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Abstract

High-temperature structural ceramic materials require stability in terms of thermal and mechanical properties. High 
entropy oxides (HEOs) are among the emerging novel family of advanced ceramic materials with peculiar functional 
properties. However, their thermal stabilities and mechanical properties are not well investigated. In this work, HEO 
systems were synthesized from binary oxides of MgO, CoO, NiO, CuO, and ZnO using solid-state reaction method at high 
temperature, after obtaining the individual oxides through co-precipitation methods. The phase purity of as-synthesized 
and sintered samples was characterized using X-ray powder di�raction, while the microstructural investigation was per-
formed using Scanning electron microscopy. Mechanical property of the sintered samples at di�erent sintering times 
and temperatures was investigated and the sample sintered at a sintering temperature of 1200 °C for 15 h sintering time 
showed a maximum Vickers hardness of about 16 GPa. This result is comparable with some of the hard ceramic materials, 
and therefore the materials could be a potential candidate for structural applications.

1 Introduction

High-entropy materials (HEMs) can be regarded as any 
solid solution materials that are comprised of quasi-equi-
molar multicomponent[1]. HEMs have a broad range of 
applications in the �eld of materials science due to their 
unique and novel characteristics [2–6]. This class of materi-
als may provide an opportunity for developing advanced 
and innovative materials, thereby breaking the limitations 
of traditional materials properties [7, 8]. Among the HEMs, 
high-entropy alloys (HEAs) were reported in 2004 [4] and 
these materials contain �ve or more principal elements in 
near to equiatomic molar ratios. The concept of multicom-
ponent entropy-stabilized solid solutions can be extended 

to High-entropy metallic glass (HEMGs) Nanoparticles 
(NPs), High-entropy sul�des (HESs), High-entropy borides 
(HEBs), High‐entropy carbides (HECs), High‐entropy 
nitrides (HENs), and High‐entropy oxides (HEOs) [8, 8–13].

Metal oxides play a very important role in today’s tech-
nological advancements such as energy harvesting and 
production, photo-catalysis, high-temperature contact 
materials, and environmental pollution preventions sup-
ported by nanotechnology [14–18]. High entropy oxides 
(HEOs) are established from these metal oxides and are 
entropy-stabilized solid-solutions where nearly equimolar 
multi-components of the oxides are brought into a single-
phase material [19–22] through thermodynamic stabiliza-
tions [23]. Single-phase HEOs contain �ve or more cations 
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so that the con�gurational entropy, ΔScon�g ≥ 1.5R per mole 
[24]. Moreover, the molar con�gurational entropy (ΔScon�g) 
of HEOs can be calculated as follows:

where xi and xj represent the mole fraction of elements 
present in the cation and anion sites respectively, and R is 
the universal gas constant (R = 8.314 J/mole K) [20, 25]. The 
anion site contribution is expected to have only a minor 
e�ect on con�gurational entropy, due to the presence of 
only one anion that does not alter during the mixing of the 
HEO systems. However, the cation sub-lattice will change 
the mixing process for phase stabilization of the materials. 
As a result, the ΔScon�g contribution of oxygen sub-lattice 
would remain ideally zero and that of the entire system 
can be considered to be mainly dependent on the cation 
sub-lattice [26, 27]. Entropy stabilized oxide materials [2, 3] 
can be classi�ed as low, medium, and high entropy oxides, 
if their ∆Scon�g values are < 1R, 1.5R > ∆Scon�g ≥ 1, and ≥ 1.5R, 
respectively and, therefore HEOs have a ∆Scon�g of ≥ 1.5R.

HEO materials have ample structural diversity with 
exciting properties, which form a promising novel class 
of materials for a broad range of applications such as 
structural to functional materials. For instance, a recent 
study by Banerjee et al. [28] showed that HEOs can be a 
potential candidate for thermoelectric materials for energy 
harvesting as these materials exhibited ultralow thermal 
conductivities at di�erent temperature ranges. A study 
by Edalati et al. [29] on the photocatalytic properties of 
HEOs for hydrogen evolution, on the other hand, showed 
an appreciable light absorbance in the visible-light region 
for water splitting. Bérardan et al. [30] also reported that 
HEOs can exhibit colossal dielectric constant for applica-
tions as large-k dielectric materials. Moreover, Wang et al. 
[31] studied HEOs for applications as anode materials for 
Li-ion batteries. They found out that HEOs exhibited prom-
ising electrochemical performance properties and can be 
potential candidate materials as electrodes for use in Li-ion 
batteries. Mechanical properties of these HEOs in relation 
to microstructural evolutions in relation to cheap synthesis 
techniques, however, are not well investigated. Therefore, 
in this work, HEOs materials were synthesized from MgO, 
CoO, NiO, CuO, and ZnO through environmentally friendly 
and cheap synthesis method, followed by materials char-
acterizations and measurements of mechanical property 
through the Vickers hardness test on sintered pellets of 
HEOs.

