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Abstract

The phenomenon of magnetostriction takes place where there is a change in
dimensions that spontaneously occurs in ferromagnetic and ferrimagnetic materials
when an external magnetic field is applied. Cobalt ferrite, being a ferrimagnetic
material, has been proposed as a suitable magnetostrictive material for some
applications in the area of sensors and actuators. In such applications, speed of response
with accurate displacements is important. Although cobalt ferrite has been shown to
have a small magnetostrictive coefficient, which is a disadvantage, it also has a very
small hysteresis characteristic. It follows that the results of using this material should be
a smaller amount of energy loss and higher accuracy at high frequencies, and these

benefits may outweigh this disadvantage.

In this thesis, making cobalt ferrite powder with nano-sized particles is
suggested as a first step in a solution to overcoming the disadvantage mentioned above,
if the particles are small enough to have only one magnetic domain. Powders were
prepared employing the sol-gel technique. A particular emphasis is devoted to an
understanding of the role of the chemical parameters involved in the sol-gel technique,
and of the effect of the heat treatment on the structures and morphologies of the
powders obtained. These were investigated by varying the initial parameters of the
experiment in addition to the heat treatment temperature. The magnetic characteristics
of the optimum nanoparticles were measured. The heat treatment process was simulated
and optimised by means of DoE. The optimal heat treatment conditions, which facilitate
the attainment of cobalt ferrite nanoparticles under low electrical operating costs, were

defined.

Nanoparticles obtained employing the optimal solution were uniaxially pressed
to form standard disc samples, and sintered under continuous ramp rate and single dwell
time conditions. A study of the powder behaviour during this process, the density
variation with pressing applied pressure, sintering temperature and dwell time, was

conducted.
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1 Introduction

1.1 Theoretical background

The magnetostrictive effect was first described in the 19th century (1842) by the
English physicist, J.P. Joule. He observed that a sample of a ferromagnetic material, i.e.
iron, changed its length in the presence of a magnetic field. Joule actually observed a
material with negative magnetostriction (because, by convention, the effect refers to a
decrease in length when the magnetic field is increased) but, since that time, materials

with positive magnetostriction have also been discovered.

The causes of magnetostriction are similar for both types of materials. The
change in length is the result of a change in the magnetic field orientation of some of the
magnetic domains in the material, which happens because the domain becomes aligned
with the externally applied magnetic field. This is achieved by unpaired electrons which
move in orbitals around some of the atoms in these materials. These orbitals are non-
circular, and their probability densities have defined geometric properties. Unpaired
electrons in each of these orbital produces a magnetic field with specific magnitude and
direction, and some orbitals enable the material to respond to the direction of the
applied magnetic field better than other orbitals. Because the electrons in these orbitals
are in incomplete shells, it is possible for them to switch instantaneously from one
orbital to another, and so enable the material to respond to the externally applied

magnetic field.
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Because these electrons are the outermost electrons in each of the atoms
concerned (the conduction electrons, if there are any, are not attached to the atoms at
all) they also influence the distance between atoms; that is the distance with which one
atom can approach a neighbouring atom. The responses are complex, because these
orbitals (in the “d” shell in transitional elements, and in the “f” shell in the rare earth
elements) also interact with other orbitals (in the “p” shell) which define the chemical
properties of the element, including the basic structure and properties of the crystal
lattices. The overall result is that where electrons in a magnetic domain switch from one
orbital to another, there is a small change in the shape of the crystal lattice. Therefore
the new orientation of the magnetic field in an individual magnetic domain causes a
tendency for an extension or a contraction of the surrounding part of a sample of the

material.

A magnetic domain buried deep within the rigid structure of a solid cannot
easily change the lattice dimensions of its crystal structure. Local stresses will be
produced in itself and in the neighbouring sections of the solid, where the crystal
structure is not aligned in the same direction. There is therefore a need to supply energy
to allow the changes described above to take place, and to allow that part of the material
to experience the elastic energy involved in the creation of stresses and strains, which
must occur as a result of the change in lattice dimensions. The change requiring the
smallest amount of energy is a change in magnetic orientation of 180 degrees. Orbital
switching requiring a change in magnetic orientation of 90 degrees will require the

largest amount of energy.

Therefore, when a stronger magnetic field is applied to the sample, energy is
transmitted to the material, and so more and more of the domains are enabled to change
their magnetic orientation, to allow them to respond in the same direction as the applied
magnetic field. When all of the magnetic domains have become aligned with the
externally applied magnetic field, as much as the crystal lattice will allow, the saturation
point has been achieved. Figure 1.1 shows the idealised behaviour of length change

versus applied magnetic field, for a material with positive magnetostriction.

The property is such that a sample of greater original length will extend or

contract to a greater extent than a sample with a smaller original length. Therefore it is
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convenient to measure the magnetostriction as a change in length divided by the original

length of the sample, and to express the property as a strain.

In the case of positive magnetostriction, where there is an extension of the
sample of material in the direction of the magnetic field, there is also a contraction of
the cross-section at the same time, in such a way that the volume is kept nearly constant.
The size of the volume change is so small that it can be neglected under normal

operating conditions.

4
:

Figure 1.1 Strain versus magnetic field

When a magnetic field is established in the opposite direction, the field is
assigned a negative value by convention, but the negative field produces the same
elongation in the magnetostrictive material as would be produced by a positive field.
The curve is therefore symmetrical about the “y” axis, or about the zero magnetic field
condition. The shape of the curve is reminiscent of a butterfly and so the curves are
referred as butterfly curves. Referring again to Figure 1.1, it can be seen that there are
points on the curve labelled 0, 1, 2, and 3. In the region between 0 and 1, where the
applied magnetic field is small, the magnetic domains show almost no common
orientation pattern. Depending on how the material was formed there may be a small
amount of a common orientation pattern, which would show itself as a permanent
magnet bias. In the region 1-2 ideally there should be an almost linear relationship
between strain and magnetic field. Because the relationship is a simple one, it is easier

to predict the behaviour of the material and so most devices are designed to operate in

4
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this region. Beyond point 2, the relationship becomes non-linear again as a result of the
fact that most of the magnetic domains have become aligned with the magnetic field

direction. At point 3 there is a saturation effect, which prevents further strain increase.

The behaviour of the magnetostrictive materials in various applications is
complex, because the changing conditions during operation causes changes in material
properties. The maximum useful magnetostrictive strain is one of the key parameters
defining the resulting mechanical output in the case of a magnetostrictive actuator.
Magnetostriction only occurs in a material at temperatures below the Curie temperature,
but when the Curie temperature is below the temperature of the environment, the

magnetostriction effect has little practical value.
1.2 Research background

In internal combustion engines, it is important the fuel systems to be efficient.
They should meet the emissions targets. It is of a significant interest in engine-based
research to increase the fuel efficiency and to decrease the environmental pollution.
This all depends mainly on any possible improvements in the fuel injection system. It is
a fact that multiple fuel injections per combustion cycle would increase the fuel
efficiency and lower the NOx in addition to the particulate emissions. This must occur
within a very short time. But, due to the present stroke speed limitations of magnetic
solenoid valves, the current systems for reliably controlling multiple injections are

limited. Moreover, multiple injections require the development of high-speed actuators.

Magnetostrictive materials have been considered to provide a potential solution
for a better control of fuel injection. However, many manufacturing methods and
improvements for the materials are yet to be explored. Besides, several innovations with
respect to the fuel injector actuator are currently under exploration with Terfenol-D as a

preferred actuator material [1].

A research project was previously conducted. The main objective was the
development of a new kind of instrument for measuring electrical current which would
operate with mechanical waves based on functional materials instead of magnetic flux

variations [2].
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Instrument transformers in devices for the measurement of voltage and electrical
currents, are key elements within the modern systems of generation, transmission and
distribution of electrical energy. Their principle of operation is based on magnetic flux
variation. They are the basic input signals required for controlling the power flows in
any electrical grid. Their importance has grown even greater in modern and complex
power networks due to the tighter control required inside a sector undergoing profound

changes due to world-wide electrical market deregulation.

Conventional transformers for measurement of large electrical currents in high
voltage grids have secondary windings which produce proportionally reduced electrical
currents (5 A, 1 A) suitable for measurement. For lines with voltage levels of more than
220 kV, that usually support currents higher than 2000 A, these inductive measurement
transformers are large, heavy and expensive devices with certain risks of explosion.
However, as the power of the electrical networks is steadily increasing worldwide,
manufacturers of instrument transformers and electrical utilities companies are

becoming ever more concerned with this problem [3].

The proposed system in the previous project consists essentially of a current
sensor and the associated modules. The current sensor is formed by an emitter, and a
receiver. The emitter is based on magnetostrictive materials that generate mechanical
wave under the alternate magnetic field induced by the primary current to be measured.
Thus the 50 Hz, or 60 Hz, electrical signals are converted into elastic (mechanical)
waves that propagate through a coupling structure until they reach the receiver. The
receiver is based on piezoelectric materials. These materials have the property of
inverse conversion of energy. Thus, the mechanical waves are transformed into
electrical signals in the receiver. These electrical signals from the receiver are then

amplified and compensated through electronic circuits.

One part of the previous project was the development of the emitter material. In
this study, the process of preparing, shaping and sintering the new material in order to
meet the target characteristics of the emitter magnetostrictive compound was conducted.
Maximum priority was assigned to the following coefficients: linear signal range
(avoiding the zero crossing), thermal stability and high magnetostrictive coefficient to

improve the performance of the sensor by increasing its signal-to-noise ratio.
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As Terfenol-D is the most frequently used magnetostrictive material, it had been
proposed due to its high magnetostrictive coefficient. However, at high frequencies, a
small magnetostrictive coefficient was observed in addition to a time delay between the
point when the magnetic field strength reaches its maximum value and the point when
the displacement reaches its maximum value. For a rod with 8 mm diameter and 68 mm
long, the displacement, under 11 MPa as pre-stress (550 N pre-load), decreased from
0.055 mm (815 ppm) to 0.04 mm (592 ppm) when the frequency of the excitation
current is increased from 20 Hz up to 70 Hz. Figure 1.2 shows on the left side the
displacement versus current curve and on the right side the time related data acquisition
with force, displacement, current and voltage when the frequency of the excitation

current increases from 20 Hz (top) to 70 Hz (bottom) [4].

i
Patil

Figure 1.2 The displacement versus current curve and the time related data acquisition, left and

right respectively, for 20 Hz (top) and 70 Hz (bottom) [4]

Terfenol-D suffers from the problem of eddy currents, which are electric
currents induced in the material when it is exposed to an alternate magnetic field. The
induced circular currents in the material produce magnetic fields opposite to the original
magnetic field [5]. Therefore within the material, the local magnetic field strength will

be decreased, and there is a delay in reaching the point where the maximum occurs.
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This leads to a power loss and a limitation in the frequency at which the material can

operate efficiently.

In many potential applications, especially in transformers, speed of response and
the ability to operate at high frequencies are important. As a result, a necessity arose for
the substitution of Terfenol-D with another material. Since some ferrites have high
resistivities, eddy currents are not a problem when using these materials. In other words,
high resistivity will reduce the eddy currents and therefore no opposing magnetic field

is created.

Cobalt ferrite (CoFe,O4) falls into this category. It has been proposed as a
solution to reduce eddy currents and their effects. In addition, it could be used to give a
response (in the form of a mechanical elastic wave) as a magnetostrictive material and
preserve the features of the original excitation current more faithfully. By using cobalt
ferrite, it was anticipated that a good signal-to-noise ratio would be obtained in addition

to the elimination of eddy current problem.
1.3 Motivation of study

Pure cobalt ferrite (CoFe,04) has a very high electrical resistivity of 1x10” Qcm
when compared to Terfenol-D, which has electrical resistivity of 58x10™° Qcm.
However, cobalt ferrite has a smaller magnetostrictive coefficient than that of Terfenol-
D. Therefore, cobalt ferrite has been employed as a solution to reduce eddy currents and
their effects. As a comparison between a rod of Terfenol-D and another made from
cobalt ferrite, both with 20 mm diameter and 100 mm long, under 3 MPa as pre-stress,
the hysteresis loop of cobalt ferrite was found to be smaller in size than that of
Terfenol-D which means that the loss of energy for each cycle is much smaller when
cobalt ferrite is used as shown in Figure 1.3. Nevertheless, a relatively small
magnetostrictive coefficient was observed as well as the presence of hysteresis as shown
in Figure 1.4. It showed the displacement to reach 110 ppm at 140kA/m. It increased to
140 ppm when a pre-stress of 1 MPa was applied.

The cobalt ferrite rod was made from micro-sized powder. This powder with
average particle size of 5.34 um was prepared in a previous study employing a solid-
state reaction method by blending both cobalt and iron oxides in a conventional ball mill

then annealing the resultant mixture in a horizontal tube furnace at 1000 °C for 72 h [6].
8
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This powder (with Ag/Ni additives) was cold iso-statically pressed into a rod using a
wet-bag isostatic press (Stansted Fluid Power Ltd., UK) and sintered. This rod achieved
a relative density of 91.49%. This value was higher than the value of 83.91% recorded
for a rod made from the same powder but containing no additives. However, there is a
necessity to improve the magnetostrictive coefficient of cobalt ferrite because it is very

much smaller than the magnetostrictive coefficient of Terfenol-D.
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Figure 1.3 Hysteresis loops of Terfenol-D (top curve) and Cobalt ferrite (bottom curve) [7, 8]

Magnetic anisotropy is defined as the dependence of magnetic properties on a
preferred direction. In other words, it is the energy necessary to deflect the magnetic
moment in a single crystal from the easy to the hard direction whereas the magnetic

moment in a single crystal is basically aligned towards the easy direction. However, the
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easy and hard directions arise from the interaction of the spin magnetic moment with the
crystal lattice (spin-orbit coupling). Magnetostriction is another effect connected to
(spin-orbit coupling). As a result, the magnitude of the resultant strain is essentially
dependent on two factors, the strength of the applied magnetic field and the angle

between the direction of the easy axis of magnetisation and the applied magnetic field.

U (prmy)
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Figure 1.4 Magnetostriction versus magnetic field for cobalt ferrite [8]

Magnetostriction is mainly influenced by the magnetic and structural factors.
The first factor is related to the origin of the particles the material is made from. A
multi-domain particle contains a definite number of domains in which the easy axes of
magnetisation are arbitrarily oriented and that is in order to lower the magnetostatic
energy of the whole particle itself as shown in Figure 1.5. On the other hand, a single-
domain particle has one major domain with one predominant easy axis of magnetisation

as shown in Figure 1.6.

10
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Figure 1.6 Single-domain particles with the easy axes of magnetisation randomly oriented

When the material is made from single-domain particles, there is a chance to
control these particles during the preparation process and then to control the respective
magnetic properties. The first step is to align the easy axes of magnetisation of these
particles so that they are parallel to each other by introducing them into a magnetic
field. The second step is to press these particles into a compact and sinter it at an

elevated temperature. Introducing the sintered compact into an adequate magnetic field,

11
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which must be perpendicular to the aligned easy axes of magnetisation, would deviate
all grains’ magnetic moments from the easy to the hard direction of magnetisation at

90° causing the magnetostriction to reach its maximum value as shown in Figure 1.7.

- >

Figure 1.7 Pre-alignment of the easy axes of magnetisation maximises magnetostriction

The second factor is related to density. As mentioned above, cobalt ferrite rod,
prepared (pressed and sintered) with average particle size of 5.34 um, achieved a
relative density of around 92%. This accounts for 8% porosity. The sintered compact
must contain as little porosity as possible because this affects the final magnetic

properties negatively and minimises the magnetostriction. Porosity (especially inside of

12
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the grain) is an important microstructural feature limiting the movement of domain
walls as shown in Figure 1.8. The intragranular porosity is more deleterious than the

intergranular.

Cobalt ferrite powder with single-domain particles is proposed in this study as a
solution to overcome the problem of easy axes of magnetisation being randomly
directed and the problem of relatively high porosity. The study gives a potential solution
for this application and for many other applications which use magnetostrictive

materials such as those of industrial applications i.e. actuators, sensors.

Figure 1.8 Intragranular and intergranular porosity

1.4 Research objective

The main objective of this study is the development of the magnetostrictive
coefficient of cobalt ferrite material employing single-domain nanoparticles. This study
will be concerned about improving the density of the material to higher values
employing cobalt ferrite nanoparticles. The project will deal basically with preparing the
nanoparticles employing one of the chemical routes. Structural and magnetic
characterisation will be executed. A modelling and then an optimisation of the heat
treatment operation (part of the preparation method) will be performed in order to

obtain the material with lowest electrical operating cost. Finally, the sintering behaviour

13
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of the nanoparticles obtained in this way will be investigated in order to achieve the

highest density possible.
To sum up, the scope of this study can be summarised as follows:

A. To prepare cobalt ferrite nanoparticles CoFe,O4 in which particles should be single-

domain employing the sol-gel technique

B. To characterise the prepared nanoparticles regarding the structure, morphology and

magnetic properties

C. To model and optimise the heat treatment operation of cobalt ferrite nanoparticles

employing Design of Experiment (DoE)

D. To study the sintering behaviour of nanoparticles employing linear ramp rate and

single dwell time conditions at high temperatures

1.5 Structure of thesis

This thesis is organised in eight chapters. This chapter discusses the background
of the research topic and aims of the study. Each chapter in this thesis ends with a brief
summary outlining the achievements and findings that were established. The remainder

of this thesis is organised as follows:

Chapter 2: The theoretical background and literature review of related research topics

are elaborated in this chapter

Chapter 3: This chapter covers experimental methodology in a nutshell and includes a

brief summary about characterisation equipment

Chapter 4: This chapter presents some results and includes discussions of the initial
nano powder preparation process in addition to highlighting the most important findings

regarding the effect of the crosslinker and the chelating agent

Chapter 5: This chapter presents further results and includes discussions of the

structural and magnetic characterisations again with the most important findings,

highlighted

14
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Chapter 6: This chapter presents further experimental results and also includes
discussion of the modelling and optimisation processes of the heat treatment operation.

The significant findings are emphasised

Chapter 7: This chapter presents results and includes discussion of the sintering process
in which nanoparticles are combined to form discs. Again the significant findings are

emphasised

Chapter 8: This chapter states conclusions and explains future work

15
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2 Literature review

2.1 Introduction

The magnetic oxide of iron is a compound in which the two fundamental oxides
Fe,;O3 and FeO have been incorporated into a crystal structure with the exact ratio of
1:1. The ceramic powders generally known as ferrites are essentially related to this so-
called mixed oxides of iron with a substitution of some of the iron using one or more
metallic elements, such as manganese, nickel, zinc, magnesium, cobalt, copper, rare
earths, barium, strontium, and lead. The magnetic properties of these materials are
determined not only by their chemical composition but also by their microstructure, i.e.
grain- and pore-size distribution, total porosity (or relative density, percentage of
theoretical density), and grain-boundary characteristics [9-13]. Knowledge of sintering,
which determines end-product microstructure, is therefore essential for the control and

optimisation of the magnetic properties sought in the finished product.

Ferrites can be made by conventional ceramic processes in which the main
technological issues are (i) obtaining bodies with high relative density (very low
porosity), (ii) increasing the grain size while at the same time seeking to achieve a

narrow grain-size distribution, and so avoiding abnormal grain growth [6, 14].
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2.2 Cobalt ferrite

2.2.1 The crystalline structure

Cobalt ferrite is a spinel and is usually assumed to have a collinear ferrimagnetic
spin structure. This spinel was shown to be partially inverse with the formula (CoxFe, )
[CoxFe1ix] O4, where the round and square brackets indicate the tetrahedral A and
octahedral B sites, respectively. The ratio, Fe(A)/Fe(B), has been found to vary from
0.65 to 0.92 for two extremes, quenched and slowly cooled samples, respectively. From
these ratios, the distributions of the cations in tetrahedral and octahedral sites were
determined to be as follows: (CogosFepos) [CoposFerp4] Oy for the slowly cooled and

(Cop.21Fep79) [Cogr9Fe; 21] Oy for the quenched cobalt ferrite [15].

The spinel structure is composed of a close-packed oxygen arrangement in
which 32 oxygen ions form a unit cell that is the smallest repeating unit in the crystal
network. Between the layers of oxygen ions, if we simply visualise them as spheres,
there are interstices that may accommodate the metal ions. Moreover, the interstices are
not all the same. Some are coordinated by 4 nearest neighbouring oxygen ions whose
lines connecting their centres form a tetrahedron. These are the A sites. They are called
tetrahedral sites. The other type of site is coordinated by 6 nearest neighbor oxygen ions
whose centre connecting lines describe an octahedron. These are the B sites. They are
called octahedral sites. In the unit cell of 32 oxygen ions, there are 64 tetrahedral sites
and 32 octahedral sites. Generally, if all of these were filled with metal ions, of either
2+ or 3+ valence, the positive charge would be very much greater than the negative
charge and so the structure would not be electrically neutral. It turns out that of the 64
tetrahedral sites, only 8 are occupied and out of 32 octahedral sites, only 16 are
occupied. In cobalt ferrite, eight units of CoFe,O4 go into a unit cell of the spinel
structure as shown in Figure 2.1. In addition to the 32 oxygen ions, there are 16 ferric
ions and 8 cobalt ions. Theoretically, the ferric ions preferentially fill the tetrahedral
sites, and as there is room for only half of them (eight), the remaining eight go on the

octahedral sites as do the eight Co™ ions. The antiferromagnetic interaction orients

+++ +++

these eight Fe™ moments and eight cobalt moments antiparallel to the eight Fe

moments on the tetrahedral sites. The Fe™ ion moments will just cancel, but the
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moments on the cobalt ions give rise to an uncompensated moment or magnetisation

[5].

Figure 2.1 Spinel structure

2.2.2 The magnetostrictive material

2.2.2.1 Pure cobalt ferrite

Cobalt ferrite is a magnetostrictive material. It goes through a physical
dimensional change when exposed to a magnetic field. This occurs because magnetic
domains in the material align with the magnetic field. The mechanism of
magnetostriction at an atomic level is a comparatively complicated subject matter but on
a macroscopic level may be divided into two distinct processes. The first process is
dominated by the migration of domain walls within the material in response to external
magnetic fields. Second is the rotation of the domains. These two mechanisms allow the

material to change the domain orientation which in turn causes a dimensional change as
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shown in Figure 2.2. This dimensional change is isochoric, so there is an opposite

dimensional change in the orthogonal direction.

Bozorth et al. [16] measured the magnetic anisotropy and magnetostriction in
various single crystals of ferrites. The effect of heat treatment with and without the
presence of a strong magnetic field on the crystal anisotropy and magnetostriction was
investigated. Measurements were found to be related to the initial stoichiometry and
dependent on the crystal direction along which they were taken. In addition, magnetic
annealing was found to have a large effect on crystal anisotropy and magnetostriction of
cobalt ferrite. The magnetic anisotropy of a cobalt ferrite single crystal at room
temperature was found to be as high as 4x10° ergs/cm®. Magnetostriction is as high as
800x10°. Magnetic annealing is effective at temperatures as low as 150 °C. It causes
the hysteresis loop to become square. According to Chen et al. [17], cobalt ferrite offers
good mechanical properties and shows a precipitous slope of magnetostriction at low
applied fields. This contributes to a high sensitivity of magnetic induction to stress,
hence giving high signal-to-background noise ratios which make it suitable for sensor
and actuator applications. Cobalt ferrite has been reported to show linear
magnetostrictive strains up to -225%10° with a maximum strain derivative (d\/dH), of
1.3x10” A™'m under zero applied stress. This strain derivative is an order of magnitude

greater than that of Terfenol-based composites 0.2x10° A™'m.

