shows the full integration of the precursor powder
into a single phase, with some peak broadening around 20 = 43.5° attributable to Jahn-Teller distortion [12] between 400 °C and 800 °C.

this calcined powder indicate a lattice constant of 4.235Awith a
weighted data residual of 3.6%. After calcination, the powder was roller
milled overnight and the maximum particle size was less than 10 pm.
These XRD data show sharp, symmetric peaks with no evidence of the
anisotropic lattice distortions reported previously [12,20].

In-situ XRD data collected from a mixture of MgO, Co(ILII)O, NiO,
CuO, and ZnO with equimolar amounts of each cation show that all
constituent phases incorporated into the single phase rock salt after
approximately 5.6 h at 1000 °C (Fig. 1). Consistent with previous find-
ings, the CuO phase is the last phase to incorporate [1]. The length of
time required for the single phase to form under isothermal conditions
indicates that the entropy-driven transition to a single phase is kineti-
cally limited under these conditions.

The integration of precursors into the single phase has been studied
previously, [1,8,20] however open questions remain about the sintering
process itself. To probe our hypothesis that the partial pressure of oxy-
gen (pOy) can affect atomic diffusion and sample densification, we
conducted further hot stage in-situ XRD experiments on the calcined
powder, which exhibited a small amount of residual CuO as a result of
insufficiently rapid quenching. A 6.35 mm diameter pellet was heated at
5 °C min~! in air and measured at the temperature intervals shown in
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Fig. 2(a). The results of this in-situ experiment show that both CuO and
Co304 begin to precipitate out of the single phase powder around 500°C
and persist at least up to 1000 °C. No evidence of any phase other than
the single rock salt is evident after one-hour at 1100 °C. In Fig. 2(b), the
same heating profile run in a nitrogen atmosphere shows no secondary
phase development and the single phase is fully formed after reaching
1100 °C. This demonstrates that secondary phases require some amount
of atmospheric oxygen in order to form.

3.2. Thermal analyses

In order to better understand the kinetic effects of the secondary
phase development and/or peak broadening shown in Fig. 2, differential
scanning calorimetry and thermogravimetry (DSC/TG) measurements
were carried out on the calcined, single-phase powders with a heating
rate of 5 °Cmin ! to examine the heat and mass flow associated with the
phase transitions. These data are shown in Fig. 3(a) and (b). Between
500 °C and 680 °C in air, Fig. 3(a), there is an exothermic reaction
accompanied by a mass gain, followed immediately by an endothermic
reaction and mass loss. This thermal behavior has been attributed to the
formation of Co304 spinel in addition to partial formation of the rock salt
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Fig. 3. Between 500 °C and 800 °C, chemical and kinetic phenomena occur which indicate that the formation of secondary phases at low heating ramp rates in high
pO, environments are linked to higher sample densities. (a) DSC-TG analysis of calcined, single phase J14 powders conducted in air show a mass gain and loss from
500 °C to 800 °C. This mass change is complimented by a sharp endothermic dip, indicative of a phase change. In this same temperature range, (b) DSC-TG analysis of
calcined, single phase J14 powders conducted in Ar show no evidence of a phase transition prior to the formation of the primary rock salt phase. (¢) Dilatometry data
were collected using the same powder heated under two different ramp rates and two different atmospheres: 2 °C min~! and 5 °C min !, ambient air (high pO,) and
Ar (low pOy). Dilatometry in air shows sample compression followed by expansion before the primary onset of densification at 800 °C when slower heating rates are
used. Based on these data, it is most probable that secondary phase formation is enhanced by atmospheric oxygen, with high pO, and low heating ramp rates. (d) XRD
peak ratios of CuO tenorite (111) and Co304 (113) as a fraction of the J14 rock salt (111) peak from the in-situ XRD shown in Fig. 2(a) indicate the growth and re-
absorption of these secondary phases over the same temperature range in high pO, atmosphere and the XRD from Fig.2(b) shows that the secondary phases do not
precipitate.
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High pO2

