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processing conditions of low energy solid state

reactiony
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Soft magnetic materials, like NigsZngsFe,Oy4, require high temperatures and regulated environments for

their manufacture and processing, which can be highly energy intensive. These requirements therefore

result in higher production costs and energy consumption. To address this issue, the development of

composite materials based on soft magnetic ferrites has become a prominent research area. The type of
particles and their size distribution, shape, and dispersion within the polymer matrix can be crucial for
controlling the magnetic properties. In this context, and to reduce energy consumption, the parameters

of solid-state reaction (such as calcination temperature, calcination time, and milling time) were

optimized in this work to produce magnetic particles with suitable shape and size for filling
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a thermoplastic matrix. The impact of these parameters on phase purity, morphology, particle size, and

magnetic properties was thoroughly evaluated. The results highlight that the sample synthesized at
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1. Introduction

The rapid development of modern electronic devices, telecom-
munication systems, and other technological applications has
generated an increasing demand for soft magnetic materials
with superior properties." These materials are essential
components in a wide range of applications, from transformers
and inductors to electromagnetic wave absorbers.>* Also they
are great materials to overcome electromagnetic issues.* Among
soft magnetic materials, ferrites have emerged as highly
attractive candidates due to their unique combination of
properties, including high electrical resistivity, low eddy current
losses, mechanical hardness, and good magnetic saturation.
Nickel zinc ferrite (Niy sZng sFe,0,) stands out as a particularly
interesting soft magnetic material due to its tunable magnetic
properties, making it suitable for high-frequency applications.?
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1200 °C for 6 hours achieved an impressive saturation magnetization value of 80.07 emu g%
showcasing exceptional magnetic performance.

Moreover, the doping of NiFe,O, by non-magnetic Zn results in
the modification of the AB,O,-type of crystal structure by cation
redistribution in the crystal lattice as well as changes in the
microstructure and magnetic and electric properties. The above
mentioned properties can be controlled and are strictly
dependent on the amount of Zn content and the type of
synthesis procedure.® Ni-Zn ferrite is a spinel structure in which
tetrahedral A sites are occupied by Zn>" and Fe’" ions and
octahedral B sites by Ni** and Fe*" ions in the spinel formula
AB,0,.” Magnetic properties of these ferrites are mainly
controlled by the cation distribution of Ni, Zn and Fe along the
available tetrahedral and octahedral sites.®? In the Ni,_;Zn,_;-
Fe,0, system, NigsZn,sFe,O, has the best magnetic charac-
teristics and microwave absorption ability, and it is a suitable
candidate for several applications, it possesses beneficial
characteristics such as high dielectric constant, low dielectric
loss, mechanical hardness, electrical resistivity, and chemical
stability.>'® Ni-Zn ferrite is usually synthesized by the sol-gel
methods,*™  co-precipitation = methods,"** combustion
method'*"” and hydrothermal synthesis.®'* One of the most
used methods for synthesizing ferrite magnetic particles is the
solid-state reaction. This technique of processing ferrite mate-
rials often involves high temperatures and controlled atmo-
spheres, making the production process energy-intensive and
costly. The sintering or calcination process, which is crucial for
achieving phase purity and optimal magnetic properties,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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typically occurs at elevated temperatures and requires extended
durations.?*?* Furthermore, the mechanical and chemical
characteristics of the final product are highly dependent on the
precise control of the processing parameters, such as calcina-
tion time, particle size, and morphology. These challenges
highlight the need for optimizing synthesis processes that can
reduce energy consumption. To address the issue of high energy
consumption, research has increasingly focused on developing
composite materials based on soft magnetic ferrites, particu-
larly by incorporating magnetic particles like Nij 5Zng sFe,0,4
into polymer matrices. This approach combines the light-
weight, flexible, and corrosion-resistant properties of polymers
with the enhanced mechanical, thermal, and magnetic prop-
erties of ferrites.”>** A key challenge is ensuring homogeneous
distribution of magnetic particles within the polymer matrix, as
particle size, shape, and dispersion greatly influence the
composite's overall performance. This work aims to give
researchers a clear guide to optimizing key synthesis parame-
ters of low-energy solid-state reactions for producing polymer-
magnetic composites with controlled magnetic properties.
The study highlights how parameters like temperature, particle
size, and calcination time impact the structural, morphological,
and magnetic characteristics of the materials. This approach
not only enhances the performance and functionality of
polymer-based magnetic composites but also supports efficient
and scalable manufacturing in this field.

