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Abstract

Magnetostrictive materials are magnetic materials which can convert magnetic energy
into mechanical energy and vice versa. These abilities make magnetostrictive materials
useful in various applications as sensors and actuators. Terfenol-D, a magnetostrictive
alloy of terbium, dysprosium and iron shows very large magnetostriction at room
temperature and relatively small magnetic fields and is currently used for various
applications. However, this material has many disadvantages such as the high brittleness,
high cost of raw materials, high production cost, magnetostriction is highly anisotropic
and therefore, requires single crystals. In order to overcome these limitations, recent

research is focused on oxide based magnetostrictive materials.

Among the different magnetic oxides, cobalt ferrite is an ideal material for future
magnetostrictive applications because of its relatively large magnetostriction, low cost,
easy processability, etc. Studies showed that oxide based magnetostrictive materials,
especially metal bonded cobalt ferrite composites, are excellent candidates for stress
sensing applications due to a large magnetomechanical effect and high sensitivity.
Magnetostriction value of 230 ppm and high stain derivative of 1.3 x 10° A™'m, without
external load, are reported for metal bonded sintered polycrystalline cobalt ferrite. For
sintered cobalt ferrite in the polycrystalline form, this is the highest value reported so far
compared to the value of 600 ppm for single crystals. Cobalt ferrite is commonly
synthesized by the ceramic process involving high-temperature solid state reactions and
the magnetostrictive properties are studied on the sintered materials. The present thesis is
on the studies on the magnetostrictive properties of sintered cobalt ferrite derived from
nanocrystalline powders of cobalt ferrite with varying particle sizes and an attempt to
enhance the magnetostriction coefficient of the sintered material to higher values by

tuning some processing parameters. The thesis is divided in to seven chapters.

The first chapter is a general introduction to magnetism, magnetostriction and
magnetostrictive materials. A review on the structural and magnetic properties of spinel
ferrites is also included. General introduction to the field of smart materials,

nanomaterials and nanomagnetic materials is also provided.



Abstract

Chapter two describes the methods employed for the synthesis of nanocrystalline
cobalt ferrite studied in the present work. All the experimental methods and
characterization and measurement techniques used are briefly discussed in the specific

sections.

Chapter three describes the synthesis and characterization of nanocrystalline
cobalt ferrite and studies on the magnetostriction of sintered cobalt ferrite.
Nanocrystalline cobalt ferrite powders of different sizes are synthesized by the
autocombustion using the corresponding metal nitrates and amino acid, glycine, as fuel.
The results are compared with the nanomaterials synthesized by other low-temperature
methods viz., co-precipitation and citrate-gel as well as by the high-temperature ceramic
method. It is found that the material derived by the autocombustion method give higher
magnetostriction. The effect of particle size on the magnetostriction characteristics of
sintered cobalt ferrite synthesized by the autocombustion method is studied in detail. It is
found that the initial particle size has a strong influence on the sintering and

magnetostrictive behavior of cobalt ferrite.

Chapter four describes the effect of sintering on the microstructure and
magnetostriction of sintered cobalt ferrite. The influence of single and two-stage sintering
processes on the densification, microstructure, and magnetostriction of sintered cobalt
ferrite is investigated. From the present study, it is concluded that there is not much
advantages on the two-stage sintering process over single stage sintering for getting

higher magnetostriction and strain derivative for sintered cobalt ferrite.

Chapter five deals with the magnetostriction of a self-composite of sintered cobalt
ferrite derived from a mixture of nanocrystalline powders of different sizes. The cobalt
ferrite self-composites were prepared by mixing powders containing particles of different
sizes synthesized by autocombustion and ceramic methods. Very high magnetostriction
coefficient of 375 ppm and 400 ppm were obtained for the two-component and three-
component systems, respectively. In the case of the self-composites, magnetostriction

value is found to be not saturated even at the highest field of measurement (800 kA/m)
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and therefore, it is possible to improve the magnetostriction values at higher fields. It is
found that there is no direct correlation between the microstructure and magnetostriction

in the case of the self-composites.

Studies on the magnetostriction characteristics of manganese substituted cobalt
ferrite sintered from particles of 4 nm sizes with compositions 0 < X < 0.3 in CoFe;.
MnO4 as well as Co;xMnyFe,O4 are discussed in Chapter six. Nanoparticles of the
substituted compositions are synthesized by an autocombustion method. Higher
magnetostriction at low magnetic fields is obtained along with enhanced strain derivative
for the sintered Mn substituted for Fe in cobalt ferrite derived from nanocrystalline

materials compared to the corresponding bulk counterparts.

Chapter seven presents an overall conclusion and comparison of the work
reported in the previous chapters on the magnetostriction characteristics of the sintered
products. Scope for further work to enhance the magnetostriction coefficient and strain
derivative of cobalt ferrite based materials, in comparison with the present work as well

as the work reported in the literature are discussed.



Chapter 1

Introduction

1.1 Materials Science

Materials science and engineering plays a vital role in this modern age of science and
technology. Materials science, as a discipline, has contributions from different science
and engineering streams and is a convergence of physics, chemistry, biology,
chemical engineering, mechanical, civil and electrical engineering, etc [1]. In fact,
materials science is one of the oldest forms of applied science. Modern materials
science is known to be directly evolved from metallurgy. Materials science is based
on the development of revolutionary technologies such as plastics, semiconductors,
and biomaterials. In the recent years, with significant attention to nanoscience and
nanotechnology, research on materials science has been pushed to the forefront

throughout the world.

Materials science is the studies on the correlation between processing,
properties and relative changes in the performance of a material in a certain
application to the structure of that material. Characterization of materials is an
important component of materials science. The major factors that determine the
structure of a material and thus its properties are its constituent chemical elements and
the way in which they have been arranged in the crystal structure and processed into
the final form. Thus, the properties and performance of a material are related through
the material’s microstructure. The ability to change the properties and performance of
a material by suitable processing is what makes most materials useful for mankind.
Materials are classified in to various groups based on either their properties such as
electrical, magnetic, dielectric, optical, etc., or their type such as metals, ceramics,

polymers, composites, electronic materials and biomaterials.
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1.2 Functional Materials

Materials with their own peculiar properties and functionalities such as ferromagnetic,
ferroelectric, semiconducting, etc, are called functional materials [2]. Their properties
are sensitive to changes in the environmental parameters such as pressure,
temperature, electric and magnetic fields, gas atmosphere, etc. Functional materials
cover a wide range of organic and inorganic materials and include all types of
materials, such as polymers, ceramics, metals, semiconductors and composites. The
properties depend on how the materials are processed, and processing can often be
used to tune, control and enhance the performance and functions. Therefore,

processing of functional materials is of critical importance for various applications.
1.3 Smart Materials

Smart materials are a sub-class of functional materials. Smart materials respond to an
external stimuli with particular changes in some variables [3]. For that reason they are
often called as intelligent materials, responsive materials or adaptive materials. Their
properties can be changed significantly depending on the changes in some external
conditions such as temperature, moisture, magnetic or electric fields, pH and stress.
They can change shape, size, colour, become stronger or produce a voltage as a result
of the particular external stimuli. Smart materials can function reversibly such that
they can act both as sensors as well as actuators. A sensor is a device that responds
with a signal when strained and an actuator performs a responsive and adaptive
function. Thus, the field of smart materials attempts to combine the functions of both
sensors and actuators. Actuators can change shape, position, frequency or mechanical
characteristics in response to changes in temperature, electric field and magnetic field.
Similarly, sensors can produce a voltage, magnetization, colour, etc, when they are
mechanically stressed. There are mainly four types of smart materials commonly used
for sensors and actuators. They are, shape memory alloys, piezoelectric materials,

magnetostrictive materials, and eletrorheological/magnetorheological fluids.
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Shape Memory Alloys

Shape memory alloys exhibit the unique properties of pseudo-elasticity and shape
memory effect [4]. They are generally alloys that can be deformed and reverse back to
their original shapes when temperature is changed. Shape memory effect was first
discovered in 1932 in silver-cadmium alloy. Generally, these materials can be
elastically deformed at relatively low temperatures. When exposed at higher
temperatures, they will return to their original shape. The shape memory effect is
possible through a solid state phase change, a molecular rearrangement involving a
change of phase such as a low temperature martensite phase to a high temperature
austenite phase. This phenomenon provides a unique mechanism for remote actuation.
Commercially available materials are Ni-Ti alloy and copper-based alloys such as Cu-
Zn-Al and Cu-AI-Ni. Shape memory alloys are used in aeronautical applications,

thermostats, surgical tools, hydraulic fittings, etc.
Piezoelectric Materials

The piezoelectric effect was discovered in 1880 in single crystal of quartz by Jacques
and Pierre Curie. They found that piezoelectric ceramics expand or contract when an
external electric field is applied. These materials also generate an electric field when
their dimensions are altered. Therefore, piezoelectric materials serve both as sensors
as well as actuators by converting mechanical energy in to electrical energy and vice
versa. Examples for piezoelectric materials are barium titanate (BaTiOs), lead
zirconate titanate (PbZr;4TixOs3), etc. Zinc oxide is a relatively new found
piezoelectric material that can be used in nanocrystalline form for piezoelectric
applications. These materials are of very high demand because of their application as
device actuators and transducers in sonar and ultrasonic systems [5]. However,
piezoelectric materials have some limitations, such as they tend to be brittle and
somewhat heavy. Also, the piezoelectric effect disappears above their Curie
temperatures, which is material dependent. These are major problems for some
advanced aerospace applications. Applications of piezoelectric materials include
production and detection of sound, generation of high voltages, electronic frequency

generation, in scanning probe microscopes, cigarette lighters, etc.
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Electro-/Magnetorheological Fluids

Electrorheological and magnetorheological fluids are liquids that experience dramatic
changes in viscosity upon the application of electric and magnetic fields, respectively
[6]. The effects are completely reversible in the sense that the fluids come back to the
normal state immediately after the removal of the external field. However, these
materials often exhibit abrasiveness and chemical instability. These smart fluids are
suitable for applications in areas such as tunable dampers, vibration-isolation systems,
in exercise equipments, clutches, brakes, and resistance controls. Modern automobiles

use magnetic fluids for the vehicle’s suspension damping.
Magnetostrictive Materials

Magnetostrictive materials are magnetic materials exhibiting change in shape or
dimension under the influence of an external magnetic field and they also exhibit
change in their magnetization under the influence of a mechanical stress [7, 8].
Magnetic materials exhibit this property due to the changes in the magnetic domain
structure upon the application of an external magnetic field. Because of the
conversion of magnetic energy into mechanical energy and the reverse effect, these
materials can be used as sensors and actuators. They are typically used in low-
frequency, high-power sonar transducers, motors, and hydraulic actuators.
Magnetostrictive materials are considered as promising candidates for achieving

active damping of vibrations.
1.4 Nanomaterials

Nanoscience is the study of the fundamental principles of molecules and structures
with dimensions roughly between 1 and 100 nanometers. These structures are known
as nanostructures. Nanotechnology is the term used to cover the design, construction
and utilization of functional structure with at least one characteristic dimension
measured in nanometers [9-13]. Such materials and systems can be designed to
exhibit novel and significantly improved physical, chemical and biological properties
[14, 15]. The reason for such interesting and very useful behavior is that the
characteristic structural features are intermediate in between isolated atoms and bulk
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macroscopic materials. Research in nanotechnology is based on discoveries made in
physics and chemistry. This is because it is essential to understand the physical and
chemical properties of molecules or complexes of molecules in order to control them.
Nanotechnology has the potential to create many new materials and devices with wide
ranging applications, such as in medicine, electronics, and energy production.
Nanomedicine, an offshoot of nanotechnology, refers to highly specific medical
intervention at the molecular scale for curing diseases or repairing damaged tissues,

such as bone, muscle, or nerve.

Nanomaterials are materials with particle size and morphological features
below 100 nm. During the past decade, naonomaterials have attracted enormous
interest of the research community worldwide. These materials, notable for their
extremely small size, have the potential for wide-ranging applications. Therefore,
nanoscience has become the focus of modern materials science, because of the
potential technological importance, which stems from the unique physical properties
of nanomaterials. Nanomaterials can be metals, ceramics, polymeric materials, or
composite materials. Nanomaterials consist of a wide range of materials including
nanocrystalline materials, nanocomposites, nanoparticles, nanotubes, and quantum
dots. The common link between all these materials is that they all have
microstructural features in the nanoscale. By virtue of its structure, nanomaterials
exhibit different physical, chemical, optical, mechanical, electrical and magnetic
properties than conventional materials. The interesting and unexpected properties of
nanomaterials are mainly due to their very high surface area to volume ratio where the
percentage of atoms at the surface of the particles becomes significant. Because of the
small dimensions and extremely high surface area to volume ratio, many drastic
changes take place on the surface of the nanosized materials. As a result, the
nanomaterials possess exotic electronic, magnetic and optical properties, and high
chemical reactivity. Many new interesting phenomena are observed in nanoparticles

compared to their bulk counterparts.
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1.5 Magnetism

Since the scope of the work reported in this thesis is on magnetostrictive materials
related to spinel type cobalt ferrite, magnetism and magnetostriction in general and a
review of the structural and magnetic properties of spinel type ferrites are discussed in

the following sections.

Magnetism is an interesting phenomenon exhibited by materials and is
associated with paired or unpaired electrons in the constituent atoms/ions in the
materials [16-21]. It is the power of attraction of one material by another. The net
magnetic moment of all the unpaired electrons in the constituent atom or ion in a
material is responsible for the origin of interesting magnetic properties. Magnetism in
solids arise from the magnetic ions or atoms distributed throughout a regular
crystalline lattice on equivalent sites. There are different types of magnetism based on
the magnetic behavior of materials in response to magnetic fields at different
temperatures. The major types of magnetism are diamagnetism, paramagnetism,

ferromagnetism, antiferromagnetism and ferrimagnetism [16-21].

Diamagnetism

Diamagnetism is a very weak form of magnetism and is originating from the shielding
currents induced by an applied magnetic field in the filled electron shells. In
diamagnetic materials, all the electrons are paired so there is no permanent net
magnetic moment per atom. Diamagnetic materials are slightly repelled by a magnetic
field and the material does not retain the magnetic properties when the external field
is removed. Diamagnetic properties arise from the realignment of the electron paths
under the influence of an external magnetic field. Most elements in the periodic table,

including copper, silver, and gold are diamagnetic.

Paramagnetism

Paramagnetism is observed in materials that contain atoms/ions with unpaired
electrons. It is a weak form of magnetism which displays a positive response to an

applied magnetic field. These materials are slightly attracted by a magnetic field and
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the material does not retain the magnetic properties when the external field is
removed. The directions of the magnetic moments due to the unpaired electrons are
realigned by the external magnetic field. Paramagnetic materials include titanium,

molybdenum, lithium and tantalum.
Ferromagnetism

Ferromagnetic materials are paramagnetic materials above a critical temperature
called Curie temperature. Below the Curie temperature, because of the exchange
interactions between in the individual magnetic moments, there is a spontaneous
ordering of the moments along a particular direction Ferromagnetic materials exhibit
a strong attraction to magnetic fields and are able to retain their magnetic properties
after the external field has been removed. They get their strong magnetic properties
due to the presence of magnetic domains. In these domains, large numbers of atom's
moments (10" to 10'°) are aligned parallel so that the magnetic force within the
domain is strong. When a ferromagnetic material is in the unmagnetized state, the
domains are nearly randomly oriented and the net magnetic field for the part as a
whole is zero. When a magnetizing force is applied, the domains become aligned to
produce a strong magnetic field within the part. Iron, nickel, and cobalt are examples

of ferromagnetic materials.
Antiferromagnetism

Antiferromagnetism is another form of ordered magnetism in which the neighboring
atomic magnetic moments are aligned in the opposite directions so that the net
magnetic moment is zero. Antiferromagnetic materials are paramagnetic above a
critical temperature called Neel temperature. Below the Neel temperature, the
material exhibits no response to the external field, because of the antiparallel ordering
of atomic magnets. At higher temperatures, some atoms break free of the orderly
arrangement and align with the external field. This alignment and the weak
magnetism it produces in the solid reach their peak at the Neel temperature. An
antiferromagnet can be considered as consisting of two magnetic sub-lattices, each of

which are ferromagnetically ordered but the moments in the two sub-lattices align in

10



Chapter 1 Introduction

the opposite direction leading to a zero net magnetic moment. Manganese is an

example for antiferromagnetic material.
Ferrimagnetism

Ferrimagnetism is like antiferromagnetism but there is incomplete cancellation of
moments aligned in the opposite directions. In a ferrimagnet, the moments in the
adjacent atoms are unequal in magnitude and the antiparallel order leads to a net
magnetic moment. Ferrimagnetism is also like ferromagnetism in the sense that a
spontaneous magnetic ordering takes place below a critical temperature called Curie
temperature. The net magnetic moments line up spontaneously below the Curie
temperature, to produce a net magnetization. Ferrites are classical examples of

ferrimagnetic materials.

N7
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Antiferro-
Paramagnetic magnetic
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Ferromagnetic || Ferrimagnetic

Figure 1.1: Different types of magnetism.
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1.6 Spinel Type Ferrites

Ferrites are ceramic oxides containing iron oxide, Fe,O3, as a major component [22-
24]. The history of ferrite materials can be traced back to centuries ago with the
discovery of stones that attracted iron. The naturally formed ferrite is magnetite
(FesO4 or FeO.Fe;03). The first synthetic ferrites were developed independently in
Japan and Netherlands in the 1930s. Since then, intensive efforts have been devoted to
this research area, which showed remarkable developments in both science and
technologies of ferrite materials. The unique electric and magnetic properties of ferrite
materials enable them to have a wide range of applications, such as microwave
components, high-frequency devices, magnetic fluids and magnetic data storage.
Ferrites are predominantly ionic and have very stable crystal structure. Ferrites can be
classified into three groups, namely, spinel, garnet and magnetoplumbite. The details

of these three types of ferrites are shown in Table 1.1.

The spinel type oxides have the general formula AB,O4 where A is a divalent
and B is a trivalent metal ion. The general chemical formula of spinel ferrites is

A'Fe™,0, where A" represents divalent ions, as mentioned in Table 1.1.

Table 1.1: Crystal types of ferrites.

Type Structure | General Formula Example
Spinel Cubic AFe,0,4 A"=Fe, Cd, Co, Mg,
Ni, Zn
Garnet Cubic A"Fes0, Am=Y, Sm, Eu, Gd,
Tb, Lu
Magnetoplumbite | Hexagonal A'Fe;,019 AHZBa, Sr

1.6.1 Crystal Structure of Spinel Ferrites

The crystal structure of spinel ferrites is similar to that of the spinel mineral MgAl,O4,
which is illustrated by Figure 1.2 [25-27]. For this type of structure, the unit cell
contains eight formula units. The cubic closely packed arrays of oxygen ions result in

the two kinds of interstitial sites denoted by tetrahedral sites (or A sites) and
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octahedral sites (or B sites), as shown in Figure 1.2. The unit cell contains 64
tetrahedral sites and 32 octahedral sites, and only 8 A sites and 16 B sites are
occupied by metallic ions [25]. The crystal structure is best described by subdividing
the unit cell into 8 octants with edge 2 @, where a is the unit cell length of the cubic
spinel lattice, which are arranged in identical manner in all the octants. Each octant
contains four oxygen ions on the body diagonals and they lie at the corners of the
tetrahedron. Each oxygen 1on is located at a distance equal to one fourth of the length
of the body diagonal from alternate corners of the octant. The positions of the metal
ions are different in the two octants sharing a face. Each oxygen ion is surrounded by

one tetrahedral ion (A site) and three octahedral ions (B site).

mcmfedete=p=d

Octahedral sites
] -9 j @ Tetrahedral sites
o O S /)
— O Oxygen

Figure 1.2: The crystal structure of spinel ferrites.

Spinels are classified in to three types; normal spinel, inverse spinel and mixed
spinel. In normal spinel all the divalent (A) cations occupy the tetrahedral sites and
the trivalent (B) cations on the octahedral sites in the spinel lattice This can be

represented by the formula (A)“[B,]*Oy. In the inverse spinel, the divalent cations
13
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occupy the octahedral B sites while the trivalent cations are located on both A and B
sites in equal proportions, represented by the formula (B)[AB]**O4. In the mixed
spinel structure, both the divalent and trivalent cations are distributed in the

tetrahedral and octahedral sites, represented by the formula (A1By)"® [B2xAx]*'O4.
1.6.2 Magnetic Properties of Spinel Ferrites

According to the Neel’s theory of ferrimagnetism, ferrimagnetic materials like cobalt
ferrite, CoFe,0y4, consist of two sub lattices (A and B). Within the individual sub
lattices, the magnetic moments are arranged parallel to one another but the strong
interactions between the two sub lattices results in the antiparallel arrangement of the
ordered moments in the two sub lattices. A spinel ferrite then may be defined as the
material which below a certain temperature (Curie temperature) shows a spontaneous
magnetization, arising from the anti-parallel arrangement of the strongly coupled
atomic dipoles [22-24]. If Ma and Mg are the moments of the sub lattices, then the
ferrimagnetic moment is Ma-Mg, assuming Ma>Mg. The reasons for this inequality
may be the presence of elements in different ionic states, e.g. Fe*" and Fe*", different
elements in the same or different ionic states e.g. Fe’™ and Co”" and different
crystalline fields acting at the two sites. The interactions between magnetic ions may
be classified as A-A, B-B, A-B and B-A, where A-A represents the interaction of an
ion on an A-site with the neighboring ion also on A-site, with same definitions for
other terms. In the Neel’s theory, it is assumed that the A-B and B-A interactions are
identical and predominate over A-A and B-B interactions and thus favors the

antiparallel arrangement of the magnetic moments of the two sub lattices.

It is well known that the magnetic properties of materials originate from
mainly two factors i.e. exchange interaction and spin-orbit couplings. Exchange
interactions provide information about the magnetic ordering of the materials, while
the other factor determines the magnetization orientation within the material [28]. The
magnetic properties of mixed ferrites depend on the preference for a given
crystallographic site which an ion exerts in a single, the change in interaction between

sub lattices (A-B interaction) with composition, weakening of A-B interaction due to
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negative B-B and A-A interactions by the formation of angles and the character of the

neighbors of a given ion on a given site which may change.

The spin moments of the trivalent cations in an inverse spinel are canceled
(direction of moment on A sites is opposed to B sites) whereas the spin moments of
the divalent ions are aligned, resulting in a net magnetic moment. Examples of inverse
spinels are CoFe,04, NiFe;04 and MgFe,04 [29]. Out of different spinel type ferrites,
there is a special interest in cobalt ferrite. Neutron diffraction studies revealed that
cobalt ferrite (CoO.Fe;O3 or CoFe,04) is completely inverse [30]. Cobalt ferrite has
the so called inverse spinel structure, with one half of Fe** ions on A sites and rest,
together with Co®” ions on B sites at room temperature. The cation distribution of
cobalt ferrite changes with heat treatment [31]. The measured magnetic moment is 4
uB, even though the theoretical value is 3 uB [23]. Cobalt ferrite, with a partially
inverse spinel structure, is one of the most important magnetic materials. The
saturation magnetization of cobalt ferrite increases with increase in quenching
temperature, due to the migration of Fe ions in A site to B site and Co ions in B site to

A site [32].
1.7 Magnetic Anisotropy

The magnetization of a magnetic system is not free to rotate but is bound to a certain
direction in which it is easy to be magnetized than in other directions is called
magnetic anisotropy [21] . The existence of magnetic anisotropy indicates that the
free energy of a magnetic system depends on the orientation of magnetization with
respect to the directions characterizing the magnetic system. For magnetic materials,
there are various magnetic anisotropies, such as crystal anisotropy or
magnetocrystalline anisotropy, stress anisotropy, shape anisotropy, the anisotropies
induced by magnetic annealing, elastic deformation and irradiation and exchange
anisotropy. Out of these, the most important contribution is coming from

magnetocrystalline anisotropy, followed by stress and shape anisotropies.

The magnetocrystalline anisotropy or crystal anisotropy is due to spin-orbit
coupling, which is an intrinsic property of magnetic materials. It couples the
magnetization to some crystallographic directions and plays an important role in a
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variety of magnetic properties of materials, such as the domain structure, the shape of
hysteresis loops, magnetization processes, the magnitude of coercive force and
magnetic permeability. In a magnetic crystal, there exists a kind of
interaction/coupling between two subsystems: the crystal lattice and the magnetic
system consisting of interacting moments. The coupling can exist between the
neighboring spins (spin-spin interaction), spin and orbit (spin-orbital interaction), spin

and lattice (spin-lattice interaction), and orbital and lattice (orbital-lattice interaction).

Figure 1.3. Spin-lattice-orbit interactions.

The spin-spin interaction is very strong and keeps neighboring spins parallel
or antiparallel to one another. However, this associated exchange energy is isotropic,
and depends on the angle between adjacent spins, not at all on the direction of the spin
axis relative to the crystal lattice. Therefore, the spin-spin interaction cannot
contribute to the crystal anisotropy. The orbit-lattice interaction is also strong,
because the orientations of the orbits are fixed very strongly to the lattice because of
the crystal field (electric field) created by the adjoining atoms. It is the strong orbit-
lattice interaction that results in the partial or entire quenching of the orbital moment
of electrons in crystalline materials. There is also interaction between the spin and

orbital motion of each electron, but the interaction is weak when compared with the
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orbital-lattice interactions. These relationships are summarized in Figure 1.3. When
an external field tries to reorient the spin of an electron, the orbit of that electron also
tried to be reoriented. Since, the orbit is strongly coupled with the lattice and therefore
energy required to overcome this resistance can be called as the anisotropy energy
which is required to overcome the spin-orbit coupling. Therefore, the
magnetocrystalline anisotropy arises from the spin-orbit coupling which connects the

magnetic moments to the atomic lattice through the electron orbits.

