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Multiscale phase homogeneity in bulk nanocrystalline high entropy oxides 
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A B S T R A C T   

X-ray diffraction, energy dispersive X-ray spectroscopy, and atom probe tomography (APT) were used to assess 
the phase homogeneity of bulk sintered (Cu, Co, Mg, Ni, Zn)O transition metal high entropy oxides (TM-HEOs) 
across multiple length scales. These three methods were applied to both coarse-grain and nanocrystalline TM- 
HEO samples sintered using two different processing routes. Coarse-grain samples were prepared by reaction 
sintering of unreacted nanopowders using conventional sintering, while nanocrystalline samples were prepared 
from solid-state synthesized nanopowders consolidated using spark plasma sintering. Despite the different pro
cessing methods and grain sizes, the TM-HEO samples exhibit little-to-no chemical or phase segregation across all 
length scales. Critically, APT confirms that there is no chemical segregation at the nm scale even after solid-state 
synthesis and high temperature consolidation.   

1. Introduction 

High entropy stabilization has emerged as a powerful method for 
achieving single-phase solid solution structures in chemically complex 
materials. Such materials have five or more components and make use of 
a high entropy to achieve a single-phase state. The high entropy design 
concept was first applied to oxide materials in the form of high entropy 
oxides (HEO) with the (Cu, Co, Mg, Ni, Zn)O transition metal HEO (TM- 
HEO) system [1]. At high temperatures (>850 ◦C), a random solid so
lution rocksalt crystal structure is stable in TM-HEO due to the metal 
cations randomly populating their sublattice, leading to an entropy that 
is large enough to outcompete other enthalpy-driven configurations. 
Limited solubility among the constituent oxides is one source of 
enthalpy-driven configurations. In TM-HEO, two of the constituent ox
ides, ZnO and CuO, are not rocksalt under ambient conditions, resulting 
in limited solubility in the rocksalt crystal structure. Critically, high 
entropy enables TM-HEOs to be phase-pure after appropriate processing, 
despite their chemical complexity. TM-HEO has been studied exten
sively and shows promise in applications such as capacitors [2], cata
lysts [3], and solid state electrolytes [4]. Additional HEO systems have 
also been explored and found to form single phase solid solution struc
tures, such as multi-cationic perovskites [5] and multi-anionic oxy
fluorites [6]. It is thought that the high entropy confers a stabilizing 
effect in HEOs, allowing for improved cycling stability in energy storage 

systems [7] and high temperature stability in catalyst systems [3]. 
Poor solubility among some of the constituent oxides can lead to an 

inhomogenous multi-phase structure after processing due to two rea
sons: an incomplete solid-state reaction between the components and 
the segregation of enthalpy-driven secondary phases. Incorporating five 
or more oxide components in equiatomic amounts often requires a 
complicated reaction sequence, especially if one or more components 
violate Hume-Rothery rules and have poor solubility in the solid solu
tion structure. Hong et al. found that TM-HEO is formed in a complex 
solid-state reaction process, with each binary oxide component in the 
MgO-CoO-NiO-CuO-ZnO system dissolving into the rocksalt solid- 
solution structure at different temperatures [8]. An insufficient reac
tion temperature will yield samples with inhomogeneities associated 
with the unreacted constituents, potentially resulting in inferior prop
erties compared to a fully reacted sample. The complexity involved in 
forming single-phase HEO materials necessitates careful evaluation of 
the phase homogeneity after processing. 

Additionally, TM-HEOs easily transform between an entropy-driven 
metastable single-phase state and an enthalpy-driven equilibrium multi- 
phase state. While the single-phase state consists of the rocksalt crystal 
structure, the multi-phase state contains both a rocksalt phase and a 
secondary tenorite phase. TM-HEO displays a temperature window of 
~650−850 ◦C where this secondary phase forms. Heat treatment within 
this temperature window results in varying levels of phase 
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heterogeneity. We refer to this temperature window and the resulting 
phase heterogeneity as the phase spectrum [9]. Conversely, heat treat
ment at temperatures >850 ◦C are necessary to yield the single-phase 
state. In our previous work, we used X-ray diffraction (XRD) to inves
tigate the phase homogeneity in bulk sintered TM-HEO, finding that 
bulk samples prepared using reaction sintering or sintering of solid-state 
synthesized nanopowders exhibit phase homogeneity at the macroscale 
when heat treated above 850 ◦C [9]. In another study, we used atom 
probe tomography (APT) to demonstrate that single-phase TM-HEO 
nanopowders synthesized with nebulized spray pyrolysis exhibit phase 
homogeneity at the nm scale [10]. But the extent of the phase homo
geneity at the nm scale has not yet been evaluated for the single-phase, 
bulk sintered material, the importance of which is described below. 