2. Material and methods

A mixture of high purity commercial oxides powders, nickel
oxide, zinc oxide and iron oxide, used as starting materials to
prepare Nij sZn, sFe,0, The processes start with mixing the
precursor using Agate vials and balls for the milling process in
high energy planetary mill Pulverisette 4 (Fritsch). The ball to
powder mass ratio was 20 : 1. The rotation speed was 500 rpm,
with the variation of milling time from 30 min to 60 min. After
milling, the samples were annealed in air at a temperature of

Table 1 Samples names, milling condition, and treatment tempera-
ture and time

Ball milling

speed Calcination

500 (rpm) conditions
Sample's Time Temperature Time
number Samples  (min) (°C) (h)
1 NZF2C2B* 30 1200 6
2 NZFC12 30 1200 12
3 NZF-1-12 60 1200 12
4 NZF-1-6 60 1200 6
5 NZF1200 30 1200 6
6 NZF1100 30 1100 6
7 NZF1000 30 1000 6
8 NZF900 30 900 6

% NZF2C2B: this sample was subjected to double ball milling, each for
30 min, followed by a 6 hours calcination at 1200 °C.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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900 °C, 1000 °C, 1100 °C and 1200 °C, for 6 and 12 hours.
Table 1 summarizes samples names and synthesis conditions.

The formation of spinel structure of Ni,sZn,sFe,0, was
investigated by D8-Discover diffractometer, Bruker (Nanotech-
nology Platform, MSN Laboratory). The CuK radiation (A =
1.5418°) is used to scan the samples in the range of 5-80° with
a step size of 0.01°, while the voltage and current are set at 45 kV
and 100 mA, respectively.

The morphological properties of NiZnFe,O, samples were
investigated using a Zeiss EVO 10 scanning electron microscope
(Carl Zeiss Microscopy, GmbH, Jena, Germany).

For magnetic properties High temperature extraction
magnetometer BS1 (Louis Néel Magnetism Laboratory, CNRS,
Grenoble) was used, with a resolution of 5 x 107° and
a temperature of 300 K to 800 K, and the field strength range is
+7 teslas.

3. Results and discussion

3.1. Processing information

Solid state reaction is a widely used industrial method for
processing ceramic materials, including ferrite magnetic parti-
cles. This process involves several steps, such as ball milling for
extended periods, pellet pressing, and multiple high-
temperature, long duration calcinations. These steps make
the process highly complex and energy intensive. To reduce the
energy consumption during the processing of ferrite particles
using solid state reaction, it is crucial to optimize reaction
parameter, including ball milling time, calcination time, and
temperature. The goal is to produce ferrite magnetic particles
with a pure spinel phase, optimal stoichiometry, and a well-
distributed size and shape of microparticles. Optimizing these
parameters involves key adjustments. First, adjust the duration
of ball milling to achieve a fine and homogeneous mixture
without over-grinding. Adjusting the calcination parameters to
ensure complete phase formation while minimizing energy
usage. NigsZn, sFe,0, is particularly advantageous due to its
superior magnetic characteristics and microwave absorption
ability, as well as its high dielectric constant, low dielectric loss,
mechanical hardness, electrical resistivity, and chemical
stability. These desirable properties make it an ideal candidate
for synthesis via a low-energy solid state reaction. In this work,
the approach involved synthesizing Ni, sZn, sFe,O,4 using a low-
energy solid state reaction. The initial step involved mixing the
raw materials at a milling speed of 500 rpm for 30 min. This was
followed by calcination at 1200 °C for 6 hours. After this calci-
nation, an additional ball milling and calcination under the
same condition were performed to study their effects on the
purity of the phase and the shape and size of the particles. For
the second sample, the same ball milling conditions were used,
but the calcination duration was extended to 12 hours to study
the effect of prolonged calcination on the magnetic particles.
Additionally, the impact of mixing time on the properties of the
particles was also investigated by increasing the ball milling
time from 30 min to 60 min for both samples 3 and 4. The last
parameter optimized in this study was the calcination temper-
ature. The goal was to determine the minimum temperature
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Fig.1 XRD pattern of nickel zinc ferrite (Nig 5Zng sFe>O4) particles. (a) XRD pattern of NZFC12, NZF2C2B. (b) XRD pattern of NZF-1-6, and NZF-1-
12. (c) XRD pattern of NZF900, NZF1000, NZF 1100, NZF1200. (d) The crystal structure of NigsZngsFe,Og.

