PREFACE

Permanent magnets are a significant component in various applications like motor,
wind turbine, generator, computer device, medical equipment, and many more. There is a
huge demand for permanent magnets which was valued at $17.85 Billion globally in 2018
and are expected to reach $34.7 Billion by 2026. Amond these magnets, NdFeB is the best
performing magnet presently available in the market due to their high energy product.
However, the market restriction and supply issues of rare-earth elements (REEs) due to the
monopoly of China and the negative environmental effects of REEs extraction are
demanding less dependency on REEs. It brings the challenge of developing a rare-earth
free permanent magnet with high energy density.

Strontium hexaferrite (SrM) magnets represent the largest magnet group being used
nowadays by volume. SrM is a ferrimagnetic material whose magnetic properties are
inherently linked to the crystal structure and grain morphology. Though, it has a small
energy density which is required to improve to reduce the dependency on NdFeB. Energy
density is a key figure of merit, which is required to be high for better performance and is
linked with the saturation magnetization (M;) and coercivity (H.) of the magnetic material.
Due to high magnetocrystalline anisotropy, decent magnetism, chemical inertness, and high
Curie temperature, these magnets are continuously drawing the attention of research
communities to improve the low energy density of StM with different means. It is found as
the most faithful base magnet in terms of abundance and economic balance, which requires
more or less reformation and advancement in the aspect of magnetic properties.
Improvement in My and H. of STM magnet, even mildly, could open up the possibilities of

large-scale immersion of strontium hexaferrite based magnets in numerous permanent



magnet applications. In the past several years, enormous improvement has been made
toward enhancing the magnetic properties of StM.

The thesis work is focused on the ‘development of rare-earth free permanent
magnets with improved magnetic properties’, where the magnetic properties of strontium
hexaferrites have been tried to improve toward the proposed objective. Detailed
investigations on the structural, magnetic, and dielectric properties of five different SrM-
based compositions (not reported earlier by other authors) have indicated a good
improvement in StM compositions. The results of different SrtM-based series are briefly
outlined here. It is arranged into nine chapters, and a brief description of each chapter is as
follows:

Chapter 1 provides a brief introduction to permanent magnets and the different
magnetic properties of a magnetic material. The featured characteristics of strontium
hexaferrite magnets are discussed with the requirement of certain criteria that must be
fulfilled for developing a permanent magnet. Concerning the significance of these criteria,
literature surveys on the effect of synthesis techniques and current progress in magnetic
properties of strontium hexaferrite magnets due to the substitution of various non-rare-ecarth
elements are summarized in this chapter. Finally, it is concluded with the scope and
objective of the present work.

Chapter 2 provides a detailed overview of the experimental techniques applied in
the present thesis work. It includes sample preparation procedures and a detailed
introduction to the working principles of different characterizing instruments that are used
in the different studies of synthesized samples.

Chapter 3 presents the synthesis of a SrFe12.xyCoxCryO19 (0 <X, y < 1) hexaferrite.
The effect of Co-Cr substitution on the structural, magnetic, and dielectric properties of

StM is studied. XRD pattern confirms the formation of magnetoplumbite hexagonal

XXVi



structure of SrM hexaferrite. Co ion substitution is found favorable to improve the M, value
with a drastic decrease in H,, resulting in a soft magnetic behavior of samples. In contrast,
Cr substitution is observed to significantly enhance the H. value (almost double) without
adversely affecting the M, resulting in a better hard magnetic behavior of strontium
hexaferrite. Also, both these elements are found liable for improving the ac-resistivity of
pristine strontium hexaferrite.

Chapter 4 presents the synthesis of a SrixCrxFei2yZnyO19 (0<x<0.8;0<y<1)
hexaferrite. The effect of Cr-Zn substitution on the structural, magnetic, and dielectric
properties of SrM is studied. XRD pattern confirms the formation of magnetoplumbite
hexagonal structure of StM hexaferrite. Cr substitution at Sr site is also found favorable to
improve the H. value but not as significant as observed at Fe site, with a slight decline in
M value. Zn substitution at Fe site of StM is observed to improve M; value considerably
with a drastic reduction in H. value, resulting in a soft magnetic behavior of the sample.
Despite the sharp H. dilution due to Zn ion, Cr substitution retained the hard magnetic
characteristic of samples by maintaining H. value greater than at least 1 kOe. Also, both
these elements are found liable for improving the ac-resistivity of pristine strontium
hexaferrite.

Chapter 5 presents the synthesis of a SrFe2.x.yNixAlyO19 (0.005 <x<0.02; 1 <y
< 4) hexaferrite. The effect of Ni-Al substitution on the structural, magnetic, and dielectric
properties of StM is studied. XRD pattern confirms the formation of magnetoplumbite
hexagonal structure of SrM hexaferrite. Ni substitution is found favorable to improve the
My value of samples without adversely affecting the H.. Al substitution is observed to
significantly increase the H. value of SrM, even higher than NdFeB but at the cost of M,
value. Also, both these elements are found liable for improving the ac-resistivity of pristine

strontium hexaferrite.
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Chapter 6 presents the synthesis of a SrFegAl4O19 xBi203 (0 < x <5 wt%), where the
doping effect of Bi2Os sintering aid and the effect of different sintering temperature is
studied on the structural, magnetic, and dielectric properties of Al-substituted StM. XRD
pattern confirms the formation of magnetoplumbite hexagonal structure of StM hexaferrite.
Mainly, the study of this chapter is motivated to compensate for the M loss in SrFegsAl4O19
(a drawback of 4 Al substitution in StM). The doping concentration of BioO3 and sintering
temperature is optimized to realize better magnetic properties in SrFesAl4O19. Both Bi2O3
dopings and Tsin variation have reduced the ac-resistivity of samples compared to pristine
strontium hexaferrite, but it is still higher than NdFeB.

Chapter 7 presents the synthesis of a SrFes.xAlsZnxO19 (0 < x < 1) hexaferrite. The
effect of Al-Zn substitution on the structural, magnetic, and dielectric properties of SrM is
studied. XRD pattern confirms the formation of magnetoplumbite hexagonal structure of
SrM hexaferrite. Al substitution is observed to considerably increase the H. value, even
higher than NdFeB, but at the cost of M, value. Zn substitution is found more prominent in
improving the M, of compositions but at little expense of H.. An improvement in both M;
and H. values is observed for small Zn substitution (x = 0.2). Zn substitution improves the
ac-resistivity of Al-substituted SrM, but it is less than pristine strontium hexaferrite (still
higher than NdFeB).

Chapter 8 presents the progress in energy density of the three best compositions of
different series concerning the improvement in magnetic properties of strontium hexaferrite
in comparison to the NdFeB. Three compositions from different series of the thesis work
is selected here to demonstrate the enhancement in (BH)max, due to their high H., either
nearly approaching to the H. of NdFeB (~15.07 kOe) or even higher than that. Also, Curie
temperature analysis of these samples is given in this chapter to deliberate the operating

temperature efficiency of synthesized permanent magnets.
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Chapter 9 briefly summarizes the important findings of the thesis work. A decent
improvement in magnetic properties of strontium hexaferrite magnets is deliberated here
with the optimal amount of substituted element and optimization in synthesis factors. It

also highlights the future scope of research on this material.
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