Our previous studies have revealed that the secondary phase in bulk 
sintered TM-HEO is a Cu-rich multicomponent phase [9] and that the 
phase transformation is strongly influenced by grain size, with smaller 
grain sizes changing the amount of secondary phase and the temperature 
range at which the secondary phase forms. Further, the Cu-rich phase 
manifests as needle and particle-shaped morphologies in coarse-grain 
samples and as individual Cu-rich grains in nanocrystalline samples. 
Heat treating the consolidated TM-HEO above the entropic trans
formation temperature (>850 ◦C) results in a single-phase state con
taining only the rocksalt crystal structure, as determined by XRD, 
regardless of grain size. However, due to the chemical complexity and 
capability of forming secondary phases, consolidated single-phase bulk 
TM-HEO could have local chemical or phase segregation at the nm scale 
that cannot be detected using XRD or SEM. APT is an effective method of 
analyzing the chemical distribution of a three-dimensional volume at 
the nm scale, allowing for the visualization of local segregation [11]. 
Our APT characterization of TM-HEO single-phase nanopowders syn
thesized using nebulized spray pyrolysis revealed no chemical segrega
tion at the nm scale, which we attributed to the high temperatures 
(1150−1250 ◦C) and short residence times (<1 s) used during synthesis 
[10]. APT confirmed that these nanopowders exhibited no signs of 
secondary phase formation nor clustering of atoms, indicating that 
TM-HEO nanopowders can achieve full phase homogeneity. 

Ultimately though, TM-HEO materials need to be made in bulk form 
if they are to be used in many of the applications currently being 
explored. The previously discussed single-phase TM-HEO nanopowders 
were not exposed to the thermal conditions required to sinter bulk 
samples [10]. Yet sintering can unintentionally introduce or retain 
phase heterogeneities that can significantly impact properties [12]. 
Additionally, phase segregation in HEO materials will cause the stoi
chiometry of the entropy-driven phase to deviate from equimolarity, 
reducing the entropy and potentially jeopardizing the stability of the 
material. While a significant amount of work has been done on under
standing the properties of HEO materials [13,14], comparatively little 
work has been done on understanding their complex reaction, sintering, 
and phase segregation behavior. It is therefore important to study the 
phase homogeneity in TM-HEO after sintering to form a consolidated 
bulk material, especially given the complex reaction process and known 
propensity for phase segregation at intermediate temperatures. Thus, 
the purpose of this study is to explore the phase homogeneity in bulk 
consolidated TM-HEO at the nm scale through the application of APT; 
XRD and SEM are also used to confirm macro-scale phase homogeneity. 
Variable sintering approaches and as-sintered grain size values are 
evaluated to explore the robustness of the findings. 

2. Experimental methods 

2.1. Solid-state powder synthesis 

TM-HEO nanopowders were prepared using solid-state synthesis 
methods. Oxide nanopowders (US Research Nanomaterials Inc, Hous
ton, TX, USA) of CuO (25−55 nm reported particle size, 99.95 wt% 
purity), CoO (50 nm, 99.7 %), MgO (50 nm, 99.95 %), NiO (18 nm, 

99.98 %), and ZnO (18 nm, 99.95 %) were blended using a mortar and 
pestle in equimolar amounts. Further blending was performed using a 
Fritsch Premium 7 (Fritsch GmbH, Idar-oberstein, Germany) planetary 
ball mill (PBM) at 300 rpm for 3 h. Powders were suspended in iso
propanol and milled using Si3N4 jars and media. These unreacted 
nanopowder mixtures are hereafter referred to as blended oxide nano
powders. Some of the blended oxide nanopowders were heat treated at 
900 ◦C for 20 min to form a coarse-grain single-phase TM-HEO powder. 
These powders were reground in the PBM at 300 rpm for 12 h and are 
hereafter referred to as pre-reacted nanopowders. 

2.2. Bulk sample consolidation 

Conventional sintering and spark plasma sintering (SPS) were used 
to consolidate the blended oxide and pre-reacted nanopowders into bulk 
TM-HEO samples. Conventional sintering was performed using an 
elevator furnace (Model 1210BL, CM Furnaces, Bloomfield, NJ, USA) at 
a temperature of 1100 ◦C for 12 h in order to consolidate the blended 
oxide nanopowders into bulk coarse-grain samples. The samples were 
quenched to room temperature by lowering the furnace elevator into the 
path of a fan blowing room temperature air. A Fuji model 825S SPS 
instrument (Fuji Electronic Industrial Co., Ltd., Kawasaki, Japan) was 
used to consolidate the blended oxide and pre-reacted nanopowders into 
bulk nanocrystalline samples. SPS was performed at a temperature of 
700 ◦C for 5 min with a heating rate of 200 ◦C/min. An applied pressure 
of 100 MPa was used throughout the experiment. 