When an external stress or strain is applied, this can change the
magnetocrystalline anisotropy and thereby alter the magnetization behavior of the
materials. This effect is called inverse magnetostriction, the phenomenon that changes
the sample dimensions if the direction of the magnetization is altered. The
magnetostriction is the observed lattice deformation which accompanies the process
of magnetization in a magnetic crystal. The origin of magnetostriction is mainly due
to the spin-orbit interaction, which is also responsible for the magnetocrystalline

anisotropy as mentioned above.

The third type of anisotropy is due to the shape. A magnetized body will
produce magnetic charge at the surface. This surface pole or charge distribution,
acting in isolation, is another source of a magnetic field. It is called as demagnetizing
field. Consider a polycrystalline specimen that has no preferred orientation for its
grains, and therefore no net magnetocrystalline anisotropy. If it is non-spherical in
shape, it will be easy to magnetize it along a long axis than along a short axis. The
reason is demagnetizing field will be less if the magnetization is along the long axis
than if is along one of the short axes. This will produce an easy axis of magnetization
along the long axis. For example, a sphere has no shape anisotropy. The magnitude of
shape anisotropy depends on the saturation magnetization. In the case of magnetite,
smaller than 20 microns, shape anisotropy is the dominant form of anisotropy. For
larger sized particles, shape anisotropy is less important than magnetocrystalline

anisotropy.
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Figure 1.4: Schematic representation of the breakup of a magnet into domains. (a)

single domain, (b) double domain, (¢) four domains, (d) closed domain.

1.8 Magnetic Domains

Any ferromagnetic or ferrimagnetic material that is at a temperature below T¢ (Where
Tc is the Curie Temperature, i.e. the temperature above which ferro- or ferrimagnetic
materials become paramagnetic) is composed of small volume regions in which there
is a mutual alignment of all the magnetic moments in the same direction. Such a
region is called a domain and each domain is magnetized to its saturation
magnetization [23]. Neighboring domains are separated by domain boundaries or
walls across which the direction of magnetization is gradually changed. Normally,
domains are microscopic in size, and for a polycrystalline sample, each grain may
consist of more than a single domain. Thus, in a macroscopic specimen of material,
there will be a large number of domains, and all may have a different magnetization
orientation. The domains are formed in order to reduce the overall magnetostatic
energy of the system and are separated from one another by domain or Bloch walls

which are high energy areas defined as transition layer that separates adjacent regions
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magnetized in different directions. The presence of this domain walls and their
mobility both reversibly and irreversibly are directly responsible for magnetic
hysteresis loop. The single domain configuration is a high energy configuration. By
forming domains that are close on themselves, the net magnetic moment becomes

zero and the system has a lower energy. This is schematically shown in Figure 1.4.
1.9 Magnetization Process

For ferro- and ferrimagnetic materials, when the magnetization (M) is measured as a
function of magnetic field (H), it shows a non-linear behavior [16]. This M-H
behavior can be explained based on the concept of magnetic domains. When a
ferromagnetic material is in the unmagnetized condition, the magnetic domains are
randomly oriented so that the magnetic field strength in the piece of material is zero.
When a small external magnetic field is applied, the net magnetization is initially due
to the growth of the domains parallel to the applied magnetic field at the expense of
other domains. Thus, at small values of H, the magnetic domains closer to the
direction of the applied external field grow in size until all the domains are favorably
oriented in the same direction. At large values of H, the net magnetic moment rotates
in the direction of the applied field. When all the moments are oriented in the
direction of the applied field, the magnetization M becomes constant or saturates, and
this value of magnetization is known as saturation magnetization, Ms. But once
saturated, a decrease in H to zero does not reduce M to zero. Hence, the material
possesses some residual magnetization, and this is called remnant magnetization
(MR). In order to demagnetize the substance after saturation (reduce the magnetic
moment to zero), a negative field is required. The magnitude of this field at which
magnetization becomes zero is called coercive field or simply coercivity (H.). The M
versus H curve in the case of ferro- and ferrimagnets thus show magnetic hysteresis
and is called the magnetic hysteresis loop. The magnetization process and a typical

magnetic hysteresis loop are shown in Figure 1.5.
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Figure 1.5: The magnetization process and a typical magnetic hysteresis loop.

1.10 Magnetic Nanomaterials

Nanosized magnetic materials are of special interest because the magnetic properties
change drastically when the size of a magnetic particle is reduced below 100 nm and
the modified properties are useful in many applications and devices [33-35]. Studies
on nanomagnetism emerged as a major area of research in the recent years due to the
potential applications of the nanosized magnetic materials. In large particles,
energetic considerations favor the formation of magnetic domains. As the particle
size decreases toward some critical size, formation of domain walls becomes
energetically unfavorable and the particles are called single domain. A number of
interesting magnetic phenomena arise when one or more of the dimensions of a
magnetic particle are reduced to nanometer size, that are of the order of single
domains. Ferro- and ferrimagnetic nanoparticles exhibit a behavior similar to
paramagnetism and it is half-way between ferro/ferrimagnetism and paramagnetism.
These particles are called superparamagnetic particles.
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Superparamagnetism is a unique magnetic phenomenon for nanostructured
materials. For ferro- or ferrimagnetic nanoparticles, below a critical particle size, they
possess single domain magnetic structure. If the single domain nanoparticles are small
enough, thermal agitation will directly lead to the fluctuation of direction of
magnetization of the nanoparticles [36]. Therefore, the magnetization behavior of
these small-sized particles is identical to paramagnetism, except for their large
magnetic susceptibilities and magnetic moment. Because of these similarities and
differences with respect to paramagnetism, such thermally agitated magnetic behavior
of the sngle domain particles is termed superparamagnetism. For superparamagnetic
materials, coercivity is zero. For typical superparamagnets, KV = 25kTg, where k is
the Boltzman constant, K is the magnetic anisotropy constant, and V is volume of a
particle. The temperature above which the thermal activation energy overcomes the
magnetic  anisotropy  energy barrier and the nanoparticles become
superparamagnetically relaxed, is known as the superparamagnetic blocking
temperature, Tg. The magnetization direction starts flipping randomly and goes
through rapid superparamagnetic relaxation above Tg. T depends on the volume of
the particle and thus on the particle size. Generally, the blocking temperature

decreases with decreasing particle size.

When the magnetization of a superparamagnetic material is measured while
heating, after cooling in the absence of a magnetic field, it is called zero field cooled
(ZFC) magnetic measurements. The sample is cooled to the lowest possible
temperature and measurements are made while heating the sample in the presence of a
small dc magnetic field. The temperature at which a maximum is observed in the ZFC
magnetization curve is at the superparamagnetic blocking temperature Tg. On the
other hand, when a sample is cooled to the lowest possible temperature in the
presence of a small magnetic field and measurements are made while heating in the
same field after cooling, it is called field cooled (FC) magnetization. FC and ZFC
magnetizations deviate below Tp and overlap when the temperature rises above Tg.
Such temperature dependence of the ZFC magnetization and the divergence of ZFC
and FC magnetizations below Tg are the characteristic features of

superparamagnetism.
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Saturation magnetization of nanoparticles is strongly dependent on their size,
anisotropy and interactions. Apart from superparamagnetic nature, magnetic materials
possess magnetically disordered spin glass like layers near the surface due to the
reduced spin—spin exchange coupling energy at the surface. The superparamagnetic
blocking temperature depends on the effective anisotropy constant, the size of the
particles, the applied magnetic field, etc. Owing to the large surface atoms/bulk atoms
ratio, the surface spins make an important contribution to the magnetization and
surface effects can lead to a decrease in the magnetization of small particles. This
reduction has been associated with different mechanisms, such as the existence of a
magnetically dead layer on the particles surface, the existence of canted spins, or the

existence of a spin-glass-like behavior of the surface spins.

Apart from the magnetocrystalline and magnetostatic anisotropies present in
the bulk materials which are also operative in nanoparticles, other kinds of anisotropy
contributions also come into picture in magnetic nanoparticles. These are the surface
anisotropy due to the changes in the coordination, broken bonds and magnetic
exchanges at the surface of a particle. Since the surface area to volume ratio of a fine
particle is larger than that of the bulk, the surface anisotropy contributions to the total
anisotropy is considerable. Again, due to the smaller size of the particles, there will be
considerable strain on the surface and this also contributes in the form of strain
anisotropy. Finally, if the magnetic nanoparticles are closer together, there will be
magnetic dipolar interactions between the particles and different types of magnetic
exchange interactions at the interface between the particles. These two interactions
also contribute to magnetic anisotropy. Hence, for magnetic nanoparticles, the
additional magnetic anisotropy contributions determine the overall magnetic

properties [36].

Magnetic nanoparticles find applications in high-density magnetic recording
media for information storage [37, 38] and as magnetic sensors for different
applications [39-41]. Since the size, shape, orientation, distribution, etc. of the
magnetic nanoparticles can be manipulated by controlling the synthesis and
processing conditions, it will be possible to tailor the nanoparticles for specific

applications. Magnetic nanoparticles also offer many exciting opportunities in
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biomedicine. Some of the major applications in biomedicine are targeted drug
delivery, magnetic separation, magnetic hyperthermia and as agent for contrast

enhancement in MRI [42-50].
1.11 Magnetostriction

Magnetostriction is a property of ferro- or ferrimagnetic materials that makes them
change their shape or dimensions during magnetization, in the direction of the applied
magnetic field (Figurel.6). The magnetostrictive effect was first discovered by Joule

in 1842 [8, 51]. This effect is also called as Joule effect. It is measured as the % strain,
Magnetostriction coefficient, L = AL/L

where, L is the length of the material in its un-magnetized state
AL is the resulting strain
A can be positive or negative depending on whether the effect is expansive

or compressive.

A is called magnetostriction coefficient or magnetostrictive strain or simply
magnetostriction. Using a bar of iron and a system of mechanical levers Joule was
able to show that iron expands along the direction of magnetization in low fields, the
expansion being reduced as the field strength is increased. This is distinct from
volume magnetostriction which describes the uniform strain an object experiences by
virtue of possessing a net magnetization. In addition to the effect already explained to
show that the length of an iron bar changes when magnetized, the change in volume is
very much smaller in comparison. Thus the longitudinal expansion must be
accompanied by a transverse contraction. This he confirmed later by direct
observation. Finally, he found the effects of external stresses on the magnetostriction

of iron and showed that, under tension, it is a contraction for all field strengths.
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L L AL

Figure 1.6: The magnetostrictive effect, AL, is caused by the alignment of magnetic

domains in a material due to a magnetic field, H.

Every magnetostriction effect has an inverse effect. The inverse Joule effect is
called Villari effect [52]. When an external stress or strain is applied, the
magnetization of the material changes, and this is called the Villari effect.
Magnetostriction also influences all other inductive or transport magnetic effects.
Another effect related to magnetostriction is the Wiedemann Effect [53]. The physical
background to this effect is similar to that of the Joule effect, but instead of a tensile
or compressive strain forming as a result of the magnetic field, there is a shear strain
which results in a torsional displacement of the ferromagnetic sample. The inverse
Wiedemann Effect is called Matteuci Effect [54]. This effect has received a lot of
attention because of its relevance in magnetic torque sensors [55-59]. Alternating
current fed to a coil creates a longitudinal magnetic field in a sample, and this in turn
creates a magnetic flux density in the sample. The presence of the alternating
magnetic flux can be detected by another coil, a pickup coil which measures the rate
of change in the magnetic flux density. Twisting the ferromagnetic sample induces a
change in the magnetization of the sample, which results in a change in the rate of
change of the magnetic flux density. By detecting the magnetization change using the
pickup coil, the change in shear stress can be measured and as a result the magnitude
of the applied torque can be calculated. The Matteuci effect is modified by
introducing a permanent magnetic bias in the ferromagnetic sample and this is used in
sensor applications. An additional magnetostrictive effect is the Barret Effect [60]. In
certain extreme operational conditions, the volume of the material may change in

response to a magnetic field. For instance, the volume change of nickel is only 107 at
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80 kA/m. This volume change in response to a magnetic field and is so small that it
can be neglected under normal operational conditions. The inverse Barret effect, the
Nagaoka-Honda Effect [60], is the change of magnetic state by a change in the
volume of a sample as a result of hydrostatic pressure. The two most widely used

magnetostrictive effects are the Joule effect and the Villari effect.

1.11.1 Mechanism of Magnetostriction

The mechanism of magnetostriction at an atomic level is relatively a complex subject
matter but on a macroscopic level may be segregated into many distinct processes
[61]. The idealized behavior of length change corresponding to applied magnetic field
is shown in Figures 1.7 and 1.8. In the region between 0 and 1, where the applied
magnetic field is small, magnetic domains show almost no common orientation. In the
region 1 to 2, ideally there should be a linear relation between strain and magnetic
field; most devices are designed to operate in this region. Beyond point 2, non-linear
behavior occurs due to the fact that most magnetic domains have aligned with
magnetic field direction. At point 3, there is no further strain increase, due to
saturation effect. In the strain vs. magnetic field graph, there is a linear region where
the slope is high. This slope is called field derivative or strain derivative, d\/dH. This
is also sometimes known as the magneto-mechanical coupling factor. For effective

and efficient operation, the strain derivative coefficient has to be as high as possible.
1.11.2 Applications of Magnetostriction

Magnetostrictive materials can convert magnetic energy into mechanical energy
(actuator-type action) and vice versa (sensor-type action). Magnetostriction may also
be useful as a complementary tool towards the studies of basic magnetism and the
development of a complete atomic level theory of magnetism and magnetic materials.
Static and dynamic magnetostrictive measurements, together with magneto-inductive
and magneto-transport measurements are the basic tools for the determination of

magnetic properties [7, 62].
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Figure 1.7: Strain versus magnetic field, schematically.
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Figure 1.8: The idealized behavior of length change corresponding to applied

magnetic field.
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Magnetostrictive sensors and actuators are used in a wide range of
applications such as sonar, aerospace applications, marine industries, automotive
(suspension height, steering position, and transmission shifting, clutch position, and
vibration control), medical (wheelchair tilt, hospital bed position, therapeutic machine
control), appliances (washing machine drum position and fluid level measurements).
Magnetostriction actuators are more useful than piezoelectric actuators in the sense
that their driving voltages can be very low which is useful in medical applications,
and in general simplifies the amplifier design. When a magnetostrictive material is
subjected to an alternating magnetic field, the material vibrates at twice the frequency
of that field, and this magnetostrictive vibration is the major source of the humming
sound emitted by transformers. Conversely, if a magnetostrictive material is subjected
to a mechanical stress, its magnetic permeability will change because of the inverse
magnetostrictive effect. If, at the same time the material is subjected to an alternating
magnetic field produced by a coil with an alternating current, the magnetic flux
density pattern will also change as a result of the change in magnetic permeability.
This effect can be detected in a separate “pick up” coil where the alternating magnetic
flux will induce an alternating emf whose magnitude varies with the magnetic
permeability of the material. This effect is exploited in magnetostrictive transducers,

which are capable of converting electrical energy into mechanical energy.
1.11.3 Magnetostrictive Materials

Magnetostriction can play an important role in all magnetic materials because the
magnetization of a ferromagnetic material is accompanied by changes in dimensions
and vice versa. Sometimes, magnetostriction is detrimental and needs to be avoided or
minimized because it tends to hinder the magnetization processes and to increase the
coercivity and hysteresis loss. For instance, the magnetostriction in magnetic
recording heads, and electric transformers should be eliminated if possible. On the
other hand, highly magnetostrictive materials are good candidates for sensors and
actuators due to their high sensitivity of magnetization to stress which can be used to
develop non-contact sensors. Most common traditionally used ferromagnetic

materials were iron, nickel, and cobalt. But the intrinsic problem with these materials
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is their relatively small change in shape. Therefore, they have low magnetostriction

values in the range of 10 to 50 ppm and this limits their use in engineering.

The engineering era of magnetostrictive materials began with the discovery of
giant magnetostriction in rare earth alloys during 1960’s [63]. Especially a rare earth
metal alloy incorporating Terbium, Dysprosium and Iron named as Terfenol-D
(Tbo 3Dy ;7Fe,), developed by Naval Ordanance Laboratory, USA in 1972 [64]. The
name Terfenol-D is derived from Terbium Fe Naval Ordanance Laboratory Dy. It
exhibits giant magnetostriction as high as 1000-2000 ppm in a considerably low
magnetic field at room temperature and is particularly efficient in energy conversion
[7]. Terfenol-D is often manufactured as rods with residual magnetic fields nearly
perpendicular to the rod axis. This is because domains in the material with magnetic
fields already aligned with the rod axis do not change in direction when an external
magnetic field is applied along the rod axis. They do not therefore contribute to the
magnetostriction. Consequently a rod which has domains aligned randomly will only
produce about two fifths of the maximum possible magnetostriction. Therefore, it is
desirable to arrange all the domains to be aligned in any direction, which is
perpendicular to the rod axis. This can be approximated in the manufacturing process.
Nevertheless a mechanical pre-load is required in order to achieve the initial condition

of no alignment along the direction of the rod axis.

Till date Terfenol-D [65-68] continues to be the most sought after
magnetostrictive material in wide range of applications. But the disadvantage of this
material is the high cost of terbium and dysprosium and the raw materials increase the
cost of production. The alloy is highly brittle and can be easily corroded. Also, its
magnetostriction is highly anisotropic and therefore, single crystals are required for
applications. Because of these limitations, especially the high cost, Terfenol based
alloys are mostly used for strategic applications. Therefore, research work is still
active to find out cost effective, new and better materials, for wide use in all kinds of

applications.
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Table 1.2: Magnetostriction of some polycrystalline materials at room temperature

[7].

Material Strain (ppm) Material Strain (ppm)
Fe -14 HoFe , 87
Co -93 ErFe , -54
Ni -50 Tm Fe, -38
Fe, Ni, 38 Sm,Fe -95
Fe ,Co, 102 Tb,Fe -21
SmFe, -2340 Dy Fe -90
GdFe, 59 Ho Fe . -159
TbFe, 2630 Er,Fe . -83
DyFe, 650 Tm,Fe -44
DyFe, (amorp) 57 TbCo, 98
HoFe, 120 Y,Co,, 120
ErFe, -449 Pr.Co, 504
TmFe, -185 Dy,Co,, 110
SmFe, -317 Er,Co 42
TbFe, 1040 TbNi . -6
DyFe, 528 Fe O, 60
HoFe, 86 CoFe:ZO4 -230
ErFe, 104 NiFe .0, -39
TmkFe, -64 Y3FeSO12 -3

1.11.4 Oxide Based Magnetostrictive Materials

Development of magnetostrictive materials based on ceramic oxide magnetic
materials will have the added advantage over metals or alloys. Although the

magnetostrictive strain is not as high as rare earth compounds, it is still an area of
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interest because, oxide based magnets have high corrosion resistance, they are cost
effective, very stable to different environments and can be processed into any shape
and thin films forms to make devices. Another major advantage of oxide ferromagnets
is that they can be produced by simple synthesis methods and also also they have high
degree of compositional variability. Garnets, ferrites and the perovskite-type
ferromagnetic oxides are known to exhibit relatively large magnetostrictive effects in
single crystalline form either at low temperatures or at high magnetic fields [69-86]. A
polycrystalline material with high magnetostriction at room temperature and working
at relatively low magnetic fields can be developed by adjusting the composition,
processing conditions, etc. of these oxides. Sayetat have studied the magnetostriction
behavior of garnets like TbsFesO1,, DyFesO;,, and HOsFesO;, and found to exhibit
very high magnetostriction up to 2400, 875, and 450 ppm, respectively, in the single
crystalline form at a temperature close to -269 °C [69]. However, the magnetostrictive
strains are negligible at room temperature. Licci and Rinaldi have studied the
systematic characterization of the magnetostriction properties of hexagonal ferrites
and found that magnetostrictive strain measured in the same direction as that of the
applied field is always positive except for the sample containing Fe*" ions and larger

strains were observed for the sample containing Ni and Co [70].

Similar to rare earth garnets, very high magneostrictive strains are observed in
perovskite oxides at low temperatures. Perovskite type oxides have advantages in the
sense that they have very high magnetostrictive strains and doped perovskite type
manganites show a wide variety of magnetic field induced phenomena. Ibarra et al
have performed magnetostriction measurements on Lag oY 0.07Ca033MnO3 and they
found maximum magnetostrictive strain of 1200 ppm at 170 K under a high magnetic
field of 14.2 T [71]. The authors found that two different mechanisms which is
responsible for the magnetostriction above and below T, and suggested a crossover at
T. from a ferromagnetic metallic low-volume state to a charge-localized and
paramagnetic-insulator high-volume state. The magnetoelastic effect is thus produced
by charge—lattice and spin—lattice coupling. Further studies explained the effect above
T, as due to the formation of small polarons [72]. Dabrowski et al have performed

magnetostriction measurements on La; ,SryMnO3 (X =0.11, 0.13, and 0.165) series of
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compositions in magnetic fields up to 12 T and correlated the observed
magnetostriction effects to the spin-lattice coupling [73]. Apart from these studies,
there are several reports on the magnetostriction on perovskite manganites and
cobaltites [74-82]. However, large magnetostrictive strains in the range of 800 to 1200
ppm were observed in the perovskites only at very low temperatures and also it
requires very high magnetic fields. This requirement restricts the use of this kind of

materials for practical applications for sensing and actuation.

On the other hand, spinel ferrites have relatively high magnetostrictive strains
at room temperature as well as at low magnetic fields. The first studies on the
magnetostriction behavior of various spinel ferrites, MFe,O4 (M = Mn, Fe, Co, Ni and
Zn) were performed by Bozorth et al [83, 84]. The observed magnetostriction values
for Mng ogFe; 8604, Fes04, CoggFer 204, NiggFer 204 and MngZng 1Fe, 104 are -35,
-19, -590, -36, and -14 ppm, respectively. Bharathi et al have studied the substituted
and pure nickel ferrite to understand the effect of substitution on structural distortion
and to correlate with magnetostrictive characteristics [85]. They found that
magnetostrictive strain of NiFe,Ou4, NiFe; 925Smy 7504 and NiFe; 92sH0¢ 07504 are -25,
-34 and -24 ppm, respectively. The increase in magnetostriction in the case of
NiFe; 925Smyg 07504 could be attributed to the large negative magnetostriction value of
Sm. Very recently, Atif et al studied the effect of substitution of Ni by Zn in Ni;.
ZnyFe,04 and showed that the substitution of Zn decreases the magnetostriction [86].
The maximum magnetostriction is decreased from -28 to -5 ppm by increasing the

substitution level.
1.11.5 Magnetostriction of Cobalt Ferrite

As an important member in the family of spinel ferrites, cobalt ferrite (CoFe;O4)
based materials have been accepted as the promising candidates for a wide variety of
applications including magnetic and magneto-optical data storage due to their good
chemical stability and magnetic properties such as the high Curie temperature,
relatively high saturation magnetization and high magnetic anisotropy [23]. Also,
among different metal ferrites, cobalt ferrite is known for its relatively high

magnetostriction, and there have been many attempts to make sintered polycrystalline
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cobalt ferrite with high magnetostriction at very low magnetic fields [87]. Though the

magnetostrictive strain and magneto-mechanical coupling factor are relatively low for

cobalt ferrite, the material have the advantages over Terfenol-D because of its high

electrical resistivity, low thermal conductivity, high Curie temperature, high sound

velocity, high permeability, low cost and easy processability etc. These advantages of

cobalt ferrite, along with its advantage as a ceramic, over Terfenol-D, will make it a

better material for technological applications in future. The magneto-mechanical

factor can be improved by making suitable compositions. Some of the physical

properties of Terfenol-D and cobalt ferrite are compared in Table 1.3.

Table 1.3: Comparison of the physical properties of Terfenol-D and Cobalt Ferrite [7].

Terfenol-D Cobalt Ferrite
Composition TbosDyo 7Fe 92 CoFe,04
Mechanical Properties
Young’s Modulus (GPA) 25-35 100-200
Sound Speed (m/s) 1640-1940 >5000
Tensile Strength (MPa) 28 ~20
Compressive Strength (MPa) 700 100-200
Thermal Properties
E;(;jl/ﬁ:ée)nt of Thermal Expansion 12 6-10
Specific Heat (kJ/kg-K) 0.35 ~0.7
Thermal Conductivity (W/m-K) 13.5 ~0.005
Electrical Properties
Resistivity (Q-m) 58 x 10°® >10°
Curie Temperature (°C) 380 510
Magnetostrictive Properties
Strain (estimated linear) (ppm) 800-1200 ~600
Energy Density (kJ/m?) 14-25 4-13
Magnetomechanical Properties
Relative Permeability 3-10 >100
Coupling Factor 0.75 ~0.2
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Cobalt ferrite in its single crystalline form shows high magnetostrictive strain
of ~600 ppm, depending on the composition and crystallographic direction [83, 84].
Recently many efforts have been made to attain large magnetostrictive strain in
polycrystalline cobalt ferrite. McCallum et al studied the magnetostriction of metal
bonded cobalt ferrite and it showed a strain of 230 ppm and high strain derivative of
1.3 x 10 A'm, without external load [88]. These composites are excellent candidates
for stress sensing applications due to the large magneto-mechanical effect and high
sensitivity. The drawback of metal bonded cobalt ferrite composite is the large

magneto-mechanical hysteresis at room temperature.

However, it has been reported that the degree of inversion in cobalt ferrite can
be altered by heat treatment [31]. Since cation site occupancy is crucial in determining
magnetostrictive properties, and this can be altered depending on heat treatment
conditions, there is a need for a systematic study of the variation of heat treatment to
produce desired magnetostrictive properties. A study by Bhame and Joy has shown
that the sintering conditions and microstructure can affect the magnetostrictive
properties of polycrystalline cobalt ferrite [89]. The highest value of magnetostrictive
strain is observed for the samples sintered at 1100 °C. Nlebedim et al studied the
effect of quenching heat treatments and the influence of vacuum sintering on
microstructure and magnetic properties of magnetostrictive cobalt ferrite [90, 91].
Both studies showed that the degradation of magnetostriction and strain derivative is

due to cation redistribution and development of additional phase, respectively.