(1)
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2  Materials and methods

2.1  Materials

2.1.1  Chemical reagents

Chemicals such as Magnesium Nitrate Hexahydrate (Mg 
 (NO3)2.6H2O) (Loba Chem, 99%,), Cobalt Nitrate Hexa-
hydrate (Co  (NO3)2.6H2O) (Sigma Aldrich, 99%), Nickel 
Nitrate Hexahydrate (Ni  (NO3)2.6H2O) (Loba Chem, 99%,), 
Copper Sulfate Pentahydrate  (CuSO4.5H2O) (Loba Chem, 
99%,), and Zinc Nitrate Hexahydrate (Zn  (NO3)2.6H2O) 
(Sigma Aldrich, 99%) were used in this work. The corre-
sponding high entropy oxide was synthesized from Mag-
nesium oxide (MgO), Cobalt oxide (CoO), Nickel oxide 
(NiO), Copper oxide (CuO), and Zinc oxide (ZnO) after 
these binary oxides were obtained from their respective 
precursors mentioned above. Sodium hydroxide (NaOH) 
was used as precipitating/mineralizer agent. Distilled 
water and ethanol were used as a solvent.

2.2  Methods

2.2.1  Synthesis of binary oxides

In the present work, initially, the individual metallic 
oxides such as MgO, CoO, NiO, CuO, and ZnO were syn-
thesized using a co-precipitation method from their 
respective precursors [23]. Figure 1 below illustrates the 
overall procedures for the synthesis of individual metallic 
oxide particles.

2.2.1.1 Magnesium oxide (MgO) MgO was synthesized 
using magnesium nitrate hexahydrate (Mg  (NO3)2.6H2O) 
as a source of  Mg2+ ions, and a precipitating agent of 
sodium hydroxide (NaOH) was used as  OH− ions source 
[32]. In a typical reaction process for the synthesis of 
MgO, 0.2 M of magnesium nitrate solution was prepared 
by using 100 ml of distilled water as a solvent, followed 
by stirring using a magnetic stirrer at room temperature 
for about 45  min to obtain a homogeneous solution. 
Then, 2MNaOH solution was added dropwise into the 
magnesium nitrate solution with continuous stirring 
until the pH value reached about 9. The white precipi-
tate of magnesium hydroxide was formed after a few 
minutes, and the stirring was continued for about 1 h. 
The obtained precipitate was centrifuged and washed 
with distilled water and ethanol to remove the residuals, 
followed by drying in an oven at 100 °C for 3 h. Finally, 
the obtained powder was calcined at 600 °C for 4 h in a 
mu�e furnace to get the desired MgO powders.
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2.2.1.2 Cobalt oxide (CoO) To obtain Cobalt oxide in its 
binary oxidation state, i.e.,  Co2+, initially about 5.8  g of 
Cobalt Nitrate hexahydrate was dissolved in 100  ml dis-
tilled water, followed by stirring for about 45 min at room 
temperature to obtain 0.2 M solution[33]. Simultaneously, 
2 M of NaOH was added to the solution of cobalt nitrate 
dropwise under vigorous stirring until the pH value of the 
solution reached 9. When the pH value of the solution 
was achieved, a pink color precipitate was formed. Then, 
the solution was subjected to heating at a temperature 
of 60 °C and kept under constant stirring for 2 h. A dark 
brown colored precipitate was formed at the bottom 
of the beaker. The obtained precipitate was �ltered and 
washed several times by using distilled water and ethanol. 
The resultant product was dried in the oven at 100 °C for 
5 h, and it was calcined at 1000 °C with a rate of 10 °C/min 
for 3 h in a high-temperature box furnace to obtain cobalt 
oxide (CoO) powder. Consequently, the calcined sample 
was quenched from 1000  °C to room temperature very 
quickly to avoid the formation of  Co3O4 [34].