2.3. Phase and microstructural characterization 

The density of the bulk samples was measured using Archimedes 
method, and the relative density was calculated based on a theoretical 
density of 6.137 g/cm3 [15]. A Regulus 8230 SEM (Hitachi, Tokyo, 
Japan) was used to examine the microstructure of the bulk samples and 
powders. Average grain sizes were found by examining fractured spec
imen surfaces. Chemical mapping was performed on flat polished sam
ples using a QUANTAX FlatQUAD (Bruker, Billerica, MA, USA) energy 
dispersive X-ray spectroscopy (EDS) instrument. Maps were acquired 
using an accelerating voltage of 3 kV in order to achieve the spatial 
resolutions necessary to observe small (<100 nm) inhomogeneities that 
might be present in the samples. The maps were analyzed and prepared 
using the Bruker ESPRIT software. It is important to note that the color 
intensity of the maps presented in this work are relative, and do not 
represent a quantified composition. An Ultima III XRD instrument 
(Rigaku, Tokyo, Japan) was used to analyze the phase state of the 
samples. 

2.4. Atom probe tomography 

APT samples were prepared using an Auriga 60 (Zeiss, Oberkochen, 
Germany) focused ion beam (FIB) system. A platinum capping layer 
(150 nm in thickness) was deposited over the area of interest to protect 
from Ga ion damage during milling. To produce the required atom probe 
specimen geometry, annular milling was used to create needle-shaped 
specimens with a tip diameter of <100 nm [16]. APT measurements 
were performed using a LEAP 4000X HR (Cameca SAS, Gennevilliers, 
Cedex, France) in laser pulse mode (pulse energy 60 pJ, pulse frequency 
100 kHz) at 50 K. Cameca’s integrated visualization and analysis soft
ware (IVAS) was used for reconstruction analysis. Depth profiles were 
calculated using a 6 nm diameter cylinder along the long axis of the 
needle. 

Statistical analysis of APT data is a powerful method of analyzing 
subtle variations in local chemistry that are not detectible from simple 
visual analysis of the measured APT volumes. In this work, the extent of 
chemical clustering was assessed using nearest neighbor (NN) and fre
quency distribution analysis. Both of these techniques have been used 
extensively to extract information about chemical clustering from APT 
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data of high entropy materials [17,10]. In this work, the first (1NN) and 
fifth (5NN) nearest neighbor distributions were calculated and 
compared to a random label swapped data set. Significant chemical 
clustering is likely to exist when the NN distributions display multi
modal behavior or significantly deviate from the randomized data set. 
Frequency distribution analysis was used to calculate Pearson co
efficients for the five binary oxide constituents in TM-HEO. Pearson 
coefficients measured from APT data sets can be used to quantitatively 
measure the extent of clustering [18]. Pearson coefficients range from 
0 to 1, with 1 corresponding to complete separation of the element or 
compound, and 0 corresponding to a random binomial distribution. 

3. Results and discussion 

3.1. Microstructure and phase state 

Nanopowders synthesized using the blended oxide method display 
XRD peaks from the constituent binary oxides, confirming that blended 
oxide nanopowders are an unreacted mixture of the five starting nano
powders (Fig. 1a–i). XRD peaks corresponding to the constituent oxide 
nanopowders are labeled as: ‘Z’ for ZnO, ‘C’ for CuO, ‘M’ for MgO, and 
‘N’ for NiO in Fig. 1a. Distinct CoO peaks are not observed due to overlap 
with the peaks of the other constituent oxides. As a mixture of the 
unreacted binary nanopowders, blended oxide nanopowders contain 
primarily individual and agglomerated nanoparticles with features 
similar in size to the reported particle sizes of the individual binary oxide 
nanopowders (≤55 nm), as seen in the SEM micrograph in Fig. 1b. XRD 
reveals that blended oxide nanopowders consolidated with conventional 
sintering have a single-phase rocksalt crystal structure with no signs of 
extraneous peaks (Fig. 1a–ii). The conventionally sintered samples have 
a coarse-grain equiaxed microstructure with an average grain size of 
15 μm (Fig. 1c), and an as-consolidated relative density of 99 %. The 
high temperatures (1100 ◦C) and long hold times (12 h) involved in our 
conventional sintering process result in the reaction of the blended oxide 
nanopowders into the single-phase TM-HEO crystal structure and the 
considerable grain growth that we observe. We hereafter refer to these 
single-phase bulk samples as the single-phase coarse-grain samples. 