Most of the studies on the magnetostrictive properties of cobalt ferrite are
concentrated on understanding the effect of cation substitution. The effect of
substitution of various metal ions such as Mn3+, Cr3+, Zn2+, Si** and Ga®** for cobalt
and iron in CoFe;O4 has been studied by various researchers [92-100]. Such a
substitution affects the distribution of Fe ions in the octahedral and tetrahedral sites of
the spinel lattice. A very small amount of substitution can affect the initial
permeability and thereby affects the magneto-mechanical response [101]. Paulson et
al studied the effect of substitution of Fe by Mn in CoFe,  MnxO4 and showed that
the incorporation of Mn leads to a decrease in the magnetostriction and Curie

temperature [92]. Caltun et al also studied the effect of Mn substitution for Fe and
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found that by adjusting the Mn content, it could be possible to control the Curie
temperature as well as magnetostriction parameters [97]. Bhame and Joy have also
studied the effect of substitution of both Fe and Co by Mn on the magnetostrictive
properties of Coj,Fe; 304 [93, 94]. A strong dependence of magnetostriction on the
Mn content is observed for both the cases. The substitution of Co by Mn increases the
magnetostriction for small amount of substitution in Co;,xMnyFe;304. A two-fold
increase in the initial slope with large magnetostriction as compared to that of the
parent compound is observed. These studies indicate that it is possible to tune the
magnetic and magnetostrictive properties of cobalt ferrite by substituting Mn for Fe
and Co. Lee et al studied the effect of substitution of Cr by Fe in CoFe; CryO4 and
the results showed that the substitution of Cr for Fe in cobalt ferrite decrease the Curie
temperature as well magnetostrictive strain and the rate of decrease was greater than
that observed for similar levels of Mn substitution [95]. Nlebedim et al performed the
temperature dependence of the magneostrictive properties of CoFe,GayO4 with X
varies from 0 to 0.4 and they found that strain derivative was higher for
CoFe;9sGag 04 in the temperature range of 250-300 K [99]. Somaiah et al have very
recently studied the effect of the substitution of Zn by Fe in CoFe,.«ZncO4 and they

found that the magnetostriction decreases with increasing zinc content [100].

One of the most important processes of magnetic annealing is a treatment with
magnetic field applied during the heating process. This technique has been found to
produce a significant impact on the properties of many magnetic materials. Lo et al
reported the improvements of both magnetostriction level and strain derivative of pure
polycrystalline cobalt ferrite by magnetic annealing [102]. Results showed that cobalt
ferrite annealed at 300 °C in air for 36 hours under a dc field of 318 kA/m induced a
uniaxial anisotropy with the easy axis being along the annealing field direction. Under
hard axis applied fields, the maximum magnetostriction measured along the hard axis
at room temperature increased in magnitude from 200 ppm to 250 ppm after
annealing and the strain derivative also increased from 1.5 x 10” to 3.9 x 10° A™'m.
This result shows that magnetic annealing provides an alternative means other than
chemical substitution for enhancing magneto-mechanical properties of cobalt ferrite

for magnetoelastic stress or torque sensing applications. Zheng et al studied the
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magnetic and magnetostrictive properties of magnetic-annealed polycrystalline cobalt
ferrite [103]. The sintered cobalt ferrite samples were rapidly heated to 400 °C in
about 80 s and kept at this temperature for 30 min. After magnetic annealing, the
samples were slowly cooled to room temperature. The magnetic hysteresis loops
showed obvious uniaxiality with an induced easy direction parallel to the annealing
field. The uniaxial behavior was also observed in the magnetostrictive measurement,
which showed a significantly enhanced magnetostriction of 273 ppm when the
external field was applied perpendicular to the annealing field direction. Very
recently, Atif et al reported that annealing the sintered compacts in a magnetic field
after applying very high pressures at the time of compaction is efficient for obtaining
higher magnetostriction and strain derivative [104]. Higher magnetostriction
coefficient up to 400 ppm is reported when compacts are made at very high pressures
before sintering and this has been attributed to the changes in the distribution of the

cations at high pressures while compaction.

1.12 Scope of the Present Work

In most of the reported works on the studies on magnetostriction, cobalt ferrite is
commonly synthesized by the ceramic process involving high-temperature solid state
reactions. It is widely known that the sintered products derived from nanocrystalline
materials exhibit enhanced magnetic permeability which depends on parameters such
as microstructure, density, porosity and grain size etc., as compared to the sintered
material derived from bulk [23, 105, 106]. So far, there have been no attempts to
study the effect of nanocrystalline cobalt ferrite powders as starting materials and the
initial particle size on the magnetostriction coefficient of the sintered products.
Similarly, there are no studies so far reported on the effect of method of synthesis and
sintering conditions on the compacts derived from nanocrystalline materials. In a
preliminary study, some wet chemical synthesis methods such as co-precipitation, sol-
gel and citrate-gel methods have been used to prepare cobalt ferrite nanoparticles in
order to study the effect of the initial size of the particles on the magnetostrictive
properties of the polycrystalline materials sintered under identical conditions [107]. It

was found that nanoparticles of size ~40 nm, synthesized by an autocombustion
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method, with a flaky and porous morphology, gave a sintered material with small
grains and relatively larger magnetostriction of 200 ppm compared to the material
synthesized by the ceramic method (160 ppm) reported in the same work. It was also
found that nanoparticles of smaller size synthesized by other wet chemical methods
gave lower magnetostriction coefficient. From this study, it was concluded that
controlling the grain size of the sintered products is a must to get high
magnetostriction values. Highest magnetostriction coefficient reported so far for
sintered polycrystalline cobalt derived under simple processing conditions is 230 ppm
with very low strain derivative. However, a magnetostriction coefficient of ~400 ppm
is reported for powders synthesized by the ceramic method, compacted under very
high pressures up to 200 MPa, sintered for a very long duration of 24 hours, and only
after annealing the sintered compact in a magnetic field of 10 Tesla for 3 hours. Such
a process is not cost effective for regular applications and sintered cobalt ferrite
processed under simple processing conditions is desirable for practical applications.

Therefore, the objectives of the present doctoral research were:

1. To synthesize nanocrystalline cobalt ferrite powders of varying particle size by
the combustion method

2. To study the effect of initial particle size of the powders on the ultimate value
of magnetostriction after sintering

3. To understand the role of synthesis method, particle size and sintering
conditions on the magnetostriction of cobalt ferrite derived from nanocrystalline
powders

4. To obtain high magnetostriction and strain derivative for cobalt ferrite sintered
at low temperatures

5. To optimize the processing parameters for getting enhanced magnetostriction
and strain derivative in sintered cobalt ferrite, and

6. To get highest possible magnetostrictive strain for sintered cobalt ferrite
synthesized, compacted and processed under simple processing conditions

suitable for various practical applications.
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Chapter 2

Experimental Methods

2.1 Introduction

The different methods employed for the synthesis of nanocrystalline cobalt ferrite and the
techniques used for the characterization of the materials along with the details of the
magnetostriction measurements which is the main content of this thesis are discussed in
this chapter. Mainly the solution combustion method of synthesis, which is a wet
chemical method, is used for the synthesis. Details of the different experimental
techniques used in the present work such as powder X-ray diffraction (XRD),
transmission electron microscopy (TEM), scanning electron microscopy (SEM), vibrating
sample magnetometer (VSM), thermo-mechanical analysis (TMA), density
measurements and magnetostriction measurements using strain gages are described in
this chapter. The experimental details of different techniques employed for the
characterization and measurements on the properties and performance parameters are

discussed.
2.2 Methods of Synthesis

There are several methods commonly used for the synthesis of nanoparticles of oxide
materials such as combustion, co-precipitation, sol-gel, etc., and the ceramic method is
used for preparing bulk particles [1-7]. In the present work, combustion method is used to

make cobalt ferrite nanoparticles of different sizes and some comparative studies are
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made with the material synthesized by the co-precipitation, citrate-gel and ceramic

methods. Hence these methods are described in the following sections.
2.2.1 Ceramic Method

Solid state method of synthesis is the most widely used technique for the preparation of
polycrystalline solids [1]. This method is also called as ceramic method or high
temperature method, because it involves heating the suitable constituents to high
temperatures above 1000 °C. In this method, the constituent oxides or metal salts such as
carbonates, salts of carboxylic acids, etc, which decomposes at low temperatures and
produce the corresponding oxides, in the required stoichiometric amounts are taken and
mixed thoroughly. After mixing, the ground dry powder is pre-calcined at a
comparatively lower temperature. The purpose of pre-calcination is to decompose the
carbonates, or other salts thereby reducing the evolution of gases in the final sintering, to
assist in homogenizing the material, to reduce the effect of variations in the raw
materials, and to control the shrinkage occurring during final calcination. After pre-
calcination, the powder samples are ground well and heated repeatedly at different
temperatures with intermediate grindings till the pure phase is formed. In many cases,
after mixing, the powders are compacted into the form of pellets and heated for better

reactivity.

The advantage of solid state synthesis or ceramic method is that the process is
very simple and is the preferred method when larger quantities of the products are
required. The main disadvantages are that it requires high temperatures because solid
state reaction is diffusion limited, can be expensive, may give incomplete reaction, may
give compositionally inhomogeneous products, there may be some loss of the reactants
during repeated grinding and transferring to reaction crucibles, there is little chance of

getting kinetic control, and may not get desired microstructure.

In the present work, cobalt ferrite was synthesized by the ceramic method, starting
from cobalt carbonate and iron oxide taken in the stoichiometric ratio. For this,

stoichiometric amounts of CoCOs and Fe,;O; in the 1:1 ratio (so that Co:Fe=1:2) were
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weighed and mixed together in an agate mortar. The mixture was first pre-calcined at
1000 °C for 12 h, cooled back to room temperature and again heated for 24 h at the same
temperature after an intermediate grinding. The resulting powder was further heated at

1100 °C for 72 h with two intermediate grindings after every 24 hours of heating.
2.2.2 Autocombustion Method

Combustion synthesis, also known as the self-propagating high temperature synthesis
(SHS) is a simple and efficient method for the synthesis of ceramic oxides [8, 9]. In a
combustion reaction, the exothermicity of a redox chemical reaction is used for the
preparation of a wide range of technologically important materials. The advantages of
combustion synthesis over the ceramic method of synthesis are: expensive processing
facilities and equipments can be avoided due to the simple and exothermic nature of
the reaction, the short time duration of the exothermic reaction requires low
operating and processing costs, many inorganic materials can be synthesized and
consolidated into a final product in a single step by utilizing the chemical energy

of the reactants, etc.

Solution combustion synthesis (SCS) is a branch of the combustion method for
preparing metal oxides [10]. It involves rapid heating of water solution of an oxidizer and
a fuel. The fuel used is usually a water soluble organic compound such as hydrazides,
azines, urea, amino acids such as glycine, etc. The fuel serves different purposes such as,
they are the source of C and H, which on combustion form CO, and H,O and liberate lot
of heat as well as they form complexes with the metal ions facilitating homogeneous
mixing of the cations in solution. The nature of the combustion reaction may differ
depending on the fuel used. Usually metal nitrates are used as the oxidizer. The oxidizer
and fuel are made into a solution, individually using water as the solvent, and finally
solutions are mixed together. It ensures the mixing of metal ions at a molecular level
thereby leading to homogeneous powders. The term autocombustion is also used for the
combustion synthesis since the combustion reaction is initiated automatically without
using any external aid.
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The autocombustion method is very useful for synthesizing homogeneous
materials at very low temperatures. This process has several advantages than the other
methods of synthesis and some of the salient features of this method are; the oxides and
their composites can be prepared at very low temperatures (< 673 K), the products are
homogenous and crystalline; they are soft, highly porous due to the liberation of large
amount of gases during the reaction and fine with high surface area, narrow particle size
distribution with nanosized particles, the materials prepared are of high purity, the
particles show less agglomeration, large scale synthesis is possible and the method is

relatively cheap.

This method is actually self-sustainable after the reaction is initiated and owing to
the exothermic nature of the reaction, high internal temperature ensures the crystallization
and formation of the oxides. Theoretically, the reaction products of a stoichiometric fuel-
oxidizer mixture combustion reaction are N, (when nitrogen containing fuels are used)
H,0, CO, and the fine agglomerated particles of the desired oxide composition. In
practice, however, lab scale reactions do not proceed perfectly, resulting in noxious
gasses, fuel residue and multi-phase product. Using proper fuels and oxidizers the
reaction can be significantly altered without producing toxic gases. During combustion,
the temperature of the flame can be very high for a short time which is sufficient to
produce metal oxides. Therefore, at molecular level, sufficient heat energy is available
for the formation of oxides from the oxidation of the fuel. The availability of the amount

of energy and the homogeneity of the precursor solution make their formation easy.

The amino acid, glycine (H,NCH,COOH) plays two important roles when used as
the fuel in the synthesis. Firstly it forms a complex with metal ions involved, acting as a
bidentate ligand [11]. The different end groups i.e., the carboxylic group and amino
group can be utilized for complex formation. The zwitterionic character of glycine allows
effective complexation with metal ions of varying ionic sizes. Also it enhances the
solubility of metal ions thereby avoiding selective precipitation when water is evaporated.
In the glycine-nitrate process (GNP) using metal nitrates as the oxidizer and glycine as

fuel [11] the main controllable processing variable is the glycine-to-nitrate ratio, which
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affects the flame temperature, product morphology and particle size of the resultant
product. It is reported that maximum flame temperature of ~1773 K is observed for
glycine-to-nitrate ratio of ~0.55 [11]. Usage of larger amounts of glycine per mole of
metal ion is found to be more favorable to reduce the rate of reaction rate while the
reaction remains spontaneous and self-sustaining. Another advantage of adding extra fuel
is that the formation of intermediate nitrates of the metals can be avoided. Synthesis of
technologically important oxides with interesting magnetic [12, 13], dielectric [14, 15],
mechanical [16], optical [17] and catalytic [18] properties, using glycine nitrate process,

has been reported in the literature.

In the present work, the synthesis method used is the glycine-nitrate process
(GNP) where glycine used as a fuel, as already reported in the literature [13].
Stoichiometric amounts metal nitrates (cobalt and ferric nitrates) were dissolved
separately, in minimum amount of distilled water. Glycine, corresponding to different
glycine to nitrate ratios, was also dissolved separately in minimum amount of distilled
water. All the three solutions were mixed thoroughly. The mixed solution was then
transferred to a crystallizing dish and the dish with its contents was subjected to heating
on a hot plate at a temperature of about 200 °C. After complete evaporation of water, the

resulting viscous liquid ignited automatically giving rise to a fluffy mass.
2.2.3 Co-precipitation Method

The term co-precipitation stands for the precipitation of more than one species
simultaneously [19]. Post treatments such as calcination, vacuum drying, etc are required
to convert the precipitate formed to the desired products. It is a well-known method for
the synthesis of nanosized particles of mixed metal oxides, as it possesses the advantage
of greater homogeneity, greater reactivity along with the molecular level mixing. In this
method, the synthesis of nanomaterials can be achieved by the co-precipitation of
sparingly soluble products from aqueous solutions followed by thermal decomposition of
these products. In certain cases, depending on the precipitation agent used, the desired
metal oxides are obtained directly without any post treatment of the precipitate. A
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controlled precipitation using a proper medium leads to a mixture of very fine particles. It
is widely accepted that simultaneous nucleation, growth and agglomeration takes place
during the co-precipitation reaction. However, co-precipitation method offers some
advantages such as simple and rapid preparation, various possibilities to modify the
particle surface state and overall homogeneity, control of particle size and distribution by
controlling various process parameters such as concentration of the solutions,

temperature, pH, rate of addition, etc and large scale production.

Co-precipitation methods are classified into two types. They are direct or normal
co-precipitation method and the reverse co-precipitation method. In the normal co-
precipitation reaction, the precipitating agent (such as alkali solution) is added to the
metal salt solution whereas in the reverse co-precipitation method, metal solution is
added to the alkali solution (NaOH or NH4OH). During a normal co-precipitation
method, the pH value gradually increases, because alkali solution is dropped into the
mixed metal solution. In the case of the reverse co-precipitation method, the mixed metal
solution is directly dropped into an alkaline solution. In this case, there is not much
variation in the pH of the alkaline solution and hence a constant pH can be maintained
during the precipitation reaction. Consequently, it is expected that the nanoparticles, once
formed, does not grow much in size in this reverse method as compared to the normal co-

precipitation method.

Preparation of nanocrystalline cobalt ferrite by the co-precipitation method is
already reported in the literature [20-23]. In the present work, cobalt ferrite is prepared by
the reverse co-precipitation method. Cobalt and iron nitrates were taken in the
stoichiometric ratio (1:2 molar ratio) and dissolved in distilled water. By using a burette,
the mixed solution was added to 20% of KOH solution taken in a round bottom flask. A
precipitate formed is filtered and washed several times with distilled water until the pH is
around 7. The precipitate is dried overnight in an oven at 100°C which is eventually

converted to a black powder of cobalt ferrite.
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2.2.4 Citrate Method

The citrate method is a kind of sol-gel method for the synthesis of metal oxides using
citric acid as a complexing agent [24]. It is a less time consuming method compared to
the sol-gel method using metal alkoxides. In this method, a mixture of the corresponding
metal salts and citric acid dissolved in a suitable solvent (water) and the resulting solution
is heated for evaporation of the solvent. The solution becomes more and more viscous
due to the continuous removal of the solvent during evaporation. Finally a gel is obtained
and the dried gel up on calcination at a suitable temperature gives rise to the
corresponding metal oxides. The citrate gel method is suitable for the synthesis of mixed
metal oxides due to the molecular level mixing of the constituent metal ions. Also, the
method is highly suitable for making nanocrystalline materials of different sizes and
shapes by controlling the concentration of the metal ions, ratio of metal ions to citric acid,
calcination temperature, etc. The citrate gel method has been widely used for the
synthesis of nanoparticles of different mixed metal oxides, involving more than one
metals, such as different types of ferrites, perovskites, etc., including cobalt ferrite [25-

28].

In the present work, stoichiometric amounts of the corresponding metal nitrates
were dissolved in distilled water. Water solution of citric acid was added to the metal ion
solution keeping the metal to citric acid ratio as 1:2. The solution was evaporated on a
water bath and finally a thick gel was formed. This precursor was dried in an oven at 100

°C and the dried precursor was calcined at 500 °C for 4 h to get the cobalt ferrite powder.
2.3 Compaction

Bulk or nanocrystalline powders obtained by various synthetic techniques have to be
densified into different geometries, shapes and sizes to take full advantages of the
properties of the materials and for various applications. Compaction is the initial process
of forming of metal powders into compacts of desired shape and size with sufficient

strength to withstand ejection from tool and subsequent handling up to the completion of
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sintering operation without breakage or damage [29]. When a particulate solid is placed
into space and pressure is applied, a reduction of volume will occur at low pressures and
rearrangement of particles takes place, leading to close packing. At higher pressures,
elastic deformation of the particles may occur, causing particles to flow into void spaces
and increasing the area of interparticle contact. These stages continue until the compact
density approaches the true density of the material. Density will vary with several
parameters. Density variation increases with the applied pressure and with the height of
the specimen for constant diameter. Density variation decreases with increasing diameter
even at constant height-to-diameter ratio, and density variation is slightly reduced by the
addition of a lubricant to the powder. Various methods of compaction are available such
as pressure-less shaping technique, isostatic and uniaxial pressing such as cold pressure
shaping technique and pressure shaping technique with heat, according to the strength

and properties required.

In the present work, cold uniaxial pressing shaping technique was used to get
green compacts. The powder sample was mixed with 2% solution of poly vinyl alcohol as
a binder and pressed into cylindrical shaped specimen (dimensions with ~10 mm

diameter x ~15 mm length) under a pressure of 8 MPa, using steel dies.
2.4 Sintering

Sintering is defined as the thermal treatment of a powder or compact at a temperature
below the melting point of the main constituent for the purpose of increasing its strength
by bonding together of the particles [30]. The sintering of a material usually causes many
changes in its properties. In ceramics, strength, thermal conductivity, density and
transparency are increased. In metals, conductivity, strength and ductility usually increase
and density depends on the details of preparation. It is the most important and delicate
processing technique producing the final product with desirable properties. In the
compacted form the partially reacted particles press against each other over part of their
surface, the remaining surface forming the boundaries of the interstitial voids or pores. At

temperatures in the region of 1000 °C and above, the free surface containing the voids
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decreases, the particles grow together to form crystallites and the density rises. The
process of sintering is accomplished by bonding between the contacting particles at
higher temperatures due to the accelerated diffusion. Sintering can be carried out at a
range of temperatures, but the process will be accelerated towards the melting point. It
takes place faster as the particle size decreases, since diffusion distances are shorter and

curvature stresses are larger.

Sintering of the compacts made from cobalt ferrite nanoparticles has been carried

out under different conditions and the details are described in the respective chapters.

2.5 Characterization Techniques

2.5.1 Powder X-Ray Diffraction (XRD)

Powder X-ray diffraction technique is the most important and widely used technique for
the initial characterization, determination of phase formation and crystal structure
determination of crystalline solids [31, 32]. The XRD pattern is the finger print of a
crystalline material as this technique gives information on the structure, phase and purity

of a material. This technique is based on Bragg’s law, which states that,

nA = 2d sinf (2.1)

where, A = wavelength of the incident rays
n = order of diffraction
d = spacing between the diffracting planes

0 = angle of incidence of X-rays.

A monochromatic beam of X-rays is allowed to impinge on a sample. This beam
is scattered by various planes in the crystal lattice in all directions. For only those planes
which satisfy the Bragg’s law (that is, for particular angle 0), the rays scattered by the
crystal planes interfere constructively i.e. they reinforce each other to produce a very high
intensity beam, while from all other planes, destructive interference occurs. The intensity
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of the diffracted beam is much greater for the particular plane where the angle of
incidence is equal to Bragg’s angle. A recorder records this beam and a plot of I/I, Vs 26
is thus obtained. Thus by knowing ‘0’ and ‘A’ values one can determine d values of the
diffracting planes. From the d value one can directly determine the (hkl) values for that
plane and thus crystal structure of the sample can be determined. In the case of known
materials, phase characterization is possible by directly comparing the experimental XRD
patterns with the standard patterns reported in the literature or with the JCPDS/ICDD

data base.

It is widely known that the width of a diffraction peak increases when the
crystallite size is reduced below a certain limit (< 100 nm). Therefore, XRD patterns can
be used to estimate the average size of very small crystallites, from the measured width of
the peaks in the diffraction patterns. Generally, there will be a contribution to line
broadening from the instrument due to various factors and this natural line width needs to
be corrected before using for the calculation of crystallite size. The average crystallite

size is calculated from X-ray line broadening using the Scherrer formula [31],

D= 09 (2.2)
BcosO

where D is the crystallite size in A, B is the half maximum line width, in radians,
corrected for instrumental contribution to line broadening and A is the wavelength of X-

rays.

In the present work, powder XRD analysis was carried out on a Panalytical X pert
Pro model X-ray diffractometer, at the scan rate of 2 °/min in the 26 range of 10 to 80
degrees. The X-ray source used was Cu Ko radiation with a wavelength of 1.5416 A. The
diffractometer was calibrated with reference to a standard oriented Si wafer. The lattice
parameters and d-spacings were calculated using a computer program ‘Powder Cell for
Windows’, PCW version 2.4, developed by W. Krauz and G. Nolze [33]. The

experimental XRD patterns were compared with the standard available data from the
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Joint Committee on Powder Diffraction Standards (JCPDS), International Center for

Diffraction Data, with the card number.
2.5.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is one of the methods that give images of
individual nanostructures. It is an imaging technique whereby a beam of electrons is
focused onto a specimen causing an enlarged version to appear on a fluorescent screen or
can be detected by a CCD camera [34, 35]. TEM operates on the same basic principles as
the light microscope but uses electrons instead of light. Virtually, TEM is useful for
determining size, shape and arrangement of the particles which make up the
specimen.The method is based on the use of electrons rather than light to examine the
structure and behavior of the material. An image is formed from the interaction of the
electrons transmitted through the specimen. The image is magnified and focused onto an
imaging device. TEM gives high resolution than the light microscopes, owing to the
small de Broglie wavelength of electrons. This enables us to study finer details of

materials such as the size of the particles and their morphology.

The nanocrystalline materials synthesized in the present work were analyzed
using a model SEI, PECNAI G2 TF30 transmission electron microscope. The powder
sample was dispersed in a suitable organic solvent with a low boiling point like
isopropanol and dropped on a carbon coated copper grids for analysis. The coated

samples were allowed to dry for overnight to evaporate the solvents before the analysis.
2.5.3 Scanning Electron Microscopy (SEM)

The Scanning Electron Microscope (SEM) is a type of electron microscope capable of
producing high resolution images of a sample surface. It is a very useful instrument to get
information about topography, morphology, composition and microstructural information
of materials [36]. Due to the manner in which the image is created, SEM images have a
characteristic three dimensional appearance and are useful for judging the surface

structure of a sample. It has compensating advantages, including the ability to image a
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comparatively large area of specimen and the ability to image bulk materials. In a typical
SEM, electrons are thermionically emitted from a tungsten or lanthanum hexaboride
(LaB¢) cathode and are accelerated towards an anode; alternatively, electrons can be
emitted via field emission. Tungsten is used because it has the highest melting point and
lowest vapor pressure of all metals, thereby allowing it to be heated for electron emission.
The electron beam typically has an energy ranging from a few 100 eV to 50 KeV. The
beam passes through pairs of scanning coils in the objective lens, which deflect the beam
over a rectangular area of the sample surface. The electrons are detected by a scintillator
photomultiplier device and the resulting signal is rendered into a two dimensional

intensity distribution that can be viewed and saved as a digital image.