4>

H

Figure 2.2 Magnetostriction mechanism
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To further improve the magnetostrictive properties, it is essential to improve
linearity of response by decreasing the magnetostrictive hysteresis and to increase the
sensitivity of magnetisation to stress. Magnetic annealing was found to give rise to high
levels of magnetostriction and (dA/dH)mn.x under hard axis applied fields. A sintered
sample of cobalt ferrite was annealed at 300 °C in air for 36 h under a dc field of 318
kA/m (4kOe) [18]. A significant improvement in magnetostrictive properties was
observed after magnetic annealing. The maximum magnetostriction increased in
magnitude from -200x10° for the as-fabricated sample to -252x10°. The coercivity
fields were measured to be 2.6 and 6.9 kA/m along the easy and hard axes respectively,
compared to 5.4kA/m for the as-fabricated sample. The maximum strain derivative
(dMdH)pax in the applied field of around 50 kA/m increased from 1.5%x10° A'm to
3.9x10° A'm. Substituting a small amount of Mn for Fe (e.g., CoFe;sMng,04)
increases (dAMdH)max by 84%, substantially less than that achieved by magnetic
annealing (an increase of 163%). These improved properties may degrade over time or
after operation at elevated temperatures. The increase in maximum magnetostriction
after magnetic annealing is attributed to the induced uniaxial anisotropy which affects

domain configuration and in turn alters the measured magnetostrictive strain.

The <100> crystallographic directions are known to be equally easy axes of
magnetisation. The effect of magnetic annealing is to induce a uniaxial anisotropy
superimposed onto the magnetocrystalline anisotropy, making those <100> directions
close to the induced easy axis more energetically favorable. As a result the domains in
each grain of the annealed sample tend to align along the <100> directions of the grain
that are close to the induced easy axis. When a magnetic field is applied along the hard
axis of the annealed sample, domain magnetisation re-orients toward the field direction
from local easy directions close to the induced easy axis. This results in a positive

magnetostrictive strain along the easy axis but a negative strain along the hard axis.

2.2.2.2 Substituted cobalt ferrite

Substituting manganese Mn for Fe in cobalt ferrite reduced the Curie
temperature linearly, by as much as 300 °C in the case of CoFe;,Mn(3O,4. It made a
modest decline in saturation magnetisation (up to 20%). Maximum magnetostriction
was attained with low Mn content, e.g. CoFe; §Mn;,0, while it decreased with further

increase in Mn content [19]. Similar results were reported elsewhere [20, 21].
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Magnetic anisotropy of Mn-substituted cobalt ferrites was found to increase
substantially (to values that are of the order of magnitude 10" erg/cm’) with decreasing
temperature from 400 to 150 °K, and to decrease with increasing Mn content. Below
150 °K, it appeared that even under a maximum applied field of 5 T, the anisotropy of
CoFe,04 and CoFe; sMn(,0;, is so high as to prevent complete approach to saturation.
Curie temperature was found to decrease linearly from 784 °K for pure cobalt ferrite to
577 °K for CoFe;4MnsO4. The magnitude of the anisotropy of pure CoFe,Os was
found to be 2.65x10° erg/cm’ at 300 °K [22].

The stress sensitivity of Mn and Cr substituted cobalt ferrite (CoMnyFe, O, and
CoCr,Fe;.,0,) first increased as a result of Mn or Cr substitution, peaks at x = 0.2 and y
= 0.4, and decreased below that of pure cobalt ferrite with higher Mn or Cr content. The
strain derivative exhibited similar behaviour as shown in Figure 2.3. These
magnetostrictive properties were measured using the strain gage method under quasi-
static applied fields up to 2 T. Mn and Cr substitutions were found to reduce both
magnetostriction and anisotropy of cobalt ferrite. Moreover, within certain ranges of
substitute contents anisotropy was reduced more than magnetostriction and therefore the
stress sensitivity was increased as it is proportional to the ratio (Aya.x/K) of maximum

magnetostriction to cubic anisotropy constant [23].

The maximum magnitude of magnetostriction of Ga-substituted cobalt ferrites
(CoGayFe, <04) decreased monotonically with increasing gallium content over the range
x = (0.0-0.8. The rate of change of magnetostriction with applied magnetic field (dA/dH)
showed a maximum value of 3.2x10™ A™'m for x = 0.2 which is much higher than
those of Mn- and Cr-substituted cobalt ferrites even at a much lower applied field of H
= 15 kA/m. This enhanced (dA/dH)p.x implied high stress sensitivity. Curie temperature
and anisotropy energy were reduced by the substitution of Ga for Fe at a greater rate
than with Mn or Cr substitutions. The magnitude of (dA/dH) was expected to depend

inversely on anisotropy energy [24].
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Figure 2.3 The magnitude of maximum strain derivative | (dA/dH),,, | versus the Mn or Cr

content [23]

2.3 Cobalt ferrite nanoparticles

2.3.1 Introduction

Cobalt ferrite nanoparticles have recently become the subject of research interest
from the point of view of the synthesis, the structure, the magnetic characterisation and
the application [25-29]. In particular, the interest in cobalt ferrite has arisen due to its
unique properties e.g. very high resistivity, a positive anisotropy constant and a high
magnetostriction [16, 30]. In addition, cobalt ferrite possesses excellent chemical
stability as well as good mechanical properties. These properties could make cobalt
ferrite a potential candidate for many applications, such as high frequency magnets,
information storage systems, magnetic bulk cores, microwave absorbers, magneto-
optical recording media, actuators and sensors [31-34] and in biomedical applications,
such as magnetic thermo-drug delivery and hyperthermia (abnormally high body

temperature), magnetic resonance imaging and biosensors [35-41].

Kashevsky et al. [29] synthesised cobalt ferrite nanoparticles using a chemical

precipitation process. These particles have been studied for magnetic hyperthermia. The
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suspension based on cobalt ferrite nanoparticles was found not to have a toxic effect
when introduced into a tumor. Kim et al. [35] prepared cobalt ferrite nanoparticles
which were dispersed in water, and investigated as heating agents for magnetic thermo-
drug delivery and hyperthermia. The heat generation was found to be dependent on the
properties of these nanoparticles, including their composition, size and crystal structure
in addition to the intensity of the AC magnetic field and applied frequency. Baldi et al.
[42] concluded that cobalt ferrite nanoparticles synthesised employing the successive
polyol method offer the possibility to optimise the heat release capability of magnetic
fluid hyperthermia (MFH) mediators at a given frequency over a wide range, just by

finely tuning the particle size.

Cobalt ferrite nanoparticles were used in a core shell system in which a magnetic
core of cobalt ferrite and a shell of silica are prepared via a modified Stober synthesis
[43]. The magnetic core was prepared by Massart’s method employing cobalt and ferric
chlorides. The monodisperse distribution could be obtained by means of fractionated
precipitation. The average size of particles was found to be 14.5 nm. CoFe,O4
nanoparticles covered by a uniform silica shell have been prepared by Bonini et al. [44].
The nanoparticles were prepared by the co-precipitation of Co** and Fe™* aqueous salt
solutions by addition to a strong base solution. The sizes of the particles were in the

range of 3-15 nm and their shapes were almost spherical.

However, methods for making cobalt ferrite nanoparticles are very diverse
including the microwave hydrothermal flash method [45], the mechanochemical method
[46], the combustion reaction method [47], the polymeric precursor method [48], the
complexometric method [49], microemulsions [50, 51], the sol-gel technique [52], the
new non-aqueous route [53], the forced hydrolysis method [54], a combustion wave
method [55], the polymerised complex method [56] and chemical co-precipitation
techniques [57, 58]. Nanoparticles prepared by these processes have different saturation
magnetisation and coercivity values which mainly depend on particle size. Generally,
the size of these nanoparticles was found to be dependent on the heat treatment
temperature. The increase in the size at higher annealing temperatures might be a result
of the formation of crystallite clusters. Moreover, particles come into contact with each

other and under favourable energetic conditions they grow [59].
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CoFe,04 nanoparticles were synthesised via the pyrolysis of polyacrylate salt
precursors prepared by in situ polymerisation of metal salts and acrylic acid [60]. The
heat treatment at 500 °C for 3 h was considered to be moderate. The size of particles
ranged from 20 to 30 nm which is a narrow size distribution. The size of particles was
observed to increase up to 120 nm with increasing the heat treatment temperature up to

900 °C.

2.3.2 Microemulsions

Mathew and Juang [31] described in their paper the structure of various spinel
ferrites, normal and inverse. They gave a short review on the various synthesis methods
of spinel ferrites in microemulsion. They found that precipitation in a water-in-oil
microemulsion is a very promising technique for preparing monodisperse, ultrafine
particles of controlled size and morphology. The microemulsion methods have the
advantages of being economical and environmentally friendly. They involve
inexpensive and less toxic iron salts in addition to the reduced amount of organic
solvent. Li et al. [61] prepared cobalt ferrite nanoparticles in a size range of 10-15 nm
with different Co**/Fe’" ratios using water-in-oil microemulsions (reverse micelles). It
was found that both coercivity and blocking temperature increase with the increase of
cobalt content in the ferrite structure. Similar results were observed elsewhere [62]
where Co-substituted ferrite nanoparticles have been prepared by the co-precipitation
method. The Curie temperature Tc and saturation magnetisation Ms were found to be
lower than those found in larger samples, the “bulk” properties, and to decrease with the

increase of cobalt content.

Cobalt ferrite nanoparticles of average size 4 nm have been synthesised by the
reverse micelle approach as shown in Figure 2.4 [63]. The preparation of nanoparticles
in nano-reactors formed employing the reverse micelle technique is an attractive
technique. It overcomes the difficulties associated with agglomeration and
polydispersity. Three successive transformations were detected which correspond to the
loss of solvent and surfactant, the onset of the amorphous to crystalline conversion and
the iso-chemical transformation which is the migration of cations between octahedral
and tetrahedral sites in the inverse spinel structure. These transformations were found to

be irreversible.
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A microemulsion is an isotropic and thermodynamically stable phase formed by
at least three components; two of them are non miscible, and a third, called surfactant,
has an amphiphilic behavior. When inverse micelles are used, water nano-droplets are
formed in an organic compound and used as nano-reactors in order to control particle
size. These nano-droplets are surrounded by a surfactant coat that limits their size and

separates them from the organic compound [64].
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Figure 2.4 A schematic representation of the synthesis of cobalt ferrite nanoparticles using the

reverse micelle method [63]

2.3.3 The control of particle size

CoFe,04 nanoparticles were prepared by the co-precipitation method at 60 °C
employing different Fe>*/Fe’* ratios in the initial solution. Using the Debye—Scherrer
equation for theoretical predictions of size, as the Fe’* in the starting solution increased,

the average size of particles decreased sharply from 130 nm in a sample prepared with
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only Fe’* to 25 nm in a sample prepared with pure Fe’*. The calculated values
approximated the actual particle size as was illustrated in the SEM images. As the Fe*
in the starting solution increased, the values of the saturation magnetisation Ms
decreased sharply from 65.7emu/g in the sample prepared with Fe** to 19emu/g in the
sample prepared with Fe®*. The values of magnetic coercivity He decreased from 986.7

to 126.90e. It sharply increased to 594.10e in the sample prepared with Fe* [65].

Cobalt ferrite particles with a size range from a few micrometers to about 15 nm
were synthesised using a modified oxidation process [27]. Particles with a size of about
36 nm showed a saturation magnetisation Ms of 64emu/g and a maximum coercivity Hc
of 20200e at room temperature. The control of particle size was achieved by
introducing various concentrations of ferric ions at the beginning of the reaction.
Similarly, cobalt ferrite nanoparticles with a size range of 6.3-10.5 nm were prepared
using a micelle chemical control method [66]. The particle size was thought to increase
with the increase of cobalt content in the structure. XRD line broadening of the powders
was observed to decrease with increasing particle size. CoFe,O4 nanoparticles with
diameter of about 5 nm were prepared at 390 °C by the batch supercritical hydrothermal
synthesis method [67]. The reaction time was found to have little influence on the size

and morphology of nanoparticles.

The control of particle size of cobalt ferrite prepared using colloidal solutions
was introduced for the first time by Moumen et al. [68]. The size of cobalt ferrite
particles was found to decrease when the reactant concentration is decreased and when
the concentration of the surfactant is increased. Cobalt ferrite nanoparticles have been
prepared by the chemie douce approach [69]. An aqueous solution containing cobalt(Il)
chloride and iron(Il) sulfate was heated to 90 °C and then transferred to a flask
containing an aqueous solution of sodium hydroxide and potassium nitrate. The mixture
was stirred at 90 °C under an air atmosphere for different periods of time (digestion
time) after which a clear solution was decanted from the reaction vessel. The
nanoparticles were then transferred into a large plastic beaker, washed with distilled
water, dried overnight at 80 °C in air and milled using a mortar. The potassium nitrate
was used as a mild oxidation agent in order to oxidise ferrous ions to ferric ions. The
lattice parameter was found to increase with increasing the content of cobalt in the

structure. With increasing the content of cobalt in the structure, the morphology of
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nanoparticles changed from irregular to mostly spherical. The size of particles was
found to increase with increasing the digestion time. Sorescu et al. [70] employed the
hydrothermal method to prepare cobalt ferrite and reported a linear increase in the

lattice parameter with increasing the content of cobalt in the ferrite structure.

234 The co-precipitation method

Cobalt ferrite nanoparticles have been prepared via the co-precipitation method.
Cobalt and iron nitrates were dissolved in distilled water. An aqueous solution of NaOH
was used as the precipitating agent. Both solutions were added dropwise from two
separate burettes into a reaction vessel containing distilled water under mechanical
stirring. The rate of addition was controlled in order to maintain a constant pH (8 or 10)
during the process. Co-precipitation was controlled using thermostatic equipment at the
desired temperature (60 or 70 °C). The precipitate was later subjected to heat treatment
at 400, 500 or 600 °C for 4 h to achieve transformation into the spinel phase. The
prepared particles were found to be mesoporous materials that have a particle size range
of 8-45 nm with specific surface areas ranging from 99.3 to 21.4m2/g. The particle size
increased with the pH of the precipitating agent and the precipitation temperature [71].

Similar results were observed by El-Okr et al. [72].

CoFe,0,4 nanoparticles were also prepared by the co-precipitation method using
a microwave heating system in which the solution was heated to 160 °C and held at this
temperature for 60 min [73]. The crystalline structure was obtained even though the
maximum temperature during preparation was 160 °C. TEM measurements indicated
that the synthesised ferrite material is composed of regular nano-sized particles.
According to the Scherrer equation, the average particle size was estimated to be around
5 nm. The magnetic behaviour was characterised as superparamagnetic. Magnetisation
measurements under magnetic field of 50kOe (ZFC and FC) were performed. The
blocking temperature was found to be around 195 °K. The AC magnetisation was
measured at applied field amplitude of 150e and at several frequencies between 10 and
3000 Hz. The cusp, which corresponds to the transition from the blocked state to the
superparamagnetic state, was found to shift to higher temperatures as the frequency of

the applied AC magnetic field is increased.

CoFe,04 nanoparticles have also been prepared by a modified chemical co-

precipitation method. Precursors were dissolved in de-ionised water with gentle heating
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and then slowly poured into a well-stirred NaOH solution and left stirring for several
minutes. A digestion process was performed on the mixture at 110 °C for 120 min. The
gelatinous precipitate was afterwards filtered, washed several times using de-ionised
water until the pH value of the solution became neutral and eventually dried at 80 °C.
The as-prepared CoFe,O4 sample was heated from room temperature to 800 K and then
cooled to room temperature, while magnetic data were collected in a magnetic field of
1000e. With increasing temperature, a large drop in magnetisation occurred. This was
thought to be a sharp transition to the paramagnetic state. The Curie temperature T was
found to be 677 °K when heating up and 668.6 °K when cooling down as shown in
Figure 2.5. This phenomenon was attributed to the change in the distribution of metal
ions between the tetrahedral and the octahedral sites of the spinel structure. The increase
in the degree of inversion is believed to cause the average exchange interaction to
decrease, which in turn resulted in a decrease in T¢. Particles were found to be spherical
and in the size range 20-30 nm. The value of saturation magnetisation Ms was estimated

by measurement to be 61.77emu/g at room temperature [74].
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Figure 2.5 Magnetisation versus temperature curve for the CoFe,0, particles [74]

Cobalt ferrite nanoparticles have been synthesised by both a conventional and a
modified co-precipitation method. The conventional coprecipitation method was

modified by controlling the addition flow rate of metal ions solution to the alkaline
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solution under boiling conditions in order to enhance the magnetic properties of the
particles by promoting their growth. The effects of the reaction time, flow rate and
NaOH concentration in the process were investigated. Particles in the specific size range
of 10-50 nm were observed in TEM images. The average size for particles with the

highest coercivity of 4.6kOe was estimated to be 20 nm [75].

Cobalt ferrite nanoparticles have also been synthesised by a process involving
both spraying and co-precipitation. Particles were found to have a smaller size and to be
more uniform than those prepared by the regular co-precipitation. The surface area of
particles was measured by BET. The results show that the specific surface area of
CoFe,04 nanoparticles prepared by spraying co-precipitation, 49.8m”/g, is much larger
than the specific surface area of nanoparticles prepared by traditional co-precipitation,
17.97m2/g. According to the Scherrer equation, the size of CoFe,0O4 nanoparticles
prepared by spraying co-precipitation was calculated to be 10 nm, while that of

traditional co-precipitation was calculated to be 30 nm [76].

2.3.5 The magnetic properties

2.3.5.1 Pure nanoparticles

Ai and Jiang synthesised nanocrystalline cobalt ferrite nanoparticles by a one-
step sol-gel auto-combustion method [28]. It has been shown that the coercivity initially
increased and then decreased with increasing annealing temperature whereas the particle
size and saturation magnetisation continuously increased. Figure 2.6 shows the relation
between coercivity and particle size. Also using a low-temperature auto-combustion
method, cobalt ferrite nanoparticles were prepared by Xiao et al. [77]. The saturation
magnetisation Ms, the remnant magnetisation Mr, and the average particle size were
found to be highly dependent upon the annealing temperature. Magnetic cobalt ferrite
nanoparticles were synthesised by Maaz et al. employing a wet chemical method [78].
The size of these nanoparticles was found to be dependent on annealing temperature and
time due to coalescence. They found that for smaller particles the saturation
magnetisation had a value that was significantly lower than the bulk value while the

larger sized particles had values approaching those of the bulk.
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Figure 2.6 General relation between coercivity and particle size [28]

The saturation magnetisation Ms of powders is generally smaller than the bulk
value and is found to decrease invariably when decreasing the particle size [72, 79].
However, when the particle size exceeds a critical diameter, multi-domain particles will
usually predominate. In single-domain particles, where the particle size does not exceed
the critical diameter, the spins of electrons near to the surfaces of the particles are
disordered compared with those in the particle core. This is considered to be one of the
surface effects that contribute to decrease the saturation magnetisation, Ms [80, 81].
Coercivity, Hc, is found to increase with decreasing particle size until a maximum value
that is reached at the critical diameter corresponding to the transition stage from the
multi to the single domain state. This is followed by a decrease to zero in the
superparamagnetic state [28, 59, 77, 82, 83]. In the experimental arrangement described
in Figure 2.6 the coercivity of cobalt ferrite nanoparticles was found to attain a

maximum value at 29 nm as shown in Figure 2.7 [72].

2.3.5.2 Doped nanoparticles

The magnetic properties are not only dependent on the average particle size, the
size distribution and the morphology of the particles, but also on changes in the intrinsic

divalent and trivalent cation distribution between the tetrahedral and octahedral sites at
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the nano scale. Tahar et al. prepared Sm- and Gd-substituted CoFe,O4 nanoparticles
using forced hydrolysis in polyol [84]. The main magnetic characteristics appeared to be
directly dependent on Sm>* or Gd** content. A significant increase in the saturation
magnetisation was achieved by doping with these magnetic ions. The magnetic
properties appear to be sensitive to the cation distribution between the octahedral and

tetrahedral sites.
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Figure 2.7 The relation between coercivity and cobalt ferrite particle size [72]

Gul et al. synthesised ferrite nanoparticles of Co;4NicFe;O4, with x varying
from 0.0 to 0.5, by the co-precipitation method [85]. The particle sizes were in the range
of 14 — 21 nm. The Curie temperature was found to increase with Ni concentration in
the structure. Both coercivity and saturation magnetisation were found to decrease
linearly with increasing Ni-concentration in cobalt ferrite. The decrease in coercivity
was attributed to the lower magnetocrystalline anisotropy of Ni** as compared to that of
Co* ions. The decreasing trend in magnetisation with increasing Ni-concentration was
attributed to the smaller magnetic moment of Ni** (2up) at the octahedral sites as
compared to the Co™* (3 us). The blocking temperature as determined from the zero field
cooled (ZFC) magnetisation curve showed a decreasing trend with increasing Ni-
concentration in cobalt ferrite nanoparticles. It was believed to be related to the

magnetocrystalline anisotropy of ferrites [86].

Cobalt ferrite nanoparticles doped with Mn®* have been synthesised by a

polyethylene glycol-assisted hydrothermal method [87]. PEG-400 was used as a
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surfactant to prevent agglomeration. The blocking temperature, coercive field and
remnant magnetisation were found to decrease with the increase in Mn content in the
structure, while the saturation magnetisation was found to increase. Chromium doped
cobalt ferrite nanoparticles have also been synthesised by polyethylene glycol (PEG)
assisted hydrothermal route [88]. Since Cr’* (3 pg) has a weaker magnetic moment than
Fe* (5 up), the partial replacement of Fe’* by Cr’* ion caused a decrease in the
saturation magnetisation and coercivity in addition to a slight reduction in particle size.
The addition of chromium reduced the Ms by 14% and the coercive field by 23%.
Superparamagnetic nanoparticles of Cr-substituted cobalt-zinc ferrite (CryCoys.
xZng sFe;04) with particle size < 10 nm, have been synthesised by a co-precipitation
method [89]. The particle size, as well as the blocking temperature, decreased with

increasing Cr concentration.

Cojocariu et al. prepared Cr- and Mn-substituted CoFe,Os nanoparticles
employing the co-precipitation method [90]. Chlorides were used as precursors. They
were dissolved in distilled water and heated to 60 °C. Aqueous NaOH was added to the
solutions to precipitate the powders. The precipitate was washed with distilled water,
filtered, dried at 70 °C for 12 h in air and finally heat treated in three steps at 400, 650
and 900 °C for 5 h. A small increase in each of the saturation magnetisation, coercivity
and remnant magnetisation was observed in the doped ferrites in comparison with the
undoped cobalt ferrite. From the spectroscopic measurements, it was found that Co™,
Mn™*, Cr** ions have strong site preference for octahedral sites. The small increase of
saturation magnetisation was related to the oxidation state of the manganese ions as the

Mn?** have no particular preference for octahedral or tetrahedral sites.

Zn-substituted cobalt ferrite nanoparticles (Co;_xZnyFe,O4) of a monodisperse
distribution were for the first time successfully prepared via the forced hydrolysis
method by Duong et al. [91]. Nanoparticles with an average size of 3 nm were in the
superparamagnetic state at room temperature. The blocking temperature, Ty, decreased
from 221 to 142 °K with increasing Zn substitution from x = 0 to x = 0.4. The saturation
magnetisation was found to increase with the increase of Zn content in the ferrite
structure. This was due to the Zn>* ions with zero magnetic moment replacing ions on
the tetrahedral A-sites resulting in the increase of the total magnetic moment. The

determined Ms value of CoFe,04 was found to be a small amount higher than values
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previously reported, even with larger particle sizes. This indicated that the nanoparticles
prepared by the forced hydrolysis route have a higher crystallinity than those prepared
by other methods.