SPS processing of blended oxide nanopowders yields bulk TM-HEO 
samples with multiple phases, displaying XRD peaks corresponding to 
the TM-HEO rocksalt phase, as well as extraneous peaks corresponding 

to the unreacted CuO and ZnO constituent oxide nanopowders 
(Fig. 1a–iii). Although CoO peaks are not directly observed, peaks cor
responding to Co3O4 or a Co-rich spinel phase can be identified (labeled 
as ‘S’ in Fig. 1a). The presence of peaks from the starting powders in
dicates that the solid-state reaction into a single-phase TM-HEO rocksalt 
crystal structure has not yet come to completion in these samples. These 
unreacted SPS consolidated samples display a nanocrystalline micro
structure with an average grain size of 81 nm, as seen in Fig. 1d. We refer 
to these unreacted bulk samples here as unreacted nanocrystalline 
samples. 

The unreacted nanocrystalline samples retain the nanocrystalline 
microstructure and morphology of the blended oxide nanopowders due 
to the low temperatures and short processing times involved in our SPS 
processing. Furthermore, the SPS processing conditions used in this 
study are insufficient to fully react the blended oxide nanopowders 
during sintering, yielding a multi-phase state. Our previous work has 
shown that temperatures >800 ◦C are necessary to complete the in-situ 
solid-state reaction and achieve a single-phase rocksalt crystal structure 
[9]. Such high temperatures will yield significant grain growth and are 
incompatible with retaining a nanocrystalline microstructure in 
TM-HEO. 

In order to produce bulk nanocrystalline TM-HEO samples with a 
single-phase rocksalt crystal structure, it is necessary to complete the 
solid-state reaction before consolidation using SPS. We have previously 
shown that heat treating blended oxide nanopowders at 900 ◦C for 
20 min is sufficient to form single-phase TM-HEO powders [9]. PBM of 
those heat-treated powders results in single-phase nanopowders with 
XRD patterns showing only broad rocksalt peaks (Fig. 2a). These 
pre-reacted nanopowders display individual and agglomerated nano
particles after PBM, as seen in Fig. 2b. These results confirm that 
single-phase TM-HEO nanopowders can be synthesized from solid-state 
reaction and PBM [9]. SPS consolidation of pre-reacted nanopowders at 
700 ◦C yields bulk samples with a predominantly single-phase rocksalt 
crystal structure. Although small peaks corresponding to the Cu-rich 
tenorite phase (denoted with ‘T’ in Fig. 2a) can be observed, Rietveld 
refinement using MAUD [19] indicates that the tenorite phase content is 
<1 at%. Thus, we consider these as-consolidated samples to be essen
tially ‘single’ phase. These SPS-consolidated samples have nanocrystal
line microstructures with an average grain size of 97 nm (Fig. 2c), and as 
such, we refer to them here as single-phase nanocrystalline samples. The 

Fig. 1. Synthesis and consolidation of bulk TM- 
HEO ceramics from blended oxide nano
powders. (a) X-ray diffraction patterns for: (i) 
the blended oxide nanopowder and the samples 
consolidated from the blended oxide nano
powder using: (ii) conventional sintering (sin
gle-phase coarse-grain samples) and (iii) spark 
plasma sintering (unreacted nanocrystalline 
samples). Peaks corresponding to additional 
phases and the constituent oxide nanopowders 
are labeled as: ‘S’ for the Co-rich spinel phase, 
‘Z’ for ZnO, ‘C’ for CuO, ‘M’ for MgO, and ‘N’ 
for NiO; (b) micrograph of the blended oxide 
nanopowders; (c) fracture surface micrograph 
of a single-phase coarse-grain sample; and (d) 
fracture surface micrograph of an unreacted 
nanocrystalline sample.   
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low temperature (700 ◦C) and short hold time (5 min) involved in SPS 
consolidation enable the retention of the nanocrystalline microstructure 
present in the pre-reacted nanopowders. Despite being sintered at the 
maximum tenorite formation temperature (700 ◦C), the short processing 
time allows for the creation of samples with minimal amounts of sec
ondary phase [9]. The single-phase nanocrystalline samples have rela
tive densities of >98 %. 