Particle topology of the powder samples and microstructure of the sintered
samples in the present study were obtained to using a Quanta 200 3D (Dual beam ESEM)
scanning electron microscope and tungsten filament as an electron source. For analysis of
powder sample morphology, the powder sample was spread on an Al holder using
isoamyl acetate. On the other hand, sintered pellets were fractured to expose the inner

portion and mounded on a specimen mounting stub.
2.5.4 Vibrating Sample Magnetometer (VSM)

The magnetic characteristics of materials as a function of applied field at different
temperatures and as a function of temperature at different applied field strengths can be
measured using a vibrating sample magnetometer (VSM). A material’s complete
magnetic behavior can be studied using a VSM. The instrument allows precise
magnetization measurements to be made as a function of magnetic field strength,
temperature and crystallographic orientation. VSM is based on Faraday’s law which
states that an emf will be generated in a coil when there is a change in a flux linked with
the coil [37, 38]. It works on the principle that when a magnetic material is vibrated in a
homogeneous magnetic field, magnetic flux changes are produced in the neighborhood of
the sample with the vibration frequency. If the sample is vibrated periodically, it can
induce an electrical signal in a pickup coil. The signal intensity is proportional to the
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magnetic moment produced in the sample, the vibration amplitude and the frequency.
The last two terms can be nullified by comparing with the signal generated from a set of
reference coils vibrating with the same frequency and amplitude, after passing through a

differential amplifier. Schematic diagram of a VSM is shown in Figure 2.1.
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Figure 2.1: Schematic diagram of the VSM components.

In the VSM, the sample is filled in a vertical tube and is fitted to a rod. This rod is
then vibrated between the poles of a powerful electromagnet. The upper part of the rod is
connected to a transducer. It converts a sinusoidal ac drive signal, provided by an
oscillator into a sinusoidal vertical vibration of the sample rod. The position of the tube is
adjusted to have maximum flux concentration at the sample. The rod is vibrated at ~80
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Hz. The change in flux is recorded by the coil and is used for further calculation of the

magnetic moment of the sample.

Magnetic measurements in the present work are performed on an EG&G PAR
4500 vibrating sample magnetometer. The VSM was calibrated using a standard Ni
sample. The sample holder used is made of a non-magnetic polymer material, Kel-F
(poly(chlorotrifluoro)ethylene). Field dependence of magnetization was measured up to a
maximum field of +£1200 kA/m at room temperature. For high temperature
measurements, an electrically heated oven was attached to the VSM to heat the sample
(300—973 K). Here, a constant field is applied and the magnetization was measured by
varying the temperature from 300 K to 973 K at a constant heating rate of 2 K/min. For
zero field cooled (ZFC) measurements, the sample was cooled to the lowest possible
temperature in zero magnetic field and then magnetization was recorded while warming it
back to room temperature under a constant field. In the case of field cooled (FC)
measurement, a constant field was applied during cooling down to the lowest possible
temperature and the magnetization was measured under the same magnetic field while

heating back to room temperature.
2.5.5 Thermo-Mechanical Analysis (TMA)

Thermo mechanical analyzer (TMA) provides measurement of penetration, expansion,
contraction and extension of a material as a function of temperature [39]. Moreover, this
technique is highly useful to measure the stress and strain of polymers. It consists of a
probe connected mechanically to the core of a linear variable differential transformer.
The core is coupled to the sample by means of a quartz probe and a thermocouple is used
for the measurement of sample temperature. Any movement of the sample is translated
into moment of the transformer core and result in an output proportional to the
displacement of the probe. Its sign is an indication for the direction of movement and this
can be measured as a function of temperature. In the penetration and expansion modes,
the sample rest on a quartz stage surrounded by the furnace. Under no load, expansion
with temperature is observed. We can calculate the coefficient of linear expansion from
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the slope of the resulting curve. A weight tray attached to upper end of the probe allows
to predetermine the force applied to samples to study variation under a load. The
instrument is suitable to study the sintering behavior of pressed green compacts, by
measuring the shrinkage of the compact as a function of temperature. The schematics of a

thermomechanical analyzer is shown in Figure 2.2.
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Figure 2.2: Schematic diagram of a Thermo-Mechanical Analyzer.

A Perkin Elmer Instrument, Pyris Diamond TMA, was used to study the sintering
behavior of the ferrite samples in terms of linear shrinkage as a function of temperature.
The temperature range employed is 30 °C to 1500 °C at a heating rate of 5 °C/min. An
alumina probe was used as the TMA probe. The sample pellet (5 mm thickness) was kept

inside the sample tube on an alumina plate and a constant force of 100 mN was applied to
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it. An independently connected linear voltage differential transformer (LVDT) and core
detected the changes in sample thickness as a function of temperature. The data is
collected by a computer and the output can be plotted as AL/L versus temperature, where

L is the length or thickness of the sample.
2.5.6 Density Measurements

Densities of the sintered discs were calculated from the volume and the weight of the
discs as well as by the Archimedes method. Both methods gave comparable values of the
densities. The relative density was calculated from the ratio of the measured density to
the theoretical density calculated from the crystal structure parameters. The theoretical

density was calculated from the following equation [32],

Formula weight  FW X Z (2.3)
Molar volume (VX Ny)

p:

where, FW is the formula weight
Z is the number of formula units in each unit cell
V is the volume of the unit cell and

Na is Avogadro’s number

The theoretical density of CoFe,Oy4 is calculated as shown below. The formula
weight of CoFe;O4 is 234.63 g. Spinel ferrites have eight formula units per unit cell.
Therefore, the weight of one unit cell is 8 x 234.63 = 1877.04 g. The volume of a cube of
side length a is a’. The unit cell length, a, of CoFe;Oy4is 8.391 A [40]. Therefore, the
volume of a unit cell is a> = 590.80 A® (1 A* = 10?* cm®) and N, x V = 355.84 cm’.

1877.04

— 3
35c 84 5.275g/cm

Theoretical density of CoFe,0, (p) =
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Archimedes method of measurement

Archimedes' principle states that when a body is immersed in a fluid there is a buoyant
force acting upward on the body equal to the weight of the displaced fluid [41]. Density
of a solid of known mass can be thus measured from the mass of the liquid displaced
when the solid is immersed in the liquid kept in a container. A solid is weighed first in
air, then while immersed in water; the difference in the two weights, according to
Archimedes' principle, is the weight of the water displaced by the volume of the solid.
The specific gravity of the solid is the ratio of its weight in air to the difference between
its weight in air and its weight immersed in water. Specific-gravity bottle (pycnometer) is
used to determine the density of homogeneous solid object that does not dissolve in a
working liquid (water). First, we need to measure the weight of pycnometer together with
inserted object my+mgs. Add water and determine the weight m'yyo (measured weight

minus my+ms). The volume of added water V'i0 can be obtained as,

m'y, o (2.4)

! —
V'h,0 =
PH,0

The volume of measured solid object Vg is the difference between the volume of water

that fills the empty pycnometer V and volume V'm0,

Vs =V —Vyo (2.5)

Density of the solid ps can be then calculated as,

Mg (2.6)
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2.5.7 Magnetostriction Measurements

Magnetostriction is the change in the size (length, volume) of a magnetic material when
an external magnetic field is applied. Magnetostriction is an important parameter
determining the domain structure, the magnetization process and the coercive field of a
magnetic material. The magnitude and sign of the magnetoelastic energy determines the
stress dependence of the hysteresis loop, which can be used for sensor applications. In
practice, the magnitude of measured strain is very small and therefore, the strain is
expressed as microstrain (pe), which is € x 10°°. Therefore, the accurate determination of
the magnetostrictive strain is very important. Various methods are available to measure
the magnetostriction by direct and indirect methods. Direct methods are by using strain
gages, capacitance transducers and interferometer methods. The indirect methods are
Beckner-Kersten method which is more simple and determined from stress dependence
of the hysteresis loop [42] and small angle magnetization rotation (SAMR) methods [43].
SAMR method can be used to measure the magnetostriction from 4.2 K to high
temperatures. Other techniques such as capacitance dilatometry [44-46] and laser

deflection methods [47] are also available for the measurement of magnetostriction.

Among all the methods, strain gage method is widely recognized as the most
practical technology for the measurement of magnetostrictive strain [48]. Strain gage is a
semiconductor device whose resistance varies nonlinearly with strain. The most widely
used gage is the bonded metallic strain gage. Strain gage method was developed by
Goldman [48]. Birss et al found that strain gages can be successfully used for
magnetostriction measurements in the temperature range of -196 to 400 °C [49]. The
metallic strain gage consists of a very fine resistive wire wound back and forth on a
polyamide film as shown in Figure 2.3. The cross sectional area of the grid is minimized

to reduce the effect of shear strain and Poisson strain [50].
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—— Copper-Coated Tabs -—Grid

L Backing £ Encapsulation

Figure 2.3: Schematic diagram of a strain gage.

The grid is bonded to a thin backing, called the carrier, which is attached directly
to the test specimen. Therefore, the strain experienced by the test specimen is transferred
directly to the strain gage, which responds with a linear change in electrical resistance.
Strain gages are available commercially with nominal resistance values from 30 to 3000
Q, with 120, 350, and 1000 Q being the most common values. It is very important that
the strain gage be properly mounted onto the test specimen so that the strain is accurately
transferred from the test specimen, through the adhesive and strain gage backing, to the

foil itself.

The change in resistance of the gage as a function of applied magnetic field is

recorded and converted into the magnetostrictive strain by using the relation,

AL AR/R (2.7)

L G.F
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where, L is the length of the material in its unmagnetized state, AL is the change in length
in a magnetic field, R is the gage resistance at zero applied magnetic fields, AR is the
change in the gage resistance at a known applied magnetic field strength and G.F. is the

gage factor. Usually gage factor is provided by the manufacturer.

In the present study, the samples used for magnetostriction measurements were
made on cylindrical shaped specimens. The magnetostriction measurement was carried
out on circular rod shaped specimen with dimensions with ~7 mm diameter x ~10 mm
length. After grinding the sides of the pellets and making a flat surface along the length
of the rod, the strain gage was mounded with special binding solutions (adhesive M-Bond
610) on the flat surface. The strain gages used in the present study were obtained from
Vishay Micro-Measurements, USA (strain gage type EK-09-062-AP, matrix size of 6.6
mm x 4.1 mm, gage size 2.90 mm x 1.57 mm). The calibration of the strain gage was
carried out by measuring magnetostriction of Ni metal. The gage resistance was
measured by the four probe method of resistance measurements using a Keithley 2010
multimeter. The four probe method is one of the standard and most widely used methods

for the measurement of resistivity.

Magnetostriction, A = AL/L, the relative change in the length of the sample in an
applied magnetic field, was measured on the sintered pellets at room temperature using
350 Q resistive strain gauges. Apsr 1S the magnetostriction measured when the applied
external magnetic field is parallel to the cylindrical axis of the sintered pellet and Ay, is

for the magnetic field applied perpendicular to this direction.
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Chapter 3

Effect of Particle Size on the Magnetostriction of
Sintered Cobalt Ferrite

3.1 Introduction

Ferrites are the most widely used magnetic materials for many technological applications
[1-4]. For many of the technological applications, ferrite powders need to be compacted
into specific shapes and sintered under suitable conditions to tune the performance
parameters. The properties of the sintered products are generally affected by the
composition, stoichiometry, processing conditions, microstructure, density, grain size,
etc, and these are very important factors determining the final performance of the ferrites
[3]. In the recent years, research work is focused on nanocrystalline ferrites due to their
importance in understanding the fundamentals in nanomagnetism as well as for their
potential applications, including biomedical applications [5-10]. There are several reports
in the literature on the magnetic properties of spinel ferrites derived from nanoparticles
with different crystallite sizes [11, 12]. Sintered ferrite products derived from
nanocrystalline powders have been shown to exhibit improved performance parameters,
such as magnetic permeability and dielectric constant, compared to their bulk

counterparts [13-18].

Among the different spinel type ferrites, cobalt ferrite, CoFe,O4, is known for its
high magnetocrystalline anisotropy and high coercivity due to the presence of highly
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anisotropic Co®" ions [19, 20]. In addition, the material has good mechanical hardness,
chemical stability, and high saturation magnetization. Cobalt ferrite, CoFe;Os, has the
mixed spinel structure, represented as (Co17XFeX)T[C0XFezfx]OO4, where X is the degree of
inversion, which depends on the heat treatment conditions, and the superscripts T and O
represent the tetrahedral and octahedral sites in the spinel structure, respectively [21].
There are several studies reported in the recent literature on the magnetostrictive
properties of sintered, un-substituted [22-31] and substituted [32-41] polycrystalline
cobalt ferrite, as discussed in detail in Chapter 1. In brief, the magnetostriction coefficient
and strain derivative of sintered cobalt ferrite depend on the processing parameters such
as the method of synthesis, pressure applied while making the compacts for sintering,
sintering atmosphere, temperature, and duration of sintering [26, 27, 31, 42]. Since
cobalt ferrite is an ideal ceramic material for future magnetostrictive applications, it is
necessary to achieve relatively large magnetostrictive strain at room temperature by
changing the synthesis and processing conditions. The highest value of magnetostriction
coefficient so far reported for sintered polycrystalline cobalt ferrite is 230 ppm,

synthesized by the ceramic method and processed under simple conditions [23].

Preliminary studies have shown that relatively larger magnetostriction coefficient
(~200 ppm) can be obtained for sintered cobalt ferrite derived from nanocrystalline
powders compared to the material derived from bulk powders [25]. Out of three different
low temperature methods used for the synthesis of nanoparticles, particles of size of 30
nm synthesized by an autocombustion method gave higher values of magnetostriction
when compared to the nanoparticles synthesized by other low-temperature methods such
as co-precipitation and citrate-gel methods and having smaller particle sizes (10-15 nm).
However, so far there have been no detailed and systematic studies reported in the
literature to explore the effect of initial particle size of the starting powders used for
compaction and the sintering conditions on the magnetostriction characteristics of the

sintered compacts derived from nanocrystalline materials.
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Nanocrystalline cobalt ferrite can be synthesized by various wet chemical
methods such as co-precipitation [43, 44], sol-gel [45-47], hydrothermal [48, 49],
autocombustion [25, 50, 51], microemulsion [52, 53], etc. Out of this, autocombustion
method is a very simple process to obtain nanocrystalline cobalt ferrite. Kikukawa et al
have reported that the particle size of cobalt ferrite can be varied in the glycine-nitrate
process by changing the fuel (glycine) to oxidizer (nitrate) ratio in the combustion
synthesis [51]. Nanosized particles could be obtained by using smaller glycine to nitrate
(G/N) ratios. The objective of the present work is to study the effect of the initial particle
size of the powders on the ultimate value of magnetostriction of cobalt ferrite after
sintering. The nanocrystalline cobalt ferrite powders of varying particle sizes below 100
nm are synthesized by the autocombustion method by changing the glycine to nitrate

ratio, as reported in the literature [51].
3.2 Synthesis

Cobalt ferrite nanoparticles were synthesized by the autocombustion method, using
glycine (G) as fuel and the corresponding metal (M) nitrates (N) as the oxidizer,
following the previous reports [25, 50, 51]. The main controllable processing variable is
the G/N or M/G ratio. G/N ratio corresponds to the complete combustion is called the
stoichiometric ratio. For the synthesis of cobalt ferrite from the corresponding metal
nitrates, the stoichiometric G/N ratio is 0.55:1 or M/G ratio is 1:1.47 according to the

reaction,

9 Co(NO3), + 18 Fe(NO3); + 40 NH,CH,COOH
— 9 CoFe,0, + 56 N, + 80 CO, + 100 H,0

(or)

Co(NOs), + 2 Fe(NO5); + 4.44 NH,CH,COOH — CoFe,0,

where, G/N =4.44/(2x 3 + 1 x2)=4.44/8 = 0.555.
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For the synthesis of cobalt ferrite, stoichiometric amounts of cobalt nitrate,
Co(NOs3),.6H,0 (Aldrich), and ferric nitrate, Fe(NO3);.9H,0 (Aldrich), taken in the 1:2
molar ratio, were dissolved separately, in minimum amount of distilled water. Glycine
(Merck), corresponding to different glycine to nitrate ratios, ranging from 0.05 to 0.75,
was also dissolved separately in minimum amount of distilled water. All the three
solutions (cobalt nitrate, ferric nitrate, glycine) were mixed thoroughly by ultrasonicating
for 2 minutes. The mixed solution was then transferred to a crystallizing dish and the dish
with its contents was subjected to heating on a laboratory hot plate at a temperature of
about 200 °C. After complete evaporation of water, the resulting viscous liquid ignited
automatically giving rise to a fluffy mass. This procedure was repeated for different G/N

ratios. The sample codes and the corresponding G/N ratios are indicated in Table 3.1.

To compare the properties of the nanocrystalline cobalt ferrite as well as the
sintered products derived from the nanocrystalline powders, bulk cobalt ferrite was also
synthesized by the ceramic method, starting from the oxides of cobalt and iron taken in
the stoichiometric ratio. For this, stoichiometric amounts of CoCOj3 (Aldrich) and Fe,O3
(Aldrich) were weighed and mixed together in an agate mortar. The mixture was first
heated at 1000 °C for 12 h and again for 24 h at the same temperature after an
intermediate grinding. The resulting powder was further heated at 1100 °C for 72 h with

two intermediate grindings.

To study the effect of particle size on magnetostriction of sintered cobalt ferrite,
nanocrystalline cobalt ferrite powders were also synthesized by co-precipitation and
citrate methods. For the co-precipitation method, cobalt and iron nitrates were taken in
the 1:2 molar ratio and dissolved in 100 ml distilled water. By using a burette, the mixed
solution was added to 20% of KOH (SD Fine Chemicals) solution taken in a round
bottom flask. The precipitate formed was filtered and washed several times with distilled
water until the pH is around 7. The precipitate was dried overnight in an oven at 100 °C
which was eventually converted to a black powder of cobalt ferrite. For the citrate gel

method, stoichiometric amounts of the corresponding metal nitrates were dissolved in
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distilled water. Water solution of citric acid (SD Fine Chemicals), corresponding to two
moles of citric acid per mole of metal, was added to the metal ion solution. The resulting
solution was evaporated on a water bath and finally a thick gel was formed. This
precursor gel was dried in an oven at 100 °C and the dried precursor was calcined at 500

°C for 4 h to get the cobalt ferrite powder.

3.3 Studies on As-synthesized Powder Samples

3.3.1 Phase Purity and Structural Characterization

Figure 3.1 shows the powder XRD patterns of the different cobalt ferrite samples
synthesized by varying the G/N ratio from 0.05 to 0.75 (sample codes G1 to G13). All the
reflections in the experimental patterns are very broad, and the width of the reflections
decreases with increasing G/N ratio, indicating increasing crystallite size. Only the most
intense reflection of cobalt ferrite is observed for G1 as a very broad peak. The next most
intense reflection started appearing with increased intensity for G2 and G3 and all the
reflections of cobalt ferrite are observed for sample G4 and others. For the combustion
synthesis of cobalt ferrite using glycine, the complete combustion reaction corresponds to
the G/N ratio of 0.55, according to the balanced reaction as explained in section 3.2. It is
found that single phase ferrite is formed up to the G/N ratio of 0.47 (sample G10). FeO is
found to be formed as an impurity phase at the stoichiometric G/N ratio of 0.55 (sample
G11). At higher G/N ratios, due to the presence of excess glycine, Fe metal impurity is
formed, as indicated in Figure 3.1. Kikukawa et al previously reported that single phase
spinel type ferrites can be obtained from precursors with a G/N ratio less than about 0.5

[51].
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Table 3.1: Details of the cobalt ferrite samples synthesized by the autocombustion

method using metal nitrates and glycine.

Sample | G/N | M/G Flame Dxrp Lattice
Code | ratio ratio | temperature (1nm) parameter (A)
(x1°C)
GO Ceramic method 8.382
Gl 0.05 | 0.125 190 3 8.340
G2 0.09 | 0.25 215 4 8.340
G3 0.14 | 0.375 230 5 8.381
G4 0.19 0.5 385 7 8.385
G5 0.23 | 0.675 442 14 8.384
G6 0.28 | 0.75 640 22 8.390
G7 0.33 | 0.875 720 34 8.385
G8 0.38 1.0 770 40 8.393
G9 0.42 | 1.125 811 61 8.387
G10 047 | 1.25 934 78 8.389
Gl11 0.55 | 1.47 867 55 8.389
Gl12 0.66 | 1.67 856 57 8.380
GI13 0.75 2.0 573 60 8.350
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Figure 3.1: Powder XRD patterns of as-synthesized cobalt ferrite powders using different
glycine/nitrate ratios (G1 to G13) as well as by the ceramic method (GO). Impurity peaks

are marked as *FeO and #Fe.
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Figure 3.2: Variation of flame temperature and crystallite size with glycine/nitrate ratio.

It is known that the temperature of the combustion reaction has an important
effect on the crystallite size of the resulting powder [51]. By adjusting the G/N ratio, one
can control the reaction temperature and thereby control the crystallite size of the
products. The temperature of the combustion reaction was measured by a Laser
thermometer (METRAVI MT-14). As shown in Figure 3.2, flame temperature initially
increased with increasing the G/N ratio, highest flame temperature is obtained for G/N =
0.47 and the flame temperature is decreased further with increasing glycine content. It
was found that from G1 to G10, flame temperature increases and correspondingly, the
crystallite size also increases. This is due to the increasing exothermicity of the
combustion reaction with increasing amount of the fuel [54]. A low flame temperature of
190 °C was observed in the case of G1. The highest flame temperature of 934 °C was
obtained for G10 for which the G/N ratio is close to stoichiometric ratio (0.47). At this
G/N ratio, complete combustion reaction takes place. When the G/N ratio is further
increased beyond 0.47, the flame temperature was found to be decreased due to the lesser

amount of the oxidizer available for the combustion reaction.
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The average crystallite size is calculated using the Scherrer formula, Dxgp =
0.97/Bcosh, where Dxrp is the crystallite size. The calculated average crystallite sizes are
shown in Table 3.1. The crystallite size increases with increasing G/N ratio and reaches a
maximum for G/N = 0.47 at which the flame temperature also is maximum. There is a
direct correlation between the flame temperature and the crystallite size, similar to that
reported by Chick et al [54], in the case of synthesis of perovskite oxides using the
glycine-nitrate process. Relatively smaller crystallite sizes are obtained when impurity
phases are also formed along with the ferrite phase for G/N > 0.5. The cubic lattice
parameter is calculated for all the samples by least squares method of refinement of the
XRD patterns and the values are given in Table 3.1. For G3 to G12, the calculated lattice
parameter is comparable to the value reported for cobalt ferrite (8.391 A, JCPDS # 22-
1086) [55]. For G1 and G2, the values are slightly smaller, probably because only few
peaks are observed and the peaks are very broad, so that there could be errors in the
calculation of the lattice parameter. The lattice parameter is slightly smaller for G12 and
G13, possibly due to the formation of a different composition because Fe impurity in

large amounts is observed in these samples.

The transmission electron micrographs of some of the as-synthesized powder
samples (G2, G4, G6 and G8) are shown in Figure 3.3. The average particle sizes are
obtained as 6, 8, 25 and 45 nm, respectively for G2, G4, G6 and G8 and these values are
found to be comparable to the average crystallite sizes calculated from XRD line
broadening. This clearly shows that nanocrystalline cobalt ferrite has been formed by the
present method of synthesis. Since the average crystallite sizes calculated for G2, G4, G6
and G8 are comparable to the particle sizes obtained from TEM measurements, the
average crystallite size is considered as the particle size for all samples. Therefore, the

crystallite sizes are used as particle sizes in the rest part of this thesis.
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Figure 3.3: TEM micrographs of some of the cobalt ferrite powders synthesized by the

autocombustion method.

3.3.2 Magnetic Measurements

Room temperature magnetic measurements on the as-synthesized powder samples are
shown in Figure 3.4. Since formation of impurity phases is observed in samples GI11,
G12 and G13, magnetic studies have been performed on samples G1 to G10 only.
Magnetic hysteresis loop is not observed for G1 and G2 (Figure 3.5) having very small
particle sizes of 3 nm and 4 nm, respectively, indicating superparamagnetic nature of the
particles. This is further confirmed from field cooled (FC) and zero field cooled (ZFC)
magnetization measurements for the samples G1 and G2 as shown in Figure 3.6. Both FC
and ZFC magnetization are measured in a field of 8 kA/m (100 Oe). Superparamagnetic
particles are characterized by a maximum at the superparamagnetic blocking temperature
in the zero field cooled magnetization measurements. The blocking temperatures for G1
and G2 are obtained as 90 K and 150 K, respectively. These values are comparable to that

reported in the literature for cobalt ferrite nanoparticles of similar sizes [56].
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As shown in Figure 3.4 and Table 3.2, magnetization of the as-synthesized
samples is not saturated at the highest field of measurement and the magnetization
decreases with decreasing particle size. This is due to the increasing surface contribution
for smaller particles where the surface layer is considered to be magnetically dead [57,
58]. Similarly, the coercivity initially increases with particle size, reaches a maximum
value for G7 of particle size 34 nm, and then decreases. This behavior corresponds to the
change over from single domain to multi-domain particles above a critical size. The
critical size of 34 nm obtained for the present cobalt ferrite is comparable to the critical

size reported for other spinel ferrites [59-62].

Table 3.2: Magnetic properties of the as-synthesized powder samples. M is the

magnetization at 1200 kA/m, the highest field used for the measurement.

Sample M H.,
Code | (Am%/kg) | (KA/m)
Gl 0.7 0
G2 1.9 0
G3 13.2 15.0
G4 26.3 32.5
G5 43.2 60.1
G6 62.0 72.6
G7 67.5 74.0
G8 69.8 67.3
G9 75.6 62.0
G10 67.5 81.5
Gl1 41.2 89.2
G12 85.8 68.3
G13 91.2 65.9
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Figure 3.5: Enlarged M-H curves of G1 and G2.
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Figure 3.6: Zero field cooled (ZFC) and field cooled (FC) magnetization curves of G1
and G2, measured in a field of H=8 kA/m (100 Oe).
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Figure 3.7: M-T curves of as-synthesized cobalt ferrite powders from different

glycine/nitrate ratios compared with ceramic sample.