Cobalt ferrite nanoparticles have also been synthesised by the emulsion method
[92]. According to the DTA/TG analyses, the pure material was present at or above 600
°C. The particle size was observed to increase with increasing Nd** content between
400 and 500 °C, while it decreased with increasing Nd** content between 600 and 800
°C. The substitution of Fe’* ions by Nd** ions resulted in the decrease of saturation
magnetisation from 53.4 emu/g, for the pure cobalt ferrite, to 28 emu/g, for
(CoFe; §Ndj204) and the increase of coercivity from 172 to 4890e. Substituting a small
quantity of Fe’* jons on B sites by the Nd’* jons was believed to cause the
superexchange interactions in the spinel structure to decrease. This resulted in a
decrease of the saturation magnetisation. The movement of domain walls was thought to
be more difficult, due to the Nd** (content residing at) concentration increasing near

grain boundaries, so that the coercivity increased.
2.3.6 The effect of surface layer on magnetic properties

Toksha et al. [82] synthesised cobalt ferrite nanoparticles by a method involving
both sol-gel and auto combustion with a size range between 11 and 40 nm depending on
the annealing temperature and time. The saturation magnetisation Ms measured at room
temperature was found to decrease with decreasing particle size. This was thought to be
related to the effects of a relatively non-reactive surface layer that has lower magnetic
properties. The effect of this surface layer on the magnetic properties of the whole
particle increases when the particle size is very small. This leads to a decrease in the
total magnetisation. For particles with 15 nm as the average size and with maximum
applied magnetic field of 12kOe, the coercivity in the hysteresis loop was measured at
different temperatures. The coercivity measured at room temperature (12150e) was
lower than the value measured at 77 °K (10.2kOe). It is thought that this was due to
significant growth in the magnetic anisotropy at 77 °K preventing the alignment of the

moments under the applied magnetic field.

A random canting of the particles’ surface spins caused by competing

antiferromagnetic exchange interactions at the surface was proposed and explained by
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Coey [81]. Mossbauer-effect measurements on extremely small (6 nm) crystallites of y-
Fe,O3 showed that the spin configuration differs from the type found in large
crystallites. It was proposed that the ions in the surface layer are inclined at various
angles to the direction of the net moment. The ultrafine particles could be visualised as
having a core with the normal spin arrangement and a surface layer in which the spins
of the ions are inclined at some angle to their normal direction, which depends on their
magnetic nearest neighbours. Parker et al. [93] reported data demonstrating that the
observed canting in y-Fe,O3 nanoparticles (25 to 100 nm) is not a surface effect, but a
finite-size effect. The surface spins still exhibit a weaker exchange than is found in the
core states. Polarised neutron powder diffraction data of finely divided CoFe;O4
particles coated with oleic acid and uncoated were analysed by Lin et al. [94]. They
confirmed the existence of a magnetically disordered surface layer in both coated and
uncoated particles. These layers are approximately 16.9 A thick in the uncoated

particles and approximately 12 A thick in the coated particles.

Martinez et al. [95] demonstrated the existence of a spin-glass-like surface layer
that undergoes a magnetic transition to a frozen state below 42 °K in y-Fe,O3; magnetic
nanoparticles (9-10 nm). The core of the particle was found to be ferrimagnetic that
changes its orientation by coherent rotation. The spin-glass-like surface layer slowly
relaxes in the direction of the field. The origin of this spin-glass-like phase at the surface
could be the existence of broken bonds and translational symmetry breaking of the
lattice, generating randomness in the exchange interactions that extends to some atomic
layers from the surface. The thickness of spin-glass-like surface layer is evaluated to be
around 6 A by using the random-field model of exchange anisotropy. The low
temperature increase of Hc was observed and it is due to the pinning effect of the frozen

spin-glass-like surface layer upon the single-domain core.

High field irreversibility in the moment versus field and moment versus
temperature of coated NiFe,O4 nanoparticles with as average size as determined from x-
ray diffraction data (65 A) was observed. The onset temperature of this irreversibility is
near 50 °K. It was proposed that the canted spins are on the particle surfaces. They
freeze and form a spin-glass-like phase at temperatures below 50 °K. The surface spins
have multiple stable configurations for any orientation of the core magnetisation, one of

which is selected by field cooling [80].
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Mossbauer studies of small CoFe,0, particles revealed that a non-collinear spin
arrangement exists, possibly at or near the surface of CoFe,O, particles [96]. The
particle morphology is an important factor influencing the non-collinear magnetic
structure in fine particles. Mossbauer spectra at 4.2 °K were taken. Two overlapping
six-line hyperfine patterns corresponding to the °'Fe in B and A sites have been fitted.
Mossbauer spectra were also taken with a large magnetic field 50kOe applied along the
propagation direction of the y rays at 4.2 °K. The atomic moments lie along the
direction of the external magnetic field, and the polarisation conditions require the
disappearance of the second and fifth lines in the hyperfine pattern. The Fe spins in
small CoFe,Oy particles are canted with respect to the direction of the external magnetic
field since substantial second and fifth absorption lines are obviously present as shown
in Figure 2.8. This trend increases in smaller particles and is less pronounced in larger
particles. From the value of the relative intensity of the 2,5 line areas compared to the
1,6 line areas, the thickness of the spin-canted surface layer of each crystallite was

evaluated.
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Figure 2.8 Mdssbauer spectra of small CoFe,0, particles taken at 4.2 °K in a longitudinal
external magnetic field of 50kOe for three different samples [96]
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2.3.7 The net magnetisation of cobalt ferrite

Cobalt ferrite particles were prepared by co-precipitation of iron and cobalt
hydroxide. The precipitate was washed thoroughly, fired in a furnace at 1200 °C for 48
h and slowly cooled down to room temperature. The quenched material was obtained by
quenching the powder at 1200 °C in water. A calculation of the magnetic moments,
assuming that all the Fe®* jons have a moment of 5 up and the Co” ions have a moment
of 3 ug, gives 3.16 ug and 3.84 pp per unit chemical formula for the slowly cooled and

the quenched material, respectively [15].

Mossbauer spectra of CoFe,O4 showed that this spinel is not completely inverse
and that the degree of inversion depends on the heat treatment of the material. The
magnetic moments of the slowly cooled and the quenched material were 3.4 and 3.9 up
per unit chemical formula, respectively, in reasonable agreement with the calculated

values.

The net magnetisation of a ferrimagnetic material depends on cation distribution
between the octahedral and tetrahedral sublattice sites. Thus, the knowledge of cation
distribution is important to understand the magnetic properties of nanoparticles. In
cobalt ferrite each tetrahedral Fe’* ion is surrounded by twelve octahedral ions. The
replacement of one Fe’* ion by a Co®* jon at a B site probably does not produce a large-
enough percentage change in the total superexchange interaction to cause a considerable
difference in the ionic moments at higher temperatures. On the other hand an octahedral
Fe®* ion has only six tetrahedral nearest neighbors. If a tetrahedral Fe* jon is replaced
by a Co” ion, the superexchange interaction will be reduced by an appreciable
percentage. For instance, an Fe3+(B) with (5Fe, 1Co) nearest A neighbours would have a
more rapid decrease of the moment than one with (6Fe) nearest A neighbours. The
Maossbauer spectra at higher temperatures showed broader lines whereas the broadening
depends on the number of probable distributions of the iron and cobalt ions in the six
nearest-neighbours A-sites. The hyperfine magnetic fields at B-site nuclei have different
temperature dependences for different distributions of iron and cobalt ions in

neighbouring A-sites.

Concas et al. [97] reported that the inversion degree of CoFe,O4 prepared via the

sol-gel process may be evaluated using saturation magnetisation at 4.2 °K and
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Mossbauer spectrum. The particle size and the thermal history are responsible for the
inversion degree attained with respect to both the maximum temperature of heat

treatment and the cooling rate.
2.3.8 Ferrimagnetism and superparamagnetism

Cobalt ferrite single-domain nanoparticles are known to be either in the
ferrimagnetic or superparamagnetic state. In these particles, magnetisation can
randomly flip direction under the influence of temperature. The typical time between
two flips is called the Néel relaxation time. In the absence of an external magnetic field,
when the time used to measure the magnetisation of the nanoparticles is much longer
than the Néel relaxation time, their magnetisation appears to be, on average, zero. The
state of these nanoparticles appears to be superparamagnetic. Furthermore, an external
magnetic field is able to magnetise the nanoparticles, similarly to a paramagnet.
However, the magnetic susceptibility (the degree of magnetisation of a material in
response to an applied magnetic field) of these nanoparticles is much larger than that of

paramagnets.

On the other hand, when the time used to measure the magnetisation of the
nanoparticles is much smaller than the Néel relaxation time, their magnetisation will not
flip during the measurement so the magnetisation measured will be the net of magnetic
moments carried by the nanoparticles. They are said to be in the ferrimagnetic state. A
transition between superparamagnetism and ferrimagnetism occurs when the

measurement time equals the Néel relaxation time.

In other words, if the measurement time is kept constant and the magnetisation is
seen as a function of the temperature, the temperature of the transition from
superparamagnetism to ferrimagnetism is called the blocking temperature. The blocking
temperature TB is known as the temperature at which the magnetic anisotropy energy
barrier of a nano magnet is overcome by thermal activation, leading to the fluctuation of
its magnetisation. (A magnetically anisotropic material will align its moment with one
of the easy axes. An easy axis is an energetically favourable direction of spontaneous
magnetisation). According to the Néel theory [84] the blocking temperature is expected
to increase with K1, the magnetocrystalline anisotropy constant, and/or V, the average

particle size. (The spin-orbit interaction (any interaction of an electron's spin with its
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motion) is the primary source of the magnetocrystalline anisotropy. Spin-orbit
interaction causes shifts in an electron's atomic energy levels (electrons in atoms and
molecules can change energy levels by emitting or absorbing a photon whose energy
must be exactly equal to the energy difference between the two levels) due to
electromagnetic interaction between the electron's spin and the magnetic field generated
by the electron's orbit around the nucleus). Above the blocking temperature TB, there is
neither remanence nor coercivity and therefore no hysteresis feature, in agreement with
the superparamagnetic character of the particles. Below the blocking temperature TB,
CoFe,04 nanoparticles exhibit ferrimagnetic behaviour characterised by hysteresis loops

with coercivity, remanence and a saturation magnetisation.

Cobalt ferrite nanoparticles in the size range 5 to 7 nm for the use of magnetic
fluid hyperthermia mediator were prepared by the successive polyol technique [42]. The
Zero-field-cooled (ZFC) magnetisation curve in the temperature range (2.5-300 °K)
showed a peak which refers to the mean blocking temperature TB of the assembly
which was found to increase invariably with particle size. The coercive fields Hc
recorded at 2.5 °K showed a decrease with decreasing particle size. At room
temperature, there was no hysteresis feature observed which represents the nature of the
superparamagnetic state. The same behaviour was observed in cobalt ferrite

nanoparticles with an average particle size of 3 nm [51].

Moumen et al. [68] reported the superparamagnetic behaviour at room
temperature for cobalt ferrite nanoparticles with 5 nm as an average particle size. A
hysteresis feature was observed at a temperature of 20 °K for the same particles with a
coercivity of 8.8kOe and this value decreased to 4.8kOe by decreasing the diameter of
the particles from 5 to 2 nm. The details of the method of preparation of these

nanoparticles for the magnetic fluid are reported elsewhere [98].

Cobalt and nickel ferrite nanoparticles with spherical-like morphology have
been obtained by a solvothermal method with a size range between 5 and 10 nm [99].
An alcohol is used as both a solvent and a ligand. Cobalt ferrite nanoparticles
suspensions were found to be stable in hexanol for more than one week, while the
corresponding suspensions in benzyl alcohol precipitated in less than one day. The
particle size of cobalt ferrite was observed to increase from 7.6 to 8.9 nm with the

increase of reaction time from 24 h to 48 h, respectively. These nanoparticles were
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found to exhibit superparamagnetic behaviour at room temperature. Saturation
magnetisation was found to increase from 50.2 to 58.4emu/g with an increase in particle

size from 5.9 to 8.9 nm.

Mossbauer spectroscopy can record the sextet hyperfine structure if the
magnetisation of the nanoparticles does not flip during the measurement time which
means that the relaxation time is longer than the measurement time. When the relaxation
time is shorter than the measurement time, i.e. in a superparamagnetic state, only
doublet spectrum is observed and this usually happens when the energy barriers in the
nanoparticles are thermally overcome [100]. Li and Kutal recorded Mdossbauer spectra
for cobalt ferrite nanoparticles [66]. Results indicated that the intensity of the sextet
pattern decreases with decreasing particle size while that of the central doublet
increases. It has been shown that a stage exists in the transition from the ferrimagnetic
to the superparamagnetic state when the particle size decreased from 10.5 to 6.3 nm.

The hyperfine field at A and B sites was found to increase with decreasing particle size.

Cobalt ferrite nanoparticles have been synthesised in a homogeneous aqueous
solution without any template and subsequent heat treatment [101]. The size of particles
increased with the precipitation temperature. A particle size range between 2 and 15 nm
was obtained when the precipitation temperature was in the range between 20 and 80
°C. The nanoparticles prepared at 20 °C and 40 °C were superparamagnetic at room
temperature while those prepared at 60 °C and 80 °C were ferrimagnetic with
magnetisation values at 10kOe of 36.0 and 58.3 emu/g and coercivity values of 39 and
1930e, respectively. Mossbauer spectra recorded for nanoparticles prepared at 60 °C
and 80 °C showed a complex hyperfine structure in which a quadrupole doublet is
superimposed on a magnetically split sextet. These results could be explained by
assuming that the samples being analysed can exist with two components of particles,
one consisting of superparamagnetic particles, and the other of ferrimagnetic particles
because of their wide particle size distribution. The blocking temperature of

nanoparticles prepared at 80 °C was found to be around 550 °K.
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2.4 The sol-gel technique

2.4.1 Introduction

The sol-gel technique is a versatile solution process for making advanced
materials, including ceramics and organic-inorganic hybrids. In general, the sol-gel
process involves the transition of a solution system from a liquid "sol" (mostly
colloidal) into a solid "gel" phase. Utilising the sol-gel process, it is possible to fabricate
advanced materials in a wide variety of forms: ultrafine or spherically shaped powders,
thin film coatings, fibres, porous or dense materials, and extremely porous aerogel

materials.

The sol-gel process, known as inorganic polymerisation, was discovered in 1846
by Ebelmann [102]. In practice, the sol-gel process is very simple at the macroscopic
scale. It transforms a molecule into a material ready for shaping in one step. At the
nanoscopic and microscopic scales, it is in fact a very complex process involving

several transformations of very different natures of matter.

A colloid is a suspension in which the dispersed phase exhibits Brownian
motion, a random movement driven by the momentum imparted by collisions with
molecules of the suspending medium. A sol is a colloidal suspension of solid particles
in a liquid. This type of colloid can be used to generate polymers or particles from
which ceramic materials can be made. A ceramic is usually defined to be nonmetallic
and inorganic. In the sol-gel process, the precursors for the preparation of a colloid
consist of a metal or metalloid element surrounded by various ligands. Common
precursors for any oxide include inorganic salts such as nitrates or chlorides and organic

compounds such as alkoxides.

An alkane is a molecule containing only carbon and hydrogen linked exclusively
by single bonds group. The general formula is C,Hj,+. An alkyl group, being a
component of a molecular structure, but not necessarily having an existence on its own,
is a ligand formed by removing one hydrogen from an alkane molecule. For instance,
methane (CH4) produces the methyl group (CH3). An alcohol is a molecule formed by
adding a hydroxyl (OH) group to an alkyl group, as in methanol (OHCH3). An alkoxy

group is a ligand formed by removing one hydrogen from the hydroxyl group of an
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alcohol, as in methoxy (OCH3;). Metal alkoxides are members of the family of
metalorganic compounds, which have an organic ligand attached to a metal or metalloid

atom.

The sol-gel process involves hydrolysis and condensation reactions of metal
precursors (salts or alkoxides) leading to the formation of a three-dimensional inorganic
network. Metal hydroxyl groups (M-OH) are formed during the hydrolysis. These
groups subsequently condense into strong, rigid and irreversible metal-oxo-metal

bridges (M-O-M) [103-105].

Metal alkoxides are popular precursors because they react readily with water.
The reaction is called hydrolysis, because the hydroxyl group in the water becomes

attached to the metal atom, as in the following reaction:
M(OR); + H,O — HO-M-OR + ROH

Where OR represents an alkoxy group and ROH represents an alcohol. Depending on

the amount of water, hydrolysis may go to completion immediately.
M(OR); + ;H,0 — M(OH), + ,ROH

Alternatively, partially hydrolysed molecules can link together in a condensation

reaction.
M;(OR); + HO-M;-OR — (OR)M,-O-M;-OR + ROH
This can be hydrolysed, for instance,
(OR)M,-O-M;-OR + H,0 — (OH)M,-O-M;-OR + ROH

This type of reaction can continue to build larger and larger metal or metalloid-

containing molecules by the process of polymerisation. For instance,
M3;(OR), + (OH)M,-O-M;-OR — (OR)M3-O-M,-O-M,;-OR +ROH

A polymer is a huge molecule formed from thousands of units called monomers
that are capable of forming at least two bonds. An oligomer is a molecule of
intermediate size between a polymer and a monomer. The number of bonds that a

monomer can form is called its functionality, f. If a polyfunctional unit with f > 2 is
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present, the chains can be joined by crosslinks to form a three-dimensional structure.

There will be no limit on the size of the molecule that can form.

If one molecule reaches macroscopic dimensions so that it extends throughout
the solution, the substance is believed to be a gel. It is a substance that contains a
continuous solid skeleton enclosing a continuous liquid phase. Gelation can occur after
a sol is cast into a mold, in which case it is possible to make objects of a desired shape.
Bond formation does not stop at the gel point. The network is initially compliant, so
segments of the gel network can still move close enough together to allow further
condensation. Smaller polymers or particles continue to attach themselves to the

network.

Drying by evaporation under normal conditions results in a dried gel called a
xerogel. Most gels are amorphous, even after drying, but many crystallise when heated.
The final heat treatment pyrolyses the remaining organic or inorganic components and
forms the crystalline powder. This, of course, is especially useful if the gel only
contains the substance which one is attempting to prepare, and substances that can be
removed by oxidation or evaporation. If it contains other substances, these must be

removed by washing before the evaporation.

If this is carried out with precursors to yield cobalt ferrite, the xerogel would be
a dry solid containing the cobalt ferrite in an amorphous form. The structure would still
contain the remains of the original linkages of the polymer chains or skeleton, and these
linkages might be arranged randomly in all directions. Heating the xerogel gives to the
components, particularly the cobalt and ferric ions the possibility of migrating to sites to
reduce the internal energy of the solid. Therefore on heating ions will migrate to the
most favourable sites, forming close packed structures with the maximum neutralisation
of electrostatic charges, regardless of the original structure of the polymer. This is why
crystals of cobalt ferrite grow. However by controlling the amount of heating, the rate of

this process can be controlled and stopped when the crystals are still very small.
2.4.2 Nanoparticles synthesis

Among the various liquid-phase chemical techniques, reported in the literature
and employed for the synthesis of cobalt ferrite nanoparticles, the sol-gel process is

probably the most effective being a feasible route to achieve high purity and
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homogeneity and develop crystalline nanoparticles. This process offers the possibility of
a generalised approach to the production of both single and complex oxide nanoparticles

[106].

The sol—gel method has been employed to fabricate CoFe,0O,4 particles by Lee et
al. to be used as high-density magnetic recording media [107]. The typical spinel
structure was obtained when powders were annealed at or above 350 °C. The increase in
the annealing temperature yielded an increased sharpness of the major peaks of XRD
patterns, indicating the growth of larger particles. A decrease in the coercivity and, in
contrast, an increase in the saturation magnetisation was observed with the increase of
annealing temperature. The magnetic behaviour was found to be related to the size of
crystalline particles and the temperature of measurement. Particles annealed at 350 °C
were found to be in the ferrimagnetic state at room temperature with a size range
between 6 and 20 nm. Some particles were in the superparamagnetic state, existing side

by side with those in the ferrimagnetic state.

Nanoparticles of cobalt ferrite having an average particle size of 40 nm were
also synthesised employing the sol-gel method [108]. Cobalt and ferric nitrates were
used as precursors with ethylene glycol as the solvent. The temperature of the sol was
increased up to 60 °C to obtain a wet gel which was then dried at 90 °C. The amorphous
powder was annealed at 800 °C during the heat treatment process by which the
crystalline nanoparticles were obtained. The coercivity and remnant magnetisation were
found to increase in value when decreasing the temperature of measurement down to
100 °K. These nanoparticles were found to be in the ferrimagnetic state at room

temperature.

Cobalt ferrite nanoparticles doped with aluminum CoFe;(AlyO4 (for x = 0.00,
0.25, 0.50) have been synthesised by the sol-gel route [109]. The precursors were
dissolved in de-ionised water. Citric acid was added to the prepared aqueous solution to
chelate the metal ions. A solution of ammonia was added to neutralise the solution.
Drying was carried out by heating at 100 °C. The powder was then annealed at 800 °C
for 6 h with a heating up rate of 5 °C/min to obtain the spinel phase. The crystallite size
as calculated using the Scherrer formula was in the range 18-23 nm. It decreased with

13+

increasing concentration of Al”" ions. The lattice parameter and the Curie temperature

were found to decrease as well with increasing concentration of AI** ions. The decrease

44



Chapter 2: Literature review

in lattice parameter was thought to be due to the substitution of the smaller Al** ions
(0.51 A) in place of the larger Fe’* ions (0.64 A) in the system. The decrease of Curie
temperature from 667 to 528 °K with the increase in AI’* concentration was explained
as a result of the modification of the A—B interaction strength due to the change of Fe**
concentration between A and B sites, reducing thereby the A-B superexchange
interaction. The powder was dried and annealed at 550 °C for 8 h in a separate
investigation reported elsewhere [110]. The highest value of saturation magnetisation
and coercivity was observed for the pure cobalt ferrite and it decreased as the aluminum

content increased in the structure.

Chromium substituted cobalt ferrite nanoparticles (CoCryFe, xO4, 0 < x < 1)
have been synthesised using the sol-gel auto combustion method [111]. The precursors
were dissolved separately in distilled water. The individual solutions were then mixed
together and the pH value of the solution was adjusted to about 6. The solution was then
slowly heated and stirred until gels were formed. The resultant powder was annealed at
400, 600 and 1000 °C for 2 h to obtain the crystalline nanoparticles. The value of
saturation magnetisation was found to decrease from 77 to 13emu/g with the increase of
Cr’* concentration in the structure. This was believed to be due to the smaller magnetic
properties of the Cr'* jons substituting for the Fe’* ions in the octahedral sites. This
resulted in the weakening of the A-B superexchange interaction. The value of
coercivity decreased with the increase in Cr’* concentration. This was attributed to the
decrease in the anisotropy field. The lattice parameter was found to decrease slightly
with the increase of Cr’" concentration because the ionic radii of the Cr3+(0.63 A) and

the Fe3+(0.67 A) ions are almost the same.