2.2.1.3 Nickel oxide (NiO) NiO particles were synthesized 
from the precursor of Ni(NO3)2.6H2O using NaOH as a pH 
adjuster. For the typical experimental procedure, about 
0.2 M of Ni(NO3)2.6H2O was dissolved in 100 ml of distilled 
water under constant stirring for about 1  h. Meanwhile, 
2  M of NaOH was added to the Ni(NO3)2.6H2O solution 
dropwise with continuous stirring until the pH value of 
the solution reached 10 [35]. This solution was subjected 
to constant stirring at a temperature of around 80 °C for 
about 4  h. After completion of the reaction, the green-
colored precipitate was obtained, and it was thoroughly 
washed with distilled water and ethanol to remove residu-
als. The precipitate was dried at 80 °C for 12 h and crushed 

into a �ne powder using agate mortar. Finally, the powder 
was calcined at 600 °C for 4 h using a mu�e furnace.

2.2.1.4 Copper oxide (CuO) To synthesis CuO particles, 
about 4.994  g of  CuSO4.5H2O was dissolved in 100  ml 
of distilled water to obtain a 0.2  M solution, followed 
by constant stirring for 30  min. Then, 2  M of NaOH was 
added drop-wise to the solution of the  CuSO4.5H2O solu-
tion by touching the walls of the vessel under vigorous 
stirring until the pH value of a solution reached 13. Then, 
gradually, a black-colored precipitate was formed, and the 
reaction was allowed to proceed for 2 h under constant 
stirring at a temperature of 32 °C. Then the solution was 
allowed to settle overnight, and supernatant solutions 
were discarded carefully. The obtained precipitate was 
centrifuged and washed several times with distilled water 
and ethanol. Finally, the washed precipitate was dried at 
80  °C for 12  h, followed by calcination at 500  °C for 4  h 
using a mu�e furnace [36].

2.2.1.5 Zinc oxide (ZnO) ZnO particles were synthesized 
using Zn(NO3)2.6H2O precursor materials and NaOH solu-
tion as a pH adjuster. Brie�y, 5.948 g of Zn(NO3)2.6H2O was 
dissolved in 100 ml distilled water and stirred for 45 min. 
The solution temperature was increased and when it 
reached about 70 °C, drop-wise addition of 3 M NaOH was 
performed until the pH of the solution reached 10. Then, 
stirring continues for about 2 h and after completion of 
the reaction, a milky white precipitate was formed. The 
solution was kept overnight so that the precipitate can 
coagulate and settle to the bottom of the solution. The 
resulting white precipitate was separated by centrifuge 
and washed several times with distilled water and etha-
nol. The �ltered precipitate was dried at 80 °C for 8 h, fol-

Fig. 1  Flow chart of synthesis procedures of individual metallic oxides
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lowed by calcination at a temperature of 500 ℃ for 2 h in 
a mu�e furnace [37].

2.2.2  Synthesis of high entropy oxide (HEO)

HEO samples were synthesized from the obtained indi-
vidual binary oxides using conventional solid-state reac-
tions at high temperatures. Based on the literature [38], the 
starting individual binary oxide powder in stoichiometric 
amounts with speci�c equimolar amounts of the metal-
lic oxides was calculated and weighed using an analytical 
precision balance. The corresponding composition, molar 
amount, and measured mass of binary oxides are summa-
rized in Table 1.

The weighed powders were mixed in high-density 
polyethylene (HDPE) cylindrical jar using ethanol solvent 
and subjected to mechanical mixing using ball milling at 
around 320 rpm for 10 h using 2 mm and 5 mm diameters 
of zirconia balls as milling media [39]. To ensure adequate 
mixing and for attaining uniform dispersions of the con-
stituent oxides, all batches of HEO pre-alloyed powder 
were milled for more than 10 h. After ball milling, the mix-
ture was �ltered and dried at a temperature of 100 °C for 
5 h in a forced convection drying oven for removal of the 
solvent. The dried powder was air-cooled to room tem-
perature and grounded using an alumina pestle and mor-
tar to obtain �ne particles of the pre-alloyed or pre-mixed 
samples.

Then, in the �rst part, the dried �ne powder of the mix-
ture was calcined at temperatures of 750 °C, 800 °C, 850 °C, 
900 °C, 950 °C, 1000 °C, 1050 °C, and 1100 °C, using a high-
temperature mu�e furnace with the heating rate of 10 °C/
min for 3 h holding time at the desired temperatures. Then, 
to avoid phase separation of the mixture, all batches of 
samples were quickly removed from the furnace, followed 
by quenching to room temperature in the air.

