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The introduction of high-entropy material has provided the possibility of
efficiently producing low-cost advanced materials with several unique properties
suitable for industries. High-entropy materials have gained significant interest
because they can be tailored to have functional properties. Among the high-
entropy material are the high entropy oxides. The objective of this study was
to synthesize (Mg,,Ti,,Zn ,Cu,Fe ,),0, high entropy oxides (HEO) using
different iron sources of FeO,, Fe,O,, and Fe,0,/Fe,O, mixture and to study
their structure and magnetic properties. Solid state synthesis method was used to
obtain (Mg, ,Ti ,Zn ,Cu,,Fe ,),0, using low-cost raw materials and different iron
sources. The XRD diffraction patterns along with the Rietveld analysis indicated
that for the three iron source(s), a pure single-phase Fd3m spinel structure was
obtained after the heat treatment at 1000 °C for 24 hours. The SEM images and
elemental MAP analysis indicated that the powders were agglomerated with semi-
spherical morphology and the constituent elements were uniformly distributed.
Magnetic test results obtained from the VSM test revealed that the magnetic
properties are severely influenced by the iron source used for the synthesis of the
(Mg, ,Ti,,Zn ,Cu,,Fe ,),0, HEO samples. The HEO samples obtained using the
Fe,0, sample had better magnetic properties (Ms= 13.93, Mr= 4.39, and Hc=350)
compared to the other two samples.

1. Introduction

Recently, attention has been given to the request of
industries to replace traditional ceramics (iron oxide,
magnesium oxide, aluminum oxide, zirconia oxide,

titanium oxide, copper oxide, zinc oxide, etc.) with
low cost and high performance advanced ceramics.
High-entropy oxides have made the contradiction of
having advanced properties at a low price possible.
Rost et al were the first to introduce the “entropy
stabilized oxides”. The chemically complex oxides
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named as high-entropy oxides (HEOs) are single-phase
oxides that incorporate five different cations in equi-
atomic ratios [1-4]. The multi-cationic equi-atomic
HEOs are located at the centers of multinary phase
diagrams [5-7]. Several researchers have shown
that the HEOs have unexpected, fascinating, and
advanced behaviors [8, 9]. As mentioned, the HEOs
are entropy-stabilized oxides with a single-phase
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crystal structure. HEOs are obtained by increasing
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the configurational entropy (Scoms,) 0Of the system.
Increased Sionse 0f the system is obtained by increasing
the number of elements that are randomly located
at the same lattice sites. Molar configurational
entropy of oxide systems can be obtained by Eq.(1)
[1,8]. Mole fraction ofelementsinthe anionand cationssites
are x; and x;, respectively. R is the universal gas constant.
Murthy et al [1, 8] classified materials as high, medium,
and low entropy materials where they have S>> 1.5R,
1.5R> Simie> IR, and Sy < IR; respectively. From
Eq.(1) it can be revealed that an equiatomic five- cation
system has a S, 0f 1.61 R.

Sconfig =—R [(Z{V=1 xiLnxi)cation site T

M . .
(ijl %j Lnx] )anion site]

Eq.(1)

In most cases, when the system has a Scus> 1.5R,
a single-phase is obtained. It has also been shown
that this criterion is not a guarantee, and there are
exceptions.  Precisely, it can be mentioned that a
single phase is only obtained when the TAS,; is
large enough to dominate the free energy and prevail
over the AH,; (according to Eq.(2)). Otherwise,
intermediate phases are obtained with higher formation
enthalpies[9].

AGmix:AHmix- TASmix Eq~ (2)

Up to mnow, several HEOs such as
(Coo.zCuo,zMgo.zNio,zzno,z) Oand (ngo.zTio.zzno.zCuo,zFeo,z)s04
[2, 10] have been introduced, mainly having low cost
and enhanced properties compared to their counterparts.
The HEO has several unique properties, such as ther-
mal stability, resistance to corrosion or oxidation, and
wear resistance. Due to the importance of HEO and their
rapid development, more detailed information is
necessary. Inthisresearch, the(Mg, ,Ti ,Zn ,Cu, Fe, )0,
HEO powders were synthesized (using different iron
oxide sources of Fe O,, Fe.O,, and their mixture), and their
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effecton the structure and magnetic properties was studied.

2. Materials and Methods
2.1. Synthesis of (Mg, ,Ti ,Zn ,Cu,Fe )0,
HEO

The (Mg, ,Ti,,Zn,Cu,,Fe ,),0, HEO powders were
prepared using the solid-state method. MgO, TiO,, ZnO,
CuO, FeO, Fe,0,, and Fe,0, powders of analytical purity
(>99.9 %) were used as starting material without any
further purification. The slight oxygen deficit in high
entropy oxides is overcome during long heat treatment
times in air, resulting in the oxidation or by forming
vacancies (non-stoichiometric). Equimolar amounts of
the oxides were milled for 5 hours using a high-energy
planetary ball mill using zirconia balls according to
Table 1. Milled powders were heat-treated at 1000°C
for 24 hours. Rietveld analysis was applied to the
XRD patterns using Topas software to obtain detailed
information on the purity and the formed structure.