Cu doped Co ferrite nanoparticles (CoFe, xCuxO4, 0.0 < x < 0.5) have been
prepared by the sol-gel method [112]. Metal nitrates were used as precursors. They
were dissolved in de-ionised water and a few drops of ethyl alcohol were added. The
solution was constantly stirred until the gel formation. The temperature was kept at 65
°C during stirring. The formed gel was annealed at 200 °C for 24 h to form a fluffy
loose powder. The resultant powder was then heated to, and maintained at, 800 °C for 8
h to remove any organic residuals present in the material with 10 °C/min as the heating
up and the cooling down rates. The lattice constant was found to increase with

increasing concentration of Cu®*. This was thought to be due to the difference in the
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jonic radii between the Cu”* ions (0.70 A) and the Fe** ions (0.67 A). The saturation
magnetisation was found to decrease with Cu?® doping. The reason was related to the
smaller magnetic moment of Cu® (1 pug) as compared with the Fe* ions (Sus).
Dysprosium doped Co—Zn ferrites were synthesised by a sol-gel auto combustion
method reported in detail elsewhere [113]. The particle sizes were found to be in the
range between 30 and 40 nm. The lattice constant decreased with increasing Dy

concentration while the sizes of the particles increased.

The sol-gel process has been employed to prepare composite materials
containing highly dispersed magnetic cobalt ferrite nanoparticles as core particles in a
silica matrix [114, 115]. The cobalt ferrite nanoparticles were observed to interact with
the silica matrix through Si—~O-Fe bonds according to the IR spectrum. This interaction
reaches its maximum when the temperature is raised to 600 °C. Above this temperature,
the interaction disappeared with the breakage of the Si—-O-Fe bonds [116]. Silva et al.
has found that the size of cobalt ferrite particles formed in the silica matrix increases
with an increase in the heat treatment temperature, leading to an increase in the
saturation magnetisation and coercivity [117]. Particles stopped exhibiting
superparamagnetic behaviour above 400 °C when the particle size reached

approximately 10 nm.

CoFe,04 nanoparticles embedded in an amorphous SiO, matrix with a size range
between 3 and 15 nm have been synthesised by the sol-gel method [118]. Coercivity
was found to increase with particle size. Due to the wide size distribution of the
CoFe,0y particles which were annealed at 1000 °C, the simultaneous occurrence of both
sextet and doublet spectra were detected at room temperature. Particles annealed at 900
°C were all superparamagnetic as indicated by Mossbauer spectroscopy. A deviation

from the ideal inverse spinel structure was observed.
243 Other applications

The sol-gel process has been employed to prepare nanocrystalline
CoFe; oRE( 104 [Where RE refers to a rare earth element, which can be either Gd, Tb or
Dy] films [119]. Doping with magnetic RE ions was found to increase the coercivity of
the cobalt ferrite. Cheng et al. used the sol-gel method to prepare nanocrystalline thin

films of cobalt ferrite with doping with foreign ions [120]. The morphology and grain
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size of the thin films were dependent on the annealing temperature. The magnetisation,
the high coercive force and the sizes of the nano grains obtained make the technique a
promising approach for recording applications. Lee et al. prepared porous cobalt ferrite
magnets using a sol-gel process in which polymer colloidal spheres were used as
sacrificial templates to enable 3-D ordered pores to be formed [121]. The porous cobalt
ferrite showed enhancements in coercive field and magnetisation compared with the
bulk congener. Preliminary experiments have shown that porous cobalt ferrites can
separate magnetic ions selectively from a solution containing various magnetic and non-

magnetic ions.

2.5 Sintering

2.5.1 Introduction

Sintering is the process whereby the pores between particles or grains are
eliminated. Before sintering these pores exist in the body of a specimen which has been
pressed or formed into a definite shape. Sintering causes the shrinking of the shape of
the body, with the shrinkage being driven by surface tension. It is achieved by raising
the temperature of the material to almost the melting point, so that the surfaces of the
grains become soft, and begin to show the characteristics of a liquid. In the process,
some of the grains grow, while others decrease in size and disappear altogether. The
initially random convex shapes of the grains also change, causing the surfaces to
become more flat, so that each grain fits into place with its surrounding neighbours with
no space between. This causes the elimination, or almost causes the elimination of the
pores between the grains. The most general form of industrial sintering consists in the
following stages: a non-isothermal heating up period until the sintering temperature is
reached; an isothermal “dwell” period during which the sintering temperature is
maintained until the maximum density is reached; a relatively slow cooling down period

to room temperature.

It has been suggested that the rate of sintering activity of ferrite powders can be
improved by two main routes. The first is the preparation of powders with nano-sized
particles which should result in higher surface energy in the pressed compact specimen
prior to sintering, and thus provides a higher driving force for densification and grain
growth [122]. It is true that compacts containing nano-sized particles begin to sinter at
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much lower temperatures. The second is the addition of sintering additives [123].
Different sintering additives have been proposed to enhance the densification behaviour
of Ni-Cu-Zn ferrites, e.g. PbO [124]. Densification at low temperatures, bismuth oxide

Bi,03 has been used [125].

The changes in dimensions, which normally occur during sintering, are

measured as length or volume changes before and after sintering as follows:
Alzl_lo or AV:V_VO

The zero (value) suffix refers to the original state.
Since shrinkage occurs, the length and volume changes are negative

From these, as a percentage, the linear or volume expansion is determined as follows:

Al AV
S, = —.100 or Sy= —.100
lO VO

Again, negative values refer to shrinkage.

Shrinkage curves are measured using a high-temperature Dilatometer. They
show the effect of temperature and time. Because the shrinkage rate may be much
slower than the heating up period, and the thermal conductivity of the material may be
very low, different parts of the sample being tested may be at different temperatures,
and so different rates of heating can produce different shrinkage curves. In the case of
ferrites, the sintering atmosphere can also produce different effects. All of these factors
need to be considered. In a Dilatometer test, the linear expansion/contraction movement
is transferred directly to a low-friction probe placed in contact with the end of the
specimen, and this enables the measurement to be made. The results of the
measurements are recorded continuously, processed in the computer and shrinkage

curves are produced.

2.5.2 The densification and grain growth

Generally, when increasing the sintering temperature, a shorter sintering time is
sufficient to achieve the constant relative density. The point at which relative density
reaches its maximum value coincides with the onset of nonuniform grain growth. In

fact, in the early stages of sintering at a certain temperature, rapid densification occurs
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with slow grain growth. However, when the relative density approaches its maximum
value, grain growth begins to increase more rapidly while the rate of densification slows
down. In addition, grain growth becomes more pronounced at higher sintering
temperatures, but the effect on the densification rate is not so dramatic. This suggests
that it is important to adopt a thermal cycle in which the temperature is increased to a
high value with just a short dwell time employed at this temperature. That is to favour
rapid densification. Subsequently, the temperature should be decreased and a second
dwell time introduced, to encourage densification and discourage grain growth to the
greatest possible extent, and enable the total densification process to approach values

close to the theoretical density [126].

The feasibility of densification with the minimum of grain growth relies on the
suppression of grain-boundary migration while keeping grain-boundary diffusion active.
This has been called "The kinetic window" of opportunity. Grain growth is observed to
be more prolific at a higher temperature. This suggests that grain-boundary migration
may involve an activation process that has higher activation energy than grain-boundary
diffusion. Therefore, it is more active at higher temperatures but is suppressed at lower
temperatures. However, if the temperature is too low, grain-boundary diffusion may be
suppressed and so the densification would be reduced. Doping with additives, e.g.
Nb,Os or MgO, has the effect of shifting the kinetic window to a higher or lower
temperature respectively [71]. In one investigation, it was concluded that, by exploiting
the kinetic window, it is possible to achieve dense, nano-structured materials of grain
sizes between 25 and 50 nm starting from nano-sized powders in the size range between
5 and 10 nm. In the same way, in a separate report, fully dense cubic Y,03 was prepared
by a two-step sintering method. In the final-stage grain growth was suppressed by
exploiting the difference in kinetics between grain-boundary diffusion and grain-
boundary migration. The sample was firstly heated to a higher temperature to achieve an
intermediate density, then cooled down and held at a lower temperature until it became

fully dense [127].

Kumar et al. divided the sintering process of WC nano powders into four stages
[128]. In the first stage, a rapid increase in the densification rate of the compact
happens. The shrinkage has two components: one arising from inter-agglomerate and

another from intra-agglomerate densification. The end densities increase to around 80%
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from an initial density. At the end of this stage, most of the bridges between
agglomerates disappear, the clusters impinge upon each other and a microstructure
characterised mainly by agglomerate and continuous pore distribution is reached. The
initial rapid shrinkage is followed by an almost constant density regime characterised by
the clusters shrinking in upon themselves. The shrinkage of the compact, if any, occurs
purely by intra-agglomerate densification. The microstructure evolves into well
demarcated agglomerate boundaries. Following the formation of stable agglomerates,
intra-agglomerate shrinkage cannot proceed further although sintering by grain growth
occurs to a small extent. From this point, the sinterability of inter-agglomerate pores
controls the densification rate. Many of the large pores are found to be surrounded by
more than the critical number of grains. As a result, the net shrinkage strain rate
decreases due to two simultaneous forces opposing densification: large co-ordination
number with surrounding grains and a small amount of grain growth within the
agglomerates. The relative density decreases since the large pores start to grow.
Following the small dip in shrinkage strain rate, there is a passive period over which the
system tries to evolve by massive grain growth within the agglomerates. This leads to a
breakup of the agglomerate identity into large grains and the stable inter-agglomerate
pores start to sinter. The pores start to shrink rapidly, surpassing the grain growth rate.
The concurrent grain growth supports shrinkage until the open pores are eliminated and

the closed pore structure appears.

2.5.3 Sintering of cobalt ferrite

CoFe,04 powder prepared by a traditional ceramic route was pressed into discs
and sintered under vacuum at a pressure of 10° Torr (1.33*107 Pa) in a series of
experimental trials [129]. In each trial the final density was measured. It was found to
increase with an increase in either the sintering temperature or the dwell time. A relative
density of 96.8% was achieved when sintering at 1200 °C for 24 h. The vacuum
sintering resulted in the development of other oxides (CoO) which seemed to come into
existence alongside the spinel structure, but were not part of it, due to the non-oxidising
nature of the vacuum in the sintering environment, which had a reducing effect on the
material. The reaction was due to the breakdown of the ferric part of the structure to

produce oxygen:

CoFe;O4 — Co0O + F6203
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2Fe;03 — 4FeO + O,

The first reaction is reversible, but, if it occurs on even a small scale, the second
reaction will occur and it is not reversible because the oxygen would be carried away in
the vacuum system. Once FeO is formed, it will react with any free Fe,O3 to form

Fes;0y4, and further destroy the structure of the cobalt ferrite.

The magnetostriction amplitude was reduced by the detrimental effect of these
extra non-magnetostrictive oxides. The coercive field was found to decrease with
increasing sintering temperature and time. Higher sintering temperature and longer
sintering time were thought to result in larger grains and consequently a lower coercive
field. Larger grains, on their own, would probably not reduce the magnetic properties.
However, larger grains would produce poorer mechanical properties (poorer
homogeneity and a loss in ductility). This could cause cracking as the specimen cooled
(because of temperature gradients across the specimen leading to different rates of
contraction), and the cracks would produce poorer magnetic properties. This is one
major reason why one cannot achieve high densities simply by prolonging the sintering

time or increasing the temperature.

In another study, cobalt ferrite powder was prepared by a solid-state reaction
route. Uniaxially pressed disc samples, were sintered under one-step conditions in a
series of experimental trials. These disc samples were made from powders with
different particle size distributions. The sintering conditions were kept the same at 1450
°C for 3 h. In each case the final value of the relative density was measured, and when
the average particle size of the starting material was 14.17 pm, the final relative density
was 87.51%. The relative density after sintering was found to increase by around 4%
when the average particle size of the starting material was 5.34 um instead of 14.17 pm.
No further increase in the relative density was observed when the particle size was

further reduced [6].

The observed improvement in densification was explained to be due to the fact
that open interconnected porosity had not been completely eliminated in the disc
samples until the end of the sintering dwell time. However, when starting with powders
with smaller average particle sizes, the densification process did not improve with the

formation of specimens with even higher relative density. This was explained to be due
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to the fact that, although the porosity still existed in the sample in regions far from the
surface of the sample, the pores were no longer connected through the layers near the
surface of the sample with the atmosphere in the sintering equipment. In other words the
pores were no longer “open” but “closed”. Therefore, since the pores were filled with
gas, there was no way for the gas to be expelled from the pores inside the sample and

into the atmosphere of the sintering equipment.

It was concluded that decreasing particle size below 5.34 um, coupled with a
one-step sintering temperature profile, would not result in any further improvement in

increasing the relative density.

It will be appreciated that when a sample is being heated up in a furnace, the
temperature of its surface will always be higher than the temperature near the centre of
the sample, because the heat is transferred from the sintering equipment to the sample
mainly by radiation, and it reaches the centre of the sample by conduction. Since the
thermal conductivity of ceramic samples is usually poor, there will be a significant
difference between the temperature at the surface and the temperature near the centre of
the sample. It follows that there will also be a significant difference in the rate of
densification between the surface layers of the sample, and the regions underneath, near
to the centre of the sample. As a result of this, the porosity near the surface will be
lower than at the centre. Before the sintering process was started, the pores near the
centre of the sample would have been connected to a network of passageways through
the outer layers near the surfaces of the sample with the atmosphere surrounding the
sample. However, during the sintering process, there is a danger that the porosity in the
surface layers will be reduced so such an extent that the connecting passageways will
become closed, isolating the pores deeper down in the sample and preventing them from
communicating with the atmosphere surrounding the sample. The result of this is that
the deeper pores become closed, and there is no way for the gas which fills them to be
expelled from the material, and the porosity will remain unchanged whether the

sintering time is extended, or the temperature increased.

A possible way to overcome this problem is to raise the temperature rapidly to a
value where previous measurements have indicated that densification can take place.
Then after a short dwell time the temperature is lowered again. During this cooling

period, the centre of the sample will be at a higher temperature than the surface of the
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sample. It follows that the rate of densification will also be greater at the centre of the
sample than at its surface. It may be possible to design a temperature profile which
allows the densification process at the centre of the sample to catch up on the
densification process near the surface, and even to achieve lower levels of porosity at
the centre compared with near the surface. Once this has been achieved, it will be safe
to increase the temperature again and allow the pores near the surface to be eliminated,
without the risk that pores deeper inside the sample are becoming blocked. The solution

to the problem therefore involves a two-stage sintering operation.

This approach was adopted by the same investigators. The first stage was
carried out at the temperature where previous measurements had indicated that the
densification rate peak occurred. The second stage was carried out at 1450 °C. It had
been anticipated that during the final stage of sintering, all of the porosity would have
been eliminated, and this could have happened if all the pores had been connected to
fast, short diffusion paths along grain boundaries. However, this sintering profile was
applied to a rod prepared by micro-sized powders with 5.34 um as the average particle
size, although a slight increase in relative density was observed, with a final value
around 92% being achieved, this result indicates that further refinement of the
temperature profile may be necessary for still higher densities to be reached with

successful removal of all porosity.

2.6 Summary

The magnetic properties of ferrites have been described in detail. However it is
significant that they are determined not only by their chemical composition but also by
their microstructure. Solution phase chemical methods to prepare cobalt ferrite
nanoparticles are very diverse. The microemulsion method is a very promising
technique for preparing monodisperse, ultrafine particles of controlled size and
morphology. However, the sol-gel process is probably the most effective and feasible
route to achieve high purity and homogeneity and develop crystalline nanoparticles.
Most of the chemical methods to prepare cobalt ferrite nanoparticles produce
amorphous powders. A heat treatment operation must be applied to the amorphous
powders to obtain crystalline nanoparticles. The sizes of these nanoparticles are found

to be mainly dependent on the temperature and the time of the heat treatment operation.
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Sintering is the process which determines the features of the end-product
microstructure. It involves heating the powder compact at a certain rate, and holding it
at the highest temperature until the maximum density is reached. It is thought that the
densification can be improved by the introduction of nanoparticles to replace micro-
sized particles because this should result in higher surface energy in the material.
Therefore, a more powerful driving force for densification would be available, but grain

growth might still be a problem.

The requirements for investigating whether cobalt ferrite nanoparticles could
overcome the difficulties encountered in sintering, can be achieved by introducing
nanoparticles prepared employing the sol-gel technique. These nanoparticles must have
a polydisperse size distribution. According to the literature, the maximum temperature
adopted during the heat treatment process may have resulted in the unnecessary
enlargement of the particles. This temperature needs to be reduced to a minimum value.
With that aim in view, response surface methodology (RSM) is one of the optimisation
techniques which analyses the quantitative data collected from experimental trials,
predicts the responses of interest and finds their optimum values. It is used to simulate

the heat treatment process and optimise it in order to specify the optimum conditions.

2.7 The contribution of the chapter towards the aims and

scope of the investigation

The principal reason for investigating whether nano-sized particles of cobalt
ferrite can be made remains the same. If particles with only a single magnetic domain
can be made, there should be an opportunity to make discs and rods in which all the
crystal axes are aligned in the same directions. This would change the magnetostriction
characteristics significantly. As shown by Bozorth et al. [16], the magnetostriction of
cobalt ferrite varies from a small positive value to a large negative one, depending on
the alignment of the applied magnetic field with the crystal axis. Therefore when the
crystal axes are not aligned, the overall magnetostriction observed is an average value
because some of the parts of the sample are contracting and some are expanding, and
the result is a small negative value. If rods could be fabricated with the crystal axes
aligned, the magnetostriction in one direction could be almost as high as that shown by

Bozorth et al. for a single crystal after magnetic annealing. While still not as high as
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commercial samples of Terfenol D, it would be sufficiently close to make it a
significant alternative to this material, especially when its other properties are taken into

consideration.

However it is also true that the magnetic properties of rods of cobalt ferrite are
often poor because of the difficulty in achieving a low porosity during sintering, when
the starting material is micro-sized particles of cobalt ferrite. There are grounds for
expecting that some of the difficulties encountered during sintering might be overcome
if the starting material were to be nano-sized particles of cobalt ferrite. This is an

entirely separate advantage of nanoparticles, and it is also of great importance.

It is therefore of great interest to know whether cobalt ferrite nanoparticles can
be made which are sufficiently small to have only a single magnetic domain. However,
the processes required to fabricate these nano-sized particles into discs or rods while
maintaining their crystal axes aligned are expected to be very complicated and
expensive and beyond the scope of this initial study. On the other hand the possibility
that nano-sized particles might be able to overcome the difficulties encountered in
sintering cobalt ferrite is also very interesting, and because it can be pursued without the

same requirements for expensive equipment, it has been included in this investigation.
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3 Materials’ characterisation

3.1 Introduction

This chapter explains in a nutshell the methodology of the work that has been
carried out and is presented in this thesis. It gives a brief introduction to the equipment
that has been used to prepare the material (the cobalt ferrite nanoparticles) and perform

the characterisation process. The work in this thesis can be divided into four main parts:

The synthesis and characterisation of the cobalt ferrite nanoparticles
The structural and magnetic analyses of the nanoparticles

The modelling and optimisation of the heat treatment operation

YV V V V

The sintering behaviour of the nanoparticles
3.2 Methodology

In this study, the sol-gel technique was employed and it was followed by a heat
treatment operation to develop the cobalt ferrite nanoparticles. The parameters of the
experiment have been systematically varied to investigate their effects on the
morphology and other properties of the material being prepared. The heat treatment
operation was modelled and optimised by means of DoE in order to achieve the best
properties with the lowest electrical operating cost. Finally, the sintering behaviour of

the nanoparticles was investigated in order to achieve the highest density.
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3.3 Characterisation

A magnetic stirrer was used to prepare homogenous solutions before and after
blending. This is shown in Figure 3.1. Drying was carried out using a laboratory oven
shown in Figure 3.2. After the amorphous powders had been prepared, they were
ground using the mortar and pestle shown in Figure 3.3. After drying the amorphous
powders, A Horizontal Tube furnace (Carbolite Ltd., Sheffield, UK) was used to carry
out the heat treatment operation on them with 10 °C/min as the heating/cooling ramp

rates under ambient atmosphere. This is shown in Figure 3.4.

The structural characterization of all powders was carried out by measuring their
XRD patterns employing an X-ray diffractometer (D8 ADVANCE-BRUKER) using
Cu-K, radiation. The equipment is shown in Figure 3.5. This method is used to
determine the atomic and molecular structure of the resultant materials, in which the
crystalline atoms cause a beam of X-rays to diffract into many specific directions. By
measuring the angles and intensities of these diffracted beams, it can produce a picture
of the density of electrons within the crystal. From this electron density, the mean
positions of the atoms in the crystal can be determined, as well as their chemical bonds,
their disorder and various other information. Every crystalline substance gives a pattern;
the same substance always gives the same pattern; and in a mixture of substances each
produces its pattern independently of the others. The X-ray diffraction pattern of a pure
substance is, therefore, like a fingerprint of the substance. Figure 3.6 shows an example

of XRD Pattern, the outcome of this method.

The equipment is connected to a computer with a package of associated software
programmes called DIFFRAC PLUS Evaluation. One of these software programmes
called EVA, which has a database of the XRD patterns of a comprehensive range of
compounds arranged in the order of the periodic table with a significant number of their
possible alloys, was used to determine the identity and provide an indication of the
concentration of each phase in the samples. This is usually done by comparing the XRD
patterns obtained by the equipment with that of pure cobalt ferrite taken from the
database. If other phases are present, they will be shown as different lines in the
spectrum, and also sometimes by the different sizes of the peaks in the pattern. Other
possible candidate compounds can then be considered by comparing their XRD patterns

as given in the database, with the extra lines obtained experimentally.
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Figure 3.2 Drying oven
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Figure 3.3 Mortar and pestle

Figure 3.4 Horizontal tube furnace

DTA/TGA is a powerful thermo-analytical technique. It combines a DTA and a
TGA into one instrument that performs both DTA and TGA on the same sample of
amorphous powder at the same time. The resulting DTA and TGA curves are

simultaneously plotted on a dual Y-axis graph so the DTA's fingerprint and the TGA's
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weigh loss/gain characteristics are directly compared as the test sample is heated and

cooled. The equipment is shown in Figure 3.7.

Figure 3.5 The XRD equipment
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Figure 3.6 An example of XRD Pattern
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Differential Thermal Analysis (DTA) and Thermo-Gravimetric Analysis (TGA)
were performed in air to determine the temperatures at which the decomposition and
oxidation of the crosslinker and the chelating agent take place. The curves were
obtained using heating/cooling rates of 10 °C/min under ambient atmosphere to

investigate and identify the purity of the materials. Figure 3.8 shows an example of a

DTA/TGA graph.

Scanning Electron Microscope (SEM) is a type of electron microscope that
produces images of a sample by scanning it with a focused beam of electrons. The
electrons interact with electrons in the sample, producing various signals that can be
detected and that contain information about the sample's surface topography and

composition. The equipment is shown in Figure 3.9.

For conventional imaging in the SEM, specimens must be electrically
conductive, at least at the surface, and electrically grounded to prevent the accumulation
of electrostatic charge at the surface. Cobalt ferrite, as a nonconductive material, tends
to charge when scanned by the electron beam which causes scanning faults. Therefore,
samples of powders were coated with an ultrathin coating of electrically conducting

material (gold) deposited on the sample by low-vacuum sputter coating.