In the second part, the well-mixed un-calcined fine 
powders were separated into several samples with about 
3.5 g per sample and then pressed into pellets with a 
20 mm diameter pressing mold, using a uniaxial hydrau-
lic mounting press at a pressing pressure of 45 MPa with 

30 min of compaction time. Then, the obtained pellets 
were subjected to conventional sintering at temperatures 
of 900 °C, 1000 °C, 1100 °C, and 1200 °C with a heating rate 
of 10 °C/min at each sintering temperatures. The sintered 
pellets were air quenched to room temperature by directly 
taking from the furnace to avoid phase separations.

2.3  Characterization and performance evaluation 
methods

The crystal structure and phase purity of as-synthesized 
individual binary oxides (MgO, CoO, NiO, CuO, and ZnO) 
powder samples, as well as the calcined powders and sin-
tered HEOs samples, were characterized by using an X-ray 
Di�raction instrument (XRD) (XRD-7000S Shimadzu) with 
Cu Kα radiation, (Cu-Kα radiation λ = 1.5406 Å) using the 
operating voltage of 40 kV, a current of 30 mA, over the 
diffraction angle (2θ) range between 10° and 80°. The 
microstructure and elemental composition analysis of 
the samples were characterized using Scanning Electron 
Microscope (SEM) and Energy Dispersive X-ray spectros-
copy (EDX) (COXIEM-30) with the operating voltage of 
20 keV. The thermal behavior of HEO samples was inves-
tigated using simultaneous di�erential thermal analysis 
and thermo-gravimetric analysis (DTA–TG) measurement 
(DTG-6OH Shimadzu) from room temperature to 1000 °C, 
using α-Al2O3 as reference. The mechanical property of 
the samples sintered at di�erent sintering temperatures 
and sintering time was evaluated using Vickers hardness 
testing machine (HVS-50) with a testing standard of ASTM 
C1327.

3  Results and discussion

Figure 2 illustrates the XRD pattern of individual oxides 
con�rming that the synthesized individual oxides exhib-
ited a single phase. The synthesized MgO showed cubic 
crystal structure with corresponding peaks at a 2θ of 
36.89°, 42.86°, 62.22°, 74.59°, and 78.52°, respectively, cor-
responding to (111), (200), (220), (311), and (222) crystal-
lographic planes, which is in agreement to JCPDS Card No. 
45–0946 with a space group of Fm-3 m [40]. From the XRD 
pattern of CoO, all the major peaks have occurred at a 2θ 
of 36.25°, 42.15°, 61.05°, 73.10°, and 77° which correspond 
to crystallographic planes of (111), (200), (220), (311), and 
(222), respectively. The crystal is a rock-salt structure with 
the space group of Fm-3 m in agreement to JCPDS Card No. 
48–1719 [41]. The XRD patterns of NiO, as shown in Fig. 2, 
exhibited di�raction peaks at a 2θ of 37.16°, 43.22°, 62.75°, 
75.27°, and 79.24° corresponding to (111), (200), (220), 
(311) and (222) crystal planes, respectively, with the cubic 
crystal structure (lattice constant of 0.418 nm) and space 

Table 1  Measured amounts of each oxide component for the syn-
thesis of entropy stabilized oxide

Binary oxides Molar amount (mole) Mass of each 
component (g)

MgO 0.02 0.806

CoO 0.02 1.499

NiO 0.02 1.494

CuO 0.02 1.591

ZnO 0.02 1.628
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group of Fm-3 m (JCPDS Card No. 47–1049) [42]. The peaks 
from the XRD patterns of CuO particles are at 2θ of 32.6°, 
35.5°, 38.8°, 48.8°, 53.5°, 58.5°, 61.8°, 66.3°, 68.3°, 72.5°, and 
75.2°, which correspond to (110), (-111), (111), (-202), (020), 
(202), (-113), (-311), (220), (311), and (004) crystallographic 
planes, respectively. The crystal structure of CuO is cubic 
in the monoclinic phase with a space group of C2/c and 
agrees with JCPDS card no.48–1548) [43]. Finally, ZnO XRD 
di�raction peaks were observed at a 2θ of 31.77°, 34.42°, 
36.26°, 47.54°, 56.60°, 62.87°, 66.39°, 67.95°, 69.10°, 72.54° 
and 76.96° corresponding to (100), (002), (101), (102), (110), 
(103), (200), (112), (201), (004) and (202) crystallographic 
planes, respectively. The sample showed a Wurtzite crystal 
structure with a space group of P63mc and agrees with 
JCPDS Card No. 36–1451[44].