Temperature variation of magnetization for all the as-synthesized samples has
been measured above room temperature, in a field of 8 kA/m, as shown in Figure 3.7.
Strikingly, only the samples G1, G2 and G3 showed a sharp magnetic transition at the
expected Curie temperature of cobalt ferrite. The measured Curie temperature is close to
793 K and is comparable with that of the bulk powder as well as the value reported in the
literature [35, 63]. The large increase in the magnetization above 600 K for G1, G2 and
G3 is likely to be due to the growth of the particles at higher temperatures, as reported
previously for other ferrites [58]. Whereas all the rest of the samples showed either more
than one magnetic transition or a lower transition temperature in the temperature range
700-800 K. This is likely to be due to the compositional inhomogeneity such that
different particles in a sample can have different compositions in the series Co;ixFerxO4

close to X = 0 and/or the formation of CoFe,O4 with different degree of distribution in
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different particles represented as (Col_XFeX)T[COXFez_X]OO4 during the formation of the

product in the combustion reaction.

0.00

-0.05
:10
-
<
010+ o
— G
| —02
—G4
—G6

-0.15 p——G8

| L | L | L 1 1 1 | |

200 400 600 800 10001200 1400
Temperature (°C)

Figure 3.8: Sintering behavior of the cobalt ferrite samples synthesized from different

glycine/nitrate ratios compared with ceramic sample.

3.3.3 TMA Analysis

For magnetostriction studies, the samples need to be sintered into specific shapes. The
sintering characteristics of the samples are, therefore, studied by thermo-mechanical
analysis (TMA). Sintering curves of different samples synthesized by the autocombustion
method are compared with that obtained by the ceramic method in Figure 3.8. The
sintering behavior of the powder samples synthesized by autocombustion method differs
from that of the powder samples synthesized by the ceramic method. In the case of the

ceramic sample (GO), effective sintering starts only above 1200 °C. However, for the
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nanocrystalline samples G1 and G2, the onset of the sintering process is about 500 °C and
this temperature slowly increases up to 800 °C for G8 with increasing crystallite size.
These results show that the nanocrystalline cobalt ferrite can be sintered at relatively
lower temperatures compared to the ceramic sample, as reported previously [25].
However, TMA analysis shows that the shrinkage is continued with increasing
temperature and that the samples are not completely sintered up to a maximum

temperature of 1500 °C.
3.4 Studies on Sintered Samples

Most of the studies reported in the literature on sintered cobalt ferrite are made on
compacts sintered at 1450 °C [22, 23, 25]. Also, TMA studies indicate that the sintering
is not completed up to the temperature of 1500 °C. Hence, all the samples were sintered
under identical conditions for comparison of the results. Pressed compacts were heated in
a programmable furnace to a temperature of 1450 °C at the heating rate of 5 °C/min and
held at this temperature for 10 minutes. The samples were then cooled back to room

temperature at the rate of 20 °C/min.
3.4.1 XRD Studies

Figure 3.9 shows the X-ray diffraction patterns of the sintered samples. The sample codes
SGO and SGI to SGI0 correspond to the sintered samples derived from the
corresponding powders GO and G1 to G10. In the XRD patterns, all the observed peaks
correspond to spinel ferrite and no other impurity phases are formed after sintering. XRD
patterns of all the sintered samples are identical and matching well with that of the
pattern shown and indexed for the bulk sample (SGO). The lattice parameter for the
sintered samples SG1 to SG9 is found to be comparable to that obtained for the bulk
sample and the literature value for cobalt ferrite (8.391 A). Unusually low value for the
lattice parameter is obtained for SG10. This could be due to a slight difference in the
composition for this sample. A very low intensity impurity peak due to FeO was

observed in the XRD pattern of the corresponding powder sample G10 (see Figure 3.1).
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Figure 3.9: Powder XRD patterns of the sintered samples.
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3.4.2 Density Measurements

Figure 3.10 shows the variation of the density of the sintered pellets as a function of G/N
ratio. The densities of the sintered pellets were calculated from the volume and the
weight of the pellets, as well as by the Archimedes method. The relative density was
calculated from the ratio of the measured density to the theoretical density of cobalt
ferrite (5.276 g/cm’) calculated from the crystal structure parameters. Density is almost
comparable for SG1 and SG2 and then increased to the highest density of 86% for SG4.
Density is further decreased down to ~79% with increasing G/N ratio. The variation in
the sintered density for particles with larger sizes could be due to the characteristics of
the powders obtained under different G/N ratios. The relatively larger density of SG10
compared to SG9 could be due to the presence of minor amounts of impurity, as
discussed in the previous section. Large increase in the flame temperature in the
combustion reaction was observed for larger G/N ratios (Figure 3.2) which could affect
the surface characteristics of the powders and control the sintering behavior and hence

the density of the sintered compacts.
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Figure 3.10: Density of the sintered products as a function of G/N ratio.
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3.4.3 Magnetic Measurements

Magnetic measurements were carried out on crushed small pieces of sintered pellets. It
has been shown previously that magnetic characteristics of the crushed pieces of sintered
cobalt ferrite with arbitrary sizes and shapes affect the magnetic characteristics due to the
random orientation of the grains with respect to the direction of the applied magnetic
fields as well as due to the shape anisotropy [64]. Since the sintered sample SG10 showed
a difference in the lattice parameter, probably due to a different composition, further
studies are made on sintered samples from SG1 to SG9 only. In the case of the sintered
samples, the magnetization is found to be saturated and the saturation magnetization
varies between 77.9 to 83.4 Am’/kg, for the samples SG1 to SG9, as shown in Figure
3.11 and Table 3.3. There is a corresponding variation of the coercivity also. The small
variation in the saturation magnetization and coercivity could be due to the cation
distribution as well as the microstructure and orientation of the grains in the sintered

products.
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Figure 3.11: Room temperature magnetization curves for the different sintered cobalt

ferrite samples.
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Temperature variation of magnetization for all sintered samples (SG1 to SG9)
measured above room temperature is shown in Figure 3.12. It is found that all sintered
samples show comparable Tgs, close to the reported value for the bulk material (~793 K).
The large increase in the magnetization above 600 K and the flat region between 700 K
and T, are due to the changes in the magnetocrystalline anisotropy of cobalt ferrite [64].
Curie temperature is a measure of the degree of distribution of the cations in the
tetrahedral and octahedral sites of the spinel lattice. The comparable Tcs of the sintered
products indicate almost similar distribution of the cations in all the samples. The cation
distribution in the tetrahedral and octahedral sites of the spinel lattice is expected to affect
the magnetization, magnetic anisotropy and Curie temperature of the material. The

magnetic properties of different sintered samples are compared in Table 3.3.
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Figure 3.12: M-T curves of the sintered cobalt ferrite samples, measured in a magnetic

field of 8 kA/m (100 Oe).
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3.4.4 Magnetostriction Studies

Some of the previous studies reported on the magnetostriction measurements on sintered
cobalt ferrite are made on samples sintered at 1450 °C [23, 25]. Hence, to compare the
magnetostriction characteristics of sintered samples derived from the nanocrystalline
powders with that reported in the literature, all the studies are made on pressed pellets
sintered at 1450 °C for 10 minutes. Figure 3.13 shows the magnetostriction curves
recorded up to a maximum magnetic field strength of 800 kA/m, in the parallel (Apar) and
perpendicular (Ayer) directions, respectively, with respect to the direction of the applied
magnetic field. The magnetostriction is negative along the parallel direction, as reported
[26, 29, 32, 34]. Higher magnetostriction is obtained along the parallel direction for all
the samples sintered from nanocrystalline materials (> 200 ppm) compared to the value
of 150 ppm for the sample prepared by the ceramic method with a starting particle size >
I um and processed under identical conditions. Maximum value of magnetostriction
above 300 ppm is achieved for the samples sintered from the smallest particles (G1 and
G2), with the highest value of 315 ppm for SG2. SG1 and SG2 show some peculiarities
in the magnetostriction along the perpendicular direction also. These two samples show
negative magnetostriction along the perpendicular direction and all other samples show
positive values along this direction. This is an indication for the favorable alignment of
the domains and easy axis of magnetization in the sintered pellets derived from very
small particles. Moreover, compared to SG1, SG2 shows higher magnetostriction at
lower magnetic fields and maximum value of magnetostriction for SG2 is obtained at a
lower field. However, higher magnetostriction at low fields (below 200 kA/m) is obtained
for sample SGS. These differences are much clear in Figure 3.14 which shows the strain

derivative (dA/dH) as a function of magnetic field measured along the parallel direction.

The anisotropic magnetostriction, Ay = Apar — Aper as well as the volume
magnetostriction ® = Apar T 2Aper are also of interest for these two samples. Figure 3.15
shows the variation of maximum value of magnetostriction (An.x) along the parallel

direction, maximum value of the strain derivative, anisotropic and volume
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magnetostrictions as a function of the particle size of the starting powders. The
magnitude of A, is comparable for all samples, whereas the signs are different for SG1
and SG2. Similarly, these two samples show very high volume magnetostriction of
around 400 ppm and for all other samples, the value is less than 200 ppm. Thus, the
samples sintered from very small particles, G1 and G2, show extremely large values for
the magnetostriction coefficient. Apart from the changes in the value of magnetostriction,
the slope of the magnetostriction (dA/dH) is also an important factor for stress sensing
applications. Higher values of the strain derivative are desirable for better
magnetomechanical coupling [32]. The highest value of strain derivative of 1.97 x 10~
A"'m is obtained in the case of SG2 which is larger than the previously reported strain

derivative value of 1.3 x 10~ A™'m for bulk material [23].

Table 3.3: Magnetic and magnetostrictive properties of sintered pellets.

Sample | Density M; H. T, Mmax d\/dH
Code (%) | (Am’kg) | (kA/m) | °C) | (ppm) | (10°A"'m)
SGO 89 78.5 19.1 | 521 | -151 -0.56
SG1 80 79.6 14.1 | 515 | -307 -1.14
SG2 80 81.6 124 | 520 | -315 -1.97
SG3 84 82.8 74 | 525 | -205 -1.03
SG4 86 83.3 55 | 523 | -200 -1.12
SG5 85 83.4 6.7 | 524 | -218 -1.00
SG6 84 82.8 6.0 | 521 | -232 -1.06
SG7 82 82.8 8.1 | 524 | -252 -1.49
SG8 80 81.3 11.1 | 516 | -254 -1.35
SG9 79 77.9 33.6 | 526 | -235 -1.01
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Figure 3.13: Magnetostriction curves of different sintered samples as a function of
magnetic field measured along the parallel (Apar) and perpendicular (Aper) directions. The

magnetostriction of the ceramic sample (SGO0) is shown for comparison.
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3.4.5 Microstructure

A comparison of the coercivity and density of the sintered products and magnetostriction
parameters, as shown in Table 3.3, indicate that in general, there are no correlations
between the magnetic characteristics or the density with the maximum value of
magnetostriction. However, there are some minor correlations observed with the
microstructure of the sintered compacts as shown in Figure 3.16. SG1 and SG2 with the
highest magnetostriction (A > 300 ppm) show microstructures with clear and small grains.
For SG3 to SG6, larger grains with intra-grain pores and defects are observed, even
though these samples show lower porosity and higher sintered densities in the range 84—
86% compared to 80% density for SG1 and SG2. For SG7 to SG9, continuous and fused
grains without any shape are observed. Thus, it appears that the microstructure, which
depends on the initial particle size, could be one of the decisive factors for the higher and

lower values of magnetostriction and strain derivative of the sintered samples.
3.4.6 Effect of Particle Size

The results from the magnetostriction studies on different sintered samples derived from
starting powders of different particle sizes show that the maximum value of the
magnetostriction coefficient is not exactly correlated with the initial particle size, even
though compacts derived from the smallest particles show higher magnetostriction
coefficient. However, the different particle sizes are obtained by changing the glycine to
nitrate ratio during the synthesis. It is possible that the powder characteristics are
different because of the different amounts of fuel used and this affects the sintering
characteristics and microstructure and thereby the ultimate value of magnetostriction. To
study the effect of particle size on the maximum value of magnetostriction, the particle
size of G2, which shows the highest value of magnetostriction after sintering (SG2) is
changed by pre-calcination at different temperatures. It is known that particle growth
takes place if nanocrystalline materials synthesized at low temperatures are further
calcined at higher temperatures [65, 66]. Therefore, the as-synthesized G2 powder was

calcined at two different temperatures to vary the particle size.
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Figure 3.16: SEM images of the sintered samples. All micrographs shown are under the

same magnification.
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XRD patterns of the calcined powders are shown in Figure 3.17. The average
crystallite sizes of the calcined powders are calculated using the Scherrer equation and
the values are shown in Table 3.4. The calculated average crystallite size is assumed as
the average particle size. There is substantial increase in the particle size after calcining at
the two different temperatures for different durations. Similarly, there is an increase in
the magnetization as well as coercivity of the powders with increasing particle size, as
expected. The magnetization curves of the calcined powders are compared in Figure 3.18

and the magnetic parameters are compared in Table 3.5.

Table 3.4: Details of the calcined G2 powders.

Sample Calcination Dxrp
Code conditions (x1nm)
G2 As-synthesized 4
G2a 180 °C /30min 7
G2b 400 °C/5hr 21

G2a

Intensity (arb. units)

G2

L | L 1 L | 1 | 1 | 1 1 1
10 20 30 40 50 60 70 80
20 (degree)

Figure 3.17: Powder XRD patterns of as-synthesized and calcined G2 powders.
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Figure 3.18: Room temperature magnetization curves of the as-synthesized and calcined

G2 powders.
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Figure 3.19: Magnetostriction curves of different sintered samples derived from G2 as a

function of magnetic field measured along the parallel (Apar) direction.
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Figure 3.20: SEM images of the sintered samples derived from G2. All micrographs are

under the same magnification.

Table 3.5: Magnetic and magnetostrictive characteristics of sintered pellets derived from

as-synthesized and calcined G2 powders.

Sample D M; H. Amax
code (%) | (Am’/kg) | (kA/m) | (ppm)
SG2 80 81.6 12.4 -315
SG2a 80 82.0 15.8 -301
SG2b 78 84.1 15.1 204

Magnetostriction of the pellets sintered from the calcined powders derived from
G2 is measured as a function of magnetic field. The results are shown in Figure 3.19. The
maximum value of magnetostriction is decreased after increasing the particle size of the
starting powder, as expected. The SEM figures shown in Figure 3.20 indicate that there is
not much difference in the microstructures of the sintered compacts derived from the as-
synthesized and pre-calcined G2 powders, suggesting that there is not much role for the
microstructure also in deciding the value of magnetostriction. An important observation

is that the decrease in the maximum value of magnetostriction of the sintered samples
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derived from the pre-calcined powders with different particle sizes (G2a and G2b) is
much more than that observed for sintered compacts derived from the as-synthesized
starting powders of comparable particle sizes (G4 and G6). This shows that apart from
the particle sizes of the starting powders, there are other factors such as the characteristics
of the starting powders contributing to the maximum value of magnetostriction of the
sintered compacts. The characteristics of the starting powders can be varied by the

synthesis conditions.

(511)
(440)

(400)

Citrate

Co-precipitation

Intensity (arb. units)

| (111)
- (220)
| ) (311)
. = (222)
= (422)

] s | " | ) 1 )
10 20 30 40 50 60 70 80
20 (degree)

Figure 3.21: Powder XRD patterns of CoFe,O4 samples synthesized by the citrate-gel and

co-precipitation methods.

To verify the above assumptions, nanocrystalline powders of cobalt ferrite were
synthesized by co-precipitation and citrate-gel methods. Figure 3.21 shows the XRD
patterns of single phase cobalt ferrite obtained by co-precipitation and citrate precursor
methods. Only the most intense peak of cobalt ferrite is observed in the XRD pattern of

the sample prepared by the co-precipitation method and the peak is very broad than that
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of the peaks observed in the XRD pattern of the powder synthesized by the citrate

precursor method, indicating smaller crystallite size in the former case. The average

crystallite size is calculated using the Scherrer formula and the calculated values are

shown in Table 3.6.

Table 3.6: Different properties of as-synthesized powder samples synthesized by the co-

precipitation and citrate precursor methods.

Synthesis Dxrp M; H.
method (xlnm) | (Am%kg) | (kA/m)
Co-precipitation 5 6.4 0
Citrate 22 65.0 82.6
60 - Citrate
40 -
20 +

N
o
|

1

Co-precipitation

-1000

-500

0

500

H (kA/m)

1000

Figure 3.22: Room temperature magnetization curves of the as-synthesized powders

synthesized by the co-precipitation and citrate methods.
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Room temperature magnetic measurements on the as-synthesized powder
samples obtained by co-precipitation and citrate-gel methods are shown in Figure 3.22.
The as-synthesized powder obtained by the co-precipitation method of particle size 5 nm
show superparamagnetic behavior as expected for such small particles. High
magnetization with large coercivity is obtained for the sample synthesized by the citrate-

gel method of particle size of 22 nm.

Figure 3.23 shows the magnetostriction curves of sintered samples obtained by
the co-precipitation and citrate methods. Maximum value of magnetostriction as 160 ppm
is obtained for sintered sample obtained by the co-precipitation method and 216 ppm in
the case of sintered sample obtained by the citrate method. The microstructures of both
sintered samples are almost comparable, as shown in Figure 3.24. Even though the
particle size of the powders obtained from co-precipitation method is comparable with
that of the sample G2 synthesized by the combustion method, the maximum value of

magnetostriction of the former is nearly one half of the value of the latter.

—0O— Citrate 9
| —O— Co-precipitation ? |
-50 % - -50
-100 + (;Zl'ﬁ ég? _
|
L I,' || J
150 |- Ei 1150

200 EF EEE 4200

1 T I R | N IR

-800-600-400-200 O 200 400 600 800
H (kA/m)

-100

A, (PPM)

Figure 3.23: Magnetostriction as a function of magnetic field recorded in the parallel

direction to the applied magnetic field.
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Figure 3.24: SEM images of the sintered samples synthesized by (a) co-precipitation and
(b) citrate-gel methods.

Table 3.7: Magnetic and magnetostrictive properties of sintered pellets obtained by co-

precipitation and citrate methods.

Synthesis D M; H. Mmax d»/dH

method (%) | (Am*/kg) | (kA/m) | (ppm) | (10°A™"m)
Co-precipitation | 78 78.5 12.4 -160 -0.84

Citrate 87 82.3 109 | -215 -1.05

The magnetostriction characteristics of the sintered samples derived from starting
powders of comparable particle sizes obtained by the three different methods are
compared in Figure 3.25 and Table 3.8. The results show that for particles of comparable
sizes, sintered compacts derived from the powders obtained by the autocombustion
method give higher values of magnetostriction and strain derivative. Also, there is not
much correlation between the sintered density and magnetostriction characteristics. From
these results it can be concluded that the magnetostriction of sintered ferrite depends on
and can be controlled by the synthesis and processing conditions and by adjusting the

particle size of the initial starting powders used for sintering the pellets.
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Table 3.8: Comparison of the magnetostrictive properties of sintered pellets derived from

powders of comparable sizes obtained by different synthesis methods.

Synthesis Sample | Dxrp D Mmax d)\/dH
Method Code | (x1nm) | (%) | (ppm) | (10°A"'m)
Autocombustion G2 4 80 | -315 -1.97
Co-precipitation Cop 5 78 | -160 -0.84
Autocombustion G3 5 84 | -205 -1.03
» G2a 7 80 | -301 -1.40
’s G4 7 86 | -200 -1.12
’s G2b 21 78 | -204 -1.01
» G6 22 84 | -232 -1.06
Citrate-gel Cit 22 87 | -215 -1.05
0 0
-50 -50
-100 -100
£
g -150 -150
<& -200 -200
—o0—G2
-250 oo -250
—<—G3
—%— G4
-300 —0—G6 -300
—e—Cit
i —a— Cop 1
_350 1 1 | 1 | L | L | f 1 L | L | L | _350
-800 -600-400-200 0 200 400 600 800
H (kA/m)

Figure 3.25: Magnetostriction as a function of magnetic field recorded in the parallel
direction to the applied magnetic field, for sintered pellets derived from powders of
comparable sizes obtained by different synthesis methods. The sample codes are defined
in Table 3.8.
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3.4.7 Effect of Magnetic Field Annealing

Magnetic field annealing has been reported to be very effective in enhancing the
magnetostriction coefficient and strain derivative of cobalt ferrite due to the induced easy
axis direction parallel to the annealing field, which affects magnetization processes and
domain configuration [24, 30]. Higher magnetostriction coefficient perpendicular to the
direction of the annealing field has been achieved by magnetic field annealing because of
the reorientation of the domains along the measurement direction. In a very recent study,
Muhammed et al investigated the effect of different powder compaction pressures in the
range of 87 to 278 MPa and magnetic field annealing in an external magnetic field of
8000 kA/m (10 T), at 300 °C for 3 hours [31]. The field annealing process causes an
induced uniaxial anisotropy, which results in a reduction of coercivity as well as increase
in the magnetostrictive strain up to 400 ppm along the hard axis for the compacts made

under a very high pressure of 150 MPa.

In the present work, we have compared the effect of magnetic field annealing on
the samples SG1, SG2 where the starting particle sizes are very small and comparable for
G1 and G2. These two samples gave comparable values for maximum magnetostriction
but SG2 showed relatively larger magnetostriction at lower magnetic fields as well as
high strain derivative of 1.97 x 10° A m along the parallel direction among all the other
samples. Moreover, the compacts were made under a very low pressure of 8 MPa
compared to the high pressures used in the reported work where high magnetostriction is
observed [31]. For comparison of the results, sintered cobalt ferrite sample SG8 which
gave higher magnetostriction at lower magnetic fields when compared to SG1 and SG2,
derived from G8 with intermediate particle size of 40 nm, as well as the sample obtained
by ceramic method (SGO) also are studied after magnetic field annealing. Magnetic field
annealing of the sintered pellets was carried out at 300 °C in a magnetic field of 400
kA/m for 30 min. The sample was cooled back to room temperature in the presence of the

same field after annealing. The annealing field was applied perpendicular to the
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cylindrical axis of the sintered pellet which is perpendicular to the measurement direction

as well as the direction of the measuring field in the case of Apr.

Figures 3.26 shows the magnetostriction curves of the sintered samples SGI,
SG2, SG8 and SGO, measured at room temperature, as a function of magnetic field
applied along the parallel (A,) and perpendicular (A,.) directions, before and after
magnetic field annealing. The maximum values of magnetostriction and strain derivative
of the different sintered samples, before and after field annealing, are compared in Table
3.9. The relative change in the maximum value of magnetostriction after and before field
annealing, Ay, = (A — Ao)/ Ao, measured along the parallel direction, where Ao and Ay
are the maximum value of magnetostriction before and after field annealing, respectively,
is compared in Table 3.9. It is observed that there is not much change in the maximum
value of magnetostriction after field annealing for sample SG1, whereas 10%, 39% and
83% increases are observed for the samples SG2, SG8 and SGO, respectively. Even
though SG8 showed relatively lower maximum value of magnetostriction and strain
derivative before field annealing compared to SG2, comparable values for maximum
value of magnetostriction and strain derivative are obtained after magnetic field

annealing for both samples.

Table 3.9: Magnetostrictive properties of different samples, before and after magnetic

field annealing.

Sample Before magnetic After magnetic
Code annealing annealing Adpar

hpar | dhpa/dH | Rper | dipa/dH | (%)
(ppm) | (10°A'm) | (ppm) | (10°A"'m)

SGl1 -307 -1.14 -304 -1.70 -1

SG2 -315 -1.97 -345 -2.12 +10
SG8 -254 -1.35 -353 -2.03 +39
SGO -151 -0.56 -276 -1.38 +83
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Figure 3.26: Magnetostriction curves of SG0, SG1, SG2 and SG8, as a function of

magnetic field, along the parallel (circles) and perpendicular (squares) directions. The

open and closed symbols represent measurements before and after annealing in a field of

400 kA/m, respectively.

Another important observation is that, after annealing the sample in a magnetic

field, higher magnetostriction is observed at lower magnetic fields for all samples and the

field at which maximum magnetostriction is observed is reduced to 300 kA/m. This is

clearly evident from the strain derivative curves of all samples compared in Figure 3.27,

before and after magnetic field annealing. There is not much change in the strain

derivative of SG2 after magnetic annealing, except that the maximum value is shifted to
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lower fields. On the other hand, about 50% increase in the strain derivative at low fields
is observed after magnetic field annealing for samples SG1 and SG8 whereas 150%
increase is observed for the bulk sample (SGO), as shown in the Figure 3.27. These
observations show that higher magnetostriction can be achieved without magnetic field
annealing if the sintered compacts are made from smaller particles obtained by the
autocombustion method of synthesis and magnetic field annealing is very effective in
enhancing the magnetostriction and strain derivative for samples sintered from larger

particles.
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Figure 3.27: Field derivative of the magnetostriction for SGO, SG1, SG2, and SGS,
parallel to the applied magnetic field. The open and closed symbols represent

measurements before and after annealing in a field of 400 kA/m, respectively.
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Figure 3.28: Anisotropic magnetostriction of SG0, SG1, SG2 and SG8 along the parallel
direction. The open and closed symbols represent the measurements before and after

annealing in a field of 400 kA/m, respectively.

The maximum value of magnetostriction for the bulk sample SGO is obtained as
151 ppm, less than the reported values, probably due to the difference in the processing
parameters compared to the reports in the literature [23]. As shown in Figure 3.26 and
Table 3.9, after annealing the sample in a magnetic field, the maximum value of
magnetostriction of SGO is increased to 275 ppm. Similarly, the strain derivative is

increased from 0.56 x 10°A™"'m to 1.38 x 10°A™'m, after magnetic annealing.