required to achieve a pure phase and good distribution of
particle sizes. For samples 5, 6, 7, and 8, the calcination
temperature was systematically decreased from the highest
temperature of 1200 °C to 900 °C. Optimizing these parameters
is crucial for producing ferrite magnetic particles with excellent
magnetic properties and a well distributed particle size and
shape. These optimized particles can be used as fillers in
polymers matrices to produce homogenous polymer magnetic
composite materials.

3.2. Structural characteristics

The phase purity of our samples depends on the reaction take
place by diffusion, which depends directly on annealing time,

temperature and mixing conditions.”® So, it is necessary to
modify these factors for good diffusion. The impact of anneal-
ing time on the purity of the crystalline structure was examined
in Fig. 1a. In accordance with the joint committee on powder
diffraction standards (JCPDS), the existence of (220), (311),
(400), (422), (511), and (440) in XRD patterns is consistent with
cubic structure. All the samples show a typical single-phase,
without any impurity phases. Fig. 1b shows that varying the
milling time from 30 min to 60 min did not have any noticeable
effect on the structure purity. After examining the effect of
calcination time and mixing on the purity of the structure, the
effect of calcination temperature, which also significantly
affects phase purity, was studied. The results for whole samples

Table 2 Crystalline properties of the synthesized spinel samples at different calcination, and ball milling conditions

Crystallite size

Lattice parameters Volume of cell X-ray density

Samples number Samples name (nm) A (A% (gem™)
1 NZF 2C2B 113.764 8.398 592.390 5.331
2 NZF C12 52.563 8.387 590.154 5.352
3 NZF-1-6 54.900 8.381 588.762 5.364
4 NZF-1-12 53.209 8.387 589.965 5.353
5 NZF 1200 33.730 8.388 590.351 5.350
6 NZF 1100 33.690 8.393 591.223 5.342
7 NZF 1000 33.660 8.396 592.043 5.335
8 NZF 900 33.608 8.412 595.379 5.305
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Fig. 2 SEM image and histogram of grain size distribution of all synthesized samples.

with temperature ranging from 900 to 1200 °C are shown in
Fig. 1c. All the samples show a typical single-phase, without any
impurity phases, except for NZF900, which show the formation
of a-Fe,0; as secondary phase (JCPDA No. 87-1166). Y. B.
Kannan et al.>® have also reported the presence of a-Fe,03 in Ni-
Zn ferrite, which mean that these experimental conditions of
calcination are not sufficient to complete the chemical reaction
between the total amount of oxides. Table 2 displays the
approximate crystallite size and lattice parameters of the spinel

© 2024 The Author(s). Published by the Royal Society of Chemistry

powders calcined at different calcination duration and
temperatures. The strong and high intensity diffraction peak
(311) was selected for the crystallite size measurement, using
Scherer's equation eqn (1), were K is the shape factor of
spherical particles, A is the X-ray wavelength corresponding to
Cu K,. 8 denotes the full width at half-maximum of the peak in
radian and @ is the Bragg's angle. Crystallite size of NZF2C2B
where a double grinding and double annealing was performed,
was found to be higher, with a value of 113.76 nm. The

RSC Adv, 2024, 14, 36264-36272 | 36267
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crystallite size of the NijsZnysFe,O, spinel annealed at
different temperatures in the range of 900 °C to 1200 °C with an
increase of 100 °C has shown insignificant differences, indi-
cating that this range of temperature exerted an insignificant
influence on the crystal growth of the spinel powders. However,
the increase in the annealing temperatures from 6 h to 12 h at
1200 °C increase the crystallite size from 33.73 nm to 52.56 nm.

K2
b= 8 cos(6) (1)

The relation between crystal plan distance in cubic crystal
lattice and lattice parameter and Bragg equation is explained
below, where a is a lattice parameter, (kkl) Miller indices and
d interplanar distance.

a=dii* + I+ P"? )

nA = 2dsin @ (3)

The lattice constant of the synthesized powder had ranged
from 8.387 to 8.412 A, which agrees with the JCPDS results.