The morphology of the materials (homogeneity and particle size) was observed
by the SEM, and a chemical analysis was carried out using a Field Emission
arrangement fitted to the Scanning Electron Microscope (FE-SEM). Figure 3.10 shows

an example of SEM Image.

FTIR is the acronym for Fourier Transform Infrared Spectroscopy. FTIR is a
spectroscopic technique that utilises lower energy radiation to induce vibrational and
rotational excitation of atoms and groups of atoms within molecules. Because of the
variety of symmetry of atomic groups and their differences in atomic masses and
electronic structure, the absorption patterns for a specific species will be unique, which

allows for their identification.

When photons interact with a molecule, the molecule may respond by absorbing
the photons and subsequently the energy of the absorbed photons cause the molecule to
vibrate in a higher energy level. In order to be infrared active, the dipole moment must

change during a vibration. Absorption occurs when the incoming IR radiation that is
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interacting with a molecule has sufficient energy to raise the vibrational energy level of
the molecular system to the next allowed level. The frequencies of absorption are
determined by the masses of atoms, the force constant of bonds, and the geometrical
shapes of the molecule. FTIR was used to investigate the molecular structure of some of
the prepared materials for comparison reasons. Figure 3.11 shows an example of FTIR

spectrum image.

The magnetic properties (hysteresis loops) were recorded at both room
temperature and 10 °K using a Vibrating Sample Magnetometer (VSM) with a
maximum magnetic field of 50kOe and 20 mg of powder used in each determination.
The temperature dependence of the magnetisation curve under zero-field cooled
conditions was also recorded. However, VSM is a scientific instrument that measures
magnetic properties. It permits precision magnetic moment measurements to be made in
a uniform magnetising field as a function of temperature and magnetising field. The
sample is placed inside a uniform magnetic field to magnetise the sample. This
equipment is shown in Figure 3.12. The sample is then physically vibrated sinusoidally.
The induced voltage in the pickup coil is proportional to the sample's magnetic moment.
The induced voltage is measured and the hysteresis loop of the material is obtained.

Figure 3.13 shows an example of the resultant hysteresis loop.

Cobalt ferrite nanoparticles were pressed into disc samples using a uniaxial press
(Moore & Son, Birmingham, UK) with a maximum possible load of 50 tonnes. This is

shown in Figure 3.14. A pressure of 20 kg/cm2 was applied for 20 s.

The disc samples after pressing, as an example, shown in Figure 3.15, were
sintered using a continuous ramp rate, and a single dwell time conditions using a

Chamber Furnace (Carbolite, UK). This furnace is shown in Figure 3.16.
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Figure 3.7 DTA/TGA equipment
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Figure 3.8 An example of a DTA/TGA graph
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Figure 3.9 The SEM
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Figure 3.10 An example of SEM Image
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Figure 3.11 An example of FTIR spectrum

The density of sintered disc samples was measured employing an Archimedes
Method Kit (Sartorius AG, Germany) as shown in Figure 3.17. The analysis measures
the sample weight in air W (a) and in water, W (fl), and then the Buoyancy G is
calculated, being the difference in weight [W (a) — W (fl)]. Density of water p (fl) was
calculated according to temperature during experiment (SEE APPENDIX B). The

density is then calculated employing the following equation:

W (a).[p (fI) — 0.0012 g/cm3]
p =

3
099983 C + 0.0012 g/cm

Density measurements were also performed on sintered disc samples using an
AccuPyc 1330 V1.02 helium gas Pycnometer (Micromeritics, USA). This equipment is
shown in Figure 3.18. The analysis measures the sample volume, from which the
density is calculated after the sample weight has been entered as an input into the
computer programme. The relative density of each specimen was calculated as the
quotient of bulk density to true density. The true density was experimentally determined
on samples of powder using the same Pycnometer. The value of relative density is

expressed as a percentage.
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Figure 3.12 VSM equipment
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Figure 3.13 An example of a hysteresis loop obtained by VSM
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Figure 3.14 The Uniaxial Press

Figure 3.15 Disc sample
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Figure 3.16 The Chamber Furnace

Figure 3.17 Archimedes Method Kit

69



Chapter 3: Materials’ characterisation

As the Archimedes Method Kit was used to measure the density of sintered disc
samples, the measurements were believed to be a corrected form of values calculated
employing the geometrical method as water could perfectly surround the sintered disc
samples. It gave a good indication about the accuracy of the calculated geometrical

densities.

Shut/Turn Off
Gas and
Pycnometer
when

finished
Testing

Figure 3.18 The Pycnometer

3.4 Summary

The different items of equipment used to perform the characterisation of the
materials used in the investigation have been described. Equipment used to carry out the
various process operations which have transformed the starting materials into new

forms, such as mixing, drying, pressing and heating have also been described.

After the different characterisations and processes had been performed, the
results have been presented in the following four chapters which are followed by a
chapter with conclusions and suggestions for future work. Each chapter includes a

discussion section which focuses on the interim findings.
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4 The synthesis and characterisation

of cobalt ferrite nanoparticles

4.1 Introduction

To prepare cobalt ferrite (single-domain) nanoparticles with a polydisperse
distribution, there is firstly a need to understand the sol-gel technique. There is a
necessity to acquire a fundamental understanding about the influence of the various
chemical parameters on the structure and morphology of the final materials. Therefore,
the aim of this chapter is to address this gap in understanding by concentrating in
particular on the nature of the hydrolysis reaction and also on the effects of both the
crosslinker and the chelating agent. Conclusions regarding the influence of the
composition of the starting solution and of the subsequent heat treatment are drawn with
reference to macroscopic observations of the materials and in conjunction with the

respective XRD patterns.

4.2 Experimental

4.2.1 Material development

The sol-gel synthesis was based on the formation of a stable and homogenous
sol obtained from a mixture of Cobalt (II) nitrate hexahydrate, (Co(NOs3),. 6H,0, >99%),
Fluka) and Iron (III) nitrate nonahydrate, (Fe(NO3);. 9H,0, >98%, Sigma-Aldrich). The

precursors were used as received without any further refinement. 0.1M Sodium
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hydroxide solution and de-ionised water were used as a catalyst and a reactant
respectively. Di (ethylene glycol) diacrylate (DEGDA, Sigma-Aldrich) and citric acid
(CA, Sigma-Aldrich) were employed as the crosslinker and the chelating agent
respectively. The role of the crosslinker was to bring closer together the different
inorganic particles and to improve the homogeneity of the solution. The chelating agent
on the other hand reacts with both precursors by blocking their reactive functions

achieving a remarkably homogeneous mixture.

The investigation of the effects of the crosslinker and the chelating agent was
carried out to provide a good understanding about their influence on the structure and
morphology. In all studies, the molar ratio Co(NOs3),. 6H,O:Fe(NO3);. 9H,O was kept
constant at 1:2 and the hydrolysis was brought to 100% completion.

Two main procedures as shown in Figure 4.1 (a) and (b) were employed in this
study. In the first procedure, Figure 4.1 (a), after the Co(NOs3), and Fe(NO3); had been
separately dispersed in a solvent and stirred for an hour both solutions were mixed
together at that stage, followed by the addition of the reactant and the catalyst. The
mixture was then left stirring for 24 hours. Later when appropriate, the crosslinker was
added. And then the sol was stirred for a further 15 hours. In the second procedure,
Figure 4.1(b), after the Co(NO3), and Fe(NOs); had been separately dispersed in a
solvent and stirred using magnetic stirrers for an hour, the chelating agent was added
and the two mixtures were stirred for two more hours. Both solutions were then mixed
together and stirring was continued for 24 more hours. Stirring allowed the hydrolysis
and condensation reactions to take place. All sols obtained by these procedures were

stable and homogeneous showing the success of the sol-gel synthesis.

A beaker containing the sol was placed in a drying oven set at 100°C, and left
there for 12 hours. The first thing which happened to the sol in the drying oven was that
the liquid was gradually removed by evaporation. Without any stirring, some solid
gradually formed on the walls of the beaker as the level of the surface of the liquid went
down. As the sol gradually became more and more concentrated, the sol changed into a
gel. Then as the gel lost more and more liquid by evaporation the gel became dry. It
would be only at this stage that its temperature would have approach the 100°C. When
the beaker was removed from the drying oven, the solid from the bottom and side walls

of the beaker have been scraped off, before using a mortar and pestle to break up the
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solid. The amorphous powders were then annealed in a Horizontal Tube Furnace
(Carbolite Ltd., Sheffield, UK) between 600 and 1000 °C. The samples were ground
using a mortar and pestle once after drying, and once more after the heat treatment.
Details of all the procedures are listed in Table 4-1 with related synthesis parameters

and conditions.

Co(NO3); Fe(NOs); Co(NO;); Fe(NO3);
\M—-l 1-—' Solvent | | Solvent }—-l l——w’
Dispersing Dispersing Dispersing Dispersing
with stirring with stirring with stirring with stirring
for an hour for an hour for an hour for an hour

Chelating Chelating
agent i _ & agent
Stirring for 2 Stirring for 2
hours hours
Reactant ‘ 7 || Catalyst
Hydrolysis

for 24 hours
Hydrolysis
l‘—M for 24 hours
Drying l
Drying
¢ Hteat " Heat
reatmen treatment
Cobalt ferrite Cobalt ferrite
crystalline powder crystalline powder
(a) (b)

Figure 4.1 Materials preparation

Samples (1-9) were prepared employing the first procedure (a), and samples (10-
14) were prepared employing the second procedure (b). 0.1M Nitric Acid solution was
used as a catalyst for samples 3 and 4 to investigate a possible different effect when
changing the catalyst from a base to an acid in contrast with samples 5 and 6

respectively.

4.3 Results

4.3.1 XRD patterns

According to the literature [6, 74], the cobalt ferrite pattern exhibits eight peaks.
These peaks are located between 20°=15 and 20°=70 as follows: 18.289,
30.085, 35.438, 37.057, 43.059, 53.446, 56.975, 62.587. The respective intensities of
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these peaks expressed with respect to the most intense peak located at 26°=35.438 are as
follows: 10%, 30%, 100%, 8%, 20%, 10%, 30%, 40%, where the related Miller indices
are: (111), (220), (311), (222), (400), (422), (511), (440), respectively. A validation of
the equipment/results was done (SEE APPENDIX C). EDX analysis done on samples
showed that the prepared samples contained elements such as Co, Fe, and O. There

were no other elements detected (SEE APPENDIX D).

Table 4-1 Samples with their initial parameters and conditions

. : Molar ratio Heat treatment
Molar ratio (%) Molar ratio (%) :
(%) Chelating | temperature in
Sample | Solvent Crosslinker/Metal | Reactant/Metal :
agent/Metal degree Celsius
ions ions
ions (for 10 hours)
1 2-Propanol - 100 - 600
2 2-Propanol 50 100 - 600
3 de-ionised water | - - - 600
4 de-ionised water | 50 - - 600
5 de-ionised water | - - - 600
6 de-ionised water | 50 - - 600
7 2-Propanol 300 100 - 600
8 2-Propanol 300 100 - 800
9 2-Propanol 300 100 - 1000
10 2-Propanol - 100 100 600
11 2-Propanol - 100 100 600
12 de-ionised water | - - 100 600
13 de-ionised water | - - 100 1000
14 de-ionised water | - - 200 600

The XRD patterns of samples 1 to 6, as shown in Figure 4.2, show all peaks
related to the CoFe,0s phase proving the attainment of the cobalt ferrite structure.
However, additional peaks were observed in these XRD patterns demonstrating the
presence of other phases beside the cobalt ferrite structure. These have been attributed
to the following impurities, hematite (Fe,O3), iron oxide (Fe;O4) in addition to the
cobalt oxides (Co3;04) and (CoO) with (JCPDS-ICDD) file numbers of (89-2810), (26-
1136), (42-1467) and (71-1178) respectively as identified using EVA software

programme. In other words, there is no doubt that the cobalt ferrite structure is attained
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as XRD patterns show. However, the formation of iron oxides in these samples
indicates the formation of cobalt oxides in the same samples because the stoichiometry
was unaltered. This is because if, for instance, iron oxide formed and cobalt oxide did
not form, that situation could only occur if there were a change in the initial
stoichiometry. The presence of the oxides indicates that the reaction between the
constituents was incomplete. The results vary; however samples 2, 4, and 6, which were
made when the crosslinker was added, contain about 20% less impurity than samples

made without the crosslinker.
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Figure 4.2 XRD patterns of samples (1-6)

XRD patterns of samples 7 to 9, which were prepared with 3 moles of the
crosslinker for 1 mole of mineral ions (Co+Fe), are shown in Figure 4.3. These patterns
are very similar to those of samples 2, 4, and 6, indicating the negligible effect on the
resultant level of impurity structure of increasing the amount of crosslinker added. In
addition, heat treatment at higher temperatures (800 and 1000 °C) for 10 hours did not
significantly contribute to any reduction in the amount of impurities, even though these

impurities seem to be due to incomplete reactions.
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XRD patterns of samples 10 to 13 prepared using citric acid as a chelating agent
with molar ratios of 1:1 for the metal ions to citric acid ratio (stoichiometric molar
ratios) are shown in Figure 4.4. A further step of centrifugation at 4000 rpm for 20
minutes was applied to sample 11 in order to remove the supernatant, and to increase
the rate of reactions promoting the gelling process in the heavier material at the bottom

of the centrifuge tubes.
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Figure 4.3 XRD patterns of samples (7-9)

A quantitative analysis reveals that sample 10 and 12 contain approximately 1%
of impurities whereas sample 11 contains over 75% of impurities demonstrating the
strong modification of the initial stoichiometry due to centrifugation. On the other hand,
sample 13 is composed of 100% pure CoFe,0O, indicating that the increase in the
annealing temperature caused the disappearance of impurity phases in this particular

formulation.

The XRD pattern of sample 14, which was prepared employing a more thorough
chelation of the mineral ions, is shown in Figure 4.5. This was to investigate the effect
of completely isolating the cations from further reactions during the sol development
process. The effect could only be determined by making observations on the powder

after it had been produced. However, it can be unequivocally demonstrated that the
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cobalt ferrite structure was obtained as a single phase, which exactly matches the
JCPDS-ICDD file number 22-1086. Heat treatment at 600 °C for 10 hours was enough
to obtain the pure cobalt ferrite structure with this composition, which leads to the
conclusion that the chelating agent had an important effect in reducing the temperature

needed for the heat treatment to bring about the cobalt ferrite structure.
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Figure 4.4 XRD patterns of samples (10-13)
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Figure 4.5 XRD pattern of sample (14)
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4.3.2 DTA/TGA

DTA/TGA curves for sample 9 are shown in Figure 4.6. Over the temperature
range 25-600 °C, the DTA curve exhibits only one single exothermic peak at 260 °C
which signifies both the decomposition and the oxidation of the crosslinker, or its
decomposition products. It is a fact that the crosslinker burns when heated releasing

carbon dioxide.

DTA/TGA curves for sample 14 are shown in Figure 4.7. When heated over 150
°C, citric acid decomposes with the loss of water and producing some carbon dioxide.
However, the DTA curve exhibits two exothermic peaks, one at 150 °C which refers to
the loss of the water as the citric acid begins to decompose, and the other at 260 °C
which refers to the oxidation of the remaining carbon content of the intermediate
compounds of decomposition formed from citric acid, by oxygen in the air and forming

more carbon dioxide, and releasing heat.

2000 1100

—_— /'\ —100.0
150.0

100.0 \ / \
50.0 60.0

=
o
I RUERIEEEY

(%]

DTA(——)

=
=l
\/ \ 500
0.0|—4 T~ -
\ 400
- NE
50.0
L/
\ 200
——
-ooo \_'\10.0

00 100.0 200.0 300.0 400.0 500.0 BOD0

Temp [FC]

Figure 4.6 DTA/TGA curves of sample (9)
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Figure 4.7 DTA/TGA curves of sample (14)

4.3.3 SEM/FE-SEM images

SEM images of samples synthesised with the crosslinker (2, 4, 6) and without
the crosslinker (1, 3, 5) are shown in Figure 4.8. Samples prepared with the crosslinker
exhibit a polydisperse size distribution with the particle size ranging from 90 nm to 200
nm, while samples synthesised without the crosslinker show a monodisperse size
distribution with the particle size about 90 nm; furthermore, some particles were
agglomerated and formed large clusters. No difference in either the structure or the
particle size was observed when using the different catalysts in the corresponding

procedures producing samples, 3 and 5, or 4 and 6 respectively.

SEM images of samples 7 to 9 are shown in Figure 4.9. The images indicate that
sample 7 has a wide range of particle sizes (from 50 nm to 350 nm). Moreover, the
particles are larger in size and have a wider size range when the temperature of the heat
treatment is increased as shown for samples 8 and 9. An SEM image of sample 10 is
shown in Figure 4.10. It shows a nano polydisperse distribution of particles with a range

from 80 nm to 200 nm. An FE-SEM picture of sample 14 is shown in Figure 4.11. It
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indicates the effect of increasing the percentage of citric acid which results in a wider

range of particle sizes (from 20 nm to 250 nm).

Figure 4.9 SEM images of samples (7-9)

4.4 Discussion

4.4.1 The effect of the crosslinker

A comparison of samples prepared with, and without, the crosslinker allows two
main conclusions to be drawn. Firstly, when employing the same heat treatment
conditions, the crosslinker causes a decrease in the amount of the impurities, but only by

20%. Increasing the ratio of the amount of crosslinker with respect to the inorganic
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metal ions part beyond a certain point, for instance to 3:1, did not help in obtaining a

purer cobalt ferrite product.

1 pm
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Figure 4.10 SEM image of sample (10)
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Figure 4.11 FE-SEM image of sample (14)

A calculation using the EVA software programme indicates that impurities were
present at a level of 3% and these were identified above as a mixture of other oxides.
These results show that along with the formation of cobalt ferrite, the crosslinker also
favours the auto-condensation of iron and cobalt colloids to form Fe,O3; and CoO. The
crosslinker allows the different metal ions, firstly to react with itself, and then
subsequently during the heat treatment stage to approach other metal ions and
eventually form an oxide bridge, As illustrated in Figure 4.12, the cobalt ferrite phase is
produced as a result of reaction (b), whereas impurities, that is the other oxides, are the

results of reactions (a) and (c). While (b) might be favourable, (a) and (c) can also
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occur. The impurities probably occur because of the peculiar property of this crosslinker
that allows all three different reactions to take place without there being a sufficiently
selective mechanism, permitting only reaction (b). Therefore, using different ratios of

crosslinker did not result in any improvement in the purity of the end product.

Even when employing heat treatment at higher temperatures (up to 1000 °C), a
similar result was obtained. This indicates that the thermal energy was not sufficient to
achieve a significant mobility for the cations within the oxides to change positions and

so achieve the formation of cobalt ferrite.

Secondly, from a morphological point of view, it is observed that increasing the
amount of the crosslinker increases the average particle size range from 110 nm to 300
nm. This change occurred when using the molar large ratios of 50% and 300%,
expressing the amount of the crosslinker with regard to the amount of the metal ions
respectively. In addition, it was found that increasing the heat treatment temperature

results in an increase in the particle size also.

The reason for the choice of 300% is as follows: procedures involving molar
ratios of 50% of DEGDA were carried out in order to crosslink a maximum of 2
metallic entities as shown in Figure 4.12. Procedures involving the 300% were
investigated to ensure the full linking of the inorganic constituents (with every valency
bond satisfied plus a slight surplus) with the purpose of exploring the effect of this
crosslinker excess on the properties of the final materials. This results in a structure
containing all possible links, which can be represented in the liquid phase as a hybrid

polymer-like material, as shown in Figure 4.13.

Fe Fe (@

Fe Co

Co Co (o

3=

Figure 4.12 The crosslinker probable reactions, (a) and (c) are unfavourable, (b) is favourable

In both cases, when using either 50% or 300% of DEGDA, the subsequent heat

treatment causes the decomposition and oxidation of the organic part, and in this way
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the crosslinker acts as a catalyst of the inorganic condensation reaction. However, in the
case when using 300% of DEGDA, the result is an even greater enlargement of both the

particle size range and the sizes of the particles.
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Figure 4.13 The hybrid structure of materials containing 300% crosslinker

On the other hand, samples without crosslinker did not have any cross-linking
agent at work between the mineral ions. Very homogeneous sols were obtained by
hydrolysis, but this homogeneity did not last for long. At the gelling stage phase
separation took place. The solid particles in the gel agglomerated so much that
sedimentation caused them to collect at the bottom of the beaker resulting in a mixture
of oxides. The heat treatment was intended to form the ferrite lattice through an inter-
diffusion process. However during this process, it was difficult for the cations to
migrate between constituents to their thermodynamically ideal positions on A sites
(tetrahedral) and B sites (octahedral) in the crystalline spinel lattice. The driving force
for the inter-diffusion process was not sufficiently powerful. Sedimentation could cause
the local stoichiometry to fail, and lead to higher levels of impurities, as demonstrated in

Figure 4.2 in samples 3 and 5.

4.4.2 The effect of the chelating agent

Chelating agents are usually used in inorganic chemistry to prevent particle
agglomeration by inhibiting condensation reactions in liquid phase synthesis [130]. In
our study, citric acid was used to chelate both inorganic precursors to form either
monodendate or bidendate metal complexes [131], as shown in Figure 4.14. In addition,

it prevents both metal cations from undesired spontaneous condensation reactions.
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Figure 4.14 Metal complexes, (a) is monodendate, and (b) is bidendate

From a structural point of view, it has been clearly demonstrated that citric acid
enables cobalt ferrite powders to be prepared under the same conditions as those when
using the crosslinker. Indeed, comparisons of samples 2 with 10, and 4 with 12 show a
decrease in the impurities’ concentration from 3% to less than 1% respectively.
Furthermore, the increase in the heat treatment temperature to 1000 °C, which was
carried out when making sample 13, resulted in the single phase of cobalt ferrite being
obtained, without impurities, whereas the same high temperature did not produce the
same level of purity even when 300% of DEGDA was used when making sample 9. In
fact, increasing the molar ratio of citric acid to 200% with respect to the metal ions
seems to have been sufficient to ensure adequate chelation of the mineral ions forming
both types of complex. It is suggested that one type of complex forms with the
cobaltous ion and both types with the ferric ion as shown in Figure 4.15. If this is true,
this, and other factors seem to combine to cause a more homogeneous mixture as

explained below.