3.2. Macro-scale phase homogeneity 

Our previous work demonstrates that low voltage EDS (3 kV accel
erating voltage) is an effective method for visualizing the small 
(~100 nm) secondary phases in multi-phase TM-HEO [9]. Using these 
same EDS measurement conditions reveals no sign of the Cu-rich phase 
in the single-phase coarse-grain samples made from blended oxide 

nanopowders (Fig. 3). Segregation of the other elements is also not 
observed. Thus, in the single-phase coarse-grain samples, the 
high-temperature conventional sintering procedure is sufficient to fully 
react the blended oxide nanopowders and achieve macroscopic phase 
homogeneity. 

In the unreacted nanocrystalline samples, significant inhomogeneity 
is observed, as seen from the chemical maps in Fig. 4. The in
homogeneities visible in the EDS maps are similar in size to the indi
vidual or agglomerated nanoparticle morphologies found in the blended 
oxide nanopowders (Fig. 1b). XRD patterns of these samples contain 
extraneous peaks corresponding to the starting powders (Fig. 1a), 
implying that these inhomogeneous regions are the unreacted constit
uent oxide nanopowders. As previously described by Hong et al., the 
solid-state reaction involved in reacting the MgO-CoO-NiO-CuO-ZnO 
system into single-phase rocksalt TM-HEO is complex [8]. The five bi
nary oxide components have varying levels of solubility in the rocksalt 
crystal structure and will dissolve into the solid solution structure at 
different temperatures. Hong et al., relate the order that the binary oxide 
components dissolve to their vacancy formation energy. Of the rocksalt 
binary oxides, MgO (1.8−2 eV [20]) and CoO (1.83 eV [21]) have the 
lowest vacancy formation energy and are expected to react first, while 
NiO (4.35 eV [22]) has a greater vacancy formation energy and would 
be expected to react after MgO and CoO. CuO and ZnO do not stabilize in 
a rocksalt crystal structure under ambient conditions and are observed 
dissolving into the rocksalt structure last. 

Based on the vacancy formation energies and the observations of 
Hong et al. [8], the binary oxides would be expected to dissolve in the 
following order: (1) MgO and CoO, (2) NiO, (3) ZnO, (4) CuO. However, 
in our unreacted nanocrystalline samples the Ni EDS map displays the 
least amount of inhomogeneity out of all five metal element EDS maps. 
MgO and CoO would be expected to react before NiO due to their lower 
vacancy formation energies. We attribute the lack of Ni inhomogeneities 
to the NiO nanopowder having an 18 nm reported particle size, which is 
smaller than the 50 nm reported particle sizes of the MgO and CoO 
nanopowders. A smaller particle size will allow the NiO nanopowder to 
dissolve more readily into the TM-HEO rocksalt crystal structure. 

In addition to CuO and ZnO peaks, the XRD pattern of the unreacted 
nanocrystalline samples also displays peaks corresponding to Co3O4 
spinel or a Co-rich spinel phase of the form MCo2O4 (where M=Cu, Mg, 
Ni, Zn). Upon close examination of the cation EDS maps, significant 
overlap is not observed between the signals in the Co map and the maps 
for the four other metals. In other words, there is mostly an absence of 
signal in the Cu, Ni, Mg, and Zn EDS maps in the locations where the Co- 
rich particles reside. Although it is difficult to pinpoint the composition 
of the spinel phase in the unreacted nanocrystalline samples, our EDS 
results indicate that the Co-rich particles are likely to be Co3O4. CoO is 
known to transform to Co3O4 between 600−900 ◦C [23], with smaller 
particles sizes decreasing the transformation temperature [24]. How
ever, CoO is able to form spinel phases with the other metals in TM-HEO 
[25]. Additionally, some Co-rich regions overlap with Zn signals, indi
cating a possible reaction between CoO and ZnO to form ZnCo2O4. We 
therefore propose that CoO goes through an intermediate trans
formation and reaction step to Co3O4 or ZnCo2O4 before finally dis
solving into the TM-HEO rocksalt crystal structure. 

The XRD pattern for the unreacted nanocrystalline samples displays 
peaks corresponding to the TM-HEO rocksalt crystal structure as well as 
unreacted CuO, ZnO, and a Co-rich spinel phase (Fig. 1a). Peaks corre
sponding to unreacted MgO and NiO are not observed. However, the 
EDS maps for the unreacted samples indicate that none of the five binary 
oxides have completely dissolved into the rocksalt crystal structure, 
including MgO and NiO. The disparity between the measurements can 
be attributed to the amount of unreacted MgO and NiO being below the 
detection limit of XRD. Given the complexity of the solid-state reaction 
process in HEO materials, such an observation illustrates that XRD alone 
may not be sufficient for determining phase homogeneity. Multiple 
measurement techniques are necessary to thoroughly investigate the 

