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The possibility of altering the phase equilibria of multicomponent oxide systems through precise control of
configurational entropy has opened a platform with unlimited possibilities to fine-tune material properties. The
current work is aimed at tailoring the mechanical and thermal properties of (MgNiCoCuZn)O by an intelligent
design of constituent phase structure resulting from controlled cooling from the stabilization temperature. Based

on the cooling rates, the amount of CuO nucleation was found to vary between 5.4 and 12.3 wt%, along with a
corresponding decrease in Cu?t content in the matrix. It was observed that with the decrease in Cu?* ion
concentration in the matrix, the Young’s modulus and hardness increased by 33% and 26%, respectively, along
with a corresponding decrease in the coefficient of thermal expansion by 15%. Similarly, an increased nucleation
of CuO precipitates led to the improvement of fracture toughness of the material by 15%, while its thermal
conductivity remained unaltered.

1. Introduction

A quest for advanced material systems with superior properties that
can fulfil the demands of modern technological trends still poses an
imposing challenge in the field of materials science. The possibility of
altering the phase stability of solid solutions through precise control of
configurational entropy paves way for the development of new classes of
high entropy materials. The concept of high entropy materials was
initially confined to the world of metals and their alloys and has now
been extended to non-metallic systems [1-5]. The first equimolar
multicomponent oxide system (MgNiCoCuZn)O was synthesized and
reported by Rost et al. as entropy stabilized oxides (ESO)[6], which are
now commonly known as high entropy oxides (HEO). The multi-cation
transition metal oxide system (MgNiCoCuZn)O still remains interesting

since the system reveals characteristics of very low thermal conductivity
[7,8], is elastically isotropic in nature [9], and exhibits high dielectric
constants over a wide range of frequencies [10]. Furthermore, (MgNi-
CoCuZn)O was found to be catalytically active and extremely stable in
the high-temperature oxidation of CO [11], a suitable candidate for the
two-step thermochemical water splitting process at reduced tempera-
tures [12], and a potential material for reversible energy storage [13]
due to its high Li-ion conductivity [14]. The presence of multiple cations
in the sublattice of ESO gives rise to novel and exciting properties
resulting from interactions between one another, which is the essence of
the ’cocktail effect’. Despite the impressive properties, a thorough un-
derstanding of the factors influencing such material behavior is neces-
sary for maximizing the performance of these materials.

There have been extensive studies related to the phase evolution and
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stability of this multicomponent system as a function of temperature,
pressure and composition. Earlier studies were directed towards un-
derstanding the effects of an additional cation in the 5 component sys-
tem [10,15,16] and also the effects of local distortion due to the
Jahn-Teller effect by the Cu?* ions on the phase stability [15,17-20].
Further studies reported the effects of high pressure ( > 6 GPa) on the
phase stability [21] and on the deformation behavior of this 5 compo-
nent system [22,23]. Extensive studies were also carried out to under-
stand the densification behavior of this entropy stabilized oxide system
and its effect on mechanical and thermal properties [7,24]. Also, the
variation in morphology and phase fraction of the secondary phases that
is altered by varying the heat-treatment parameters have been reported
[24-26]. However, no reports exist in the literature exploring the effect
of nucleation & role of secondary phases on the thermal and mechanical
properties of (MgNiCoCuZn)O. The feasibility of controlling the process
and nature of the nucleation of a secondary phase in a multicomponent
system provides an additional degree of freedom in tunability of the
material properties.

In this work, the interrelation between the factors such as thermal
treatment and secondary phase nucleation and their role in the thermal
and mechanical properties is explored and systematically studied. The
first portion of the paper reports the results obtained from the heat
treatment experiments of the multicomponent oxide system [(MgNiCo-
CuZn)O] and the subsequent variation in the mechanical and thermal
properties. Followed by which the variation in the observed properties is
explained using neutron diffraction, EELS spectroscopy, multivariate
statistical analysis (MSA) on a STEM-EDX mapping and molecular dy-
namics simulation.

2. Experimental details
2.1. Synthesis and heat-treatment

Entropy stabilized oxides (MgNiCoZnCu)O were synthesized by so-
lution combustion synthesis (SCS) process using the nitrates of respec-
tive metals, i.e., magnesium nitrate hexahydrate Mg(NOs3)2-6 H20 (Alfa
Aesar), nickel nitrate hexahydrate Ni(NO3)2-6 HO (Alfa Aesar), cobalt
nitrate hexahydrate Co(NO3),-6 HyO (Alfa Aesar), copper nitrate hemi-
pentahydrate Cu(NO3),-2.5 HO (Alfa Aesar), zinc nitrate hexahydrate
Zn(NO3)2-6 Hy0 (Alfa Aesar) and glycine C2HsNO2 — 99% (Alfa Aesar) as
fuel. The synthesis procedure can be found elsewhere [19]. The
as-synthesized powders were calcined in a tubular furnace at 1000 °C for
2 h, followed by quenching in air (referred to as air quenched in the re-
sults). The solution combustion synthesized powders were consolidated
into solid pellets using spark plasma sintering (Sumitomo Coal Mining
Co. Ltd, Japan) in vacuum. The sintering process was carried out in a
graphite die of diameter 15 mm. The graphite die was filled with the SCS
powder separated by a thin graphite foil to avoid sticking of the sample
with the punch after the sintering process. The sintering process was
carried out at 1050 °C with a holding time of 5 min and at a constant
heating rate of 100 °C/min under a pressure of 50 MPa for all the
samples. Heat-treatment studies were carried out in a tubular furnace at
a heating rate of 5 °C/min and a holding time of 2 h in air atmosphere
followed by varying cooling rates (5 °C/min, 2 °C/min & 1 °C/min). The
samples treated with different cooling rates are referred to as slow cooled
samples and the samples treated with no set cooling rate and just left in
the furnace to cool are referred to as furnace cooled samples.