GS: 26 um
Density: 90%

GS:16.2 pm
Density: 98%

Fig. 4. Micrographs of sintered, polished, and thermally etched sample surfaces. GS = average grain size. (a) Sample sintered via a constant heating ramp rate in a
low pO, atmosphere. Grains are an average of 5.1 pm across, with a large quantity of both trapped intragranular pores and pores on the grain boundaries. (b) Sample
prepared via the two step sintering profile in a low pO, atmosphere. Grains are approximately 7 pm across with many pores at grain boundaries and triple points. (c)
Sample sintered via a constant heating ramp rate in a high pO, atmosphere. Grains are an average of 26 pm across, with a large quantity of trapped intragranular
pores. (d) Sample sintered via the two step sintering profile in a high pO, atmosphere. Grains are an average of 16.2 4 m in diameter and have minimal porosity.

structure, which is consistent with the established order of coalescence
for the precursor binary oxides that was shown in previous studies [1,12,
20], is confirmed by our data in Fig. 1, and is consistent with the known
propensity of Co to exist in a + 3 state under ambient conditions [28].
The mass gain in Fig. 3(a) is associated with the oxidation of CoO to
Co304. The endothermic reaction seen in Fig. 3(a) accompanied by a
mass loss between 680 °C and 780 °C is likely due to the final formation
of the single-phase rock salt and to the loss of oxygen that was incor-
porated during the preceding formation of Co304. The precipitation of
CuO, while verified over a similar temperature range, would not cause a
change in mass, though its precipitation and re-absorption may
contribute to the endotherm seen at 750 °C. Fig. 3

(b) shows the DSC-TG data collected on the same sample in an Ar
atmosphere (low pO3). These data show only a gradual exothermic re-
action and mass loss starting around 820°C (most likely associated with
the loss of volatile metallic Zn). These thermal behaviors are consistent
with formation of the rock salt J14 without secondary phase formation
under a low-pO5 atmosphere.

Previous studies have prepared samples via similar solid-state pro-
cessing methods of milling, heating in a furnace at a constant ramp rate
with a dwell at approximately 1000 °C for 12 h, and an air quench to
achieve the single phase rock salt structure [1,8,12,16,22]. However,
the density of samples synthesized by this process were less than 80% of
the theoretical density of J14. We collected dilatometry data from a
single-phase, calcined powder sample during heating at two different
ramp rates to determine how the ramp rate affected densification and to
identify an ideal temperature for isothermal dwells. To investigate the
kinetics of secondary phase formation, as seen in Fig. 2, these different
heating profiles were run in both oxidizing and reducing atmospheres to
encourage and suppress the secondary phase formation, respectively.
Dilatometry data indicating sample expansion under these different gas
atmospheres are shown in Fig. 3(c).
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For each of the thermal profiles investigated in Fig. 3(c), densifica-
tion inflection points are observed around 800 °C in air and around
950 °Cin Ar. In air, there is a dip in the dilatometry profile followed by a
peak between 500 °C and 800 °C for the 2 °C min~' ramp rate, indicating
contraction and resumed expansion before the sample begins final
densification. In contrast, the 10 °C min~' ramp shows a smooth tran-
sition to the primary inflection point at 950 °C. The fact that the dip in
the air trace is observed only at the slower ramp rate and not the faster
ramp rates indicates that the decrease in volume is kinetically limited.
This shrinkage and expansion is likely due to the precipitation of the
secondary phases of tenorite CuO and spinel Co3O4, followed by the re-
formation of a single-phase rock salt. This dip is not observed in mea-
surements in Ar at either ramp rate, which supports the findings of
previous studies and suggests that this effect is associated with the
oxidation of Co from 2" to 3" during the thermal treatment in the
oxidizing (air) atmosphere. The ratios of the peaks of the secondary
phases (Co304 (113) peak at 34.4° and CuO (111) peak at 38.5°) to the
J14 (111) peak at 36.7° as a function of temperature from Fig. 2 are
shown in Fig. 3(d). This emphasizes that both of these phases precipitate
and reabsorb across the same temperature range as both the densifica-
tion dip indicated by dilatometry (Fig. 3(c)) and the phase change
indicated by DSC-TG in an oxygen-rich environment (Fig. 3(a)). This
suggests a correlation between molecular oxygen evolution, mass loss,
and the endotherm near 750 °C seen in Fig. 3(a). The lack of change
shown in Fig. 3(d) for the low pO, sample shows that oxygen is critical to
this phase evolution.