Fig. 2. Synthesis and consolidation of bulk TM-HEO ceramics from pre-reacted 
nanopowders. (a) X-ray diffraction patterns for the pre-reacted nanopowder 
and spark plasma sintered single-phase nanocrystalline samples. Peaks corre
sponding to the Cu-rich tenorite phase are labeled as ‘T’; (b) micrograph of the 
pre-reacted nanopowders; and (c) fracture surface micrograph of a sintered 
single-phase nanocrystalline sample. 
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Fig. 3. Phase and chemical homogeneity of the single-phase coarse-grain samples: scanning electron micrograph and corresponding EDS chemical maps of a single- 
phase coarse-grain sample, which was consolidated from the blended oxide nanopowders using conventional sintering. Note that the bright features seen in the 
secondary electron micrograph (far left panel) are surface debris and a grain pullout. These features were used to help focus the microscope and are not related to the 
chemical behavior of the sample. 

Fig. 4. Phase and chemical homogeneity of the unreacted nanocrystalline samples: scanning electron micrograph and corresponding EDS chemical maps of an 
unreacted nanocrystalline sample, which was consolidated from the blended oxide nanopowders using spark plasma sintering. 

Fig. 5. Phase and chemical homogeneity of the single-phase nanocrystalline samples: scanning electron micrograph and corresponding EDS chemical maps of a 
single-phase nanocrystalline sample, which was consolidated from the pre-reacted nanopowders using spark plasma sintering. 
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phase homogeneity in HEO materials across a range of length scales. 
In the single-phase nanocrystalline samples, occasional Cu-rich re

gions are observed in the EDS map (Fig. 5), which is consistent with our 
XRD data that indicate the presence of a minor amount of the Cu-rich 
phase. Additionally, no segregation is observed in the other EDS maps. 
It is important to draw a distinction between inhomogeneities from the 
unreacted constituent nanopowders and those which arise from 
secondary-phase segregation. In the unreacted nanocrystalline samples 
the inhomogeneous regions are of the same length scale as the ag
glomerates of the starting nanopowders. Conversely, the Cu-rich regions 
in the single-phase nanocrystalline samples are approximately the size 
and morphology of the nanocrystalline grains, which agrees with our 
previous observations that the segregated secondary phase generally 
encompasses an entire grain in nanocrystalline TM-HEO. Overall, 
however, in the single-phase nanocrystalline samples consolidated from 
pre-reacted nanopowders, little-to-no clustering of Cu is observed in the 
EDS maps indicating that these samples are ‘single-phase’ at this scale. 

3.3. Nanometer-scale phase homogeneity 

XRD and EDS reveal obvious signs of inhomogeneity in the unreacted 
nanocrystalline samples. Conversely, these same methods indicate that 
single-phase coarse-grain and nanocrystalline samples are single phase 
at the macroscopic scale. However, it is still possible for small secondary 
phases to be present in a sample that initially appears ‘single-phase’, due 
to an incomplete solid state reaction or TM-HEO’s propensity to form 
secondary phases under certain conditions [9]. While XRD and 
SEM/EDS provide insight into the phase distribution across a wide range 
of length scales, these methods cannot provide information about the 
chemical distribution at the nm scale. In the present study, the phase 
homogeneity of the bulk sintered single-phase samples was evaluated 
using APT. The unreacted nanocrystalline samples were not considered 
for APT due to their inhomogeneity being indisputably verified using 
XRD and SEM. 

A three-dimensional chemical reconstruction of all six elements in a 
single-phase coarse-grain sample can be observed in Fig. 6a. Color- 
coded dots represent individual atoms in the reconstruction. We 
observe that the single-phase coarse-grain sample displays no obvious 
signs of phase segregation throughout the volume. The phase homoge
neity was examined qualitatively by performing a composition depth 
profile analysis along the length of the needle (Fig. 6b). No significant 
concentration fluctuations are observed in the sample. 

The extent of clustering in the single-phase coarse-grain sample was 
more rigorously assessed using NN and binomial frequency distribution 
analysis. 1NN and 5NN distributions for CoO, CuO, MgO, NiO, and ZnO, 
along with the equivalent randomized distributions (dashed lines), can 
be seen in Fig. 7. None of the NN distributions display any bimodal 
nature for any of the oxides, indicating that there is no significant 

chemical clustering in the sample. Further, the NN distributions 
compare well to the randomized distributions. The Pearson coefficients, 
calculated from the binomial distribution of the individual binary oxides 
(not shown), can be seen in Table 1. The coefficients are all much less 
than 1, indicating no clustering of any of the oxides. Combined, the 
binomial distribution and the NN distribution analysis indicate that 
there is no significant chemical clustering in the single-phase coarse- 
grain samples at the nm scale. 