It is interesting to note that the magnetostriction coefficients Ay, and Ay, have

opposite signs for the sintered samples derived from the larger particles (SG8 and SGO)
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before magnetic annealing, whereas both values have the same sign after magnetic
annealing. In the case of SG2, both Ay, and A, are negative before and after magnetic
field annealing. However, A, increases and the transverse value decreases (less negative)
after the field annealing. Similarly, the sign of A, is reversed for the sample derived
from the smaller particles (SG1 and SG2) and after magnetic annealing, Ay, and A, have
opposite signs. Similar features have been reported previously [31], indicating changes in
the different single crystal contributions to the polycrystalline behavior after magnetic

field annealing and that isotropic case is not valid.

It is found that the magnitude of anisotropic magnetostriction, Ay = Apar - Aper, 1S
comparable before and after magnetic field annealing, for SG0, SG1, SG2 and SG8, as
shown in Figure 3.28. Comparable values for the anisotropic magnetostriction are
obtained for the samples derived from the nanocrystalline particles derived from the
autocombustion method. This shows that higher magnetostriction characteristics can be
obtained for sintered compacts derived from nanocrystalline powders synthesized by the

autocombustion method using glycine as the fuel.
3.5 Conclusions

The magnetic and magnetostrictive properties of sintered cobalt ferrite derived from
nanocrystalline powders synthesized by the autocombustion method using glycine have
been investigated. The results show that the particle size of the as-synthesized powders is
one of the factors deciding the magnetostriction parameters of the compacts made from
powders synthesized by this method. High values of the magnetostriction coefficient and
strain derivative are obtained for compacts sintered from particles of very small sizes
obtained from the autocombustion method. However, comparison of the effect of the
initial particle size derived from different methods of synthesis indicated that particle size
alone is not the deciding factor for the high values of magnetostriction. For the powders
derived from the autocombustion method, there are no correlations between the magnetic
and magnetostrictive parameters of the sintered products. However, some correlation

between the magnetostriction and microstructure of the sintered products is observed.
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The present results indicate that sintering nanocrystalline powders of very small particle
sizes obtained by the autocombustion method is effective for obtaining high values of
magnetostriction for sintered cobalt ferrite. Pre-sintering of the particles during synthesis,
and pores in the grain and orientation of the grains in the sintered products are the likely

parameters controlling magnetostriction.

Magnetostriction values of 315 ppm without magnetic annealing and 345 ppm
after magnetic annealing, at room temperature, are the highest values reported so far for
sintered polycrystalline cobalt ferrite obtained under simple processing conditions. The
present results show that it is possible to get very high magnetostriction and coupling
coefficient for sintered cobalt ferrite derived from nanocrystalline powders of very small

particle size synthesized by the autocombustion method using glycine.
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Chapter 4

Effect of Sintering Conditions on the
Magnetostriction of Cobalt Ferrite

4.1 Introduction

Magnetic materials with high permeability and low magnetic loss are used for many
practical applications [1, 2]. In many of the applications, permeability is an important
factor which mainly depends on the microstructure, density, porosity, grain size, etc, of
the sintered products [2-4]. Therefore, sintering is the most crucial step in the processing
of ceramic magnetic materials aimed at various applications. During sintering, the
porosity decreases and a suitable microstructure of the material is developed, which is the
deciding factor for its final performance. Sintering studies on different ferrites and the
corresponding changes in the performance parameters are well documented in the
literature [1-7]. It is known that the usual single stage sintering process of raising the
temperature of a material, kept in a furnace, to a suitable temperature at a specific heating
rate, hold the temperature for a specific period and cool the furnace back to room
temperature at a particular rate, is always accompanied by rapid grain growth [8]. Chen
and Wang have developed a new method called dual sintering or two-stage sintering for
the effective sintering of Y,0Os3 [9]. By the dual sintering method, the grain boundary

diffusion is maintained but grain boundary migration could be arrested. Therefore, using
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the dual sintering technique, the grain growth at final stage sintering is suppressed to get
ceramics with smaller sized grains. This method of sintering has been found to be
effective in enhancing the performance parameters of various ceramic materials such as

Zn0, Ni-Cu-Zn ferrite, BaTiOs, etc [10-12].

Cobalt ferrite is an ideal material for future magnetostrictive applications because
of its low cost, easy processability, etc. The main disadvantage of cobalt ferrite is that it
is not much useful for high frequency applications because of its low permeability.
Therefore, there are not much studies reported on the effect of sintering on the properties
and especially on the magnetostriction of cobalt ferrite. Chen et al have studied the
magnetostriction of sintered metal bonded cobalt ferrite composite which was proposed
to be useful for magnetomechanical sensor applications [13]. It was observed that these
composites show high magnetostrictive strain of 230 ppm at low applied magnetic fields.
Nlebedim et al have studied the effect of heat treatment and vacuum sintering on the
magnetic and magnetostrictive properties of cobalt ferrite [14]. The studies showed that
degradation of magnetostriction and strain derivative is due to the cation redistribution.
Bhame and Joy have studied the effect of processing conditions and sintering temperature
on the magnetostrictive properties of cobalt ferrite synthesized by the ceramic method
[15]. It was found that the magnetostriction of sintered cobalt ferrite mainly depends on

the microstructure of the sintered product.

It is widely known that sintered products derived from nanocrystalline powders
exhibit improved magnetic permeability compared to the bulk counterparts [16, 17]. The
advantage of the nanocrystalline powders is that they are more sinterable due to the fine
particle nature as well as the high surface area [18-21]. Since very high magnetostriction
coefficient is obtained for sintered cobalt ferrite derived from nanocrystalline powders of
very small particle sizes synthesized by the autocombustion method using the
corresponding metal nitrates and glycine as the fuel (Chapter 3), we have studied the
effect of sintering conditions on the magnetostriction characteristics of the compacts

made from small particles.
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Figure 4.1: Schematic representations of the sintering schedules of (a) single-stage

sintering and (b) two-stage sintering or dual sintering.
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This chapter describes the effect of single and two-stage sintering on the
microstructure and magnetostriction of sintered cobalt ferrite derived from
nanocrystalline materials. The powder sample G2 with a particle size of 4 nm (Chapter 3,
Table 3.3) which showed highest magnetostriction as well as high strain derivative after
sintering at 1450 °C is used for the sintering studies. The schematics of the single and
two-stage sintering processes are shown in Figure 4.1. In single stage sintering, the
pressed compact is heated from room temperature to high temperature (T;) and held at
this temperature for a short time and then cooled back slowly (Figure 4.1a). This sintering
process is known to be always accompanied by rapid grain growth. In the case of dual
sintering, the sample is heated to a high temperature (T;) and rapidly cooled down to a
lower temperature (T,), held at this temperature (T,) for a long time, and finally cooled to
room temperature slowly (Figure 4.1b). According to Chen and Wang [9], the success of
the two-stage sintering strongly depends on the selection of high temperature (T}), second
low temperature (T,), holding time as well as the heating and cooling rates. By the dual
sintering method, the grain boundary diffusion is maintained but grain boundary
migration could be arrested. Therefore, by the process of dual sintering, the grain growth
at the final stage sintering can be suppressed to get ceramics with smaller sized grains.
Objective of the present study is to investigate and compare the influence of these two
sintering processes on the densification, microstructure, and magnetostriction of sintered

cobalt ferrite derived from nanocrystalline materials.

4.2 The Sintering Process

In the single stage sintering process, the samples were heated from room temperature to
high temperature and held at this temperature for a short time and then cooled back to
room temperature slowly, as shown in Figure 4.1a. In this work, samples were sintered at
1500, 1450, 1400, 1300 and 1200 °C with a heating rate of 5 °C/min, cooling rate of 20
°C/min and holding time of 10 minutes, to determine the first heating temperature (T)).
From magnetostriction studies on the different sintered samples it was found that sample

sintered at 1450 °C show the highest maximum value of magnetostriction. Therefore, in
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the case of dual sintering, samples were initially heated to 1450 °C (T;) and rapidly
cooled down to a lower temperature (T,), held at this temperature (T,) for a long time,
and finally cooled to room temperature slowly, as shown in Figure 4.1b. Samples were
initially heated to 1450 °C with a heating rate of 5 °C/min and rapidly cooled to a lower
temperature (T,) fixed at 1300 °C and vary the holding time from 10 min to 60 h to
determine the holding time. Next, keeping the higher temperature (T;) constant, with a
heating rate 5 °C/min, and holding time fixed, the lower temperature was varied as 1100,
1200, 1300 and 1400 °C with a cooling rate 30 °C/min to determine the best lower
temperature (T,). Finally, holding time was fixed; the higher (T;) and lower temperatures

(T,) were varied.

4.3 Studies on Sintered Samples

4.3.1 Microstructure and Density

The changes in the microstructural features of the single-stage sintered samples with
increase in the sintering temperature from 1200 °C to 1500 °C are shown in Figure 4.2.
The grain size is increased drastically with increase in the sintering temperature. The
sample sintered at a lower temperature of 1200 °C shows very small and non-uniform
grain size whereas high sintering temperature of 1500 °C gives rise to larger sized pores
in the grains. The larger sized pores are due to the release of oxygen from the spinel
lattice as reported for other ferrites sintered at higher temperatures [22]. Similarly,
density is also increased with increase in the sintering temperature, as shown in Figure
4.3. The sample sintered at 1200 °C shows the lowest density of 63% whereas sample
sintered at 1500 °C shows highest density of 83 % compared to the theoretical density of
cobalt ferrite (5.275 g/em’).
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Figure 4.2: SEM images of the single stage sintered samples, sintered at (a) 1500 °C, (b)
1450 °C, (c) 1400 °C, (d) 1300 °C, and (e) 1200 °C.
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Figure 4.3: Variation of density as a function of sintering temperature for single stage

sintered samples.

The SEM images of the two-stage sintered samples, where T; = 1450 °C and T, =
1300 °C, with different holding times from 10 min to 60 hrs are shown in Figure 4.4. It
can be seen that, there are large changes in the microstructure with increasing the holding
time. The grain size is increased with increasing the holding time. There is a
corresponding increase in the density of the sintered samples, when the holding time is
increased. The density is found to be very low (79%) for a holding time of 10 minutes.
However, the density increases almost linearly when the holding time is varied from 5 to
60 hours. The density varies from 82% to 90% with increasing holding time above 5 h, as
shown in Figure 4.5. Figure 4.4 shows that the sintering temperature combination of the
higher temperature at 1450 °C (T;) and the lower temperature at 1300 °C (T,) and
holding time of 20 h give most clear microstructure with grain size of 10 um with

minimum amount of pores compared to the other sintered samples.
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Figure 4.4: SEM images of two-stage sintered samples (T; = 1450 °C and T, = 1300 °C)
with different holding time at the lower temperature; (a) 10 min, (b) 1 h, (¢c) 5 h, (d) 10 h,

(¢) 20 h, (f) 40 h, and (g) 60 h.
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Figure 4.5: Variation of density as a function of holding time for T; = 1450 °C and T, =
1300°C.

The microstructures of the two-stage sintered samples with fixed higher
temperature as 1450 °C, holding time as 20 hrs and different lower temperatures (T,) are
shown in Figure 4.6. The grain size increases with increasing the lower temperature. It is
found that the best microstructure without many intra-grain pores is obtained for the
sample sintered at 1450 °C (T,)/1300 °C (T,). The density, as indicated in the right hand
side of the individual micrographs, increases with increase in the second sintering

temperature (T>).
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Figure 4.6: SEM images of the two-stage sintered samples with T; = 1450 °C and
different lower temperatures, T, as (a) 1100 °C, (b) 1200 °C, (c¢) 1300 °C, (d) 1400 °C.
The numbers on the right hand side corner indicate the density of the corresponding

samples.

The SEM images of the two-stage sintered samples with different high
temperatures (T;) and lower temperatures (T,) with the fixed holding time as 20 h are
compared in Figure 4.7. The higher sintering temperature of 1450 °C (T;) and lower
sintering temperature of 1300 °C (T,) with the holding time 20 h is ideal to get the best

microstructure compared to other sintered samples.
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Figure 4.7: SEM images of the two-stage sintered samples with fixed holding time at
different T, and T, as (a) 1500/1300 °C, (b) 1450/1300 °C, (c) 1350/1200 °C, (d)
1300/1150 °C, (e) 1250/1100 °C and (f) 1100/1000 °C. The numbers on the right hand
side corner in the individual micrographs indicate the density of the corresponding

samples.
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4.3.2 Magnetic Properties
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Figure 4.8: Comparison of the room temperature initial magnetization curves of single
stage sintered samples. Inset: Variation of coercivity as a function of sintering

temperature.

Figure 4.8 shows the room temperature magnetization measurements of the single
stage sintered samples. The saturation magnetization values of all the sintered samples
are almost comparable with the literature reported value of 80 Am?*/kg for cobalt ferrite
[23]. The minor variations are due to the sample shape and orientation (measurements
were made on broken pieces of the sintered pellets with irregular shape). On the other
hand, the coercivity, as shown in the inset of Figure 4.8 decreases steadily with increase
in the sintering temperature. This is due to the increase in the grain size as evidenced
from SEM micrographs shown in Figure 4. 2. Above the critical size at which coercivity
is maximum when coercivity is plotted as a function of particle size, coercivity decreases

with increasing particle size due to the increased number of domains [24].

125



Chapter 4 Effect of Sintering

M (Am?/kg)

0 10 20 30 40 50 60
Holding time (h)
| N 1 N

O L 1 L 1 L 1 L 1
0 200 400 600 800 1000 1200

H (kA/m)

Figure 4.9: Initial magnetization curves of two-stage sintered samples (T; = 1450 °C, T, =

1300 °C) for different holding times. Inset: coercivity as a function of holding time.

Figure 4.9 shows the room temperature initial magnetization curves of the two-
stage sintered samples at T; = 1450 °C and T, = 1300 °C at different holding times. Inset
in Figure 4.9 shows the coercivity as a function of holding time. The coercivity decreases
drastically up to a holding time of 10 hrs and further slow decrease is observed as the
holding time is increased. These changes are well correlated with the changes in the grain
size with holding time, as shown in Figure 4.4. Figure 4.10 shows the room temperature
initial magnetization curves of the two-stage sintered samples with different lower
temperatures (T,) and fixed high temperature as well as for those samples sintered with
different high (T,) and lower temperatures (T,) for a holding time of 20 h. In all cases,
coercivity decreases with increasing lower (T,) temperature in the first case and the same
trend is observed for samples sintered at different high (T,) and lower temperatures (T>).
In all cases, the changes in the coercivity are well correlated with the microstructures.

Saturation magnetizations of all the two-stage sintered samples are close to 80 Am?/kg.
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Figure 4.10: Room temperature initial magnetization curves of two-stage sintered
samples, (a) for T; = 1450 °C and at different T,. Inset: variation of coercivity as a
function of Ty; (b) both T; and T, varied as indicated, inset: variation of coercivity as a

function of Tj.
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4.3.3 Magnetostriction Studies

Magnetostriction curves of the single stage sintered samples are compared in Figure 4.11.
A maximum magnetic field of 800 kA/m was applied in the parallel and perpendicular
directions. Maximum value of magnetostrictive strain of 315 ppm is obtained in the
parallel direction for the sample sintered at 1450 °C whereas lowest value of 201 ppm is
obtained for the sample sintered at 1200 °C. Magnetostriction value increases with
increasing sintering temperature from 1200 °C to 1450 °C and is then decreased for the
sample sintered at 1500 °C. For all samples, the magnetostriction value is negative along
the parallel direction. On the other hand, samples sintered at higher temperatures (> 1300
°C) show negative magnetostriction along the perpendicular direction (shown in Figure.
4.11). The maximum value of magnetostriction as a function of sintering temperature and
the corresponding strain derivative curves are shown in Figure 4.12. From Figure 4.12, it
can be seen that the sample sintered at 1450 °C shows the maximum value of
magnetostriction and largest strain derivative of 1.97 x 10° A'm whereas higher
magnetostriction is obtained at lower fields for samples sintered at lower temperatures.
From these studies, it is concluded that magnetostriction strongly depends on the

sintering temperature, which influences the microstructure.

The parallel and perpendicular magnetostriction curves of the two-stage sintered
samples with T; = 1450 °C and T, = 1300 °C with different holding time are compared in
Figure 4.13. Figure 4.14 shows the variation of maximum value of magnetostriction and
strain derivative of the two-stage sintered samples as a function of holding time.
Magnetostriction value initially increases with increasing holding time up to 20 h then
decreases. Both the magnetostriction as well as the strain derivative shows the same trend
as a function of the holding time. Maximum value of magnetostriction of 331 ppm is
obtained for the sample sintered for 20 h and higher strain derivative is obtained for this

sample.
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Figure 4.11: Magnetostriction curves measured along the parallel (Ap,) and perpendicular
(Aper) directions to the applied magnetic field for the samples sintered (single stage) at

different temperatures.
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Figure 4.13: Magnetostriction curves measured along the parallel (Ap,,) and perpendicular

(Aper) directions to the applied magnetic field for the two-stage sintered samples (T,=
1450 °C, T, = 1300 °C) with different holding time, as indicated.
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Figure 4.15 shows the magnetostriction curves measured in the parallel direction
for the two-stage sintered samples with T; = 1450 °C and different lower temperature
(T,), sintered for 20 h. Similarly, Figure 4.16 shows the magnetostriction curves
measured in the parallel direction for the two-stage sintered samples with different high
temperatures (T;) and lower temperatures (T,), sintered for 20 h. Comparison of the
magnetostriction characteristics of all the two-stage sintered samples, sintered under
different combinations of higher sintering temperature, T, lower sintering temperature,
T,, and different holding times show that maximum value of magnetostriction of 331
ppm is obtained for the sample sintered at T; = 1450 °C and T, = 1300 °C for a holding
time of 20 h.

4.3.4 Magnetic Field Annealing Studies

In the previous chapter (section 3.5), it was found that magnetic field annealing is
effective in raising the magnetostriction as well as strain derivative, due to the induced
uniaxial anisotropy. The sample sintered at 1450 °C (SG2) showed enhanced
magnetostriction as well as strain derivative compared to the values for the same sample
before annealing. In the present studies on the samples sintered under different
conditions, magnetic annealing has been carried out on two samples, one is on the single
stage sintered sample at a lower temperature (1200 °C) and the second one is on two-
stage sintered sample (T; = 1450 °C and T, = 1300 °C for a holding time of 20 h)
showing the highest magnetostriction among all the two-stage sintered samples. Magnetic
field annealing of the sintered pellets was carried out at 300 °C in a magnetic field of 400
kA/m for 30 min. The annealing field was applied perpendicular to the cylindrical axis of
the sintered pellet which is perpendicular to the measurement direction as well as the

direction of the measuring field in the case of Ayar.
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Figure 4.17: (a) Magnetostriction of single stage sintered sample (at 1200 °C) as a
function of magnetic field, along the parallel (circles) and perpendicular (squares)
directions. (b) Field derivative of magnetostriction along the parallel direction. The open

and closed symbols represent before and after magnetic field annealing, respectively.
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Figure 4.17 shows that the magnetostriction and strain derivative of the single
stage sintered (at 1200 °C) sample measured as a function of magnetic field, parallel and
perpendicular to the applied magnetic field direction before and after annealing in a field
of 400 kA/m. It is found that the effect of magnetic field annealing is similar to that found
in the case of SG2 (section 3.5) where improved magnetostriction and strain derivative
are obtained after magnetic field annealing. Maximum value of magnetostriction for the
single stage sintered sample (sintered at 1200 °C) is obtained as 201 ppm with a low
strain derivative of 0.88 x 10° A™'m before annealing. However, after annealing the
sample in a magnetic field, the maximum value of magnetostriction is increased to 295
ppm. Similarly, the strain derivative is doubled from 0.88 x 10° A'm to 1.77 x 10° A™'m,

after magnetic annealing.

Figure 4.18 shows the magnetostriction curves and the strain derivative for the
two-stage sintered sample, before and after magnetic field annealing. In the case of the
two-stage (1450/1300 °C for 20 h) sintered sample, the maximum value of
magnetostriction is increased from 331 ppm to 356 ppm and the strain derivative is
increased from 1.8 x 10° A'm to 2.05 x 10° A'm after magnetic annealing, with
considerable increase in the value of magnetostriction at low magnetic fields. In chapter
3, it was found that the same sample sintered at 1450 °C for 10 minutes (single stage
sintering) showed a maximum value of magnetostriction of 315 ppm before magnetic
field annealing and the value increased to 345 ppm after annealing (Table 3.9).
Comparable values are obtained (331 ppm before and 356 ppm after field annealing)
when the same powder sample is processed under two-stage sintering at T, = 1450 °C and
T, = 1300 °C when sintered for 20 h. The strain derivatives are also comparable for the
single-stage and two-stage sintered samples. Thus, from the present study it is concluded
that there is not much advantages on the two-stage sintering process over single stage
sintering for getting higher magnetostriction and strain derivative for sintered cobalt

ferrite.
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4.4 Conclusions

Magnetostriction studies on sintered polycrystalline cobalt ferrite derived from
nanocrystalline powders obtained by autocombustion method are made after sintering the
material under different conditions to evaluate the effect of sintering and the related
microstructure on the magnetostriction characteristics. Both single-stage as well as
double-stage sintering studies have been performed. It is found that highest
magnetostriction is obtained after sintering at 1450 °C under single-stage sintering
conditions and the changes in the value of magnetostriction are somewhat correlated with
the microstructure. In the two-stage sintering process, grain size remains constant while
density continuously increases, unlike in normal sintering in which final stage
densification is always accompanied by rapid grain growth. Out of all the experiments,
maximum value of magnetostriction of 331 ppm and strain derivative of 1.8 x 10° A" m
are achieved for the sample sintered at 1450 °C (T;) and then at 1300 °C (T,). It is
observed that under suitable two-stage sintering conditions, high values of
magnetostriction and strain derivative can be achieved. This is because the grain size and
densification of the samples are better than those obtained from single-stage sintering.
Magnetic field annealing has been shown to be very effective in enhancing the
magnetostriction and strain derivative of single and two-stage sintered cobalt ferrite
samples. Especially the sample sintered at a low temperature of 1200 °C shows huge
increment of magnetostriction as well as strain derivative compared to the two-stage
sintered samples after magnetic annealing. The values obtained are much larger than that
reported for sintered polycrystalline cobalt ferrite derived from bulk powders, so far
reported in the literature. Therefore, it is concluded that higher magnetostriction can be
achieved after sintering at relatively low temperatures and with magnetic field annealing
for sintered cobalt ferrite derived from nanocrystalline powders synthesized by the

autocombustion method.
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Chapter 5

Magnetostriction Studies on Self-Composites of
Sintered Cobalt Ferrite

5.1 Introduction

From the studies on the magnetostriction of sintered cobalt ferrite derived from
nanocrystalline powders of different sizes in the range 3 to 80 nm, as discussed in
Chapter 3, it was found that compacts sintered from smaller particles gave higher values
for maximum magnetostriction. It was also observed that the sintered material derived
from the powder sample G8 with a particle size of 40 nm gave higher magnetostriction at
low magnetic fields compared to the compacts derived from the powder samples G1 and
G2 derived from smallest particle sizes even though the latter showed higher maximum
value of magnetostriction at high magnetic fields. Similarly, the compact made from bulk
powders of particle size > lum gave higher density with lower porosity when sintered
under identical conditions. Hence, we have tried a novel concept of mixing the powders
of different particle sizes and made sintered self-composites with an intention to obtain

higher magnetostriction at lower magnetic fields with improved sintered density.

In this chapter, we show that much higher values of the magnetostriction
coefficient can be obtained for sintered polycrystalline cobalt ferrite by making self-
composites obtained by sintering a physical mixture of cobalt ferrite powders with

different initial particle sizes. Powders of G1 (3 nm), G2 (4 nm) and G8 (40 nm) samples
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obtained by the autocombustion method and GO (>1pum) sample synthesized by the

ceramic method are used for making the self-composites.
5.2 Preparation of Self-Composites

The cobalt ferrite self-composites were prepared by thoroughly mixing the powders of
cobalt ferrite having different particle sizes. Details of preparation of the powder samples
having different particle sizes are discussed in Chapter 3 (section 3.2 and Table 3.1).
Starting powders of G1 (3 nm), G2 (4 nm), G8 (40 nm) and GO (> 1um) were used for
making the sintered self-composites. Two different types of composites are prepared; one
involving two components and the other with three components, using the above
mentioned starting powders. Compacts were made by mixing different powders taking
appropriate weight percentages as mentioned in the individual sections in this chapter.

Details of compaction and sintering are discussed in Chapter 2 (section 2.3 and 2.4).

5.3 Magnetostriction Studies on Self-Composites

5.3.1 Two-Component Systems

Self-composites involving the starting powders of GI1 which showed larger
magnetostriction at high magnetic fields after sintering (sample SG1, Figure 3.13) and G8
showing larger magnetostriction at lower magnetic fields after sintering (sample SGS,
Figure 3.13) were initially tried for different weight ratios of the powders, as shown in
Table 5.1. All the mixed powder samples were compacted under identical conditions as
discussed in Chapter 2 (section 2.3). For comparison, all samples are sintered at 1450 °C
for 10 minutes, as it was found that samples sintered at this temperature showed higher
magnetostriction after single-stage sintering (Chapter 4, section 4.3.3). Since the
magnetostriction measured parallel to the applied magnetic field is important, only these

values are shown for comparison.
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Figure 5.1: Magnetostriction curves measured in the parallel direction for two-component
self-composites derived from powders of G1 and G8. The numbers indicate weight

percentages of the individual powders.

The magnetostriction curves of the sintered self-composites for different ratios of
the powders of G1 and G8 are shown in Figure 5.1. An important observation is that, for
the sintered individual components G1 and G8, magnetostriction is saturated at higher
magnetic fields, whereas the magnetostriction continuously increases even at higher
magnetic fields for all composites. For all the self-composites, the maximum value of
magnetostriction is found to be larger than that of the individual components at high
fields. Maximum value of magnetostriction initially increases with increasing amount of
G8 (particle size 40 nm), reaches a maximum value and then decreases (Table 5.1). The
highest maximum value of magnetostriction is obtained for the ratio of 70% G1 and 30%
G8 by weight and then decreases. The highest value of maximum magnetostriction is

obtained as 375 ppm for this sample with almost comparable value for the 80:20
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composite. Moreover, the highest value of the strain derivative of 1.55 x 10° A™'m is
obtained for the 80:20 composite. However, there is no improvement in the value of
magnetostriction at low magnetic fields, even for larger amounts of G8 used, compared to

the value for the individual component G8.