2.2. Materials Characterization

The phase purity and structure were characterized
by a Phillips X-ray diffraction machine (XRD). XRD
patterns were obtained using 40 kV and 30 mA under
Cu-Ko radiation. XRD pattern was collected at
26= 20-90° using a scan speed of 1°/min. Rietveld
refinement phase analysis was done using Topas software.
SEM (TESCAN-Mira 3) and MAP analysis were used
to obtain information on the particle morphology, size,
and elemental distribution. The VSM machine was used
to get information on the magnetic properties from the
hysteresis loops obtained at room temperature.

3. Results and Discussion
3.1. XRD Analysis

XRD patterns of the starting powder mixtures, 5 hour
milled powder mixtures, and 24-hour heat treated milled
powders at 1000°C are presented in Fig. 1(a)-(i). for the
HEO-2, HEO-3, and HEO-23 samples, respectively.
For the synthesis of (Mg,,Ti,,Zn ,Cu ,Fe ,),0, HEO
powders, the starting powders of MgO, TiO,, ZnO, and
CuO, along with different iron oxide sources of Fe,O,
(Fig. 1(a).), Fe,0, (Fig. 1(c).), and a mixture of Fe,O,

Table 1. Sample code and the initial material used for the synthesis of the
Mg, ,Ti ,Zn ,Cu, Fe  ),0, HEO powders.

Sample code

The initial powder used for the synthesis

HEO-2 MgO, TiOz, ZnO, CuO, FeO, and Fe203
HEO-3 MgO, TiOz, ZnO, CuO, FeO, and Fe304
HEO-23 MgO, TiO2, ZnO, CuO, FeO, Fe203, and Fe304




and Fe O, (Fig. 1(b).) were used. As can be seen from
the XRD patterns presented in Fig. 1(a)-(c)., there is no
indication of impurities in the starting powders. This
result indicates that the starting powders have high purity
and are free from contamination. The powder mixtures
milled for 5 hours (Fig. 1 (d)-(e).) showed that the
powders are low in crystallinity. The low crystallinity
of the XRD pattern is due to the reduced crystallite
size and increased strain. The reduced crystallite size
and increased strain is induced to the powder mixture
during the milling process and also because no reaction
has occurred during the milling process. According to
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Intensity (a.u.)

Intensity (a.u.)

Fig. 1(g)-(i)., it can also be seen that heat treatment at (400), (422), (511), (440), (533), and (731),
o . . . .
1000°C for 24 hours is sufficient for the solid-state respectively.
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crystal

(2

structure.

reaction to occur. Solid state reaction results in a pure
single-phase for all the samples (HEO-2, HEO-3, and
HEO-23). It can be seen from the XRD patterns that,
despite the use of different iron oxide sources, all the
patterns are identical and have the same Fd3m spinel
The obtained single-phase HEO
also indicates that the oxygen deficit calculated to be
received by the combination of oxides used as the
starting material has been overcome by the long heat
treatment in air. Diffraction peaks at two thetas of 29.89,
35.26,36.95,42.79,53.25,56.64, 62.18, 73.56, and 89.09
are related to planes of (111), (220), (311), (222),

(h)

(1)

Fig. 1. The XRD patterns and Rietveld analysis of the starting powder mixtures (a-c), 5 hour milled powder
mixtures (d-f), and 24-hour heat treated milled powders at 1000°C (g-i) are presented for the HEO-2 (a, d, and g),
HEO-3 (c, f, and 1), and HEO-23 (b, e, and h) samples.
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3.2. SEM Analysis

Fig. 2. shows the SEM image of the synthesized
(Mg,,Ti,,Zn,,Cu Fe )0, HEO particles (Fig. 2(a).)
along with EDS elemental mapping of the Mg, Ti, Zn,
Cu, and Fe elements (Fig. 2 (b).) for the HEO-3 sample.
It can be seen from Fig. 2 (a). that the particles have

(2)

semi-spherical morphology and that the Mg, Ti, Zn, Cu,
Fe, and O elements have a homogeneous distribution
(Fig. 2(b)). Homogeneous distribution of elements
confirms the successful synthesis of the single-phase
(Mg, ,Ti,,Zn, Cu Fe )0, HEO. The particles form
large agglomerates, and the particle sizes are in the range
of 34-96 nm with a mean diameter of 49.3 nm.