2.2. Structural characterization

X-ray diffraction was carried out for powders as well as for the sin-
tered and heat-treated pellets using Bruker D8 Discover (Germany) with
20 ranging from 10° to 90°, step size of 0.01'and a scan speed of 1 s/step.
The accelerating voltage and current were kept at 30 kV and 30 mA.
Phase analysis and Rietveld refinement of the diffraction data were done
using X'pert HighScore Plus software.
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The morphological features and elemental composition of the sin-
tered and heat-treated pellets were analyzed using SEM, Thermofischer -
Apreo S (USA) and FEI Quanta 400 (USA) coupled with energy-
dispersive X-ray spectroscopy (EDS) analysis using Bruker X Flash
(Germany). The atomic fractions were determined via averaging the EDS
data obtained from over 10 spots.

High-angle annular dark-field (HAADF) scanning transmission elec-
tron microscopy (STEM) imaging was carried out for the sintered and
heat-treated pellets using 200 kV FEI Tecnai F20 ST (USA). STEM-EDX
and STEM-EELS were carried out on a Thermofischer Scientific Themis
Z transmission electron microscope, operating at 300 kV accelerating
voltage and equipped with probe and image correctors, superX EDX
detector and Gatan image filter (GIF) continuum 970. 4D-STEM
microprobe diffraction was performed using the same TEM using
Gatan Oneview camera with STEMx system. The sample was prepared
by slicing a thin cross-section (less than 0.7 mm in thickness) from the
pellet using a low-speed diamond cutting machine from Struers Ltd,
USA. The thickness of the sliced portion was progressively reduced to
less than 0.1 mm by polishing with SiC emery sheets. A 3 mm disc was
prepared from the thinned down slice using an ultrasonic disc cutter
from Gatan Inc.,(USA). A disc of 3 mm in diameter was thinned further
such that it was electron transparent using an ion miller from Gatan Inc.,
(USA).

Neutron diffraction was carried out at room temperature for the
powder samples in the time-of-flight (TOF) High Resolution Fourier
Diffractometer (HRFD) mode on the pulsed neutron reactor IBR-2 in the
Joint Institute for Nuclear Research (JINR) (Dubna, Russia) [27]. The
measurement time for each sample was 8 h. The working distance was
from d = 0.6-2.4 A. The resolution (FWHM/d) function changed from
0.0021 atd = 0.6 A t0 0.0017 atd = 2.4 A. All spectra were treated using
the FullProf program. Elastic peaks were described by a special function,
which is a convolution of pseudo-Voigt with back-to-back exponential
functions [28].

The Raman spectra of powder samples were carried out using a
LabRAM HR800 Raman spectrometer from Horiba Jobin-Yvon (Japan)
equipped with an Olympus BX41 microscope having an objective lens
magnification of 50 x . The samples were excited with a He-Ne laser
source of 632 nm wavelength and signals were obtained in the range of
200 cm ! to 2400 cm ™! using a 5 mW power supply.

The electron paramagnetic resonance spectrometry of the powder
samples was performed using JEOL JES FA200 (USA) instrument at
room temperature at X band frequency of 9.65 GHz with a sensitivity of
7 x 10° spins/0.1 mT. The recorded intensity values were plotted
against the magnetic field (G) and the corresponding g values were
obtained by simulation of EPR data using EasySpin software 5.0 [29].

2.3. Mechanical characterization

An ultrasonic resonant frequency testing method (KEYSIGHT Tech-
nologies, USA) was used to measure the Poisson’s ratio and Young’s
modulus of the sintered and heat-treated ESO samples. Poisson’s ratio
and Young’s modulus were calculated using the longitudinal and shear
velocities measured from the ultrasonic testing using the following
equations.

-2()
>2(r)
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where, p is the Poisson’s ratio, E is the Young’s modulus, V] is the lon-
gitudinal velocity, V; is the shear velocity and p is the density of the
material.

Nanoindentation for the sintered and heat-treated ESO samples was
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carried out using Hysitron Inc., USA, with a standard Berkovich indenter
with a load of 10 mN. Loading, unloading and dwell time for the
indentation was set constant to a value of 10 s for all the samples, which
resulted in a trapezoidal load function. The reduced elastic modulus (E;)
was determined using the Oliver-Pharr method.

2
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where, E and v are the elastic modulus and Poisson’s ratio of the sample
while E; and v; are the elastic modulus and Poisson’s ratio of the Ber-
kovich indenter respectively. The Young’s modulus and hardness values
were calculated from an average of 10 indents for each sample.