Table 5.1: Weight percentages of the powders G1 and G8 used for making the self-

composites and the magnetostriction parameters.

Weight | Weight | Sintered Amax dA/dH

% of % of | density | (parallel) | (10 A”'m)
Gl1 G8 (%) (ppm)

100 0 80 -307 -1.14
90 10 81 -347 -1.34
85 15 82 -360 -1.50
80 20 82 -368 -1.55
70 30 82 -375 -1.48
60 40 82 -330 -1.34
50 50 83 -318 -1.35
0 100 84 -254 -1.35
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Figure 5.2: Magnetostriction curves measured in the parallel direction for self-composite

of G1 and G8 (80:20) sintered at different temperatures.

The effect of sintering temperature on the magnetostriction characteristics is
measured for the 80:20 self-composite which showed higher strain derivative when
compared to the 70:30 self-composite but with comparable maximum value of
magnetostriction. The samples were sintered at three different temperatures for 10
minutes each. The results are shown in Table 5.2 and Figure 5.2. It is found that the
composite sintered at 1450 °C shows the highest maximum value of magnetostriction and
the value decreases with decreasing sintering temperature. The magnetostriction curves
show that the value of magnetostriction below a field of 300 kA/m is not affected by the

sintering temperature.
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Table 5.2: Effect of sintering temperature on the magnetostriction characteristics of the

self-composite with 80% G1 and 20% GS.

Weight | Weight | Sintered | Sintering Amax d\/dH
% of % of | density | temperature | (parallel) (10° A™'m)
Gl G8 (%) (°C) (ppm)
80 20 82 1450 -368 -1.55
80 20 80 1400 -333 -1.40
80 20 69 1300 -278 -1.07

Table 5.3: Characteristics of the self-composites with 80% G1 and 20% of different

powder samples, sintered at 1450 °C.

Weight | Weight | Weight | Weight Sintered Amax dA/dH
% of % of % of % of density (%) | (parallel) (10° A™'m)
Gl G2 G8 GO (ppm)
100 80 -307 -1.14
100 80 -315 -1.97
100 80 -254 -1.35
100 89 -151 -0.56
80 20 - - 81 -344 -1.39
80 - 20 - 82 -368 -1.55
80 - - 20 81 -350 -1.46

The magnetostriction characteristics of the self-composites made from 80% of G1
(3 nm) with 20% of powder samples of different particle sizes; G2 (4 nm), G8 (40 nm)
and GO (>1 pm) and sintered at 1450 °C for 10 minutes are compared in Table 5.3 and
Figure 5.3. For all the self-composites, the maximum value of magnetostriction is larger
than the values obtained for the individual components sintered under identical
conditions. Even though sintered GO showed higher density compared to G1, there is not

much improvement in the density when 20% GO is mixed with 80% GI1.
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Figure 5.3: Magnetostriction curves measured in the parallel direction for self-composites

derived from 80% of G1 and 20% of different starting powders of G2, G8 and GO.

Table 5.4: Characteristics of the sintered self-composite with 80% G2 and 20% G8 as
well as GO.

Weight | Weight | Weight | Sintered Sintering Amax d\A/dH
% of % of % of density | temperature | (parallel) (10° A'm)

G2 G8 G0 (“o) O (ppm)

80 20 - 83 1450 -314 -1.41
80 20 - 78 1400 -310 -1.46
80 20 - 68 1300 -278 -1.38
80 - 20 83 1450 -317 -1.49
80 - 20 80 1400 -333 -1.50
80 - 20 67 1300 -280 -1.18
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From a comparison of the results on the different combinations of the sintered
two-component self-composite samples (G1/G2, G1/G8, G1/G0), it is found that higher
magnetostriction and strain derivative are obtained for composites using 80% of G1 and
20% G8. It was also found that the value of magnetostriction strongly depends on the
sintering temperature. Better density and higher magnetostriction are obtained after

sintering at 1450 °C.
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Figure 5.4: Magnetostriction curves measured in the parallel direction for the self-

composites of G2 and G8 (80:20) sintered at different temperatures.

Having found that a self-composite made of powders of 80% G1 (particles of size
3 nm) and 20% of GO (particles of size > 1 um) or 20% of G8 (particles of size 40 nm)
gave higher magnetostriction and strain derivative, similar studies are made on self-

composites made of 80% of G2 (particles of size 4 nm). Initially, the effect of sintering
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temperature is studied on the composition containing 80% by weight of G2 and 20% of
G8 as well as GO. All the samples are sintered at the respective temperatures for 10
minutes. The results are shown in Table 5.4, Figure 5.4 and Figure 5.5. It is observed that

highest maximum value of magnetostriction is obtained for the self-composite made of
G2 and GO sintered at 1400 °C.
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Figure 5.5: Magnetostriction curves measured in the parallel direction for the self-

composites of G2 and GO (80:20) sintered at different temperatures.
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Figure 5.6: Magnetostriction curves measured in the parallel direction for the self-
composites derived from powders G2 and GO for varying compositions and sintered at

1400 °C. The numbers indicate weight percentages of the individual powders.

Since the self-composite of G2 and GO sintered at 1400 °C showed the highest
maximum value of magnetostriction at high magnetic fields, magnetostriction
measurements are made on the sintered self-composites of G2 and GO for different
weight ratios. The results are sown in Table 5.5 and Figure 5.6. As observed in the case
of the self-composites of G1 and G8 (Table 5.1), the maximum value of magnetostriction
initially increases with increasing the contribution of GO and then decreases after
reaching a maximum value of -333 ppm for the 80:20 composite. Highest maximum
value of magnetostriction of the 80:20 self-composite is much larger than that obtained

for G2 alone with comparable strain derivative of ~1.5 x 10° A™'m.
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Table 5.5: Characteristics of the self-composites with varying ratios of G2 and GO,
sintered at 1400 °C for 10 minutes.

Weight | Weight Sintered Amax dA/dH
% of % of density (parallel) (10° A'm)
G2 GO (%) (ppm)
100 0 75 -260 -1.54
90 10 81 -305 -1.34
85 15 81 -322 -1.51
80 20 80 -333 -1.50
75 25 81 -307 -1.49
60 40 79 -268 -1.13
50 50 80 -243 -1.22
25 75 79 -218 -1.08
0 100 84 -216 -0.98

5.3.2 Three-Component Systems

It is found that the two-component self-composites made from starting powders of
different sizes, with larger amount of the powder sample with smaller particle size,
exhibit different magnetostriction characteristics. Also, using powders of 80% of G1 (3
nm) with 20% G8 (40 nm) as well as GO (> 1 um) gave higher maximum values of
magnetostriction compared to 80% of G2 used instead of G1. Hence, studies are made on
three-component self-composites also with powders of G1, G8 and GO as components.
The magnetostriction characteristics of different combinations of the three component
self-composites are compared in Table 5.6. Figure 5.7 shows the magnetostriction curves
of different combination of three-component self-composites recorded up to a maximum
magnetic field strength of 800 kA/m, in the parallel direction (A,.) with respect to the
direction of applied magnetic field. The self-composite made from the three starting

powders of different particle sizes (3 nm, 40 nm and > 1 pm) in the ratio of 80:10:10 by
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weight shows a very high maximum value of magnetostriction of ~400 ppm as well as

high strain derivative of 1.84 x 10° A™'m.

The individual component powders G1 (3 nm), G2 (40 nm), and GO (>1 pm) with
different particle sizes in the increasing order after sintering gave maximum values of
magnetostriction as 307, 254, and 151 ppm (sintered samples SG1, SG2, and SGO,
respectively, as discussed in Chapter 3), respectively, as shown in Table 5.6, where the
value of maximum magnetostriction decreases with increasing particle size of the starting
powders. On the other hand, the two-component systems gave a maximum
magnetostriction around 350—370 ppm when G1 with the smallest particle size of 3 nm is
made in to a composite with larger particles (Table 5.3) and this value is enhanced to
~400 ppm for the sintered material derived from the three-component mixture (Table

5.6).

Table 5.6: Magnetostrictive properties of the three-component self-composites.

Sample Ratio Apar d»/dH

Code (Wt %) (ppm) | (10°A™"m)
Gl | G8 | GO

SG1 | 100 -307 -1.14
SG2 100 315 -1.97
SG3 100 | -151 -0.56
TC1 | 80 | 10 | 10 | -396 -1.84
TC2 | 70 | 10 | 20 | -394 -1.58
TC3 | 60 | 10 | 30 | -378 -1.53
TC4 | 60 | 20 | 20 | -375 -1.59
TC5 | 70 | 20 | 10 | -372 -1.56
TC6 | 80 | 5 | 15 | -350 -1.45
TC7 | 80 | 15 | 5 | -340 -1.45
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Figure 5.7: Magnetostriction curves measured in the parallel direction for the three-

component self-composite samples. The sample codes are defined in Table 5.6.
5.3.3 Effect of Magnetic Field Annealing

Magnetic field annealing was found to be very effective in enhancing the
magnetostriction coefficient and strain derivative of sintered cobalt ferrite derived from
the powder samples G1, G2, G8 and GO (sintered samples SG1, SG2, SG8 and SGO,
respectively, as discussed in Chapter 3, section 3.4.6) due to the induced easy axis
direction parallel to the annealing field, which affects magnetization processes and
domain configuration. Higher magnetostriction coefficient perpendicular to the direction
of the annealing field is be achieved by magnetic field annealing because of the

reorientation of the domains along the measurement direction, as reported in the literature
[1,2].
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Two-component Systems

Magnetostriction of the two-component self-composites are studied after magnetic field
annealing to enhance the magnetostriction coefficient and strain derivative as observed in
the case of the individual components. Composites derived from G1, G8 and GO only are
studied which showed higher magnetostriction coefficient compared to the composites
derived from G2. As shown in Figure 5.8 and Table 5.7, among the different combination
of two-component self-composite samples (G1/G8, G1/G0 and G8/G0), the G1/G8 and
G1/GO0 self-composites showed higher maximum magnetostriction values of 368 ppm and
350 ppm, respectively, without magnetic field annealing. On the other hand, the highest
value of magnetostriction obtained for the individual components is 307 ppm for sample
Gl (Table 5.7). For the self-composite G8/GO, the magnetostriction obtained is
comparable to that for the sample G8 alone. Even though the sample G8/G0 shows
relatively lower maximum magnetostriction (245 ppm), higher magnetostriction value of
364 ppm is obtained after magnetic field annealing, comparable to the values obtained for
the other two composites (346 and 371 ppm, respectively, for G1/G8 and G1/G0). Also,
unlike in the case of the individual components G8 and GO, there is not much
improvement in the magnetostriction of G1/G8 and G1/G0 samples after magnetic field
annealing, apart from the increase in the strain derivative. An important observation is
that, wherever very small particles are used for the composites, higher magnetostriction is
obtained without magnetic field annealing. This shows that making the self-composites
using smaller and larger particles of the same material is advantageous over magnetic

field annealing.
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Figure 5.8: Magnetostriction curves of the two-component self-composites
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closed symbols represent before and after magnetic field annealing, respectively.
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Table 5.7: Magnetostriction characteristics before and after magnetic annealing for the

two component self-composites, compared with the individual components.

Sample Ratio Before magnetic After magnetic
Code (Wt %) annealing annealing
bpar | AMAH | e | dMAH

G1|G8 | Go | (ppm) | (10°A7m) | (ppm) | (10°A”'m)

Gl -307 -1.14 -304 -1.70
G8 -254 -1.35 -353 -2.03
GO -151 -0.56 -276 -1.38
G1/G8 80 | 20 | - -368 -1.55 -346 -2.08
G1/G0 80 | - | 20 | -350 -1.50 -371 -2.43
G8/GO0 - | 80 | 20 | -245 -1.32 -364 -2.29

Three-component systems

Figure 5.9 shows the magnetostriction and strain derivative of the three-component
system TC1 (80%G1, 10%G8 and 10%G0), which showed the highest maximum value of
magnetostriction and strain derivative before and after magnetic field annealing. In fact,
the maximum value of magnetostriction is reduced considerably (9%) for this composite
after field annealing whereas the low-field magnetostriction is considerably increased
without any major changes in the strain derivative. Magnetostriction is saturated above a
field of 400 kA/m after annealing in the magnetic field whereas the magnetostriction

increases continuously up to the maximum field of measurement before annealing.
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Figure 5.9: (a) Magnetostriction curves of the three-component self-composite G1/G8/GO0
as a function of magnetic field, measured parallel to the applied magnetic field before and
after annealing in a field of 400 kA/m and (b) field derivative of magnetostriction along
the parallel direction. The open and closed symbols represent before and after magnetic

field annealing, respectively.
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5.4 Microstructure

The SEM images of the different two-component composites derived from G1 and G8 as
well as G2 and GO are shown in Figure 5.10 and Figure 5.11, respectively. Similarly,
Figure 5.12 shows the SEM images of the different three-component composites. The
SEM images of the single components G1, G8 and GO are compared with the two-
component and three-component self-composites showing maximum value of
magnetostriction in Figure 5.13. It is found that there is no correlation between the
density of the sintered self-composites and the maximum value of magnetostriction.
Similarly, the observed microstructures also are not correlated much with the maximum

value of magnetostriction.
5.5 Discussion

The effect of magnetic field annealing is to increase the magnetostriction at low fields for
all samples. As mentioned in Chapter 1, apart from the magnitude of magnetostriction,
the slope of the magnetostriction (dA/dH) or strain derivative or the magnetomechanical
coupling factor is also an important factor for stress sensing applications. Comparison of
the strain derivative (dA/dH) for different samples before magnetic field annealing shows
that the highest value of strain derivative of 1.97 x 10~ A™'m is obtained for G2 sintered
at 1450 °C with a maximum value of magnetostriction of 315 ppm. However, highest
value of maximum magnetostriction of 396 ppm is obtained for the three component
composite of G1, G8 and GO (80:10:10). This is much larger than the previously reported
values for sintered cobalt ferrite [3, 4]. However, the strain derivative for this composite
is obtained as 1.84 x 10° A”'m. After magnetic field annealing, highest value of strain
derivative of 2.43 x 10~ A™'m is obtained for the two-component system G1/GO0 (80:20)

with maximum value of magnetostriction of 371 ppm.
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Figure 5.10: SEM images of two-component self-composites of G1 and G8 sintered at
1450 °C. (a) G1, (b) 90G1:10G8, (c) 85G1:15G8, (d) 80G1:20GS, (e) 70G1:30G8, (f)
60G1:40G8, (g) 50G1:50G8, (h) GS.

159



Chapter 5 Self-Composites of Cobalt Ferrite

Figure 5.11: SEM images of two-component self-composites of G2 and GO sintered at
1400 °C. (a) G2, (b) 90G2:10GO0, (c) 85G2:15G0, (d) 80G2:20G0, (e) 70G2:30G0,
(f) 60G2:40G0, (g) 50G2:50G0, (h) GO.
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Figure 5.12: Comparison of the SEM images of the three-component self-composites,
with different weight percentages of G1/G8/G0. (a) 80/10/10, (b) 70/10/20, (c) 60/10/30,

(d) 60/20/20, (e) 70/20/10, (f) 80/5/15, (g) 80/15/5.
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Figure 5.13: Comparison of the SEM images of the sintered samples (a) G1, (b) G8, (¢)
GO, (d) G1/G8, (e) G1/G0, (f) G8/GO0, (g) G1/G8/GO.
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For the three component system, the maximum value of magnetostriction is reduced from
396 ppm to 361 ppm after field annealing. After magnetic field annealing, all the self-
composites show higher strain derivatives in the range 2.0-2.4 x 10° A 'm. The
obtained highest value of magnetostrictive strain of ~400 ppm is almost closer to the
value reported for single crystals of cobalt ferrite [5, 6] and almost double the value
reported for sintered polycrystalline cobalt ferrite samples produced from larger particles.
The highest value so far reported for sintered cobalt ferrite derived from bulk powders is
225 ppm, for compacts made under normal conditions and without any magnetic field
annealing [7]. Also, the magnitude of magnetostriction close to 400 ppm along the
parallel direction is so far reported for samples compacted under very high pressures,
sintered for a longer duration and only after magnetic field annealing at very high

magnetic fields for a longer duration [§].

From a comparison of the magnitude of maximum magnetostriction and strain
derivative of the individual components and self-composites, it is found that when the 3
nm particles (G1) are used for compaction, the magnetostriction is not changed much
whereas large changes are observed when larger particles are used (separately or in
composites), after magnetic field annealing. Also, there is not much correlation between
the changes in the magnitude of maximum magnetostriction and the strain derivative,
except that magnetostriction at low fields is enhanced after magnetic field annealing and
maximum strain derivative is obtained at lower magnetic fields. This shows that the
induced uniaxial anisotropy and the associated changes in the magnetization processes
and domain configuration, as reported previously, alone are not sufficient to explain the
changes in the value of magnetostriction and strain derivative. A major observation is that
the change in the magnetostriction is very small after magnetic field annealing when the
smallest particles (3 nm) are used while making the compacts. In fact, a decrease in the
magnetostriction is observed for the three sintered samples derived from Gl (—1%),
G1/G8 nm (—6%), and G1/G8/GO (—9%). On the other hand, some increase in the strain
derivative is observed for the first two samples. This unusual changes on magnetic

annealing is likely to be coupled with the induced anisotropy as well as the
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microstructure, because the induced anisotropy can also be affected by the size, shape

and orientation of the grains in the sintered samples.

Even though there is not much difference in the microstructures of the different
samples (see Figure 5.13), there are some smaller grains present in the images of the
composites prepared using the 3 nm particles, which could be the deciding factor for the
changes in the magnetostriction and strain derivative of the composites. It is possible that
most of the domains in the smaller grains are aligned away from the direction of the
measuring field so that there is not much effect of reorienting the domains after field
annealing. Another possibility is that, if the direction of magnetization is already aligned
in random directions in the smaller grains and is not influenced by magnetic field
annealing, contribution from these smaller grains toward magnetostriction will not be
influenced on field annealing. Similar effects may be the reasons for the unusual changes
in the strain derivative also. However, these observations need to be verified by further

detailed studies.

5.6 Conclusions

In conclusion, it has been shown that very high magnetostriction at room temperature can
be achieved for polycrystalline sintered cobalt ferrite if compacts are made in to the form
of a self-composite where the components in the composites are nano and micrometer
sized powders of the same material. Larger maximum value of magnetostriction of ~400
ppm and maximum value of strain derivative of 2.0 x 10~ A™' m could be achieved for a
self-composite made from powder particles of three different sizes in the nano and
micrometer levels, whereas the individual components gave values less than 310 ppm.
Unlike for the individual components, the magnetostriction is not saturated at the highest
measuring field of 800 kA/m for the three-component composite, indicating that it is
further possible to improve the magnetostriction of sintered cobalt ferrite at higher fields.
Also, in the case of the self-composites, higher magnetostriction can be achieved without
any magnetic field annealing, thereby reducing the processing cost for various

applications.
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Chapter 6

Magnetostriction Studies on Mn Substituted
Cobalt Ferrite Derived from Nanocrystalline
Powders

6.1 Introduction

Cobalt ferrite is a suitable alternative magnetostrictive material for various applications
over the currently used Terfenol based alloys [1]. The major problem for using sintered
cobalt ferrite for magnetostrictive applications is the low magnetomechanical coupling
factor or the strain derivative, along with the relatively low magnetostriction coefficient
[2, 3]. It has been proposed that the strain derivative can be enhanced by suitable
substitution by Mn ions [4]. Greenough and Lee have studied the magnetostriction
constants of single crystals of cobalt-manganese ferrites CoxMn;Fe,O4 series as a
function of temperature [5]. The authors found that magnetostrictive properties of Mn
substituted cobalt ferrite depend on the occupation of cobalt ions at the B sites of the
spinel lattice, which can be altered by heating the materials at different temperatures. The
observed temperature dependence of magnetostriction was found to be in good agreement
with the theoretical predictions. Pointon and Akers have studied the theoretical aspects of
substituting Mn for Co and Fe, on the magnetostriction constants of cobalt ferrite [6].
Using ab initio calculations, the authors have studied the effect of Mn ions in cobalt
ferrite on the magnetostriction coefficients Ajoo and A1 These calculations were based

on theoretical predictions of the single-ion model. The results showed that Mn®" ions
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substituted on the octahedral sites have negligible contribution whereas Mn®* ions
substituted in the tetrahedral sites have a significant contribution on magnetostriction.
The calculations also predicted that, Mn*" ions, if present in the tetrahedral sites, could be
an additional source of magnetostriction whereas Mn*" ions in the octahedral sites do not
contribute to magnetostriction. Thus, the reported studies revealed the importance of Mn

substitution in determining the magnetostrictive properties of cobalt ferrite.

Recent studies have shown that magnetostrictive properties of sintered
polycrystalline cobalt ferrite can be controlled and tailored to practical applications
through the appropriate choice of substitution of different divalent and trivalent cations.
The substitution of different metal ions (Mn3+, Cr3+, Zn2+, Si*" and Ga3+) for Fe in cobalt
ferrite has been found to increase the strain derivative even though the magnetostriction
value is considerably decreased for the material synthesized through the conventional
ceramic route [4,7-17]. Paulson et al studied the substitution of Mn for Fe in cobalt
ferrite, CoFe,xMn,Os, to investigate the effects of composition on the magnetostriction
coefficient [4]. It was found that magnetization, magnetostriction and Curie temperature
were decreased with increasing Mn content. A drastic reduction in the magnetostriction
was observed between 0.2 < X < 0.4, with enhanced strain derivative. Caltun et al have
investigated the effect of Mn substitution for Fe in the series CoFe, (MnO4 (X varies
from 0 to 0.6) and found that by adjusting the Mn content and sintering process
parameters, the properties of the materials could be optimized for wuse in
magnetomechanical stress sensors, even though the magnetostriction coefficient
decreased drastically upon substitution [13, 14]. Bhame and Joy have compared the effect
of replacing both Co and Fe by Mn in cobalt ferrite on the magnetostriction coefficient
[15-17]. However, a decrease in the magnetostriction coefficient and saturation
magnetization, with increasing concentration of the Mn at both Fe and Co sites, was
observed, despite the fact that there is an improvement in the strain derivative.
Méssbauer spectroscopy studies of CoFe,,Mn,O4 showed that Mn®* ions occupy the
octahedral (B) sites and displace Co”" ions to the tetrahedral (A) sites in the spinel lattice
[18]. Similarly, Melikhov et al studied the magnetic anisotropy of CoFe, Mn,O4 and

167



Chapter 6 Mn Substituted Cobalt Ferrite

found that the anisotropy decreases with increasing Mn content [19]. This proved that the

change in anisotropy is due to the displacement of Co from the octahedral sites by Mn.

Several reports are available in the literature on the magnetic and magnetostrictive
properties of substituted cobalt ferrite. These studies are focused on samples prepared by
the ceramic method, where the control over the grain size and their distribution are very
hard to be achieved. It is desirable to get higher magnetostriction coefficient along with
large strain derivative for Mn substituted cobalt ferrite for practical applications.
However, so far there are no reports on the magnetostriction studies of Mn substituted
cobalt ferrite derived from nanocrystalline materials. Since cobalt ferrite synthesized by
the autocombustion method and sintered under optimized conditions showed very large
magnetostriction and strain derivative, as discussed in the previous chapters, we have
investigated the influence of the initial particle size of the starting powders of CoFe,.
MnO4 and CoxMn;Fe,O4 with X varying from 0 to 0.3 on the magnetostriction

coefficient and strain derivative of the sintered ferrite samples.

6.2 Synthesis

Nanocrystalline powders of CoFe; MnyO4 (CFM) and CoxMn; 4Fe,O4 (CMF) with X
varying from 0 to 0.3 with steps of 0.05 were synthesized by the autocombustion method,
using glycine as a fuel, as described in Section 3.2. The G/N ratio of 0.09 used for the
synthesis of sample G2, which showed highest maximum value of magnetostriction and
strain derivative after sintering (Table 3.3) was used for the synthesis of the Mn
substituted compositions. Stoichiometric amounts of cobalt, iron and manganese nitrates
were dissolved in distilled water. Glycine, corresponding to the G/N ratio of 0.09 was
also dissolved separately in minimum amount of distilled water. All the solutions were
mixed together and the mixed solution was evaporated on a hot plate. After the
evaporation of water, the resulting thick mass burned spontaneously to give the cobalt

ferrite powder.
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Magnetic and magnetostriction characteristics of substituted cobalt ferrite are
shown to exhibit strong dependence on the sintering temperature and substitution levels
[20]. Most of the studies on the magnetostriction of Mn substituted cobalt ferrite have
been made on the samples sintered at 1300 °C. Caltun et al have studied the effect of
chemical composition and sintering conditions on the microstructure, magnetic and
magnetostrictive properties of Mn substituted sintered polycrystalline cobalt ferrite [21].
The authors found that the manganese substituted cobalt ferrite sintered at 1300 °C shows
maximum value of magnetostriction as well as high strain derivative. Therefore, in the
present study, initially the as-synthesized CoFe, MnyO4 and Co;MnyFe,O4 powders

were compacted and sintered at 1300 °C for 10 minutes.

6.3 Results and Discussion

6.3.1 Powder XRD Analysis

Powder XRD measurements were used to confirm the formation and phase purity of all
the samples and some of the patterns are shown in Figure 6.1. Only the most intense
reflection of the cubic spinel ferrite is observed in all the XRD patterns. This reflection in
the XRD patterns of both CoFe, «MnyO4 and Co;xMnFe,O4 series are very broad,
indicating the nanocrystalline nature of the samples prepared with the present approach.
The average crystallite size was calculated using the Scherrer formula, estimated from the
FWHM intensity for the (311) reflection. The calculated average crystallite size was ~4

nm for all compositions for both series.