3.3. Heating profiles
Based on the data presented thus far and previous work regarding

grain growth mechanisms [29], several thermal profiles and atmo-
spheres were tested for maximum densification. Initially, based on the



V. Jacobson et al.

previous literature, a simple ramp of 10° min ! to 1100 °C in an ambient
air environment followed by at least a 10 h hold and air quench was
used. The resulting microstructure is shown in Fig. 4(a). This thermal
profile produced fairly small grains and achieved a density of about
79%, similar to previous reports. Based on the dilatometry, DSC/TG, and
in-situ XRD data, a thermal profile was designed to ramp slowly (5 °C
min~1) up to 750 °C, the temperature of the onset of densification, and
then ramp more quickly (10 °C min~?) through the primary densifica-
tion regime to a final sintering temperature of 1050 °C for at leasta 10 h
isothermal hold followed by air quenching. This new profile produced
slightly larger grains and increased density to 87%. The two-step ther-
mal profile increased densification without excessive coarsening, and
most of the remaining porosity is confined to grain boundaries and triple
points. Porosity trapped within grains is limited, suggesting that these
heating profiles balance grain boundary mobility relative to pore
mobility more successfully than sintering with a constant ramp rate.
Samples sintered using this two-step heating profile in low pO, did not
densify beyond 87% of the theoretical density. These densities deter-
mined by Archimedes principle are consistent with the micrographs of
polished and thermally etched surfaces in Fig. 4(a) and 4(b).

The dilatometry data from Fig. 3(c) indicate that the heating ramp
rate dictates whether or not the formation of secondary phases is
kinetically favorable. Densification commonly occurs via mass transport
from grains into pores, and this process is typically mediated by vacancy
diffusion to the grain boundaries from regions close to the pore surface
[30]. Based on this understanding, the development of vacancies of the
rate limiting species in the sintering process will enhance densification.
Transition metal rock salt monoxides frequently accommodate changes
in cation oxidation state via the formation of cation vacancies [31]. The
equation for equilibrium when oxygen gas is introduced to a rock salt
monoxide system is:

102(g) © 0§ + Vi + 2k

The development of cation vacancies resulting from the introduction
of gaseous oxygen also includes the secondary phase precipitation of
Co30y4, as shown by the equation:

102(g) + 3Co0 < Co304,

where the Co®* ion adopts a 3 + charge in concert with the transition
to a spinel crystal structure. By this logic, we may use the development
of Co304 as an indicator for transition metal vacancies in the rock salt
lattice.

In order to create an oxygen-rich sintering environment, 50 sccm of
oxygen was added to the open-ended tube furnace used for sintering.
Samples fabricated in this high pO, atmosphere with a constant ramp
rate of 10 °C min ! and an isothermal hold at 1050 °C for at least 10 h
showed a greatly improved density over those sintered under low pO,.
The grains are nearly five times larger than in the low pO, sample and
the density is increased to 90%. Intragranular porosity is evident in these
samples, indicating that grain boundary mobility is much higher than
pore mobility under this sintering profile (Fig. 4(c)). When the two-step
thermal profile was used in a high pO; atmosphere, density increased to
98% and intragranular porosity is very limited, indicating a balance
between grain boundary and pore mobilities (Fig. 4(d)).

4. Conclusions

Bulk single-phase rock salt (Mgp.2Cog 2Nip.2Cup 2Zngp 2)O samples can
be fabricated with repeatably high density by designing a heating profile
based around the kinetics of transient reactions. Sintering in an oxygen-
rich atmosphere by first heating at a relatively slow ramp rate up to
750 °C and then heating more quickly to the primary sintering temper-
ature of 1050 °C yields samples with at least 98% of the theoretical
density. This high density results from pOs-mediated secondary phase
development, increased vacancy diffusion from areas of grains near pore
surfaces into grain boundaries, and re-integration of Co304 spinel and
CuO tenorite at high temperatures to form a final single-phase rock salt.
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These consistently dense bulk samples will enable higher-fidelity future
studies of electrical and mechanical measurements that require low
porosity to attain high-quality data.
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