A TGA analysis was performed on the mixture of pow-
der precursors of binary oxides to determine the range 
of temperatures in which the HEO phases start to form. 
Figure 3 shows the TGA of the HEO powder precursors and 
three main endothermic peaks are observed from the plot, 
i.e., α, β, and δ peaks with three steps of decompositions. 
The �rst step (α region) was observed at an endothermic 
peak temperature of around 79 °C with a corresponding 
weight loss of about 25 wt. %, which could be related to 
the evaporation of residual water molecules adsorbed on 
the surface of the particles of the sample.

The second step (β region) occurred at a temperature of 
around 286 °C representing the evolution of crystallization 
water and carbon dioxide with the corresponding weight 
loss of about 0.246%. Within these temperature ranges, 
hydroxides and basic carbonates of the di�erent metals 
used in this work could undergo decomposition [45]. In 
the third step (δ region) decomposition, a pronounced 
endothermic peak is observed at about 744 °C with the 

corresponding weight loss of about 18%, which could be 
attributed to the decomposition of  Co3O4 to CoO with the 
simultaneous evolution of  O2 to maintain stoichiometry 
[46]. As a result of these three steps of decompositions, a 
total weight loss of about 43% was observed and this may 
be attributed to the combination of multi-components of 
the HEO systems. Moreover, it is interesting to observe 
that, there is no considerable loss of weight observed 
from the sample above 750 °C and this could be the point 
at which the HEO starts to form, and the calcination tem-
peratures were limited to above a temperature of 750 °C 
to observe the evolution of the single phase formation of 
HEOs.

Figure 4 is the XRD pattern of the HEOs of as-synthe-
sized near to equimolar compositions of  (Mg0.2  Co0.2  Ni0.2 

Fig. 2  XRD patterns of individual binary oxides (a) MgO, (b) CoO, (c) 
NiO, (d) CuO, and (e) ZnO

Fig. 3  TG–DTA plots of HEO powder precursors

Fig. 4  XRD patterns for the entropy-stabilized oxide of an equimo-
lar mixture of MgO, CoO, NiO, CuO, and ZnO. The patterns were col-
lected from the powder form of a mixture, calcined at the tempera-
ture in the range of 750 °C–1100 °C with 50 °C increments: Rock-salt 
(R), Wurtzite (W), Tenorite (T), and  Co3O4 spinel (S)
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 Cu0.2  Zn0.2)O powders. Based on the TGA result, the calci-
nation temperatures ranged from 750 °C to 1100 °C with 
50 °C intervals to determine the single-phase formation 
temperature of HEO from the present binary oxides. At a 
lower temperature regime of around 750 °C, the powders 
did not form a single‐phase as di�erent peaks for the indi-
vidual oxides phases were observed, namely Rock-salt (R), 
Tenorite (T), Wurtzite (W), and  Co3O4 spinel (S) structure. 
Then, the fraction of Wurtzite (ZnO, P63mc), Tenorite (CuO, 
C2/c), and  Co3O4 spinel (Fd-3 m) phases were reduced 
with an increase in calcination temperature to 900 °C and 
above. This is due to the partial conversion to the rock-salt 
structure and at the same time, the  Co3O4-like spinel phase 
disappears due to its complete decomposition into CoO.

The XRD di�raction patterns of the major peaks of a 
sample calcined at 950 °C can be easily indexed with a 
single-phase, rock-salt structure with the space group 
of Fm-3 m (standard XRD patterns of HEO systems) [39]. 
According to the standardized PDF cards, the XRD patterns 
of the sample calcined at 950 °C occurred at a 2θ values 
of 36.80°, 42.75°, 62.01°, 74.31°, and 78.19° which can be 
indexed to (111), (200), (220), (311), and (222) crystallo-
graphic planes, respectively, in an agreement to the rock 
salt FCC crystal structure [27]. Increasing the calcination 
temperature above 950 °C causes a marginal shift of the 
identi�ed XRD peaks towards the higher 2θ and the peak 
splitting was observed, as shown in Fig. 5 on the di�rac-
tion peaks of (111) and (220) crystallographic planes. This 

could be attributed to the immiscibility and alteration of 
cations in the sub-lattice of HEOs leading to the reverse 
phase transformation of the systems.