To determine the fracture toughness in mode-I of the sintered and
heat-treated samples, a load of 1 kg was applied with a dwell time of 10 s
to indent the sample surface in order to generate cracks using a Vickers
micro-hardness tester (Model: 420 MVD, Wolpert Wilson Instruments,
USA). The fracture toughness values were calculated using the crack
opening displacement (COD) method by visualizing the radial cracks
formed at the indents over the sample surface in the scanning electron
microscope (SEM). Half of the crack opening displacement (u) is plotted
as a function of distance from the crack tip, which is also known as the
crack interface coordinate. The crack profile is then fitted as per the
following equation to calculate the fracture toughness value.

8
\/:x0'5+Ax1'5+Bx2'5
n

where, Kyjp is the stress intensity factor at the crack tip, which is equal to

K tip
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K¢ under equilibrium conditions, E is the elastic modulus and x is the
distance from the crack tip.

2.4. Thermal characterization

The thermal expansion behavior of the sintered and heat-treated
samples was studied using a NETZSCH Dil 402 Expedis (Germany)
dilatometer. The prepared samples were heated to 1000 °C at a constant
heating rate of 10 °C/min in air atmosphere to record its change in
length in the linear direction. The average linear coefficient of thermal
expansion values over a temperature range was calculated from the first
differential of the dL/L, vs. temperature curve obtained during the
measurement.

Thermal diffusivity measurements were performed using Linseis LFA
1250, Germany. The sintered pellets were cut into thin discs of 10 mm in
diameter and 2 mm in thickness for the measurement. The diffusivity
values were recorded over a temperature range of RT to 1000 °C. The
sintered samples’ specific heat capacity (Cp) measurements were per-
formed using NETZSCH DSC 204 F1 PHOENIX, Germany. The samples
were heated in an alumina crucible to 500 °C at a heating rate of 10 °C/
min in static airflow. The thermal conductivity values were calculated as
per the following equation.

k(T) = a(T) x Cp(T) x p 5)

where, k is the thermal conductivity, a is the thermal diffusivity, C, is the
specific heat capacity and p is the density of the material.

Fig. 1. (a) shows the X-ray diffractograms (b) Raman spectra and (c¢) X-band EPR spectra of the air quenched and furnace cooled (MgNiCoCuZn)O ESO powders.

Also, shown in (b) is the Raman spectra of commercial CuO powder.
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3. Results
3.1. Nucleation of secondary phases — effects of cooling rate

3.1.1. Powder ESO samples

Fig. 1(a) shows the X-ray diffractograms of a single-phase rocksalt
structure obtained by heat-treatment of the solution combustion syn-
thesized powders at 1000 °C for 2 h, followed by quenching it to room
temperature. Also, shown in Fig. 1(a) is the diffractogram of the SCS
synthesized powders heat-treated at 1000 °C for 2 h followed by furnace
cooling. Furnace cooling always inevitably results in the nucleation of

Journal of the European Ceramic Society 43 (2023) 4517-4529

CuO precipitates. However, the transformation from a multi-phase
mixture to a single phase is reversible. The nucleated CuO precipitates
possess a monoclinic crystal structure, and additional spectroscopic
analysis was done to confirm CuO nucleation.

Raman spectroscopy performed on the ESO sample revealed the
peaks corresponding to the rocksalt structure ESO, as shown in Fig. 1(b).
The peak near 543 cm™! was assigned to 1 P LO mode. The peak at
1089 cm~! was attributed to the 2 P LO mode [30]. The assigned vi-
brations of the Raman spectra were based on a structure that possesses a
similar symmetry to the rocksalt type ESO such as NiO and CoO. Raman
spectroscopy performed on the furnace cooled ESO sample confirmed the

Fig. 2. (a) shows the SEM micrographs and elemental mapping of the SPS sintered single-phase [(MgNiCoCuZn)O] ESO sample and (b) shows the SEM micrographs
and elemental mapping of the furnace cooled SPS sintered sample. CuO precipitates can be identified in the furnace cooled sample.
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presence of CuO precipitates which is compared with the Raman spectra
of the commercial CuO powder sample. However, in comparison with
the air quenched sample, the furnace cooled ESO sample exhibited a blue
shift for the peaks at 556 and 1102 cm ™. The shift in peaks could be
attributed to the lowering of the local distortion in the matrix resulting
from the nucleation of CuO. To further confirm the relaxation of local
distortion, electron paramagnetic resonance (EPR) spectroscopy was
done. Fig. 1(c) shows the X-band EPR spectra of the air quenched and
furnace cooled ESO samples. The EPR signal of the air quenched ESO
(stabilized) sample is distorted with the simulated g values of g(x)
= 3.30, g(y) =3.31 and g(z) = 1.88 indicating the anisotropy in the
crystal symmetry and a deviation from an ideal rocksalt structure [31].
In contrast, the signal from the furnace cooled ESO sample is near
isotropic with g(x) = 2.739, g(y) = 2.739 and g(z) = 2.737 confirming
the reduction in the lattice distortion due to the nucleation of CuO.