XRD patterns of some of the sintered samples in both the CoFe,.«Mn,O4 and
Coi.xMnyFe,04 series are shown in Figure 6.2. All the XRD patterns show formation of
single phase spinel ferrite. Further confirmation for substitution of Mn in the cobalt
ferrite lattice for Co as well as Fe is obtained from Curie temperature measurements as

discussed in the next section.
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Figure 6.1: Powder XRD patterns of the as-synthesized samples of CoFe, (Mn,O4 and

Co1.xMnyFe, 04 for different X values, as indicated.
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Figure 6.2: Powder XRD patterns of the sintered samples of CoFe,MnyO4 as well as

Coi.xMnFe, O, for different X values, as indicated.
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6.3.2 Magnetic Measurements

Magnetic measurements were made on the sintered samples to confirm the formation of
the Mn-substituted compositions. The temperature dependence of the magnetization,
measured in a magnetic field of 8 kA/m, is shown in Figure 6.3 and the variation of the
Curie temperature as a function of Mn concentration for both series is shown in Figure
6.4. It can be seen that Curie temperature (T.) for both series continuously decreases with
increasing Mn content. In the CoFe, Mn,O, series, the Curie temperature is decreased
from 795 K to 712 K for the variation of X from 0 to 0.3. On the other hand, the variation
is from 795 K to 766 K in the case of Co,. Mn,Fe,0, series. For both the series, a linear
decrease in the Curie temperature is observed. The trend in the decrease in the Curie
temperature is comparable to that reported for bulk CoFe, \Mn,O4 as reported by Paulson
et al [4] as well as by Bhame and Joy [17]. These results confirm the formation of the

corresponding Mn substituted compositions.

The difference in the variation of the Curie temperatures of the CoFe, ;Mn4O,4 and
Co1xMn.Fe,Oy series is due to the difference in the cation distributions in the octahedral
and tetrahedral sites of the spinel ferrite lattice. When Mn®" is substituted for Co>", Mn*"
ions preferentially occupy the tetrahedral sites as in the case of MnFe,O4. Whereas Mn**
ions substituted for Fe’* will lead to octahedral site occupancy of the Mn®" ions, as in the
case of CoMn,04. The reducing amount of strong Fe-O-Fe exchange interactions when
Mn is substituted for Fe can affect the Curie temperature drastically. The Curie
temperature for CoMn,04 is 90 K [22] whereas for MnFe,Oy it is 573 K [23]. When Mn
is substituted for Co, the Curie temperature is expected to decrease but not as rapidly as
when compared to Mn is substituted for Fe. In present case, the observed changes in the
Curie temperature are in accordance with these conclusions. The magnetic properties of

the sintered samples are summarized in Table 6.1.
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Figure 6.3: Temperature dependence of the magnetization for different compositions of
sintered CoFe, xMnyO4 and Co; xMnyFe,O4 samples.
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Figure 6.4: Variation of the Curie temperature (T.), as a function of Mn concentration for

the CoFe, Mn,O, and Co,. Mn,Fe,0, samples.

The room temperature saturation magnetization and coercivity of the sintered
CoFe, Mn,O4 and Co;Mn,Fe,O, samples are given in Table 6.1. For CoFe, Mn,O,,
saturation magnetization slightly decreases with substituting the manganese
concentration. Similar decrease of the magnetization is already reported when Mn is
substituted for Fe in CoFe,O4 [21]. The decrease in the magnetization is due to the
decrease in the magnetic moment from 5 pg for Fe’™ to 4 pg for Mn®". On the other hand,
substitution of Mn®" for Co®" is expected to enhance the magnetization because of an
increase of the total magnetic moments when Co" (3 pg) is replaced by Mn®" (5 pg). The
experimental magnetic moments of CoFe,O4 and MnFe;O4 are 3.7 pg and 4.6 ps,
respectively [24]. However, the expected trend is not observed for Co; MnsFe,Oy4
samples. This may be due to the difference in the processing conditions. Another
possibility is that the substituted Mn occupies as Mn’" in the octahedral sites and

displaces Fe’" to the tetrahedral sites so that the effective magnetic moment is decreased.
174



Chapter 6

Mn Substituted Cobalt Ferrite

In the CoFe, Mn,O, series, the coercivity continuously decreases with increasing

manganese concentration. However, in the case of Co;Mn,Fe,O, series, coercivity

initially increased with manganese concentration of X = 0.05 and then decreases with

increasing manganese concentration.

Table 6.1: Magnetic properties of the sintered samples of Mn substituted cobalt ferrite.

Concentration | Density M; H. T,
) (%) | (Am’/kg) | (kA/m) (K)
Co1xMn,Fe,O4
0 71 80.8 18.5 795
0.05 70 74.6 30.1 784
0.1 69 75.6 28.9 779
0.15 66 75.8 279 778
0.2 67 76.6 26.2 774
0.25 63 75.4 24.1 772
0.3 60 74.6 23.9 766
CoFe, x\Mn,O4
0 71 80.8 18.5 795
0.05 71 79.6 16.3 781
0.1 71 78.8 12.0 761
0.15 72 79.4 11.9 746
0.2 72 78.5 10.7 725
0.25 65 78.2 10.3 720
0.3 65 77.4 7.6 712
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Figure 6.5: SEM images of sintered CoFe,O4 (a), and for x = 0.1, 0.2 and 0.3 in
CoFe,.xMnOy4 (b,d,f), and Co;.xMnsFe,04 (c,e,g).
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6.3.3 Microstructure

SEM micrographs of the fractured surfaces of the sintered samples of CoFe, Mn,O, and
Co;xMn,Fe,04 are shown in Figure 6.5. It can be seen that there is a difference in the
microstructure for both the series, compared to the parent sample. The micrograph of the
parent sample shows almost uniformly sized grains. However, in the case of the Mn
substituted compositions, the porosity and grain size increase with increasing Mn content.
This is reflected in the values of the density of the sintered samples also (shown in Table
6.1). The density is decreased in both cases with increasing Mn content. Similar results
are reported in the literature for the sintered samples derived from powders synthesized
by the ceramic method [15]. In the case of the present samples, grain size is smaller than

that reported in the literature for the bulk counterparts [21].

6.3.4 Magnetostriction Studies

Figure 6.6 and 6.7, respectively, show the magnetostriction curves of CoFe, MnsOy
(CFM) and Co; xMnyFe,O4 (CMF) series of compositions as a function of magnetic field,
measured at room temperature, along the parallel and perpendicular directions to the
applied magnetic field. For the CFM series, the maximum value of magnetostriction
along the parallel direction (Ap,) is obtained as 230 ppm for X = 0 above a field of 540
kA/m. Maximum value of Ay, is initially decreased to 203 ppm for X = 0.05 and further
increases up to 234 ppm for X = 0.2. For Mn substituted cobalt ferrite in the series CoFe,.
Mn,O,, so far the highest value reported in the literature is 198 ppm [7]. Also, the
maximum value of magnetostriction for X = 0.2 is comparable to that obtained for the
unsubstituted cobalt ferrite. Moreover, the field at which the highest value of
magnetostriction is obtained is reduced to 360 kA/m for all the CFM series of
compositions. The magnetostriction value for CFM for X = 0.2 is larger at low field
strengths when compared to that of the unsubstituted cobalt ferrite. For the CMF series,
magnetostriction is decreased continuously with increasing manganese concentration (X).

Magnetostrictive properties of CFM and CMF series of compositions are compared in
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Table 6.2. It can be seen that the highest strain derivative of 1.65 x 10° A™'m is obtained
for x = 0.2 in CoFe,.\MnO4, along with the highest magnetostriction. The changes in the
maximum value of magnetostriction (Ayna.x) along the parallel direction and the
corresponding strain derivative (dA/dH) of CFM and CMF series as a function of
manganese concentration are shown in Figure 6.8. In the case of the CMF series,

magnetostriction and stain derivative decreases with increasing manganese concentration

(X).

Table 6.2: Magnetostrictive properties of CoFe, (Mn,O4 and Co;xMnyFe,O4 series of

compositions.
Concentration CoFe; \Mn,O4 Co1xMnFe;O4

() hpar | per d)/dH Mpar | Aper d)/dH
(ppm) | (ppm) | (10°Am) | (ppm) | (ppm) | (10°A'm)

0 -230 +43 -1.01 -230 | +43 -1.01

0.05 -203 +55 -1.08 212 | +93 -1.01

0.1 -209 +49 -1.33 -202 | +92 -0.98

0.15 212 +42 -1.62 -190 | +89 -0.87

0.2 -234 +16 -1.65 -171 +90 -0.83

0.25 -194 +35 -1.59 -158 | +74 -0.70

0.3 -185 +25 -1.43 -155 | +77 -0.70
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Figure 6.6: Magnetostriction curves of different compositions of CoFe, <Mn,O4 sintered

samples as a function of applied magnetic field measured along the parallel (A,.) and

perpendicular (A,er) directions.
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Figure 6.7: Magnetostriction curves of different compositions of Co;.\MnyFe;O4 sintered

samples as a function of applied magnetic field measured along the parallel (Ap.) and
perpendicular (A,,) directions.
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derivative of sintered CoFe, \Mn4Oy (circle) and Co;xMnyFe,O4 (square) as a function of

Mn concentration.
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6.3.5 Effect of Sintering Temperature on CoFe; sMn,,04

In Chapter 4, it has been shown that the magnetostriction characteristics strongly depend
on the sintering temperature for the unsubstituted cobalt ferrite. Hence, the effect
sintering temperature for the composition X = 0.2 in CoFe, «MnyOy, i1.e., CoFe; sMng 204
which showed the highest maximum value of magnetostriction as well as high strain
derivative has been studied. SEM micrographs of CoFe;sMn(,04 sintered at different
temperatures are shown in Figure 6.9. As seen in the figure, there is a change in
microstructure with increasing sintering temperature. Samples sintered at a lower
temperature of 1200 °C showed smaller grains. Grain size increased drastically with
increase in the sintering temperature. Density is also found to be increased with increase

in the sintering temperature (shown in Table 6.3).

Figure 6.9: SEM images of CoFe; sMn(,04 samples sintered at (a) 1200 °C (b) 1300 °C

(c) 1400 °C and (d) 1450 °C.
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Figure 6.10: Magnetostriction curves measured in the parallel direction to the applied

magnetic field for the CoFe; sMnj,04 sample sintered at different temperatures.

Table 6.3: Properties of CoFe; sMng,04 sample sintered at different temperatures.

Sintering temperature D Apar dv/dH
O (%) (ppm) (10°A"m)
1450 81 -197 -1.60
1400 81 -208 -1.60
1300 72 -234 -1.65
1200 63 -242 -1.15
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Magnetostriction curves of CoFe; sMng,04 sintered at different temperatures and
measured at room temperature in the parallel direction with respect to the applied
magnetic field, up to a maximum magnetic field strength of 800 kA/m are shown in
Figure 6.10. It can be seen that the value of magnetostriction depends on the sintering
temperature. The sample sintered at 1200 °C shows highest maximum value of
magnetostriction. However, higher value of magnetostriction is obtained for this sample
above a field of 400 kA/m. On the other hand, for all other samples, higher value of
magnetostriction is obtained at smaller magnetic fields. For the samples sintered at and
above 1300 °C, maximum value of magnetostriction is obtained at a field of 300 kA/m,
with a larger strain derivative of 1.65 x 10” A™'m for the sample sintered at 1300 °C and
the magnetostriction value decreases with increasing sintering temperature. Thus, the
results show that sintering the Mn substituted compositions at 1300 °C is ideal for

obtaining higher magnetostriction at low fields with larger strain derivative.

6.3.6 Effect of Magnetic Annealing on CoFe; gMn,0,

Figure 6.11 shows the magnetostriction curve and strain derivative of CoFe;sMng204
before and after annealing in a magnetic field. A maximum magnetostriction value of
234 ppm achieved at 320 kA/m before magnetic field annealing. However, after magnetic
field annealing in a magnetic field of 400 kA/m at 300 °C, the maximum value of
magnetostriction is further increased up to 262 ppm and the maximum value is obtained
at a field as low as 160 kA/m. The strain derivative is also increased to 2.56 x 10° A'm,
after field annealing which is much larger than that reported in the literature. Hence the
sintered Mn substituted cobalt ferrites derived from nanocrystalline materials are
expected to be highly suitable for wvarious applications because of the high
magnetostriction and higher strain derivative, especially for the composition X = 0.2 in
CoFey.xMnyOy, i.e., CoFe;gMnj,04. In the present work, a high maximum value of
magnetostriction of 262 ppm is obtained against 198 ppm [7] which is the largest value
so far reported in the literature for Mn substituted sintered cobalt ferrite for the same

composition.
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Figure 6.11: (a) Magnetostriction curve of CoFe; sMn(,04 as a function of magnetic field
measured in the direction parallel to the applied magnetic field before and after
annealing, (b) Strain derivative of CoFe;gMno,04. The open and closed symbols

represent measurements before and after magnetic field annealing, respectively.
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Table 6.4: Magnetostrictive properties of CoFe;sMny,0O4 sample before and after

magnetic field annealing.

Sample Before magnetic After magnetic
annealing annealing
Apar div/dH Apar div/dH
(ppm) | (10°ATm) | (ppm) |  (10°A"m)
CoFe; sMng 04 -234 -1.65 -262 -2.56

6.4 Conclusions

The magnetic and magnetostrictive properties of Mn substituted cobalt ferrite, CoFe..

MnO4 and CoxMn,; 4 Fe,O4, for X varying from 0 to 0.3 in steps of 0.05, derived from

nanocrystalline powders, have been investigated. The magnetostriction coefficient as well

as strain derivative are largely affected on substitution of Mn for Co. However,

magnetostriction and strain derivative is not much affected when Fe is partially replaced

by Mn. The field at which highest magnetostriction value is obtained is shifted to lower

values for Mn substituted compositions. For CoFe; sMn,04, magnetostriction in the

parallel direction is comparable to that of unsubstituted cobalt ferrite with enhanced strain

derivative when sintered at 1300 °C. Maximum value of magnetostriction and strain

derivative are further increased after magnetic field annealing for CoFe; sMng,04. The

present value of 262 ppm is the highest value of magnetostriction coefficient reported till

date for Mn substituted cobalt ferrite, suitable for various applications.
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Chapter 7

Conclusions and Future Perspectives

Magnetostrictive materials for sensors and actuators have been of great interest because
of their variety of applications in the automobile, aerospace, domestic and medical
industries such as position sensing, vibration control, stress sensing, magnetostrictive
filters etc. Terfenol-D, which is an alloy containing the rare earth elements terbium and
dysprosium along with iron, D is the currently available magnetostrictive material
showing high magnetostrictive strain around 1500 ppm at a relatively low magnetic
fields. However, this magnetostrictive material has several limitations and disadvantages
including the high cost of the rare earth elements, high brittleness, requirement of single
crystals for applications and therefore, the high production cost, etc. Furthermore, the
material generates much greater response only when it is subjected to compressive loads,
and the power requirement for this class of actuators is greater than those for
piezoelectric materials. Therefore, the material is currently used only for strategic

applications.

Ceramic oxide based magnetic materials are suitable cheaper alternatives over the
currently used alloy-based materials for various applications. Among the different
ceramic magnetic oxides, cobalt ferrite, CoFe,Oy4, is known for its high magnetostriction
of 600 ppm for single crystals. In addition, this material is very cheap, has good
mechanical hardness, chemical stability and can be processed into various shapes and
sizes. There have been many attempts to make sintered polycrystalline cobalt ferrite with
high magnetostriction at very low magnetic fields. So far only a magnetostriction value of

230 ppm and strain derivative of 1.3 x 10° A™'m is attained for sintered cobalt ferrite,
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derived by simple processing conditions. It is necessary to achieve relatively large
magnetostrictive strain as well as high strain derivative at room temperature for
polycrystalline cobalt ferrite for use in various applications which can replace the costly
Terfenol-D. The magnetostriction coefficient (A) and strain derivative (dA/dH) of sintered
cobalt ferrite is known to depend on the processing parameters such as the method of
synthesis, pressure applied while making the compacts for sintering, sintering
atmosphere, temperature, and duration of sintering as well as on the microstructure. So
far, there have been no attempts to study the effect of nanocrystalline cobalt ferrite
powders as starting materials and the initial particle size on the magnetostriction
coefficient. Similarly, there are no studies so far reported on the effect of method of
synthesis and sintering conditions on the compacts derived from nanocrystalline
materials. In the present work, we have studied the magnetostriction characterization of

this material by changing the synthesis and processing conditions.

Nanocrystalline cobalt ferrite of varying particle size is synthesized by
autocombustion method, using glycine as a fuel, to study the effect of initial particle size
of the powders on the ultimate value of magnetostriction after sintering. The results
showed that high values of the magnetostriction coefficient of 315 ppm and strain
derivative of 1.97 x 10~ A™'m are obtained for sintered compacts derived from particles
of 4 nm obtained from the autocombustion method and sintered at 1450 °C for 10
minutes. The initial particle size is found to be one of the deciding factor the
magnetostrictive behavior of cobalt ferrite. Nanocrystalline cobalt ferrite powders were
also synthesized by co-precipitation and citrate methods in order to confirm the
correlation between initial particle size and magnetostriction of sintered cobalt ferrite.
However, comparison of the effect of the initial particle size derived from the three
different methods of synthesis indicated that particle size alone is not the deciding factor
for the high values of magnetostriction. Some correlation is observed when the
microstructures and densities of the different samples are compared with the values of
magnetostriction for the powders derived from the autocombustion method. The observed
high magnetostriction value of 315 ppm is further improved to 345 ppm by using
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magnetic field annealing at room temperature. Higher magnetostriction is achieved at
lower magnetic field after field annealing. These are the highest values reported so far for

sintered polycrystalline cobalt ferrite obtained under simple processing conditions.

To study the effect of sintering temperature on magnetostriction, single-stage as
well as double-stage sintering studies have been performed. It was found that highest
magnetostriction value of 315 ppm is obtained after sintering at 1450 °C under single-
stage sintering conditions and the changes in the value of magnetostriction are somewhat
correlated with the microstructure. In the case of double-stage sintering, grain size
remains constant while density continuously increases, unlike in normal sintering in
which final stage densification is always accompanied by rapid grain growth. Out of all
the experiments, magnitude of magnetostriction value of 331 ppm is achieved for the
sample sintered by the double-stage sintering method at 1450 °C (T,) as the higher
temperature and then at 1300 °C (T,) as the lower temperature. It has been found that
under suitable two stage sintering conditions, high value of magnetostriction of 331 ppm
and strain derivative of 1.8 x 10° A'm can be achieved. Magnetic field annealing has
been shown to be very effective in enhancing the magnetostriction and strain derivative
of single and two-stage sintered cobalt ferrite samples. Especially, the sample sintered at
a low temperature of 1200 °C showed huge increment of magnetostriction as well as
strain derivative compared to the two-stage sintered samples after magnetic field
annealing. Thus, from the present study it is concluded that there is not much advantages
on the two-stage sintering process over single stage sintering for getting higher

magnetostriction and strain derivative for sintered cobalt ferrite.

For the first time, we have shown that much higher values of the magnetostriction
coefficient can be obtained for sintered polycrystalline cobalt ferrite by making self-
composites obtained by sintering a physical mixture of cobalt ferrite powders with
different initial particle sizes. Larger maximum value of magnetostriction of ~400 ppm
and maximum value of strain derivative of 2.0 x 10~° A™' m could be achieved for a self-
composite made from powders of three different particle sizes in the nano and

micrometer levels, whereas the individual components gave values less than 310 ppm.
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Unlike for the individual components, the magnetostriction is not saturated at the highest
measuring field of 800 kA/m for the three-component composite, indicating that it is
further possible to improve the magnetostriction of sintered cobalt ferrite at higher fields.
Also, it was found that annealing in a magnetic field reduces the magnetostriction
coefficient. Thus, in the case of the self-composites, higher magnetostriction can be
achieved without any magnetic field annealing, thereby reducing the processing cost for

various applications.

Mn substitution is reported to be very effective in enhancing the strain derivative
at the cost of the magnetostriction coefficient. Since higher magnetostriction coefficient
and strain derivative could be attained for the sintered unsubstituted material derived
from nanocrystalline powders, studies were made on Mn substituted cobalt ferrite
powders of particle size 4 nm. The magnetic and magnetostrictive properties of Mn
substituted cobalt ferrite, CoFe, \MnyO4 and CoxMn; «Fe;O4, for X varying from 0 to 0.3
in steps of 0.05, derived from nanocrystalline powders of size 4 nm, have been
investigated. The magnetostriction coefficient as well as the strain derivative is found to
be largely affected on substitution of Mn for Co. However, magnetostriction and strain
derivative is not much affected when Fe is partially replaced by Mn. The field at which
highest magnetostriction value is obtained is shifted to lower values for Mn substituted
compositions. For CoFe; sMng,0,4, magnetostriction in the parallel direction is found to
be comparable to that of unsubstituted cobalt ferrite with enhanced strain derivative when
sintered at 1300 °C. This is the first such report of comparable magnetostriction values
for unsubstituted and Mn substituted cobalt ferrite. Maximum value of magnetostriction
and strain derivative is further increased after magnetic field annealing of
CoFe; sMng,04. The present value of 262 ppm is the highest value of magnetostriction
coefficient reported till date for Mn substituted cobalt ferrite, suitable for various

applications.
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Scope for future research

Based on the findings from the present studies on nanocrystalline powders, there
is scope for further studies to improve the magnetostriction coefficient and strain
derivative of sintered cobalt ferrite. Sintered samples derived from the autocombustion
method using glycine as the fuel is found to give very high magnetostriction coefficient
and strain derivative compared to literature reports. Studies can be performed using other
fuels which may control the surface characteristics of the nanoparticles because of the
varying combustion characteristics of different fuels, and this may affect the properties of
the sintered products. Similarly, a systematic study of the magnetostriction of sintered
products derived from nanocrystalline powders of varying sizes synthesized by different
wet chemical methods are required to optimize the best method of synthesis to attain the
highest magnetostriction coefficient as well as strain derivative. Since the studies showed
that the magnetostrictive properties are correlated with the microstructure of the sintered
materials, a systematic study is required on low-temperature sintering and to achieve a
suitable microstructure and for understanding the effect of grain size and morphology on
magnetostrictive properties. Sintering at low temperatures is possible if the material is
synthesized in nanocrystalline form and this can be effective for reducing the processing
cost. The sintered materials are found to contain large number of intra-grain pores. These
intra-grain and inter-grain pores might be detrimental to the desired properties, which
needs to be investigated thoroughly. Similarly, it might be possible to achieve much
higher magnetostrictive strains for the sintered products by controlling the grain size by
optimizing the processing conditions such as sintering time and addition of sintering aids.
Self-composites prepared by mixing nanocrystalline powders of different sizes obtained
from different methods of synthesis may be efficient in improving the magnetostriction
parameters. Finally, other important factors that need to be considered are the similar
studies on substituted cobalt ferrite by replacing Fe by other elements. Enhancing the
magnetostriction coefficient of sintered cobalt ferrite up to 500 ppm with high strain

derivative may be an achievable target.

193



List of Publications

1. K. Khaja Mohaideen and P.A. Joy, “Enhancement in the magnetostriction of sintered
cobalt ferrite by making self-composites from nanocrystalline and bulk powders,” ACS
Applied Materials and Interfaces 4, 6421-6425 (2012).

2. K. Khaja Mohaideen and P.A. Joy, “High magnetostriction and coupling coefficient
for sintered cobalt ferrite derived from superparamagnetic nanoparticles,” Applied
Physics Letters 101, 072405-072408 (2012).

3. K. Khaja Mohaideen and P.A. Joy, “Influence of initial particle size on the
magnetostriction of sintered cobalt ferrite derived from nanocrystalline powders,”

Journal of Magnetism and Magnetic Materials (2012) (Communicated).

4. K. Khaja Mohaideen and P.A. Joy, “Effect of sintering on the magnetostriction of
sintered cobalt ferrite derived from nanocrystalline materials,” (Manuscript under

preparation).

5. K. Khaja Mohaideen and P.A. Joy, “Magnetostrictive properties of Mn substituted
sintered cobalt ferrite derived from nanocrystalline materials,” (Manuscript under

preparation).

Patent

1. Composite material with high magnetostriction based on sintered cobalt ferrites, K.
Khaja Mohaideen and P.A. Joy, (0137-DEL-2012), 17/01/2012.

Conference Presentation

1. K. Khaja Mohaideen and P.A. Joy, “Magnetostrictive properties of Mn substituted
sintered cobalt ferrite derived from nanocrystalline materials,” 19" International
Conference on Magnetism (ICM-2012), Bexco, Busan, South Korea, 8-13 July 2012.



	Thesis Full.pdf
	Front pages.pdf
	Abstract
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Magnetostriction Studies on Mn Substituted Cobalt Ferrite Derived from Nanocrystalline Powders
	6.1 Introduction
	6.2 Synthesis
	6.3 Results and Discussion
	6.3.1 Powder XRD Analysis
	Powder XRD measurements were used to confirm the formation and phase purity of all the samples and some of the patterns are shown in Figure 6.1. Only the most intense reflection of the cubic spinel ferrite is observed in all the XRD patterns. This reflection in the XRD patterns of both CoFe2-xMnxO4 and Co1-xMnxFe2O4 series are very broad, indicating the nanocrystalline nature of the samples prepared with the present approach. The average crystallite size was calculated using the Scherrer formula, estimated from the FWHM intensity for the (311) reflection. The calculated average crystallite size was ~4 nm for all compositions for both series. 
	6.3.2 Magnetic Measurements
	6.3.4 Magnetostriction Studies
	6.3.5 Effect of Sintering Temperature on CoFe1.8Mn0.2O4
	6.3.6 Effect of Magnetic Annealing on CoFe1.8Mn0.2O4

	6.4 Conclusions


	Chapter 7
	List of Publications

	List of Publications