It would seem that the inter-diffusion process during the heat treatment was
made more efficient due to the greater homogeneity, which had been achieved by that
stage, and this enabled the development of the pure cobalt ferrite material in sample 14,
when applying a heat treatment temperature of only 600 °C. This can be explained by
two factors: the first one is intimately associated with the molecular structure of the
hybrid organic-inorganic complexes of both cobalt and iron ions, where, in contrast with
the crosslinker, the chelating agent prevented any initial condensation or any cross-
linking during the sol-gel synthesis. It causes the molecular structure of the sol to be
composed of 2 hybrid complexes assigned by the initial stoichiometry as illustrated in

Figure 4.15. Although the complexes have been formed, the two species of complex are
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still free to diffuse throughout the solution. It is quite probable that the greater
homogeneity is caused by an electrochemical effect, which would occur as follows: The
initially strongly charged ferric ions would be only partially neutralised by the citric
acid anions, and would continue to diffuse causing a high probability that they would
become surrounded evenly by the initially less strongly charged cobaltous ions also only
partially neutralised by the chelating agent. The process of diffusion would operate to
ensure that the energy of the system would approach a minimum with no location
having a higher or lower electrical charge, than any other location. Therefore, because
of the initial stoichiometry, one ion of cobalt would inevitably enter an environment
where it is close to two ions of iron. This does not happen when using the crosslinker,
because once one of the reactions (a), (b) or (c), illustrated in Figure 4.12, has occurred,
there is no mechanism for a rearrangement to take place to allow one ion of cobalt to be
linked with two ions of iron. The second factor is that the oxidation of the organic part
of the hybrid complex during the heat treatment caused a further chemical reaction at
this molecular unit level with the formation of the cobalt ferrite structure, from a
previously existing environment where the cobalt and iron ions were close to each other
in the correct ratio. The critical difference between this and the crosslinker seems
clearly to reside in the greater homogeneity at the molecular level which was not

achieved to the same extent when using the crosslinker.
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Figure 4.15 Organic-inorganic hybrids formed when using 200% chelating agent

In all cases during the heat treatment, nanoparticles tended to agglomerate and
form larger particles and this resulted in polydisperse powders as illustrated, for
instance in Figure 4.11. This particular image also seems to indicate that using larger

quantities of the chelating agent while maintaining the same heat treatment temperature
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tends to produce larger particles. This effect can be seen by comparing some of these
particles with those in the powder illustrated in Figure 4.10 in which a smaller amount
of citric acid was used. These particles in Figure 4.11 are larger than those in Figure
4.10. Larger quantities of the chelating agent are required because if this is not done a
small quantity of impurities is formed, but it seems that when larger quantities are used
it may be important to lower the heat treatment temperature because even at 600 ° C,
there seems to be agglomeration forming larger particles. There is a window of
opportunity for improvement because the DTA/TGA data indicates that citric acid
decomposes at about 190°C. This suggests that a decrease in the temperature and the
time of heat treatment would result in smaller particles, with a smaller size range, and

there would still be the potential to achieve very low levels of impurities.

4.4.3 Calculating the crystal size of sample (14)

The crystal size of sample (14) was estimated using the Debye Scherrer equation

[132] as follows:

D= 0.9 x 4
& X cos(29)

Where A is the wavelength of the light used in the XRD equipment. It was 1.540598 A
(=0.1540598 nm). 29 is the Bragg’s angle, the angles of incidence and reflection
producing the greatest intensity in the diffraction pattern. For cobalt ferrite, it is 35.348
degrees. § is the width of the peak measured at half the maximum height of the peak
(FWHM), which was measured using the XRD pattern of sample 14 at 29=35.438°. At
that point, the height of the peak is 1390 and the background is 620. The intensity at
which the FWHM is measured is, therefore [(1390-620)/2] +620 = 1005. This results in
a value for § of 0.216° (= 0.00377 radians). Cos (29) is Cos (35.348) =0.8147.

Substituting with respective values gives an average crystal size of 45 nm.

__0.9x0.1540598

———————— = 45 nm as the crystal size
0.00377 X 0.8147

An estimate of the sizes of these particles using the FE-SEM image in Figure 11
gave values in the range from 20 nm to 250 nm. This indicates some particles in sample
14 are composed of a number of crystals i.e. they are polycrystalline, and some particles

consist of individual crystals. The reason behind this is attributed to the high heat
87



Chapter 4: The synthesis and characterisation of cobalt ferrite nanoparticles

treatment temperature and the long dwelling time which facilitated the process of
forming the larger particles at the expense of the smaller ones. The analysis of the XRD
pattern of sample 14 by the EVA software programme provided with the instrument
shows that the powder is composed of a single spinel phase of cobalt ferrite with lattice

parameter (a) equal to 8.3919 A.

4.5 Summary

Cobalt ferrite powders have been synthesised employing the sol-gel technique.
A particular focus was given to the investigation of the fundamental role of the
crosslinker and chelating agent on the structure and morphology of the materials being
synthesised. The results clearly indicate that citric acid enables cobalt ferrite to be
obtained with a higher purity than could be obtained using the crosslinker. This
difference has been correlated with the different molecular unit structures formed when
using each of the two organic molecules. The crosslinker allows the formation of three
different structural units which produces a mixture of the oxides (cobalt oxide with iron
oxide, iron oxide on its own, and cobalt oxide on its own). On the other hand, the
chelating agent permits the formation of individual molecular units that are free to
diffuse, so that the initial stoichiometry can be maintained. In addition, the crosslinker
and chelating agent were found to have a crucial effect on the particle size and on the
range of different sizes of particles, under the same conditions. These results can be
considered as part of a preliminary study of the development of methods to prepare
cobalt ferrite nano materials, and it is intended that they can be implemented in specific

magnetic applications.
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S The structural and magnetic

analyses of the nanoparticles

5.1 Introduction

In the previous chapter, it was suspected that the cobalt ferrite nanoparticles
which had been synthesised had agglomerated and formed larger particles as a result of
the heat treatment operation. This is because these nanoparticles were found to be in the
size range between 20 and 250 nm. While some of these synthesised nanoparticles may
be small enough to have only one magnetic domain, it is probable that others have many
magnetic domains, because they are so large. Therefore, there is a need to investigate
whether the thermal energy released in the heat treatment operation could be reduced
because it might be responsible for the undesired growth of particle size during this

operation.

In the phase of the study reported in this chapter, the sol-gel technique was
followed in the preparation of cobalt ferrite amorphous powder following the same

procedure which was selected as the best approach as described in the previous chapter.

It was assumed that there must be a correlation between the heat treatment
operational parameters (the temperature and the time) and the structural properties (the
crystallinity and the freedom from unwanted oxides) of the material being synthesised.
Similarly, it was understood that some heat treatment is necessary to completely

decompose the organic and nitrate contents present in the amorphous powder and finally
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to form the spinel structure without these kinds of impurities also. It was therefore
important when attempting to change these operational parameters of the heat treatment

that this would not result in a material with poorer properties.

Having ensured that the heat treatment parameters could be changed without
producing a material with poorer properties, it was then possible to produce batches of
powders using milder conditions in the heat treatment operation. The particle size
distributions of these new batches of nanoparticles were estimated and since the results
showed promise, their magnetic properties were also determined. The significance of

these results is discussed in detail.

5.2 Experimental procedure

5.2.1 Material development

The sol-gel synthesis was based on the formation of a stable and homogenous
solution made by dissolving a mixture of Cobalt (II) nitrate hexahydrate
(Co(NO3),.6H,0, >99%, Fluka) and Iron (III) nitrate nonahydrate (Fe(NO3);.9H,0,
>98%, Sigma-Aldrich) in de-ionised water, which is a hydrolysis reaction. The solution
was transformed into a sol and then a gel by evaporation of the water, and during this
time condensation reactions took place. Details of the whole preparation process are

sketched in Figure 5.1.

The precursors were used as received without any further purification. In order
to maintain the homogeneity in both the sol and the gel during the condensation and
other reactions, avoiding any precipitation or sedimentation of the products of these
reactions, citric acid (CA, Sigma-Aldrich) was employed as a chelating agent. Both
precursors were initially separately dispersed in de-ionised water for half an hour by
stirring. Following this dispersion, the chelating agent was added and the mixture was
left reacting under vigorous stirring for 2 hours. Both solutions were then mixed
together and left stirring for 24 hours and after this the condensation reactions of both
metal nitrates were allowed to take place. The quantity of each metal precursor was
calculated so that the ratio of the two metals in the final material would be Co:Fe = 1:2

and the quantity of citric acid was estimated assuming that each ferric ion would require
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two molecules of citric acid and each cobaltous ion would require two molecules of the

chelating agent as well, so that the metal ions would be adequately chelated.

5.2.2 Methodology

It is understood that most of the oxidation reactions which occur during the heat
treatment operation take place above a temperature of 200 °C. This follows as a result
of the DTA/TGA curves for the amorphous powder which are shown in Figure 5.2.
Therefore, in the initial investigation to determine whether the temperature used in the
heat treatment operation could be reduced, the temperature range of 200-600 °C was
selected for the initial trials and the 10 h dwelling time was maintained for each trial.
The period of 10 h was selected because originally it had been found in the previous

study that it had made it possible for the spinel structure to be formed.

The methodology of this initial study consisted in a series of trials. In each trial
the temperature of the heat treatment was different. The selected temperature was
decreased for each member of the series from an initial value of 600 °C for the first trial
in intervals of about 50 °C to a temperature of 200°C, being the lowest temperature of
interest, while the dwelling time was maintained at 10 hours. It was then planned that a
second series of trials would be carried out in which this minimum temperature for the
heat treatment would be maintained, while the dwelling time would be progressively
decreased from an initial value of 10 hours in intervals of 2 hours, down to a final value

of 2 hours.

Afterwards, the material produced in each trial was analysed by XRD, with the
aim of identifying and then quantifying the impurities in the products. It was hoped that
this work would identify a temperature for the heat treatment, below which there would
be problems with impurities, and above which the risk of impurities developing would
be insignificant. This temperature would be the minimum temperature at which the heat
treatment could be operated in a process to produce pure cobalt ferrite with its spinel

structure.

However, as the work progressed it became clear that with a temperature of only
200°C, the heat treatment could still result in producing the cobalt ferrite with the spinel
structure with no other oxides. At this point, the investigation became focussed on the

dwelling time of the heat treatment, and this was then studied. It could be safely

92



Chapter 5: The structural and magnetic analyses of nanoparticles

assumed that investigations studying different dwelling times (10, 8, 6, 4 and 2 hours)
at temperatures which are much higher than the minimum temperature, e.g. 500 or 600
°C, would result in products with the spinel structure and without impurities. As the
research interest is to determine the critical conditions, it was thought there would be no
point in including these extra conditions in this study as they are not of great
importance. These other trials would have had much less significance in this study,
being examples which might have produced the same quality of product, but the
conditions required to do so would be ruled out as being of no economic benefit,
because similar results can be obtained at much less cost. If they had been included,
there would have been about 40 samples instead of the 12 already mentioned. It is better
to focus the interest on studying the morphology and magnetic properties in the much
smaller number of samples of nanoparticles whose significance lies in the fact that they
are much more likely to be produced on a larger scale. The list of samples investigated

in this study and their conditions of preparation are indicated in Table 5-1.

Co(NO;) Fe(NO;)-
De-ionized ‘j ‘E’ De-ionized
water ¥ v water
Dispersing with Dispersing with
stirring for half stirring for half
— an hour an hour
Citricacid ~ [————» {1 Citricacid
Stirring for 2 Stirring for 2
hours hours
Hydrolysis
for 24 hours
i
Drying

Y

Heat treatment

Y

Cobalt ferrite crystalline
nanoparticles

Figure 5.1 Materials preparation

93



Chapter 5: The structural and magnetic analyses of nanoparticles

5.3 Results and discussion

5.3.1 Structural and thermal analyses

The XRD patterns of the products prepared with the heat treatment operational
parameters defined in Table 5-1are presented in Figure 5.3. One can observe that all the
peaks related to cobalt ferrite spinel structure are identifiable in all the materials with no

additional peaks and all patterns match with the JCPDS-ICDD file number of 22-1086.
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Figure 5.2 DTA/TGA curves of amorphous powder

Although each sample in the series was prepared at a different heat treatment
temperature, in the range from 600 °C down to the minimum temperature of interest, 1.e.
200 °C, in each case the only phase observable in the XRD patterns is that of the cobalt
ferrite spinel phase as indicated by the XRD patterns of samples A, B, C, D, E, F, G,
and H. At that stage, it was thought that there would be no point in operating the
equipment with a dwell time of 10 h if reducing the time could also result in reducing
the particle sizes. Therefore, in a further series of trials the 10 hour dwell time was
reduced to 8, 6, 4, and then finally to 2 hours while the temperature was maintained at
200 °C. Again in each case the only phase observable in the XRD patterns is that of the
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spinel structure as indicated by the XRD patterns of samples I, J, K, and L shown in

Figure 5.3.

Table 5-1 The heat treatment conditions of prepared samples

Heat Treatment . .
. Dwelling Time

Sample Temperatur_e in e
degree Celsius

A 600 10

B 500 10

C 450 10

D 400 10

E 350 10

F 300 10

G 250 10

H 200 10

I 200 8

J 200 6

K 200 4

L 200 2

These results indicate the success of the particular form and arrangement of the
sol-gel technique, described in chapter 4 in developing a material with the cobalt ferrite
spinel structure. It can be assumed that with this particular choice of starting materials
and procedures, the cobalt ferrite structure would have been obtained with a heat
treatment temperature anywhere within the range between 200 and 600 °C. However, as
XRD patterns can only be used to identify crystalline structures present in a material
they do not give any information about the purity of the materials, if these materials also
contain substances which are not crystalline, such as organic constituents. It was
therefore decided to perform thermal analyses such as DTA/TGA to identify the purity
of the prepared materials taking into account non-crystalline substances. These other
techniques would identify the minimum temperature and time required to complete the
decomposition of the nitrates and the decomposition or oxidation of organic moieties,
initially present in the precursors and in the chelating agent or having been produced in

reactions during the sol—gel processing.

To pursue this approach further, the dwelling times and temperatures of the heat
treatment operation, which were designated above as A and L were selected for

comparison, because they represent the two extremes of the parameters, being the
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strongest 600 °C, for 10 h and the mildest 200 °C, for 2 h respectively. The heat
treatment operations were then carried out, but in the DTA/TGA equipment using the
same starting material, the amorphous powder produced by the sol-gel process, and
using the equipment’s programmable ramp rates and set temperatures to repeat, as
closely as possible, the operation of the horizontal tube furnace, normally used for the
heat treatment operation. According to the work reported in the previous chapter, the
heat treatment conditions designated as A were carried out already, in both the
horizontal tube furnace, and in the DTA/TGA equipment (sample 14 and Figure 4.7).
The analyses suggest that the product, identified as cobalt ferrite with a spinel structure,
at 350°C, became free of any organic or unstable inorganic impurities, because the solid
became stable with no further oxidation or decomposition reactions to form gases about
and above 350°C. These results can therefore be used as a reference for comparison

with the heat treatment parameters designated as L.
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Figure 5.3 XRD patterns of samples (A-L)
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The thermal analysis following the heat treatment conditions designated by A is
shown in Figure 5.2. In the results one can observe that within the range of temperatures
between room temperature and 600 °C, the DTA curve exhibits two exothermic peaks
or bands centred at 150 °C and 300 °C. The band centred at 300 °C is actually spread
out over a range of temperatures from 205 °C up to 345 °C. This band seems to result
from the superimposition of several overlapping bands. In fact, it is well known that the
oxidation of various, similar organic compounds take place in this domain of
temperatures. In this case, it is very likely that the width of the band results from both
the decomposition of the nitrate ions, which were originally linked to both the Co and
the Fe ions and the oxidation and decomposition of the citric acid, which have become
linked to both the Co and the Fe ions. Furthermore, the TGA curve shows that the initial
weight of material reduces to 16% of its original value during the treatment. The

additional components contribute 84% to the total weight of the amorphous powder.

The results of the DTA/TGA following the heat treatment conditions designated
by L are shown in Figure 5.4. It has already been shown using different equipment that
the heat treatment conditions of 200°C for 2 hours produces cobalt ferrite with the
correct spinel structure with no other oxides. However, one can observe in the TGA
curve that the initial weight of the starting material reduces to only 29% of its original
value. This is 13% higher than the final value when compared with the corresponding
result for the heat treatment procedure designated by A. This must be attributed to the
incomplete oxidation and decomposition of the organic and nitrate components. This
result indicated the need to investigate the effects of the different parameters in the heat
treatment operation more thoroughly and to identify the optimum set points which

would produce the cobalt ferrite free of all additional components.

To identify the optimum heat treatment conditions, there were initially two
alternative strategies which could be adopted: either (1) gradually to increase the dwell
time while maintaining the heat treatment temperature at 200 °C; or (2) gradually to
increase the heat treatment temperature up towards 600 °C, keeping the dwell time
constant at 2 hours. However, it was considered most likely that increasing the heat
treatment temperature would generally have a greater effect on the particle size, than an

increase in the dwell time, and a growth in particle size is most undesirable in this study.
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Therefore, increasing the dwell time at a lower temperature was considered to be a

better strategy than increasing the temperature with a short dwell time.

This investigation started, therefore with 200 °C as the heat treatment
temperature, and the dwell time was gradually increased in a series of trials using the
DTA/TGA equipment. However, even when the dwell time had been extended to 10
hours, the TGA curve showed that the initial weight of the starting material was reduced
only to 24% of the original value. This indicates that there was insufficient thermal

energy to oxidise or decompose the organic and nitrate components completely.
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Figure 5.4 DTA/TGA curves of sample (L)

A temperature of 250 °C was then selected and the same approach was repeated
by gradually increasing the dwell time. Eventually, it was found that with the
parameters of 250 °C and 10 hours as the heat treatment temperature and time
respectively, the desired result was achieved. The final point on the TGA curve at
250°C was 16%.These parameters had already been selected in earlier trials, and had
been designated as G. They represent the lowest thermal conditions for the heat

treatment which will ensure the complete elimination of all impurities. The heat
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treatment operation with these settings would provide the smallest possible opportunity
for the particle size to increase because the temperature would be kept to the minimum.
In other words, the heat treatment conditions designated by G can be considered to be
sufficient to oxidise the organic compounds in the samples, to eliminate all impurities
and at the same time to provide the smallest opportunity for any undesired growth in
particle size to take place. The DTA/TGA curves for these heat treatment settings
designated by G are shown in Figure 5.5. The final percentage point weight of the TGA
curve is found to be equal to the equivalent final percentage point weight of the TGA
curve following the heat treatment parameters designated by A (16% of its initial
weight). This demonstrates the complete elimination of all impurities and the attainment

of cobalt ferrite as a single phase.

300.0 110.0

[ | ] ] 41000
2500

: \ Aaon

2000 |

150.0 ’
i \ / e0.0

100.0

(2]

|
| |
usEdI

=
— 3
<=
) I >< |s00
500 | \\ -{40.0
I / 4300
i
R e — A R
[ ---16%
500 " —ra— YR

00 50.0 100.0 160.0 2000 2500 3000

Temp [*C]

Figure 5.5 DTA/TGA curves of sample (G)

5.3.2 FTIR analysis

FTIR spectroscopic analyses were carried out on samples of the same
amorphous powder, the product of the sol—gel processing described above, after they

had been heat treated in the horizontal tube furnace. The parameters used in the heat
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treatment operation were different for each sample, and these parameters were the same

as those designated as A, G, H and L in Figure 5.3.

. The results are shown in Figure 5.6. One can observe that the spectra of
samples A and G are identical demonstrating the presence of the same chemical bonds
and molecular structure in both samples. These spectra are clearly different from the
spectra of samples H and L, which are identical on their own, demonstrating the

presence of organic residues beside the cobalt ferrite in both samples.
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Figure 5.6 FTIR spectra of samples (A, G, H, L)

5.3.3 Morphology and particle size

As stated above in this chapter, the particle size of ferrite powders is crucially
dependent on the temperature during the heat treatment [71, 77, 78]. The observed
increase in the size at higher temperatures could be a result of the formation of
crystalline clusters, clusters of crystals which have become cemented together.
However, normally when particles come into contact with each other and under
favourable energetic conditions, some of them grow, while others decrease in size and
disappear altogether, and so the result is usually a smaller number of larger particles

[59].
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An FE-SEM image of particles made during the heat treatment carried out using
the parameters indicated by G is shown in Figure 5.7. This image has been used to
estimate the particle size distribution. The sample is composed of nanoparticles in the
size range between 7 and 28 nm. The particles are smaller than those in the
corresponding FE-SEM image, after the heat treatment parameters indicated by A were
followed (Figure 4.11). It is evident that the increase in particle size visible in Figure
4.11 resulted because the heat treatment temperature was allowed to reach a much
higher value, 600°C, in comparison with the temperature indicated by G, 250°C. A
histogram of the particle size distribution of sample G is shown in Figure 5.8. As can be
seen, the sizes of about 70% of the particles (The percentage refers to the total number
of particles) are smaller than 15 nm. The asymmetric shape of the histogram may
indicate that some agglomeration had taken place, with the formation of particles with

larger sizes, e.g. around 25 nm.

30 nm

Figure 5.7 FE-SEM image of sample (G)
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Figure 5.8 The particle size histogram of sample (G)

5.3.4 Magnetic properties

The magnetic properties of the nanoparticles in sample G were investigated in
order to determine their magnetic state and to predict their behaviour in various
circumstances. The hysteresis loop at room temperature is shown in Figure 5.9. The
saturation magnetisation, the remnant magnetisation and the coercivity are found to be
as follows 62emu/g, 22.5emu/g and 12500ersteds, respectively (The magnetisation
indicated in the figure refers to “mass magnetisation”). These results are in good
agreement with one reference [74] but in obvious disagreement with another reference
[65]. In this last reference the saturation magnetisation of particles with a size of 25 nm
was estimated to be only 19emu/g. However, it should be noted that in this case no heat
treatment was carried out at the end of the synthesis process. This omission could have
had the effect that the particles might have been only partially crystalline and, in turn,
this factor may have contributed to a reduction of the effective size of the particles.
Particle size has an important role in decreasing the saturation magnetisation and

therefore the omission of the heat treatment casts some doubt on the very low value for
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the saturation magnetisation quoted in this reference. The low result for saturation
magnetisation might be as well due to the presence of organic materials in the sample. If
organics were present in large quantities, the magnetic properties would be poor when
compared with pure cobalt ferrite, and therefore the magnetic saturation would be
smaller. Furthermore, another reference can be quoted which gives support to the above
conclusions is as follows: measurements on particles with a size of about 36 nm provide

an estimate for a saturation magnetisation of 64emu/g [27].

Assuming that the above experimental results are correct, it is now necessary to
investigate their significance. Firstly, drawing attention to the value of the saturation
magnetisation, 62emu/g, this must be compared with the accepted bulk value of the
saturation magnetisation of 80 emu/g [87, 133]. Is there any significance in the

difference between these two results?
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Figure 5.9 Hysteresis loop of sample (G) at 300 K

The saturation magnetisation, Ms, of powders is generally smaller than the bulk
value and is found to be even smaller when the average particle size of powder is very
small [72, 78, 79]. The reason for this may be as follows. If the particle size exceeds a
critical diameter, there will usually be more than one magnetic domain in the particle.

This allows the particle to have a complete magnetic circuit within itself, with the
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magnetic field flowing along one side and back along the other side. However in single-
domain nanoparticles, where the particle size does not exceed this critical diameter,
there can be no internal magnetic circuitry. Because of this, in these small particles the
spins of electrons near the particle surface are disordered compared with those near the
centre of the particle. Therefore the electrons near the surfaces of these particles do not
contribute to the magnetic properties of the material. The smaller the particle, the
greater will be the proportion of its atoms which are close to the surface. Therefore in
very small particles these surface effects are magnified, and in this case this surface
effect contributes to lower the saturation magnetisation, Ms. The phenomenon may also
be referred to as the influence of core-shell morphology and the finite-size effect [80,

81,93, 95, 96].

Evidence points to the fact that the particles in samples A, B, C, D, E and F were
larger than those in sample G. This is because during the preparation of each member of
the series, different temperature set points were selected in the heat treatment operation
and this resulted in different levels of thermal energy. Since the greater the temperature,
the greater is the opportunity for particle growth, it is concluded that sample G, with
particles in the size range between 7 and 28 nm had the smallest particles and that the
sizes of the particles gradually increased in the series from sample F to sample A, which
had the largest sizes, being in the range between 20 and 250 nm. It also follows that if
the saturation magnetisation had been measured for each member of the series, the
results would have indicated a gradual increase in this property following this series
from sample G to sample A, with increasing particle size, approaching the bulk value of

80emu/g.