3.1.2. Sintered ESO samples

The ESO powders were consolidated to pellets using spark plasma
sintering and subjected to similar heat-treatment conditions as the
powder samples to study the mechanical and thermal properties. The
relative density measured using the Archimedes principle resulted in a
value of 6.05 g/cm>, which is 99% of the theoretical density (6.137 g/
crn3) of [(MgNiCoCuZn)O] ESO. Fig. 2(a) shows the SEM micrographs
and elemental mapping of the single-phase SPS sintered sample. The
micrographs reveal a pore-free well-sintered microstructure with an
average grain size of 14 + 1.5 pm. Elemental mapping using SEM con-
firms the uniform distribution of elements in the matrix. Table 1 gives an
average EDS compositional analysis of the various elements present in
the lattice in atomic percentage. No local clustering or segregation was
observed.

Similar to powder samples, furnace cooling results in the nucleation of
CuO in sintered samples. Fig. 2(b) shows the SEM micrographs of the
furnace cooled ESO sample containing CuO precipitates and its respective
elemental mapping. The CuO nucleating from the matrix, precipitates in
a needle shape morphology. The elemental mapping confirms that the
nucleated phase is CuO.

The aforementioned experiments make it clear that CuO nucleation
is inevitable when the sample is furnace cooled. Further experiments with
controlled cooling rates were carried out to understand the CuO nucle-
ation behavior. Fig. 3 shows the X-ray diffractograms of the slow cooled
samples with different cooling rates of 5, 2 and 1 °C/min. Experiments
were restricted to the aforementioned cooling rates since the nucleation
of CuO is suppressed at faster cooling rates. Also, the cooling rate of
5 °C/min mimics the furnace cooling condition. The amount of CuO
nucleated increases with a decrease in the cooling rate as the intensity of
the CuO peaks is found to increase gradually. Particularly, the (202)
peak of CuO starts to appear for the 2 °C/min furnace cooled sample and
its intensity increases further for 1 °C/min furnace cooled sample.

For further investigation, four samples with different heat-treatment
conditions (quenched, slow cooled at 5, 2 and 1 °C/min) were chosen
and are compared with their CuO-free 4-component ESO counterpart. It
was reported that Cu*" ions in (MgNiCoCuZn)O system experience
Jahn-Teller distortion [18] and for the system to remain as a single
phase, there is a necessity to create a certain fraction of oxygen va-
cancies, which overcomes the tensile state of stress around the Cu?* ions
in the lattice induced by Jahn-Teller distortion [19]. Therefore, it was
intuitive to study and contrast the mechanical and thermal properties
obtained for the varying slow cooled ESO samples with the CuO-free

Table 1
Average EDS compositional analysis of various elements present in the lattice in
atomic percentage.

Element  Oxygen Magnesium  Nickel Cobalt Copper Zinc
Atomic 45.4 11.4+1.4 10.9 11.1 10.8 10.3
% +35 +0.8 +0.7 +0.9 +0.8
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Fig. 3. shows the X-ray diffractograms of the ESO stabilized sample and slow
cooled samples at different cooling rates (5, 2 and 1 °C/min).

4-component ESO counterpart [(MgNiCoZn)O], in which almost no
Jahn-Teller distortion effects should be observed. Table 2 shows the
sample nomenclature followed in the subsequent sections for the
different heat-treated samples with varying cooling rates and the cor-
responding weight percentage of CuO nucleated that was calculated
using Rietveld refinement.

3.2. Variation in mechanical properties

The Young’s moduli and Poisson’s ratio of the sintered samples are
shown in Fig. 4(a) & (b). The measured values for the ESO stabilized
sample matched well with the literature reported values [9]. A 33%
increase in the modulus value was observed for the 1 °C/min slow cooled
sample (containing 12.3 wt% CuO nucleated) measured using both
techniques and the average standard deviation in modulus is less than
410 GPa and the apparent increase in modulus with respect to CuO
nucleation is beyond the standard deviation. Also, a 26% increase in
hardness value and a 6% decrease in Poisson’s ratio were observed for
the 1 °C/min slow cooled sample. For comparison, the measured values
for ESO 4 C are also shown in Fig. 4.

Fig. 5(a) shows a representative crack displacement profile of the
ESO stabilized sample and the inset shows the SEM image of the crack
profile observed. The curve was fitted using Eq. (4) and the fracture
toughness values were calculated from the constants obtained. Fig. 5(b)
shows the fracture toughness values of the various sintered and slow
cooled ESO samples. The fracture toughness increased by 15% with the
increase in weight% of CuO nucleated from the matrix.

3.3. Variation in thermal properties

The linear thermal expansion behavior of the sintered and heat-
treated samples is shown in Fig. 6(a). The average linear coefficient of
thermal expansion (CTE) values were calculated between the tempera-
ture range of 200-700 °C from the change in length curve. A change in

Table 2
Sample nomenclature followed for the different heat treated ESO samples with
varying cooling rates.

Sample nomenclature Sample details

ESO5C Single-phase stabilized (MgNiCoCuZn)O ESO

ESO SC-5 Slow cooled at 5 °C/min containing 5.4 wt% of CuO
ESO SC-2 Slow cooled at 2 °C/min containing 8.2 wt% of CuO
ESO SC-1 Slow cooled at 1 °C/min containing 12.3 wt% of CuO
ESO4C Single-phase stabilized (MgNiCoZn)O ESO with no CuO
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Fig. 4. (a) shows the Young’s modulus values of the sintered and heat-treated ESO samples measured using ultrasonic resonant frequency testing and nano-
indentation (b) shows the hardness and Poisson’s ratio measured using nanoindentation and ultrasonic resonant frequency testing respectively. For reference the
values of ESO 4 C system (no CuO) is represented by a star symbol.