The oxides i.e., MgO, CoO, NiO, CuO, and ZnO have dif-
ferent crystal structures as con�rmed by XRD [27]. Accord-
ingly, the crystal structure of MgO, CoO, and NiO is a rock 
salt crystal structure while that of CuO and ZnO is the ten-
orite and Wurtzite structures, respectively. Since the crystal 
structure of the �nal product, HEO is a rock-salt structure, 
MgO, CoO, and NiO remain in their original rock-salt struc-
tures. However, the CuO and ZnO must undergo crystal 
structure transition to the rock-salt from the tenorite and 
Wurtzite structures, respectively. The earlier works from 
the literature suggest that the mixing enthalpies (ΔHmix) of 
the ZnO Wurtzite and CuO tenorite to their corresponding 
rock-salt crystal structure transformation are about 25 kJ/
mol and 22 kJ/mol, respectively[47]. The positive ΔHmix 
indicates incomplete miscibility which leads to phase 
segregation at lower temperatures and can be stabilized 
at higher temperatures [48, 49] and this could be the main 
reason for detecting the tenorite and Wurtzite phases at 
lower temperatures.

To investigate the phase stability of the HEO powder 
calcined at 950 °C, the powder was uniaxially pressed into 
a pellet and subjected to sintering at a temperature of 
1200 °C, followed by air quenching to room temperature. 
The obtained pellet was milled into a �ne powder and 
characterized by XRD and compared to XRD of powder 
calcined at 950 °C as well as to that of the ball-milled (BM) 
powder as reported in Fig. 6. Comparing the XRD patterns 
of the powder calcined at 950 °C and the pellet sintered at 
1200 °C, no secondary phase was observed in both sam-
ples and therefore, the materials remain stable in these 
temperature ranges.

Fig. 5  Expanded view of XRD pattern of HEO for (a) (111) peak from 
30°–40° and (b) (220) peak from 60°– 64° to observe the peak evolu-
tion with changing temperature

Fig. 6  XRD patterns of (a) ball-milled (BM) powder, (b) HEO powder 
calcined at 950 °C, and (c) HEO pellet sintered at 1200 °C
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Moreover, based on the e�ect of entropy on the phase 
stability of the system, the calculated maximum con�gura-
tional entropy (∆Scon�g) value of as-synthesized HEOs in an 
equiatomic �ve cations system was about 1.61R per mole 
(ΔScon�g = 1.61R, according to Eq. 1), which is in agreement 
with the previously reported results [8, 20].

Pellets of the single-phase powder of HEO calcined at 
a temperature of 950 °C were obtained by subjecting the 
powder to a uniaxial pressing, followed by sintering of the 
pellets in the temperature range from 900–1200 °C. Fig-
ure 7 (a-d) shows the fractured surface SEM micrograph 
of the pellets sintered at a temperature of 900, 1000, 1100, 
and 1200 °C for a constant sintering time of about 3 h. Fig-
ure 7 (a) shows that the sample sintered at 900 °C is highly 
porous. It is evident that particles are sintered to some 
extent; however, the sample did not fully sintered due to 
the lack of enough sintering time which limits the di�usion 
of the particles. With increasing the sintering temperature, 
i.e., Fig. 7 (b, c, and d), relatively large particles are formed, 
in addition to the formation of necking of the particles 
which shows the start of the sintering process. Moreover, 
rod-shaped microstructural formations (red arrows on the 
microstructures) were observed within the sintering tem-
perature ranges.

Figure  8 shows the effect of sintering temperature 
on the HEOs. Figure 8 (a) and (b) show the samples sin-
tered at 1100 °C for 3 h and 15 h, respectively. From the 

micrographs, it is evident that increasing the sintering 
time resulted in a fully densi�ed microstructure with well-
de�ned grains and grain boundaries, Fig. 8 (b). Comparing 
Fig. 8 (a) and (b), the latter contains very few remaining 
open porosity that shows the full densi�cation of the sam-
ple. The average grain size of the sample sintered at a tem-
perature of 1100 °C for 15 h of sintering time is about 8 µm.