At this point the magnetic property which is being studied changes from the
saturation magnetisation to the Coercivity, Hc. The result for sample G has already been

given. It is 12500ersteds, which is equivalent to 99.5kA/m.

In order to understand the significance of this result, it is useful to compare it
with the bulk value, and the following approach has been used in an attempt to estimate
this. Data is available showing the relationship between flux density and applied
magnetic force for a sample of cobalt ferrite measuring 1 cm in diameter and 10 cm

long. This is shown in Figure 5.10.
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The numerical values behind this data are available and have been modified to
remove the experimental fuzziness and then transformed into the same form as shown in
Figure 5.9, showing the relationship between mass magnetisation and applied magnetic

field. This is presented in Figure 5.11.
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Figure 5.10 The relationship between flux density and applied magnetic force for a rod of

cobalt ferrite [8]
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Figure 5.11 The relationship between mass magnetisation and applied magnetic field for a rod

of cobalt ferrite

This data indicates that after the sample had been magnetised to a value of

48.2emu/g, it was necessary to apply a negative magnetic field of 74.70ersteds to
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reduce the magnetisation to zero again. This does not provide an estimate of the
coercivity of the material directly, because this property can only be measured after the
sample has been magnetised to the saturation magnetisation value, which is given in the
literature as 80emu/g. However it is generally true that curves indicating the relationship
between mass magnetisation and applied field strength are nearly parallel with each
other except in regions a long way from the origin. In this case one can predict that the
curve indicating the relationship between mass magnetisation and applied magnetic
field strength at saturation would have the same shape as that shown above, except that
where the magnetisation reaches a value of 80emu/g, or -80emu/g, the experimental
lines would be parallel to the x axis, indicating that saturation magnetisation had been
achieved. If the curves are parallel closer to the origin, one can estimate that the

coercivity of the material as about 1300ersteds.

There are therefore two values for the coercivity of cobalt ferrite. One for the
nanoparticles in sample G with a value of 12500Qersteds, and one for a rod measuring 1
cm in diameter and 10 cm long, with a rough estimate of the value of 1300ersteds. Is it

possible that this property can change so much for very small particles?

The answer to that question is yes it can. In fact for all materials the coercivity
increases with decreasing particle size until a maximum value is reached at a critical
diameter corresponding to the transition stage from the multi to the single domain state.
In both of these states the material is still ferrimagnetic. However, with further
reduction in particle size, the coercivity decreases to zero, and at another critical
diameter there is a second transition stage from the ferrimagnetic state to the
superparamagnetic state [28, 59, 82, 83]. The coercivity of cobalt ferrite nanoparticles
was found by some investigators to attain a maximum value at 29 nm [72]. Therefore,
according to this reference, this size should be considered to be the critical diameter at
which particles switch from the single into the multi domain state. It was estimated to be

around 70 nm elsewhere [134].

Again it would have been very interesting if the magnetic properties had been
measured for all the members of the series from sample A to sample G. In that case it
might have been possible to find a maximum value for the coercivity in the data, and

this would have established whether all the particles in sample G have only a single
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magnetic domain or not. It would also have been useful in determining the critical

diameter, where the change from the single to the multi domain occurs.

There are other ways of estimating this critical diameter. One way involves
using a technique to make the domain walls in larger particles visible. The sizes of the
domains in samples which are not magnetised can then be estimated, and this size
should be the same as the critical diameter. Domains exist because of the large amount
of energy that is required to establish a uniform magnetic field over a region in a
sample. Although some energy is required to build a domain wall, the energy involved
with the domain wall is much smaller than the energy required to establish a uniform
magnetic field for large particles. However when the particles are very small the energy
required to build the domain wall becomes relatively greater than the energy required to
establish the uniform magnetic field. Therefore the minimum energy solution is to form

particles where there is only one magnetic domain.

This explains why the coercivity of very small particles is so high in comparison
with the bulk value. It reflects the amount of energy that is saved in the material when
there is no magnetisation, and the material is free to form magnetic domains. This

completes the review of magnetic properties carried out at room temperature.

It is now necessary to investigate the magnetic properties at low temperature.
Figure 5.12 shows the hysteresis loop at 10 °K. The saturation magnetisation, the
remnant magnetisation and the coercivity are 67.3emu/g, 52.5emu/g and
10,0000ersteds, respectively. The coercivity is therefore much greater at the low
temperature. This result is in approximate agreement with the results of an investigation
[82], in which the magnetic properties of particles with 15 nm as the average size were
studied using a maximum applied magnetic field of 12kOe. The coercivity was
estimated from measurements of the hysteresis loops recorded both at room temperature

and at 77 °K. The value at 77 °K was higher than that at room temperature.

The remnant magnetisation, Mr, is defined as the magnetisation left in a sample
after removing the applied magnetic field. Similarly, the coercivity, Hc, is defined as the
applied magnetic field necessary to bring the magnetisation of a sample to zero. As a
comparison between the two loops, Figure 5.9 and Figure 5.12, recorded at 300°K and

at 10°K, reveals, some magnetic properties (Mr, Hc) are found to have higher values at
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the lower temperature. This could be understood to be a result of energy barriers in
nanoparticles becoming more apparent at lower temperatures. It is suggested that these
barriers always exist, but they become more obvious at low temperatures, and they are
barriers which retard magnetic moments from aligning towards the applied magnetic
field. In this case, more time is required for the magnetic moments to relax resulting in
higher values of Mr and Hc. Their existence may also become more noticeable because

a stronger applied magnetic field is required to align the magnetic moments in

nanoparticles.
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Figure 5.12 Hysteresis loop of sample (G) at 10 K

The corollary to the above explanation is that when heating up, the magnetic
characteristics (Mr, and Hc) decrease in value due to energy barriers being overcome by
thermal activation energy. Continuing along the same trend, the nanoparticles at a
certain temperature enter into the superparamagnetic state where all magnetic moments
fluctuate arbitrarily along the easy axes of magnetisation, and the same magnetic

properties Mr and Hc, have zero values.

Cobalt ferrite single-domain nanoparticles can exist either in the ferrimagnetic or
the superparamagnetic state. At room temperature, the superparamagnetic threshold

estimated using the Néel theory, is reported to be about 10 nm [135]. In
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superparamagnetic particles, magnetisation can flip randomly in direction under the
influence of thermal agitation. The temperature of the transition from
superparamagnetism to ferrimagnetism is called the blocking temperature, TB. It is the
temperature at which both Hc and Mr decrease to zero [62]. It can also be regarded as
the temperature at which the magnetic anisotropy energy barrier of a nano magnet is
overcome by thermal activation, being equal to the average level of thermal energy in
the material. This results in the fluctuation (the random flip in direction) of its

magnetisation.

In the previous paragraph an estimate was reported for the transition temperature
between the superparamagnetic and the ferrimagnetic state, if the particle size is about
10nm. It was room temperature. This is of particular significance in view of the particle
size distribution of sample G. The particle sizes in the sample range from 7 nm to 28
nm, with about one third of the number of the nanoparticles consisting of particles
below 10 nm. While it is important to avoid trying to force the interpretation of the
words “about 10 nm” into providing exact information, this estimate raises the
possibility that perhaps a third of the nanoparticles of sample G consists of particles that
are in the superparamagnetic state. If this were true, the measurements given above of
coercivity and remnant magnetisation at room temperature would refer only to the 67%
of the nanoparticles of sample G which consisted of larger particles in the ferrimagnetic

state. To investigate this more thoroughly another set of properties was measured.

In most of the work on these aspects of magnetism at present, investigators are
concerned to measure the properties of particles that are much smaller than 10 nm, and
therefore the temperature of the transition from the ferrimagnetic to the
superparamagnetic state occurs at temperatures which are well below room temperature.
Investigators have found that the properties of these materials are different depending
on certain features which were or were not present when the samples were cooled down
as they passed through the transition from the superparamagnetic to the ferrimagnetic
state. In particular they depend on whether there was a magnetic field during this
cooling period. The two conditions are referred to as “field cooled”, that is, there was an
applied magnetic field at the time of the cooling of the sample, or “zero field cooled”,

that is, there was no applied magnetic field at the time that the sample was cooled

109



Chapter 5: The structural and magnetic analyses of nanoparticles

through the transition temperature and changed from the superparamagnetic state to the

ferromagnetic state.

The temperature dependence of magnetisation under zero-field cooled (ZFC)
conditions for sample G is shown as a curve in Figure 5.13. The Figure shows that
magnetisation increases with temperature. For each measurement the magnetisation
was determined at the same applied magnetic field strength of 5000ersteds. This
magnetic field must have been switched off while the sample was cooled through the
transition temperature and then switched on again once a low temperature had been
achieved. In other investigations, while the sample is in the ferrimagnetic state, the
magnetisation increases with temperature, then it reaches a maximum value at the
transition temperature between the ferrimagnetic state and the superparamagnetic state,
and then it decreases as the temperature continues to rise. The curve in Figure 5.13
therefore seems to indicate that the majority of particles in sample G are still in the
ferrimagnetic state at 300°K or room temperature. However it should be noted that the
investigations mentioned above were carried out using samples of magnetic particles
which had a very small range of sizes, whereas sample G contains particles with a larger
range of sizes. Now it is probable that the maximum value of the magnetisation would
be more difficult to identify in a sample composed of particles with a large range of
sizes, because the change from one state to the other would be more gradual.
Nevertheless the evidence from Figure 5.13 seems to be decisive, because there is no
indication of an interruption away from the upward trend in the values of magnetisation

as the temperature increased.

Due to the noticeable difference between values for the coercivity measured at
10 °K and 300 °K, it is still possible that the majority of particles in sample G are close
to the transition point of entry into the superparamagnetic state. This is considered a
possibility because of the suggestion that the coercivity might be the result of energy
barriers which must be overcome by an increase in temperature, in a similar way to that
of reactions requiring activation energy. This possibility is strengthened if the words
above “about10 nm” are applied to indicate that the smaller particles in sample G have
already passed into the superparamagnetic state, because the transition temperature or

blocking temperature for particles with a size of 10 nm is estimated to be 300 °K.
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Figure 5.13 Temperature dependence of magnetisation in ZFC of sample (G)

Ferrimagnetic behaviour is generally observed in one of the following two
alternative sets of circumstances. Firstly, for a sample of nanoparticles with a
monodisperse distribution of particle size, ferrimagnetic behaviour is detected at
relatively low temperatures as it is essential to cross the blocking temperature by
cooling down to transfer from the superparamagnetic to the ferrimagnetic state.
Secondly, for a sample of nanoparticles that has a range of particle sizes, i.e. a
polydisperse distribution, some nanoparticles with a relatively larger size have a higher
blocking temperature than those particles with a smaller size. It is also possible that the
blocking temperature for the larger particles could be higher than room temperature. It
is believed that the latter set of circumstances is more applicable to this study as sample
G contains nanoparticles in the size range of 7-28 nm. The hysteresis loop formed by
measuring the properties of sample G at room temperature is significantly narrower than

the corresponding hysteresis loop of properties measured at 10 °K.

The magnetic properties of the nanoparticles in sample G were investigated in
order to determine their magnetic state. Using data from other sources, if the particles
are larger than 29 nm, (or possibly 70 nm) they have more than one magnetic domain. If
they are smaller than 29nm but larger than 10 nm, they are ferrimagnetic, but have only

one magnetic domain. If they are smaller than 10 nm, they are not ferrimagnetic at room
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temperature but are superparamagnetic. The particles in sample G had a size range
between 7 and 28 nm., and this suggests that there were no particles with more than one
magnetic domain, and while most of the particles were ferrimagnetic and had only one

domain, a minority had superparamagnetic characteristics.

The magnetic properties that were measured confirm that ferrimagnetic
characteristics are present when measurements are carried out at room temperature.
However it is not possible to be more definite about the magnetic state of the particles
than this. It would have been valuable to have been able to measure the coercivities of
samples A to F at room temperature. This should have indicated that there is a
maximum coercivity for one of the members of the series from sample A to sample G,
and in turn this would have provided a new indication of the particle size at the
transition between the single domain state and the multi-domain state. It would in turn

have indicated that no particles in sample G had more than one domain.

It might also have been valuable to have extended the data on the magnetisation
of sample G under an applied magnetic field of 5000ersteds. Measurements have been
made in the temperature range between 10°K and 300°K, but this did not extend to
temperatures between 300 °K and 525 °K. (Above 525°K irreversible changes would
occur in the sample) It would have been valuable to establish whether the graph of
magnetisation against temperature has a maximum value at some point in the extended
temperature range. If this maximum could be found experimentally, it would confirm
that there is a transition at room temperature for particles with a size of 10 nm between
the ferrimagnetic state and the superparamagnetic state. This would also confirm that a

minority of the particles in sample G have superparamagnetic characteristics.

5.4 Summary

Variations of the parameters of the heat treatment operation, the final stage in
the preparation of cobalt ferrite nanoparticles were investigated. The spinel structure
was formed in all the products, but in some cases other phases were also present. The
impurities in the products were identified. The lowest temperature and shortest dwell
time required to prepare cobalt ferrite nanoparticles with a single phase were
determined, using techniques involving DTA/TGA equipment and FTIR spectra. The

heat treatment parameters of 250 °C and 10 h, which were the set points chosen for the
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production of sample G, were selected because they ensured the complete elimination of
impurities in the product, while also providing the smallest opportunity for the particles
to grow to larger sizes. An FE-SEM image of sample G demonstrated that it was
composed of nanoparticles in the size range between 7 and 28 nm. Relevant magnetic
properties demonstrated the ferrimagnetic behaviour at room temperature of sample G
with a saturation mass magnetisation of 62emu/g. With heat treatment parameters as
low as 250 °C and 10 h, the method of preparation described in this thesis is a
significant improvement over the methods reported by other investigators in the state of

the art literature.
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6 The modelling and optimisation of

the heat treatment operation

6.1 Introduction

The main challenge, at this point, for the person who prepares a powder, is to
choose the heat treatment parameters that will facilitate the attainment of cobalt ferrite
powder with the required specifications. It is usually a time consuming trial and error
procedure even when there are inputs chosen with skill by that person. Eventually, the
chosen inputs result in the production of a sample of powder close to the required
specifications. Interestingly, there are often alternative ideal heat treatment parameters
that can be adopted, once they have been determined. However, there are now various
methods for obtaining the desired output variables, to accurately predict the heat
treatment ideal parameters without consuming large amounts of materials, time, labour
effort and money. These methods use models’ development. Recently, DoE has been

employed for many applications in different areas [136, 137].

This chapter contains a report of treatments carried out on the amorphous
powder which had been prepared employing the sol-gel technique, using the same
procedures as those given in the previous chapters. During the heat treatment operation,
nanoparticles tend, not only to agglomerate, but also to grow and form undesirable large
particles and this is due to the thermal energy made available because of the high

temperatures. Furthermore, employing high temperatures and prolonged dwelling times
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results in high electrical operating costs. Therefore, it is usually favourable to lower the
heat treatment temperature and shorten the dwell time to reduce the cost but not to the
limit where the conditions become insufficient to cause the oxidation of the organic

contents in the amorphous powder.

Response surface methodology (RSM) was used to establish the mathematical
relationships between the two heat treatment input parameters (the temperature and the
dwell time) and the two responses (the purity of the powder and the electrical operating
cost of the operation). The resulting mathematical models were experimentally
validated. The optimisation capabilities in Design-Expert 7.0 were used to improve the
heat treatment operation. Optimal heat treatment conditions were determined.
Employing the optimum set of conditions, an experiment was carried out on a sample of
the amorphous powder, and a structural characterisation of the sample was performed

subsequently.

6.2 Methodology

6.2.1 Response surface methodology

Engineers often wish to determine the values of the process input parameters at
which the responses reach their optimum. The optimum could be either a minimum or a

maximum of a particular function in terms of the process input parameters.

Response surface methodology (RSM) is one of the optimisation techniques
currently in widespread use which analyses the quantitative data collected from the
experiment and describes the performance of the different processes, predicts the
responses of interest affected by the input variables of the experiment and finds their
optimum values [138]. In other words, RSM is a set of mathematical and statistical
techniques that are useful for modelling and predicting the response of interest affected
by a number of input variables with the aim of optimising this response [139]. RSM
also specifies the relationships among one or more measured responses and the essential

controllable input factors [140].

When all independent variables are measurable, controllable and continuous in
the experiments, with negligible error, the response surface can be expressed by Eq. 1.
y = (X1, X2, ...Xx) (1)
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Where: k is the number of independent variables.
To optimise the response “y”, it is necessary to find an appropriate approximation for
the true functional relationship between the independent variables and the response

surface. Usually a second order polynomial is used in RSM as shown in Eq. 2.

— 2
y_bo +Zbi/1/i +Zbii/1/ii +Zbij1ixj +& (2)
Where: by, b;, b;; and bj; are the coefficients for the independent variables. They are

constants that are multiplied by the factors in a mathematical model. They are often

referred to as "b-coefficients" in DoE. Moreover, ¢ is the error term.
6.2.2 Experimental design

The design is based on a two-factor, face-central composite design, with full
replication [139]. In order to find the range of each process input parameter, trial runs
are usually performed by changing one of the process parameters at a time. The same
procedure was followed in this study. The process input variables are the temperature
and the dwell time. Increasing the heat treatment temperature, up to 600 °C, results in
the complete oxidation of the organic content as indicated in the previous chapter.
However, one can observe that most of the oxidation reactions occur in the temperature
range between 200 and 300 °C as shown in Figure 6.1. Further trials showed that by
adopting different dwell times, between 2 and 10 hours, it became possible to narrow
the range of temperatures of interest down to between 225 and 275 °C. Table 6-1 shows
the process variables, with their coded and actual values. Statistical software in Design-
Expert 7.0 was used to code the variables and to establish the design matrix shown in
Table 6-2. RSM was applied to the experimental data using the same software; a
polynomial, Eq. 2, was fitted to the experimental data to obtain the regression equations
for all responses. The statistical significance of the terms in each regression equation
was examined using the sequential F-test, the “lack-of-fit” test and other adequacy

measures. Finally the same software was used to obtain the best fit.

The run order specified in Table 6.2 was carried out, and the results are shown in
the column headed by “Purity [%]”. This heading could be more accurately called the
“Level of Impurity”, because it gives an indication of the concentration of impurities in
the sample after the heat treatment. The values were obtained from the experimental

data as follows. The weight of each sample of the amorphous powder was recorded
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before each trial run. Then after the heat treatment, the weight was recorded again. The
final weight divided by the initial weight expressed as a percentage is the value given in
Table 6-2 under the Purity column. The level of impurity is given approximately by

subtracting 16% from this value (as explained in chapter 5, section 5.3.1).
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Figure 6.1 DTA/TGA curves of amorphous powder

Table 6-1 Independent variables and experimental design levels used

Variable Notation Unit Limits
-1 0 1
Time A [h] 2 6 10
Temperature B [°C] 225 250 275

6.2.3 Desirability approach

There are many statistical techniques for solving multiple response problems
such as overlaying the contours plot for each response, constrained optimisation and
desirability approach. The desirability method is recommended due to its simplicity and
availability in the software. It provides flexibility in weighting and giving importance

for each response individually. The method of solving such multiple response
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optimisation problems employing this technique consists in using a technique for
combining multiple responses into a dimensionless measurement of performance known
as the overall desirability function. The desirability approach consists in transforming
each estimated response, Yj, into a unitless utilities function bounded by 0 < d; < 1,
where a higher d; value indicates that the response value Y; is more desirable. If d; = 0,
this means that there is a completely undesired response and, vice versa, when d; = 1,
the response is totally desired, in the sense that there is no undesirable aspects involved

init[141].

In the current study the individual desirability for each response d; is calculated
using Eqs. 3 to 6, where T; is the target value of i™ response. The shape of the
desirability function can be changed for each goal by the weight field ‘wt;’. Weights are
used to give more emphasis to the upper/lower bounds or to emphasise the target value.
Weights could be ranged between 0.1 and 10; a weight greater than one gives more
emphasis to the goal, while weights less than one give less emphasis. When the weight
value is equal to one, this will cause the d; functions to vary from zero to one in a linear
mode. In the desirability objective function (D), each response can be assigned an
importance factor (r), relative to the other responses. Importance varies from the least
important, a value of 1(+), to the most important, a value of 5(+++++). If varying
degrees of importance are assigned to different responses, the overall objective function

is shown in equation 7 below. Where n is the number of responses to be considered

[142].

For a goal of a maximum, the desirability will be defined by:

0 , Y, < Low,
Y -L "
d, = =W ., Low,(Y,(High =
High, — Low,
1 , Y. > High,

For a goal of a minimum, the desirability will be defined by:
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1 , Y, < Low,
High. —v. "
d = . gn; — ¥ ,  Low (Y, (High, ©@
High. — Low,
0 , Y, > High,

For a goal as a target, the desirability will be defined by:

Y - L 4 Wiy
ST . Low, (YT,
T, — Low,
Wt 5
d; =1(Y —High \ " - )
SIS Ty (High,
T, - High,
0 ,  Otherwise
For a goal within a range, the desirability will be defined by:
1 , Low(Y (High,
d, = (6)

0o , Otherwise

D=(In“[d,-’sz” @)

6.2.4 Optimisation

The optimisation part in Design-Expert 7.0 searches for a combination of factor
levels that simultaneously satisfies the requirements placed (i.e. optimisation criteria) on
each one of the responses and process factors (i.e. multiple response optimisation).
Numerical and graphical optimisation methods were used in this work by selecting the
desired goals for each factor and response. As mentioned above the numerical
optimisation process involves combining the goals into an overall desirability function
(D). The numerical optimisation feature in the Design-Expert package finds one point or
more in the factors domain that would maximise this objective function. In a graphical
optimisation with multiple responses, the software defines regions where requirements

simultaneously meet the proposed criteria. Also, superimposing or overlaying critical
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response contours can be defined on a contour plot. Then, a visual search for the best
compromise becomes possible. In the case of dealing with many responses, it is
recommended to run numerical optimisation first; otherwise it could be impossible to
find a feasible region. The graphical optimisation displays the area of feasible response
values in the factor space [142]. Figure 6.2 shows the flow chart of optimisation steps in

Design-Expert 7.0 [136].