Fig. 5. (a) shows a representative crack opening displacement profile of the ESO stabilized sample and (b) shows the variation in fracture toughness values of the
various sintered and heat-treated ESO samples with different slow cooled conditions compared with ESO 4 C sample represented by the star symbol.

Fig. 6. (a) shows the linear thermal expansion behaviour of the sintered ESO samples with different slow cooled conditions and (b) shows the average linear CTE
values for the respective samples. For reference the value of ESO 4 C system (no CuO) is represented by a star symbol.
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the slope of the thermal expansion curve was observed above 700 °C in
the slow cooled samples indicating the dissolution of nucleated CuO back
into the matrix. The average CTE values measured in the temperature
range of 200-700 °C are shown in Fig. 6(b). The average CTE value for
the ESO stabilized sample is 21.5 x 10~® K~! and the CTE values for the
1 °C/min slow cooled sample (containing 12.3 wt% CuO nucleated)
decreased by 34%. It has to be pointed out that the average standard
deviation in CTE values are less than +1.5 x 107% K™! and the apparent
decrease in CTE with respect to CuO nucleation is beyond the standard
deviation. For comparison, the measured values for ESO 4 C are also
shown in Fig. 6(b).

The variation in the thermal conductivity as a function of tempera-
ture over the range of RT to 500 °C is shown in Fig. 7(a). The measured
thermal conductivity value of 2.8 Wm™'K™! for the ESO stabilized
sample matched well with the literature reported value [7]. As shown in
Fig. 7(b), there was not much variation in the average thermal con-
ductivity value with the increase in weight% of CuO nucleated from the
matrix. The variation in thermal conductivity with an increase in CuO
nucleation is within the average standard deviation value of +0.2
Wm 'K 1. The specific heat capacities for all the systems used for
calculating thermal conductivity are shown in supplementary Fig. S1.
An average standard deviation of + 5.9% is observed for the measured
specific heat capacity values. In addition, a strong temperature de-
pendency was observed for ESO 4 C samples, which was not the case for
other samples.

4. Discussion

From the results, both the mechanical and thermal properties of the
ESO system vary with the difference in cooling rates. For the slowest
cooling rate, i.e., ESO SC-1, Young’s modulus, hardness and fracture
toughness of the material increased by 33%, 26% and 15%, respectively,
compared to the ESO 5 C sample. At the same time, the Poisson ratio and
linear coefficient of thermal expansion decreased by 6% and 34%. Un-
like other properties, the material’s thermal conductivity did not vary
with the variation in cooling rate. Additional neutron diffraction ex-
periments and HRTEM characterization combined with molecular dy-
namics (MD) simulations were carried out to rationalize the observed
results. The following section first discusses the compositional and
microstructural changes observed in the system due to slow cooling
rates. The scientific reasoning for the observed variation in the proper-
ties succeeds later.

Journal of the European Ceramic Society 43 (2023) 4517-4529

4.1. Compositional and microstructural changes in the slow cooled ESO
systems

From the results, two interrelated phenomena were observed for the
ESO slow cooled samples, i.e., with a decrease in cooling rates, CuO was
precipitated from the matrix and the matrix composition was
approaching more like that of an ESO 4 C system. Neutron diffraction of
the slow cooled ESO samples was carried out to understand further the
variation in crystal structure. The neutron diffraction for the slow cooled
ESO samples reveals a shift in peaks to higher 2-theta angles with
variation in cooling rates. The results are consistent with the X-ray
diffraction results, as shown in Fig. 8(a) for (200) diffraction peak. For
comparison, the (200) diffraction peak of the ESO 4 C sample is also
shown in Fig. 8(a). The corresponding variation in the lattice parameters
calculated from the X-ray and neutron diffraction diffractograms for the
slow cooled ESO samples and ESO 4 C is shown in Fig. 8(b). From the
variation in lattice parameter and peak shift, it can be hypothesized that
the matrix of the ESO stabilized system tends to become more like an
ESO 4 C system with the decrease in cooling rate. To confirm, multi-
variate statistical analysis (MSA) on a STEM-EDX mapping of the ESO
SC-1 sample was carried out. Multivariate statistical analysis (MSA) on a
STEM-EDX mapping provides more accurate quantification of the
contribution from different components present at each pixel [32]. As
shown in Fig. 9, two distinct components were identified in the MSA,
corresponding to the matrix and precipitate regions, respectively. The
corresponding atom fraction for both the components is provided in
Table 3. From the atom fractions of component 1 and component 2, it
can be confirmed that there are very few Cu®" cations left in the matrix
and also the nucleated precipitate is Cu-rich with an atomic fraction of
Cu:O to be 0.94:1. Therefore, the presumption of the matrix tran-
sitioning to one similar to ESO 4 C could be confirmed.