The studied Ni, 5Zn, sFe,0, particles crystallize in the mixed
spinel structure. As a result Ni*>" preferentially occurs in B-
octahedral sites. At A-tetrahedral and B-octahedral sites Fe®* is
evenly distributed. The Zn>*, which is nominally substituted in
place of 50% of Ni*" is preferentially dispersed across the A-
tetrahedral site pushing some of the Fe*" ion to migrate to the
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Fig. 3 Hysteresis loop of nickel zinc ferrite (Nig sZngsFe,O4) particles.
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B-octahedral site. Fig. 1d represents the mixed spinel ferrite
unit cell generated based on the crystal structure carried out
with the use of Vesta software.

3.3. Morphological properties

Morphological study of all samples is carried out with a scan-
ning electron microscope (SEM) shown in Fig. 2. Most of the
particles exhibited a non-spherical (roughly spherical) shape,
consistent with findings in the literature.”” Notably, the samples
display strong agglomeration, as observed in the figure, due to
interaction between the magnetic materials.®® The level of
agglomeration increased with higher temperatures and pro-
longed sintering times. It can be seen from the image the
particles were fine and uniform, with a size of approximately 11
um at 900 °C. As the temperature increased, the particle
continued to grow and became larger. Interestingly, we found
that the particle size of the sample is significantly larger than
the crystallite size mentioned earlier, which is agglomerated to
extent and which can be attributed to the fact that magnetic
crystallites are more likely to aggregate during the regrowth to
form larger particles.” With an increase in sintering time at
constant temperature of 1200 °C, a substantial growth in
particle size was observed. On the other hand, varying the
milling time from 30 to 60 min had no discernible impact on
particles size, as evident in samples NZF-1-6 and NZF-1-12. In
conclusion, sample number 5 (NZF1200) exhibited a better
distribution of particle size and morphology compared to the
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other samples. The elemental composition of all the synthe-
sized samples was studied by EDS. Energy dispersive spectros-
copy (EDS) gives a useful analysis of elemental composition that
can be used to determine the stoichiometry of the material. The
EDS spectra of all prepared samples were shown in Fig. S1.7 It
was evident that the powders contained mainly Fe, Ni, and Zn.
Quantitative EDS analysis result showed that the atomic
percentage of metallic ions in the NiysZngsFe,O, has good
agreement with theatrical designed stoichiometry.

3.4. Magnetic properties

The room temperature magnetic hysteresis loop of the synthe-
sized ferrite has been measured by VSM and the results of the
Niy 5Zn, sFe,04 samples were presented in Fig. 3. The magnetic
parameters such as saturation magnetization, coercivity, and
remanence of the samples are listed in Table S1.f It was found
that the magnetic properties of Ni,sZn,sFe,O, ferrites were
related to the sintering temperature and time. All the synthe-
sized ferrites belong to the category of soft ferrites indication
low coercivity. Additionally, the coercivity was reduced with the
increase of annealing temperature and time.**** It is well known
that coercivity is highly dependent on major parameters such as
the particle size and anisotropy constant and can be also altered
by heat treatment or deformation. Regarding the SEM images,
the particle size is increased by increasing the time and sin-
tering temperature and consequently influences coercivity.*
Fig. 3a shows hysteresis loops of ferrite samples sintered at
1200, 1100, 1000, and 900 °C temperature for 6 h. It can be
found from Table S1f that the saturation magnetization
decreases first from 900 to 1000 °C, and then increases from
1000 to 1200 °C. This change in saturation magnetization is
largely dependent on the particle size and the distribution of
cations in the crystal.*® The calcination temperature affects the
distribution of Ni**, Zn**, and Fe*" ions in tetrahedral (A) and
octahedral (B) sites. At lower temperatures, an unfavorable
cation distribution may occur, reducing magnetic interactions.
As the temperature increases, more favorable cation distribu-
tion can take place, improving the magnetic properties. The