RAZI FOUNDATION

Fig. 2. The SEM image of the (Mg ,Ti ,Zn ,Cu,,Fe ,),0, HEO synthesized using Fe,O, (HEO-3) (a) along with
the MAP of its constituent elements (b).
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3.3. Magnetism Measurement

The magnetic properties of the
(Mg,,Ti,,Zn,,Cu Fe ,),0, HEO particles synthesized
using different sources of iron oxide are studied using
a vibrating sample magnetometer (VSM) test. Magnetic
properties are obtained using the hysteresis loops at room
temperature with varying magnetic fields. Magnetic
properties measured by a Vibrating Sample Magnetometer
(VSM) machine are influenced by a variety of intrinsic
(material-specific) and  extrinsic  (experimental)
parameters. Intrinsic material parameters include
composition, crystal structure (material type, crystal
anisotropy, and phase purity), and microstructural factors
(grain size, domain structure, and internal stress/strain).
In comparison, the extrinsic experimental parameters are
sample geometry and preparation (shape anisotropy, mass/
volume, and sample mounting), measurement conditions
(temperature, Curie/Neel temperature, applied magnetic
field, field strength, field direction, and sweep rate),
and instrument-specific factors (calibration, vibration
settings, noise, detection limits). It should be noted that
coercivity (Hce) is influenced by grain size, anisotropy,
and defects. Saturation magnetization (Ms) depends
on material composition and density. The remanence
(Mr) is linked to the domain structure and pinning sites,
while the susceptibility is affected by the temperature
and sample geometry [11-13]. VSM test plots and the
obtained results of the (Mg, ,Ti ,Zn ,Cu,,Fe ,),0, HEO
particles obtained using Fe O,, Fe,O,, and a mixture of
Fe,0, and Fe,0, in the initial material are presented in
Fig.3.and Table 2., respectively. Saturation magnetization
(Ms) was 0.31, 13.93, and 10.14 for HEO-2,
HEO-3,andHEO-23 samples, respectively. Theremanence
magnetization (Mr) was 0.04,4.39, and 3.23, respectively.
It is well known that Fe,O, exists in two forms of
hematite (0t-Fe,0,) and maghemite (Y-Fe,0,). Hematite
is weakly magnetic and irrelevant for hard/soft
classification. In contrast, maghemite is ferrimagnetic
with moderate coercivity, known as soft (sometimes
labeled as semi-hard). Fe,O, is known as magnetite

and is a ferrimagnetic material. This means it has a
spontaneous magnetization where the magnetic moments
are aligned in opposite directions along with unequal
magnitude resulting a net magnetic moment. The Fe,O,
is considered to be a soft magnet and sometimes as
semi-hard. Magnetite has high saturation magnetization
like soft magnets although its coercivity is higher than
typical soft material. It can also be easily magnetized and
demagnetized [14-20]. Therefore, the difference in the
magnetic properties of the HEO-2, HEO-3, and HEO-23
samples is acceptable and justifiable.

Hc values of all the samples were in the range of
hard magnetic materials (125-12000 Oe), indicating
that they can be used as independent magnetic sources.
In comparison, the Hc of soft magnetic materials is
known to be Hc<100 Oe. The coercivity depends on
particle size and structure. Hard magnetic materials
with high coercivity resist demagnetization, while soft
ones with low coercivity are easily magnetized and
demagnetized. Coercivity (Hc) helps determine the
type of magnetic material and is the field required to
reduce the total magnetization to zero. High coercivity
(Hc>10000) indicates that the material is challenging
to demagnetize (hard magnetic material). In contrast,
low coercivity suggests that the material can be easily
demagnetized (soft magnetic material). Soft magnetic
material (HC<100) is used in applications where
rapid magnetization and demagnetization is needed
and hard magnetic materials are used in permanent
magnets [21-29].

The magnetic property is characterized by the
magnetic hysteresis loops with varying magnetic fields
at room temperature. Results showed that using Fe,O,
(HEO-3 and HEO-23) increased the intensity of the
saturation magnetization (Ms). The Ms was 13.93
emug forthe HEO-3 sample, whileitwas 0.31 whenFe,O,
(HEO-2) was used. Furthermore, the value of Ms for the
HEO-23 sample was 10.14 which is between the amount of
the HEO-2 and HEO-3 samples. Moreover, the remanence
magnetization (Mr) (4.39 emug™) and the coercive forces
(Hce) (350 Oe) were also higher for the HEO-3 sample.

Table 2. Magnetic properties obtained from the hysteresis loop of the VSM test.

Sample Ms Mr He
HEOQO-2 0.31 0.04 134.41
HEO-3 13.93 4.39 350
HEOQO-23 10.14 3.23 320
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Fig. 3. The hysteresis loops obtained by the VSM test for (a) HEO-2, (b) HEO-3, and (c) HEO-23 samples.

4. Conclusions

In this research, it has been shown that the successful
preparation of spinel (Mg, ,Ti,,Zn ,Cu ,Fe ,),0, HEO is
possible using different iron sources (Fe,0,, Fe,O,, and a
mixture of them). The (Mg, ,Ti ,Zn ,Cu,, Fe ,).0, HEO
powder synthesis was done by a facile one-step solid-
state reaction method. The obtained powders synthesized
using different iron sources had the same crystal structure
of Fd3m, whereas the magnetic properties were
different. The sample synthesized only using Fe,O, as
the iron source had the magnetic properties of Ms=0.31,
Mr= 0.04, and Hc= 134.41, while the sample obtained
only using Fe,O, as the iron source had the best magnetic
properties of Ms= 13.93, Mr=4.39, and Hc= 350.
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