The other interrelated effect observed because of the slow cooling is
the nucleation of CuO precipitates out of the matrix. HR-TEM studies of
the nucleated CuO in the ESO SC-1 sample were carried out to under-
stand the microstructural changes. The average length and thickness of
the precipitates are 10 + 4 ym and 54 + 17 nm, respectively. The area
fraction of the precipitate was calculated to be 15+3%. Fig. 10 shows the
electron energy loss spectroscopy (EELS) of the CuO precipitates, where
the L2 & L3 edge show typical Cu®" features [33]. Also shown in Fig. 10
are the high-angle annular dark-field imaging (HAADF) and STEM-EDS
mapping of the CuO precipitates. From the STEM-EDS mapping, it is
clear that the precipitates are Cu-rich. Scanning diffraction imaging was
carried out using a microprobe beam (beam size around 1 nm) to
determine the orientation relation between the matrix and precipitate.

Fig. 7. (a) shows the variation in thermal conductivity values with temperature for the sintered ESO samples with different slow cooled conditions and (b) shows the
average thermal conductivity values for the various samples. For reference the value of ESO 4 C system (no CuO) is represented by a star symbol.
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Fig. 8. (a) shows the observed peak shift in the (200) peak of the X-ray diffraction pattern and (b) shows the variation in lattice parameter calculated using Rietveld

refinement from the X-ray and neutron diffraction data.

Fig. 9. shows the multivariate statistical analysis (MSA) on a STEM-EDX mapping of the ESO SC-1 sample. Two major components are identified and the corre-

sponding atom fractions of the elements are shown in Table 3.

Table 3
Atom fractions of the elements identified by the multivariate statistical analysis
(MSA) on a STEM-EDX mapping of the ESO SC-1 sample.

Component 1

Element Oxygen Magnesium Nickel Cobalt Copper Zinc
Atomic % 44.49 9.72 14.28 15.77 0.26 15.45
Component 2

Element Oxygen Magnesium Nickel Cobalt Copper Zinc
Atomic % 46.86 3.15 4.59 1.46 43.67 0.24

Fig. S2 shows the diffraction patterns obtained from the matrix and
precipitate along the three different zone axis ([100], [110] & [111]) of
the ESO matrix. The diffraction pattern from the three zone axes reveals
that the precipitates do not have a simple monoclinic structure of CuO.
However, the basic structure of the precipitate could still be identified
similar to pure-CuO, given the fact that the major intensive diffraction
spots from the precipitates are well correlated to the monoclinic CuO
structure. The precipitate could be considered as a superstructure due to
its modulation by doping of Ni, Mg and Co cations considering the
following, i) the Cu L-edge from the EELS data indicates that the Cu
valence state is close to + 2; ii) there are small amounts of Ni, Mg and Co
cations distributed in the precipitate as evident from the multivariate
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statistical analysis; and iii) the Cu:O ratio being slightly lesser than 1.

4.2. Effect of compositional variation of the matrix on the properties

4.2.1. Mechanical properties

The Young’s modulus of the ESO sample increased by 33% with a
decrease in the cooling rate. Understanding the variation in Young’s
modulus should help explain the variation observed in other properties,
such as coefficient of thermal expansion and hardness, as all of them are
empirically related [34,35]. A systematic analysis was carried out to
determine if the increase in Young’s modulus is due to nucleation of CuO
or due to variation in the composition of the matrix. The overall Young’s
modulus (E.) was calculated using the following rule of mixtures
expression,

E. = fEcuo + (1 —f)Egso (6)
where f is the volume fraction of the nucleated CuO, E¢,0 is the Young’s
modulus of the CuO obtained from the literature [36] and Egso is the
measured Young’s modulus of the entropy stabilized oxide. The volume
fraction of the nucleated CuO was calculated using the weight fraction of
the CuO determined using Rietveld refinement. The overall Young’s
modulus (E.) was calculated to be 131.6 GPa, 131.4 GPa and 131.2 GPa
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Fig. 10. shows the electron energy loss spectroscopy (EELS), high-angle annular dark-field imaging (HAADF) and STEM-EDS mapping of the CuO precipitates.

for ESO SC-5, ESO SC-2 and ESO SC-1, respectively. There is no signif-
icant variation observed in the calculated elastic modulus values when
compared to the measured Young’s modulus, as shown in Fig. 4(a).
Therefore, the possibility of an increase in Young’s modulus due to an
increase in volume fraction of CuO nucleated can be ruled out.

The other possible reason for the increase in Young’s modulus could
be due to the variation in the atomic packing density of the material.
Several reports highlight the relation between elastic constants of ma-
terial and the atomic packing density (Cg). For the materials with the
same composition and initial crystal structure but subjected to treat-
ments affecting the packing density of material (annealing treatments
for structure relaxation, high-pressure experiments), the elastic con-
stants vary [37-40]. However, in this case, both the composition and
initial structure varies with the cooling rate. Therefore, it can be
concluded that it is not the material’s atomic packing density (Cg) that
influences the variation in Young’s modulus.

The results show that the Young’s modulus approach that of a 4-
component system (ESO 4 C — No Cu?* cations in the lattice) with a
decrease in cooling rate. Therefore, it can be proposed that the variation
in the observed properties is a result of a change in the chemical
composition of the matrix and with an increase in CuO nucleation, the
system behaves more like a CuO-free 4-component system. To concur
with this observation, the matrix composition determined from the
multivariate statistical analysis (MSA) on a STEM-EDX mapping of the
sample ESO SC-1 is similar to that of the 4 component system - ESO 4 C
(refer to Section 4.1 ). To further support the findings, the lattice
parameter of the ESO SC-1 sample also approaches close to that of the
ESO 4 C sample (refer to Fig. 8(b)). Therefore, the observed increase in
Young’s modulus of the material is solely because of the variation in the
composition of the matrix with a decrease in cooling rate which answers
the variation in hardness values as well.