It is important to note that our single-phase coarse-grain samples are 
prepared by reaction-sintering unreacted blended oxide nanopowders, 
which consist of five blended nanopowders. XRD and EDS results 
confirm that the coarse-grain samples are single phase down to 10’s of 
nm, while APT confirms that the solid-state reaction is complete down to 
the nm scale. As discussed above, the blended oxide nanopowders have 
two constituent oxides (CuO and ZnO) that do not form into the rocksalt 
crystal structure under ambient conditions, resulting in a complex re
action sequence that involves the five components dissolving into the 
rocksalt solid solution crystal structure at different temperatures [8]. We 
show that phase homogeneity can be achieved in coarse-grain TM-HEO 
via solid-state reaction during conventional sintering, despite the com
plex reaction process. The phase homogeneity in our samples can be 
attributed to the temperature (1100 ◦C) and time (12 h) involved in 
conventional sintering, as well as the nanometric nature of the starting 
nanopowders (<50 nm particle size). 

Our EDS results demonstrate that the single-phase nanocrystalline 
samples have the capability of forming minor amounts of secondary 
phase during consolidation (Fig. 5), suggesting that the primary rocksalt 
solid-solution phase may contain nm scale chemical segregation as well. 
A 3D atomic reconstruction of a single-phase nanocrystalline bulk TM- 
HEO sample can be seen in Fig. 8a. Like the single-phase coarse-grain 
samples, visible chemical clustering is not observed in the single-phase 
nanocrystalline samples. Composition depth profile analysis (Fig. 8b) 
displays no obvious concentration fluctuations. 

Similar to the single-phase coarse-grain samples, the absence of 
chemical clustering in the single-phase nanocrystalline samples was 
further verified using NN and frequency distribution analysis. 1NN and 
5NN distributions for the constituent binary oxides display no bimodal 
behavior and closely match the randomized distributions (Fig. 9). The 
Pearson coefficients calculated from the frequency distribution analysis 
of the oxides are also much less than 1 (Table 1). Taken together, these 
two analysis methods indicate the absence of significant chemical 
clustering at the nm scale in single-phase nanocrystalline samples. In
homogeneities associated with an incomplete solid-state reaction would 
not be expected as our single-phase nanocrystalline samples were 
consolidated from single-phase pre-reacted nanopowders using SPS. 
Despite being sintered at 700 ◦C, at which secondary phases are known 
to form during heat treatment [9], our single-phase nanocrystalline 
samples show no signs of significant phase segregation. The rapid 

Fig. 6. Chemical distribution in a single-phase coarse-grain sample: (a) atom probe tomography (APT) 3D chemical distribution maps for a sintered single-phase 
coarse-grain sample; and (b) compositional profiles measured along a 6 nm diameter cylinder in the sintered single-phase coarse-grain APT sample. 
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processing times involved in SPS (5 min) allow thermodynamic and 
microstructural equilibrium to be avoided, restricting grain growth as 
well as significant formation of enthalpy-driven phases. The kinetics 
involved in the formation of the Cu-rich tenorite phase are slow enough 
that 5 min at 700 ◦C is not enough time for significant phase 
segregation. 

It is important to remember that our single-phase coarse-grain 
samples were consolidated from blended oxide nanopowders using 
conventional sintering, while our single-phase nanocrystalline samples 
were consolidated from single-phase pre-reacted nanopowders using 
SPS. Despite being prepared using different powder synthesis and pro
cessing methods, both samples display a similar lack of significant in
homogeneity at the nm scale. The Pearson coefficients for both samples 

are much less than 1, indicating no significant chemical clustering. The 
low Pearson coefficients and lack of isolated binary oxide particles 
suggest that the solid-state reaction is complete in both single-phase 
samples. However, all of the Pearson coefficients measured in this 
study are greater than 0, indicating a non-random chemical distribution 
throughout the measured volume. We attribute this non-random dis
tribution to local regions that are enriched in those elements [26]. The 
source of this local density fluctuation is likely related to the competi
tion between entropy and enthalpy in TM-HEO. Our previous work 
found that enthalpy driven phase segregation occurred in TM-HEO at 
temperatures in the range of 650−850 ◦C [9]. Although, our 
single-phase coarse-grain samples are quenched, they will still spend a 
non-negligible amount of time at temperatures between 650 and 850 ◦C, 
allowing for small fluctuations in local chemistry to form. Similarly, our 
single-phase nanocrystalline samples are consolidated at 700 ◦C for 
5 min, providing sufficient time for the formation of local variations in 
chemistry. 