© 2024 The Author(s). Published by the Royal Society of Chemistry

initial drop in M value from 900 °C to 1000 °C may be due to the
displacement of Zn" ions into the tetrahedral site, reducing the
net magnetization. As the temperature further increases, Zn>*
relocates to optimal positions, enhancing the magnetic prop-
erties.* In addition at lower calcination temperatures (900-
1000 ©°C), incomplete crystallization or the presence of
secondary phases might occur, reducing the magnetic proper-
ties. As the calcination temperature increases, more crystalline
and uniform ferrite structures are formed, improving the
magnetic interactions. Between 1000 °C and 1200 °C, increased
grain growth and elimination of secondary phases enhance the
magnetic properties, leading to an increase in saturation
magnetization at higher temperature.®*>*® The particles size is
directly proportional to magnetic domain size. As the magnetic
domain size increases, the atomic spin numbers increase and
align themselves in the direction of the applied magnetic field,
thereby enhancing the magnetic saturation of the materials.*”
As the particles size increase with the increase of calcination
temperature, SEM images showed, the size of magnetic
domains increases. When magnetic domain grows, more
atomic spins are involved, and they tend to align more easily
with an external magnetic field. This alignment boosts the
overall magnetization of the material, leading to higher satu-
ration magnetization.®® Fig. 3b illustrates that applying double
grinding and double calcination does not exert any additional
influence on the magnetic saturation M of the prepared
material. This observation highlights that elevated M; values
(M, = 80.07 emu g~ ') are achieved through calcination at 1200 ©
C, which is higher than what is reported in the literature.***°
From Fig. 3c and d we can conclude that milling time variation
from 30 min to 60 min had no effect on magnetic properties of
the samples, but the increase of calcination time from 6 h to
12 h has a great impact on M, which decreased with the
increase of calcination time. This change on magnetic proper-
ties with the increase of calcination temperature and time is
related to the increase of agglomeration, which is already dis-
cussed in SEM images, which show that for sample calcined at
1200 °C for 6 h (NZF1200) the particles are more dispersed with

RSC Adv, 2024, 14, 36264-36272 | 36269
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Fig. 5 Measured magnetization versus temperature curve of nickel zinc ferrite (Nig sZng sFe,O,) particles.

a defined shape and smooth surface. In contrast when we
increase the temperature and time of calcination the agglom-
eration increases, since the saturation magnetization of
magnetic particles is directly proportional to the number of
magnetic domains and their alignment, the reduction in the
number of domains due to agglomeration leads to a decrease in
saturation magnetization.>® Fig. 4 illustrate the magnetic
mechanisms in ferromagnetic materials. The Curie tempera-
ture is the thermal energy required to completely destroy the
magnetic interaction between neighboring magnetic ions,
leading to a paramagnetic material.** The variation of Curie
temperature T, is presented in Fig. 5 which show an increase
with the increase of sintering temperature due to the increase in
particle size, and structural parameters Table S1.f By
decreasing the lattice parameters, the distance between the
interacting ions in the A and B sites decreases and as a result,
the power of interactions increases. Therefore, the thermal
energy required to offset the alignment of magnetic moment
increases which lead to an increase in Curie temperature.*

4. Conclusion

To conclude, this study focused on the optimization of low-
energy-solid-state-reaction parameters to reduce the energy

36270 | RSC Adv, 2024, 14, 36264-36272

consumption in the fabrication of magnetic materials, and to
achieve optimal particles size and shape of magnetic fillers in
polymers matrices, thus producing magnetic polymers
composites materials. The synthesis of Niy 5Zn, sFe,0, ferrite
magnetic particles via solid-state reaction was successfully
achieved. XRD analysis revealed that temperature significantly
influences the purity of the spinel structure, with all samples
exhibiting a single-phase spinel structure at temperatures above
1000 °C. Despite the non-spherical morphology of the particles,
the absence of impurities indicates the effectiveness of the
synthesis method. Furthermore, both particle size and
agglomeration levels increased with higher calcination
temperatures and longer durations. The magnetic properties of
ferrite particles, characterized by low coercivity and high satu-
ration magnetization, were found to be closely linked to the
sintering condition. Specifically, the sample synthesized at
1200 °C for 6 hours exhibited the highest saturation magneti-
zation value of 80.07 emu g ', with uniform particle size and
shape. Thus, the optimal condition conditions of solid-state
reaction synthesis are identified as 30 minutes of mixing and
the calcination temperature of 1200°c for 6 hours, resulting in
a pure spinel structure with desirable morphology and
enhanced magnetic properties. These characteristics make

© 2024 The Author(s). Published by the Royal Society of Chemistry
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them excellent fillers material for polymer matrices, leading to

high-performance magnetic polymer composite materials.
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