4.2.2. Coefficient of thermal expansion

Similar to the mechanical properties, the material’s linear thermal
expansion coefficient (CTE) also shows variation with a decrease in
cooling rate. The average CTE values reported for all the samples were
calculated between 200 and 700 °C. It was because the ESO SC-5, ESO
SC-2 and ESO-1 show a sharp transition beyond 700 °C. This can be
attributed to the dissolution of CuO back into the rocksalt structure as
the temperature is increased, which correlates with the transformation
of a multi-phase mixture into a single-phase solid solution. The average
CTE calculated between 900 and 1000 °C for the ESO SC-5, ESO SC-2
and ESO SC-1 sample agrees well with the average CTE value of the
ESO stabilized sample, confirming that the dissolution of CuO has
resulted in the formation of a single-phase rocksalt structure. Similar to
the mechanical properties, the decrease in average CTE values with a
decrease in cooling rate can therefore be attributed to the change in the
chemical composition of the matrix. Also, the inverse relationship
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between the coefficient of thermal expansion and Young’s modulus for
all five samples (ESO 5C, ESO SC-5, ESO SC-2, ESO-1 and ESO 4C) follow
the empirical relation of Barker et al.[34].

4.3. Effect of CuO nucleation on the properties

4.3.1. Thermal conductivity

Unlike the mechanical properties and coefficient of thermal expan-
sion, the thermal conductivity does not vary significantly with variation
in the composition of the matrix.

The 5-component entropy stabilized oxide has an amorphous-like
thermal conductivity trend with temperature. The strong reduction in
thermal conductivities for these five-cation oxides is attributed to the
mass, charge disorder, and the variation in the interatomic force con-
stants arising from different cations in the system [7,41,42]. Therefore,
it was expected that with the composition of the matrix becoming more
like a 4-component system with a decrease in cooling rate, the average
thermal conductivity values would increase; however, this is not the
case. The thermal conductivity of the material did not vary with the
cooling rate. It was suspected that the other phenomena that occur with
a decrease in cooling rate, i.e., nucleation of CuO precipitates should
have contributed to this effect.

From Fig. 8(a), one noticeable difference observed for the slow
cooled ESO samples is the peak broadening of the high intense peak of
the ESO phase. One of the possible reasons for the peak broadening is
that the grain size reduces with an increase in CuO nucleation and could
be considered one of the reasons for hindering the increase in thermal
conductivity [43,44]. However, Braun et al. [7] in their work concluded
that for this particular ESO material, the phonons contributing to ther-
mal conductivity have mean free paths less than the average grain size
(150 nm) and that the contribution from grain boundaries is negligible.
Therefore, it can be inferred that some other phenomenological changes
in the system hamper the increase in average thermal conductivity
values with an increase in CuO nucleation.

Therefore, to understand further, molecular dynamics (MD) simu-
lations were carried out using the microstructural data obtained from
HRTEM characterization. The details of the simulations are given in the
supplementary information.

MD simulations reported in the literature show that charge disorder,
mass disorder and variations in interatomic force constants all play a
critical role in reducing the thermal conductivity of entropy stabilized
oxide systems [7,8,41]. Taking into account these factors, the thermal
conductivity for the ESO 5C and ESO 4C systems were calculated to be
12.9 W/mKand 15.7 W/mK @ 300 K, respectively. It is difficult to carry
out precipitation simulations in molecular dynamics since the simula-
tion times are very short [19,45]. Therefore, CuO precipitates of varying
weight percentage was constructed and embedded into the matrix to
understand the effect of CuO nucleation on thermal conductivity. Fig. 11
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Fig. 11. (a) shows the matrix with varying wt% of CuO nucleated after minimization and equilibration at 300 K. Also observed is the creation of line defects in the
matrix after equilibration, indicated by black arrows. The dotted black circle indicates the CuO precipitate. (b) shows the measured and MD calculated thermal
conductivities at 300 K. For reference the values of ESO 4C system (no CuO) is represented by a star symbol.
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(a) shows the matrix with different weight percentages of CuO pre-
cipitates before and after minimization and equilibration at 300 K. The
corresponding thermal conductivities were calculated to be 5.3 W/mK,
6.1 W/mK and 9.2 W/mK @ 300 K for ESO SC-5, ESO SC-2 and ESO
SC-1, respectively. Though the absolute values do not match the
experimentally obtained thermal conductivity values, the relative trend
is evident in Fig. 11 (b). The difference in the thermal conductivity
values is because the interatomic force fields used to model the
cation-anion interactions and thereby calculate thermal conductivity,
are accurately parameterized only for Mg?*-0? interactions and not for
other cation-anion interactions [41,46]. From Fig. 11(a), it can be
observed that there is direct evidence of line defects such as dislocations
present in the ESO matrix (marked with black arrows), which contains
CuO precipitate. Further confirmation of the presence of dislocations
was obtained from neutron diffraction data. It can be seen from Fig. S3
that for the ESO SC-5, ESO SC-2 and ESO SC-1 systems, a distinct
broadening of the elastic peaks is observed while the peaks remain fairly
symmetrical. There are two reasons for the observed broadening of the
main elastic peaks, the first is the size effect, and the second is the
presence of defects (primarily dislocations) [47]. Microstructural anal-
ysis shows that the grain sizes do not vary significantly with the
heat-treatment conditions. Therefore, the broadening of the peaks can
solely be attributed to the presence of dislocations in the lattice.