The mechanical properties of ceramic materials depend 
on their microstructure, which is de�ned by the grain size, 
morphology, density, porosities, and porosity distribution 
as well as the chemical composition of the phases present 
[40]. In this work, the bulk densities (ρs) of sintered pellets 
were determined using Archimedes’ technique [50] and 
Table 2 presents the results of the sintered bulk densities 
of the sintered pellets. The densities of the sintered sam-
ples increased with increasing sintering temperature and 
time. To obtain the relative density (ρr) of the samples, ini-
tially, the theoretical density (ρt) was calculated for all solid 
solutions using their lattice parameters from the di�rac-
tion patterns of the relations ρt = (cell mass/cell volume), 
where the cell volume can be calculated from the lattice 
parameters obtained from the XRD diffraction results. 
Therefore, the calculated theoretical density of the single-
phase HEO was about 6.2  g/cm3. The relative density, 
which is given as �

r
=
(

�
s∕
�
t

)

 , was calculated and provided 

in Table 2.

Fig. 7  SEM micrographs of HEO samples sintered at (a) 900 °C, (b)1000 °C, (c) 1100 °C, and 1200 °C for a sintering time of 3 h
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The mechanical property of the sintered samples was 
investigated using Vickers hardness (HV), which is given as 
HV = 1.8544(F

/

D2) , where F is the applied load measured 
in kilograms-force (kgf ) given as a ratio of the maximum 
load (P) applied to the specimen (kN) and cross-sectional 
area (A) of the specimen  (mm2) and D is the mean diago-
nals of impression (mm). The results of the HV of the sam-
ples sintered at di�erent temperatures and times are pro-
vided in Fig. 9.

Figure 9 shows that the value of the HV increased with 
increasing the sintering temperature and time, reaching 

a value of about 16 GPa, which is in close agreement with 
the results of the microstructures of Figs. 7 and 8. The 
average hardness of the individual oxides, i.e., CuO, NiO, 
ZnO, CoO, and MgO is 0.25 GPa[51], 6.1 GPa[9], 2.1 GPa [52, 
53], 2.8 GPa[9], and 8.4 GPa[9], respectively. The sintered 
HEO pellets showed higher values of Vickers hardness 
compared to the values of the average hardness of the 
individual oxides. Moreover, a comparison was made to 
the literature values of some of the hard ceramic materi-
als on their hardness values. For instance, the hardness 
of dense alumina (α–Al2O3) ceramic material ranges from 
about 15–20 GPa while that of the SiC is about 25 GPa [54, 
55]. Therefore, the hardness values obtained in the present 
work are comparable to that of the hard ceramic materials, 
and these results can be further enhanced if the synthesis 
methodologies can be further investigated.

4  Conclusions

In this work, binary oxides of MgO, CoO, NiO, CuO, and 
ZnO were successfully synthesized through co-precipi-
tation methods. From these binary oxide ceramic materi-
als, the HEO system was synthesized using the solid-state 
reaction method, followed by both the binary oxides and 
the HEO characterizations. From the phase purity and 
structural analysis, the single-phase and rock-salt crystal 
structure of the HEO was achieved above a calcination 
temperature of 950 °C. The microstructure and morphol-
ogy of the sintered samples exhibited a considerable 
grain growth with increasing sintering temperatures 

Fig. 8  SEM micrographs of HEO samples sintered at 1100 °C with sintering time of (a) 3 h and (b) 15 h

Table 2  Sintered densities of 
pellets of the HEOs at di�erent 
sintering temperatures and 
times

Sintering Temperature (°C) 900 1000 1100 1200 1100 1100 1200 1200

Sintering Time (h) 3 3 3 3 9 15 9 15

Sintered bulk density, ρs (g/cm3) 4.272 4.774 4.822 5.027 5.568 5.800 5.954 6.116

Relative density, ρr (%) 69.28 77.42 78.20 81.52 90.30 94.06 96.56 99.20

Fig. 9  A plot showing the Vickers hardness of the HEOs sintered at 
di�erent sintering times within the temperature range from 900–
1200 °C
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and times and well-defined grains and grain boundaries 
were developed with minimum porosity at a sintering 
temperature of 1200 °C for 15 h of sintering time. The 
sample subjected to these sintering conditions showed a 
relative bulk density and Vickers hardness of about 99% 
and 16 GPa, respectively, which is comparable with some 
of the hard ceramic materials reported in the literature. 
Therefore, this class of new ceramic materials could be 
a potential candidate for structural applications if the 
processing conditions are further optimized.
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