XRD, EDS, and APT all have different measurement volumes and 
resolution capabilities. When used together, the three techniques pro
vide a powerful approach for studying phase homogeneity of HEO ma
terials across a wide range of length scales. Using these three techniques, 

Fig. 7. Evaluation of chemical segregation in a single-phase coarse-grain sample: nearest neighbor (NN) analysis for a single-phase coarse-grain sample. Displayed 
are the distributions of the 1st nearest neighbor (1NN) and 5th nearest neighbor (5NN) distances for CoO, MgO, NiO, ZnO, and CuO. The measured distributions are 
compared to a randomized data set (dashed lines). 

Table 1 
Pearson coefficients calculated from the frequency distribution analysis for the 
single-phase coarse grain and single-phase nanocrystalline samples.  

Sample CoO CuO NiO MgO ZnO 

Coarse 0.26 0.30 0.12 0.29 0.43 
Nanocrystalline 0.17 0.22 0.14 0.16 0.16  

Fig. 8. Chemical distribution in a single-phase nanocrystalline sample: (a) atom probe tomography (APT) 3D chemical distribution maps for a sintered single-phase 
nanocrystalline sample; and (b) compositional profiles measured along a 6 nm diameter cylinder in a sintered single-phase nanocrystalline APT sample. 
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we have shown that our bulk single-phase TM-HEO samples have no 
significant chemical clustering or phase separation across multiple 
length scales, as illustrated schematically in Fig. 10. Note that the 
schematic is only meant to depict the chemical homogeneity in the 
sample and is not meant to imply any knowledge of the distribution of 

individual atoms. Critically, APT reveals that the solid-state reaction is 
complete down to the nm scale. The single-phase state can be achieved 
in both coarse-grain and nanocrystalline bulk TM-HEO after sintering 
and does not need to be sacrificed to produce a bulk sample with a 
desired grain size. Although phase homogeneity has been observed in 

Fig. 9. Evaluation of chemical segregation in a single-phase nanocrystalline sample: nearest neighbor (NN) analysis for a single-phase nanocrystalline sample. 
Displayed are the distributions of the 1st nearest neighbor (1NN) and 5th nearest neighbor (5NN) distances for CoO, MgO, NiO, ZnO, and CuO. The measured 
distributions are compared to a randomized data set (dashed lines). 

Fig. 10. Multiple length-scale phase homogeneity: Schematic illustrating that our sintered single-phase TM-HEO samples possess phase homogeneity across multiple 
length scales. 

A.D. Dupuy et al.                                                                                                                                                                                                                               



Journal of the European Ceramic Society 41 (2021) 4850–4858

4858

green bodies of nebulized spray pyrolysis powders [15], this is the first 
time that nm scale phase homogeneity has been observed using APT in 
sintered coarse-grain and nanocrystalline TM-HEO. It is important to 
note that, as a result of this study, phase homogeneity has now been 
observed in TM-HEO samples made with a wide range of powder syn
thesis and consolidation techniques. The entropy stabilized, 
single-phase state in HEOs is therefore more robust than would intui
tively be expected, opening the door for bulk HEO materials to be uti
lized in a variety of solid-state applications without fear of 
compromising the phase stability. 

4. Conclusions 

Three types of TM-HEO samples were prepared using three different 
processing routes: single-phase coarse-grain samples prepared by reac
tion sintering unreacted nanopowders using conventional sintering at 
high temperatures, unreacted nanocrystalline samples prepared by 
consolidating unreacted nanopowders using spark plasma sintering 
(SPS) at low temperatures, and single-phase nanocrystalline samples 
prepared by consolidating solid-state pre-reacted nanopowders using 
SPS at low temperatures. XRD confirms that the single-phase coarse- 
grain and single-phase nanocrystalline samples possess a macroscopic 
single-phase rocksalt crystal structure, while the unreacted nano
crystalline samples possessed additional phases corresponding to the 
constituent oxide nanopowders. EDS indicates that the single-phase 
samples possess little-to-no secondary phase segregation, while the 
unreacted nanocrystalline samples possesses significant in
homogeneities that are similar in size to the constituent oxide nano
powders. APT measurements demonstrate that sintered single-phase 
samples lack significant chemical clustering at the nm scale. By 
combining all three measurement techniques, we observe that both 
single-phase coarse-grain and single-phase nanocrystalline TM-HEO 
samples possess phase homogeneity across multiple length scales. TM- 
HEO can be prepared using different processing methods while still 
achieving full phase homogeneity and a wide range of grain sizes. These 
findings suggest that the entropy stabilized single-phase states in HEO 
materials are stable enough to be processed using a variety of different 
techniques without endangering the desired multiscale phase 
homogeneity. 
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