The reduction in lattice thermal conductivity due to line defects is a
well-studied phenomenon in literature [48-51]. Therefore, we believe
that the negligent difference observed in the thermal conductivity values
with an increase in CuO nucleation might be due to such defects in the
lattice. The increase in thermal conductivity that is expected due to the
decrease in the number of cations in the matrix should have been
counteracted by the presence of defects created from CuO nucleation.

Phonons are the dominant heat carriers in non-metals and a reduc-
tion in elastic modulus is accompanied by a decrease in phonon group
velocities and energies; as a result, a reduction in thermal conductivity
[7]. However, in this case, though the elastic modulus increased by 33%,
there is no apparent variation in the measured thermal conductivity
values. Such phenomena have been observed by researchers previously
in other material systems and were attributed to microstructural effects
[52,53]. The possibility of increasing the material’s elastic modulus
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without altering the thermal conductivity has much wider engineering
benefits for the purpose of thermal barrier coatings and thermoelectrics

[7].

4.3.2. Fracture toughness

The other property that have been influenced by the nucleation of
CuO is the material’s fracture toughness. CuO precipitates seem to have
acted as an effective restraint on crack propagation and might have
enhanced the fracture toughness of the slow cooled ESO samples. SEM
imaging on one of the radial cracks was carried out for the ESO SC-1
sample. Fig. 12(a) shows the SEM micrographs of radial cracks
observed on the sample surface after indentation and also shown, is a
higher magnification of the radial crack hindered by the CuO pre-
cipitates. Fig. 12(b) shows the elemental EDS mapping of the constituent
elements and it can be confirmed from the Cu elemental map that the
obstacles in the path of the crack front are indeed CuO precipitates. It
can be clearly seen that the CuO precipitates act as transitory obstacles
for the propagating crack front. Instead of crack deflection, the crack
propagates by breaking the CuO precipitates, thereby suggesting that
the interface between the matrix and the precipitate is strong. In addi-
tion to CuO precipitates acting as transitory obstacles, the internal
stresses arising from the difference in thermal expansion between the
precipitate and matrix may also contribute to the toughening process
[54].

Therefore, similar to the material’s thermal conductivity, the frac-
ture toughness of the material has also benefitted from CuO nucleation.

5. Conclusions
The following conclusions can be drawn from the present work.

o A successful approach is identified in altering the phase composition
of (MgNiCoCuZn)O multicomponent oxides by varying the thermal
post-treatment parameters. The control over the fraction of the sec-
ondary phase nucleated provides an additional degree of freedom to
customize the material behavior.

e The change in the microstructure and elemental composition of the
ESO system is ruled by the amount of CuO nucleated, which provides

Fig. 12. (a) shows the SEM image of the radial cracks cracks observed on the ESO SC-1 sample surface after indentation and also shown is a higher magnification of
the radial crack hindered by the CuO precipitates (b) shows the elemental EDS mapping of the constituent elements and it can be confirmed that the obstacles in the

path of the crack front are indeed CuO precipitates.
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an advantage of maintaining the structural complexity of a 5-compo-
nent system but a performance equivalent to the 4-component sys-
tem. All these microstructural and compositional changes in the
system being reversible with temperature is an added benefit.

The mechanical and thermal properties of the 5-component ESO
system was studied for the first time as a function of varying cooling
rates. For the slowest cooling rate, i.e., ESO SC-1, the Young’s
modulus, hardness and fracture toughness of the material increased
by 33%, 26% and 15%, respectively, compared to the ESO 5C sam-
ple. At the same time, the Poisson’s ratio and coefficient of thermal
expansion of the material decreased by 6% and 34%. Unlike the
other properties, the material’s thermal conductivity did not vary
with variation in cooling rate.

The variation in material’s Young’s modulus, hardness and coeffi-
cient of thermal expansion with the decrease in cooling rate was
attributed to the variation in the chemical composition of the matrix.
With the decrease in cooling rate, the amount of CuO nucleated
increased and the matrix composition was similar to that of an ESO
4C system (4-component system without Cu®* ions in the matrix). As
a result, the Young’s modulus, hardness and linear coefficient of
thermal expansion values for a 5-component ESO stabilized system
approached that of an ESO 4C system with the decrease in cooling
rate.

The variation in fracture toughness and the negligent change in
thermal conductivity values were attributed to CuO nucleation. With
an increase in CuO nucleation, more lattice defects are formed in the
lattice. The increase in thermal conductivity that was expected due
to the decrease in the number of cations in the matrix was counter-
acted by the presence of defects created from CuO nucleation. The
CuO precipitates also act as transitory obstacles and help improve the
material’s fracture toughness.
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