{ Start 3
¥

Development of the
mathematical models

Select
optimzation
rmethod

Mumerical Graphical

¥ ¥
Set Min and Max. limits

p fOr each response and

Set the optimization
criterion and importance

factor
Solution Solution

I Results display )

Results display

Figure 6.2 Optimisation Steps [136]

6.3 Experimental work

6.3.1 Material development

Heat treatment experiments were carried out on samples of the amorphous
powder prepared employing the sol-gel technique. The method is based on the
formation of a stable and homogenous sol obtained by the hydrolysis and condensation
reactions of a blend of Cobalt (II) nitrate hexahydrate, (Co(NO3),.6H,0, >99%, Fluka)
and Iron (III) nitrate nonahydrate, (Fe(NO3)3.9H,0, >98%, Sigma-Aldrich) as shown in
Figure 6.3. The precursors were used without any further purification with a molecular
ratio, Co to Fe, equal to 1:2. The quantity of citric acid was stoichiometrically double

the sum of the metal ions.
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Table 6-2 Design matrix

Parameters Responses

Run
No Operating

order A B Purity [%]

cost [€]
1 12 2 225 27.426 0.11232
2 9 10 225 20.763 0.5616
3 10 2 275 16.17 0.13728
4 1 10 275 16.055 0.6864
5 3 2 250 21.61 0.1248
6 6 10 250 16.087 0.624
7 11 6 225 23.849 0.33696
8 4 6 275 16.034 041184
9 2 6 250 16.45 0.3744
10 8 6 250 16.525 0.3744
11 7 6 250 16.667 0.3744
12 13 6 250 16.732 0.3744
13 5 6 250 16.523 0.3744
6.3.2 Electrical operating cost estimation

The electrical operating cost was calculated using the following equation:
Electrical operating cost [€] = (0.12/1000)* A*V*(T-T/Tax-Tr) ¥t
This was simplified slightly to:
Electrical operating cost [€] = (0.12/1000)* A*V*(T/Tpax) *t
= 0.0002496*(T*t) )]

Where: The cost of 1 kWh of electricity is taken as €0.12 , A is the average current used
by the furnace when set to reach the maximum temperature over the duration of the total
time spent in operating the equipment, it is 13 amps, V is the Nominal voltage of the
furnace [240 V], T is the Heat treatment temperature [°C], Tpax is the Maximum
temperature of the equipment [1500 °C], T; is the room temperature [°C] and t is the

Heat treatment dwell time [h].
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6.4 Results and discussion

6.4.1 The development of mathematical models

The “fit summary” tab in Design-Expert 7.0 suggests the highest order
polynomial where the additional terms are significant and the model is not aliased.
Selecting the step-wise regression method eliminates the insignificant model terms
automatically. The sequential F-test for significance of both the regression model and
the individual model terms along with the lack-of-fit test were carried out using Design-
Expert 7.0. The Analysis of Variance (ANOVA) for the reduced quadratic models
summarises the analyses of both responses and shows the significant model terms. Table
6-3 and Table 6-4 show the ANOVA results for the purity and electrical operating cost
respectively. The same tables show also the other adequacy measures R?, Adjusted R’
and predicted R All the adequacy measures are in reasonable agreement. They indicate
significant relationships. The adequate precision ratios in all cases are greater than 4
which indicate that the models are adequate. The analysis of variance results for the
purity and electrical operating cost models show the main effect of the two heat
treatment parameters and their quadratic effects, along with the interaction effect of
these two parameters. They are all shown to be significant model terms. Nevertheless,
the temperature is the factor most associated with the purity of the final product and the
dwell time is the factor most associated with the electrical operating cost. According to
these software results, the models that have been developed are statistically accurate and
can be used for further analysis. The final models in terms of coded and actual factors

are shown below in Eqgs.9 tol2.

Purity = 16.87 - 2.05 * A - 3.96 * B + 1.64 * AB + 1.25 * A2 +2.34 * B2 )
Electrical operating cost =0.37 + 0.25 * A + 0.037 * B + 0.025 * AB (10)

Purity = 321.43661 - 5.54395 * Time - 2.13265 * Temp. + 0.016370 * Time * Temp. +
0.078242 * Time2 + 3.75181E-003 * Temp.2 (11)

Electrical operating cost = 6.15841E-017 - 9.34976E-017 * Time + 4.91540E-019 *
Temp. + 2.49600E-004 * Time * Temp. (12)
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It was noticed the anomaly between run 8 and run 4, where the purity is seen to
become poorer when the dwell time is increased for 6 to 10 hours. This is experimental

error. However, the last 5 runs are done to establish the experimental accuracy.

Co(NOs), Fe(NOs)s
De-ionized De-ionized
water \ Y water

Dispersing with Dispersing with
stirring stirring

Stirring Stirring

=~

Hydrolysis

!

Drying

Amorphous
powder

Heat treatment

Crystalline
powder

Figure 6.3 Material preparations

6.4.2 Confirmation experiments

In order to validate the developed models, three confirmation experiments were
carried out with heat treatment conditions chosen randomly. From the experimental
responses, the average of three measured results for each set of heat treatment
conditions was calculated. Table 6-5 summarises the sets of conditions for the three
experiments, the averages of actual experimental values, the predicted values and the
percentages of error. The validation results demonstrated that the models developed are
quite accurate as the percentages of the errors between the predictions and the

experimental results were small.
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Table 6-3 ANOVA for the purity model

Source SS DOF MS F value | Prob>F
Model 160.2317 5 32.0463 | 48.31 < 0.0001 | significant
A-Time 25.2191 1 25.2191 | 38.02 0.0005
B-Temp. 94.2401 1 94.2401 | 142.08 | <0.0001
AB 10.7191 1 10.7191 | 16.16 0.0051
A2 4.3285 1 4.3285 6.53 0.0379
BA2 15.1862 1 15.1862 | 22.89 0.0020
Residual 4.6431 7 0.6633
Lack of Fit | 4.5893 3 1.5298 | 113.64 0.0003 significant
Pure Error | 0.0538 4 0.0135
Cor Total | 164.8748 | 12
R*=0.9718 Adj-R* =0.9517
Pre-R*=0.7786 Adeq Precision = 23.252
6.4.3 The effect of heat treatment parameters on the responses

During the heat treatment operation, the powder weight decreases and at a
certain point it starts to have a constant value as shown in Figure 6.4. However, the
“purity” in this chapter refers to the remaining material in a sample expressed as a
percentage of the initial weight of the sample, before the heat treatment. This percentage
must approach towards a minimum because there is a lower limit to the weight of the
sample and no experimental results can go beyond this. The minimum value of the
“purity” is the sample weight expressed as a percentage of the initial weight, when the
sample is composed entirely of cobalt ferrite free of any organic or inorganic

components.

In Figure 6.4 it can be seen that the purity is more responsive to the temperature,
line B than to the dwell time, line A. In other words, increasing the heat treatment
temperature results in a larger enhancement in the purity than when increasing the dwell
time although the effect at higher temperatures is very small. This is of course due to the
initial choice of the range of the parameters. Both effects can be attributed to the greater
amount of thermal energy received by the samples either at the higher temperatures or
for the longer period, and it is the thermal energy which facilitates the oxidation

reactions of the organic components present in the amorphous powder.
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Table 6-4 ANOVA for the electrical operating cost model

Source SS DOF | MS F value Prob > F
Model 0.3847 | 3 | 0.1282 | 63660000 | <0.0001 | significant
A-Time | 0.3738 1 | 0.3738 | 63660000 | < 0.0001
B-Temp. | 0.0084 | 1 | 0.0084 | 63660000 | < 0.0001
AB 0.0025 1 |0.0025 | 63660000 | < 0.0001
Residual | 0.0000 | 9 | 0.0000
5

4

Lack of Fit | 0.0000 0.0000
Pure Error | 0.0000 0.0000
Cor Total | 0.3847 | 12
R*=0.9999 Adj-R* = 0.9999

Pre-R” = 0.9999

Table 6-5 Validation test results

Exp. No. | Temp., °C | Time, h Purity, %
Actual 19.492
1 240 5 Predicted 19.585

Error % -0.477
Actual 17.373

2 260 2 Predicted 18.307
Error % -5.376

Actual 16.25
3 250 9 Predicted 16.034

Error % 1.329

Figure 6.5 shows the relationship between the “purity” on the one hand, and the
heat treatment input parameters (temperautre and dwell time) on the other. It is apparent
from the results that both of the operational input parameters have significant effects on
the purity of the resulting powder. If the heat treatment temperature is set to a certain
value, following the solid lines in the Figure, the value shown in the Figure as “purity”
decreases. This indicates that the impurity level decreases, and the real purity increases,
as the dwell time is extended. If the heat treatment dwell time is set to a certain value,
an invisible vertical line from one of the solid lines to the other must be followed. At

high temperatures the value shown in the Figure as “purity” is lower, which indicates
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that the impurity level is smaller, and the real purity is found to improve as the

temperature is increased.
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Figure 6.4 Perturbation plot shows the purity [%] as a function of A: dwelling time, and B:

temperature

Referring to Figure 6.5 again, the interactive relationship between the purity and
the heat treatment input parameters can be seen. It is evident that at higher temperatures,
the effect of the dwell time on the purity tends to be relatively insignificant. Figure 6.6
shows the contours plot which illustrates the combined effect of temperature and dwell

time on the purity.

It is shown in equation 8 that both of the process input parameters have a
significant effect on the electrical operating cost of the heat treatment operation. Figure
6.7 shows the electrical operating cost in € as a function of the dwell time and
temperature. As Table 6-2 and Figure 6.7 show, the electrical operating cost is found to
increase to a greater extent when extending the dwell time, line A, in comparison with
the increase which occurs when raising the temperature, line B, during the heat
treatment operation. In other words, extending the heat treatment dwell time at a certain

temperature results in relatively higher electrical costs than when increasing the heat
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treatment temperature during a short dwell time. Figure 6.8 shows the contours plot
which illustrates the combined effect of temperature and dwell time on the electrical

operating cost.

Interaction
B-: Temp. at 225, B+: Temp. at 275, [°C]
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Figure 6.5 Interaction relationship between the purity and the heat treatment input parameters

During the heat treatment operation, decomposition and oxidation reactions of
the organic component generally occur. In addition, the crystalline spinel structure of
cobalt ferrite is also formed by means of an inter-diffusional migration. Therefore, it is
also necessary to select a dwell time for the heat treatment which is sufficient to allow
the inter-diffusional migration to take place and so to ensure the formation of the spinel
structure as a single phase without any other oxides remaining. On the other hand, heat
treatment at high temperatures for long periods results in growth in the sizes of the

particles [58, 143].

As these results indicate, the formation of the spinel structure as a single phase
without impurities can occur under a number of different sets of conditions. However,
to reduce the electrical operating cost of the heat treatment operation and to avoid as

much as possible the growth in the sizes of the particles because larger particles are
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undesirable, there is a further need to carry out a further optimisation procedure in the

heat treatment conditions.
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Figure 6.6 Contours plot shows the effect of temperature and dwelling time on the purity
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Figure 6.7 Perturbation plot shows the electrical operating cost [€] as a function of A: dwelling

time, and B: temperature
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Electrical Cost, [€]
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Figure 6.8 Contours plot shows the effect of temperature and dwelling time on the electrical

operating cost

6.4.4 Optimisation

The possibility of combining the requirements for the purity, for the spinel
crystalline structure, for the minimum growth in particle size and for the minimum the
electrical operating cost must be considered since it has been shown that the purity can
be achieved under a number of different sets of conditions. Achieving some of these
requirements may have a negative effect on other requirements. For instance, raising the
temperature is needed to oxidise the chelating agent completely and to achieve the
purity, but it also, inevitably, accelerates the growth rate of particle size, particularly
with prolonged dwell times. Also, time is important in order to form the spinel structure,
but it also results in more electrical consumption and consequently in an increase in the
electrical operating cost. On balance, and based on the above discussion, it is vital to
carry out a further optimisation technique to discover the heat treatment condition at

which all requirements would be satisfied, or satisfied as much as possible.

In practice, using the software, once the mathematical models have been
developed and checked for adequacy, the optimisation criteria can be set to determine

the optimum heat treatment conditions. In this part of the investigation two criteria were
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selected for implementation to achieve high purity taking into consideration the
formation of the spinel structure and the avoidance of any unnecessary growth in
particle size in addition to the reduction in electrical consumption. Table 6-6

summarises the optimisation criteria used at this point in the study.

Table 6-6 Optimisation criteria used in this study

Parameter or Response Hmits Importance | First criterion | Second criterion
Lower | Upper
Time 2 10 3 is in range is in range
Temp. 225 275 3 minimise is in range
Purity 16.034 | 27.426 5 minimise minimise
Electricity operating cost | 0.11232 | 0.6864 3 is in range minimise

The first criterion was selected to achieve the minimum “purity” (that is the
minimum level of impurities, which is the highest real purity) employing the minimum
temperature needed for the chemical reactions, with no limitation on either the dwell
time or the electrical operating cost. In the second criterion, the goal was to achieve the
minimum “purity” at the minimum electrical operating cost with no limitation on either
the temperature or dwell time of the heat treatment. Table 6-7 and Table 6-8 present the
optimal solutions based on the two optimisation criteria as determined by Design-Expert

V7.

Table 6-7 Optimal solution as obtained by Design-Expert based on the first criterion

Number | Time, h | Temp., °C | Purity, % | Electricity operating cost, € | Desirability
1 9.28 249.97 16.034 0.579 0.771

Table 6-8 Optimal solution as obtained by Design-Expert based on the second criterion

Number | Time, h | Temp., °C | Purity, % | Electricity operating cost, € | Desirability
1 3.43 275 16.034 0.235 0.913

In this exercise in optimisation, the criteria were selected so that, whatever else
might have been involved in each criterion, the aim must always be that the minimum
“purity” must be achieved. Table 6-7 shows the optimal heat treatment conditions
according to the first criterion. These conditions give the lowest temperature necessary

to fully oxidise the organic contents. However, due to the prolonged dwell time, the
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electrical operating cost is considered to be high, at about 0.58 €, for an operation on a
small batch of powder. On the other hand, if the electrical operating cost is to be
reduced much further with the same level of purity, the temperature has to be increased
to its highest value within the range, as the results in Table 6-8 show. In this case, the
electrical operating cost has a value of about 0.24 € per batch. Thus, by adopting the
second criterion, the required purity can still be achieved, with a 60% reduction in the
electrical operating cost when compared with the costs associated with the first

criterion.

Under certain circumstances, a visual approach to this type of optimisation
problem may be useful. It is achieved by using a diagram called an overlay plot. This
type of plot is immensely practical, and can be used to reach an immediate technical
assessment, to explore the results of choosing values for process parameters that would
achieve certain responses. Figure 6.9 and Figure 6.10 show the overlay plots based on
the optimal solutions stated in Table 6-7 and Table 6-8. The green region on the plot

refers to the area which is close to the solution or close to meeting the proposed criteria.

e Overlay Plot

Electreity cost: 0.5800]
250.63 —
Purity: 16.0]
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Electreity cost: 0.5700)

248.13 T ] T
8.87 9.04 9.20 9.37 9.53
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Figure 6.9 Overlay plot shows the region of optimal heat treatment condition based on the first

criterion
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Figure 6.10 Overlay plot shows the region of optimal heat treatment condition based on the

second criterion

6.4.5 The structural characterisation of the optimised sample

A new experimental trial was then carried out on a sample of the same
amorphous powder, adopting the optimum heat treatment parameters shown in Table
6-8. Afterwards, the purity of the cobalt ferrite nanoparticles produced in this trial was
estimated and it was found to match the predicted value. This indicates that the
elimination of the organic contents and other impurities was achieved by oxidation
and/or decomposition. To investigate the structure, an XRD pattern was obtained, and to

illustrate the particle size distribution, an FE-SEM image was taken.

The XRD pattern of cobalt ferrite nanoparticles is shown in Figure 6.11. All the
peaks related to the CoFe,O,4 phase are visible providing evidence for the formation of
the spinel structure. No additional peaks are visible. This indicates that the only
crystalline phase present is the cobalt ferrite spinel structure. The XRD pattern matches

the JCPDS-ICDD file number 22-1086.

The particle size distribution is illustrated in Figure 6.12. The particles exhibit a
polydisperse distribution with the particle sizes ranging from 5 to 25 nm. The

nanoparticles appear to be almost spherical. No agglomerations are visible. As a result,
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a significant lowering in the sizes of the particles can be seen when compared with the

results reported in previous chapters in this study.

900 311)

Intensity (cps)

20°

Figure 6.11 XRD pattern of cobalt ferrite nanoparticles obtained employing the optimal

solution

40 nm

Figure 6.12 FE-SEM image of cobalt ferrite nanoparticles obtained employing the optimal

solution
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6.5 Summary

The sol-gel technique was adopted again to prepare fresh samples of cobalt
ferrite, CoFe,04, nanoparticles using cobalt and iron nitrates as precursors and citric
acid as the chelating agent. The heat treatment operation was repeated experimentally
following a planned arrangement of different parameter settings. The results of this
series of trials enabled the heat treatment operation to be modelled using mathematical
equations. The operation was then optimised by means of RSM in order to obtain the
cobalt ferrite structure without any residual impurities. The temperature was found to be
a parameter with the greatest influence with respect to both the purity and the electrical
cost, and its interaction with the dwell time was investigated. An experimental trial was
then conducted, for verification purposes, using parameters selected at random and the
trial results matched the predictions given by the design software. It was discovered
that a number of different sets of conditions, determined by the software programme,
can be adopted to make the cobalt ferrite nanoparticles free of impurities. It was then
possible to use the software programme to achieve three distinct aims simultaneously.
These were to obtain the cobalt ferrite structure without any residual impurities, to avoid
any unnecessary growth in the sizes of the particles and to reduce the electrical
operating cost of the operation. The set of conditions that was finally selected, was the
set in which the temperature was 275 °C and the dwell time was 3.4 h. Data was also
made available in the form of charts which can be used for an immediate search about
the optimal heat treatment settings and provide a good visual understanding of the
optimisation. An experimental trial was then conducted using these parameters and it
resulted in the formation of the spinel structure with no impurities. This was deduced
firstly because the “purity” variable was found to match the predicted value of 16.034%
referred to in Table 6-8 which indicates that all impurities had been removed. Secondly
evidence that the spinel structure was that of cobalt ferrite and that there were no other
phases present, was made available using XRD equipment. The particle size distribution
was measured by SEM and was found to be in the range between 5 and 25 nm. The
electrical operating cost was calculated to be €0.24 for the heat treatment operation on a
small batch of powder and the parameters were selected to minimise this cost. The
required purity can be obtained by employing either of the two solutions shown in Table

6-7 and Table 6-8. However, when the optimal solution indicated in Table 6-8 is
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adopted, the heat treatment electrical operating cost would be reduced by approximately
60% in comparison with the costs associated when adopting the optimal solution shown

in Table 6-7.
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7 The sintering behaviour of the

nanoparticles

7.1 Introduction

Cobalt ferrite powder was prepared using a standard solid-state reaction route by
Rafferty et al. [6]. This original powder was initially sieved to produce a quantity of
particles whose diameters were all smaller than 150 um. The average particle size of the
sieved powder was measured and it was found to be 14.17 um. This sieved powder was
then uniaxially pressed into disc samples and the discs were sintered under conditions
with a single, continuous, ramp rate, bringing the temperature from room temperature to
the sintering temperature and then with a single dwell time at the sintering temperature.
The green density of the discs was measured, and expressing the result as a relative
density with respect to the theoretical density of cobalt ferrite, it was found to be about
56%. A series of experimental trials was carried out by varying the sintering
temperature in the range between 1200 and 1500 °C. After each trial the density of the
discs was measured, and the maximum value of the density was found to be 87.51%,
occurring in a disc which had been sintered at 1450 °C with a dwell time of 3 h. Further
quantities of the sieved cobalt ferrite powder, with an average particle size of 14.17 pm,
were then placed in an attrition mill, to produce smaller particles. The resulting powder,
with 5.34 pum as the average particle size, had a specific surface area of 0.7381 m?/g

measured using the BET method. Using a dilatometer, it could be seen that the rate of
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shrinkage was faster than that of the powder with 14.17 um as the average particle size.
In this case the total linear shrinkage was approximately 15%. The attrition mill was
used again to prepare another small sample of the cobalt ferrite powder. This time the
action of the mill was continued for much longer, and so the particle size of the powder
was reduced more. When it was completed the particle size distribution was measured
and the average particle size was found to be 2.37 um. It was now possible to perform a
comparative experiment. Three disc samples were made, each from a powder with a
different particle size distribution, giving average particle sizes of 14.17, 5.34 and 2.37
um. They were each sintered at 1450 °C for 3 h. Afterwards, the densities of the discs
were measured. This was done using the “geometrical approach” in which the thickness
and diameters of each disc was measured to provide an estimate of the volume and then
by weighing each disc an estimate of the density could be made. The density of the disc
made from the 5.34 um powder was found to be greater than that made from the 14.17
um powder by 4%. No further increase in density was observed when the particle size

was further reduced to 2.37 pm.

After the comparative experiment described above the final densities of the discs
were also measured by a different technique using Pycnometry. Because this technique
uses helium gas which is able to penetrate into some of the pores in the discs, it provides
a different value for the density. The reason why all these samples have densities which
are less than the theoretical density of cobalt ferrite is because they contain pores which
may be filled with air, but may also contain the residues left behind by organic binders
and other chemicals, which have not been completely decomposed or oxidised. When
pores exist in a sample, the density is less than the theoretical value and the relative
density is less than 100%. Some of the pores are open, in which case they are close to
the surface of the sample, or they are connected by passageways to the outside surface
of the sample. Other pores are closed because they exist below the surface of the sample
and there are no passageways connecting them to the outside surface. The materials
inside them have become trapped inside the sample. If all the pores in a sample are open
pores, the helium pycnometer density measurement gives the same value as the true
density of the material. This occurs in a sample of powder before it is pressed into a
shape such as a disc. However, during the sintering operation, some of the
interconnecting passageways become blocked and so closed pores are created. When
this happens the Pycnometry results give values for the relative density which are less
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than 100%. The pycnometer therefore provides a measurement for the closed porosity
on its own. The method of measuring the density using the geometrical approach gives a
value which provides information on all pores, whether open or closed. Therefore an
estimate for the amount of open pores can be made by subtracting one density value

from the other.

With this alternative method for measuring density it was possible to provide
estimates for the open porosity and the closed porosity for the disc made from cobalt
ferrite with an average particle size of 14.17 pum. These are 2.94% and 9.95%
respectively. The last result provides a reason why the sintering operation carried out on
discs made using this powder was unable to achieve densities close to the theoretical
value. Once the pores have changed from open to closed, it is not possible to reverse the
change and so the gases or other materials trapped in the pores are trapped permanently.
It is thought that a phenomenon must have occurred resulting in rapid grain growth,
which surrounded the pores, causing them to become closed and leading to pore
entrapment. It is also possible that the temperature inside the discs was lower than the
temperature on the disc surface during sintering. This is because of the poor thermal
conductivity of the material, and the fact that most of the heat is transferred to the
surfaces of the disc by conduction and convection. Therefore the sintering activity
would occur earlier at the surfaces of the disc than it would towards the centre of the
disc. During the sintering most of the pores are eliminated, and therefore passageways
connecting the pores deep inside the sample with the surface would become blocked
near the surfaces, causing the pores deeper inside the disc to become closed. It is
therefore important to control the sintering conditions so that the interconnecting
passageways in the material do not become blocked changing the pores which are a long
way from the surface from being open to closed, until most of the sintering has been

completed throughout the whole of the sample.

The situation was different when working with the powders with smaller particle
sizes. For instance, the open porosity of the 2.37 um sample was found to be 5.27%
while the closed porosity was 3.32%. Because the majority of pores in this last sample
were still open during, and after, the sintering, it is possible to conclude that the low

density result after sintering could not be due to the fact that the open, interconnected
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pores had already been eliminated. In fact, in this case, decreasing the particle size does

not confer any advantage in causing an increase in density.

After pressing the powder to form discs, and before the sintering operation, it
was possible to cut these discs with a knife in such a way that a sample could be made
which could fit into the dilatometer. In this way information about the shrinkage of the
material could be generated. The differential of the shrinkage data can be calculated to
indicate the rate of shrinkage, and when these curves for each of the powders are plotted
from dilatometer data, it can be seen that the densification rate peak for the powders
occurs at different temperatures. It is 1260 °C for the 2.37 um powder. It increases to
1310 °C for the 5.34 um powder. This is the temperature when the gases in the open
pores are being expelled at the greatest rate, allowing the solid to contract under the
influence of surface tension. However, when the sintering was carried out at higher
temperatures e.g. 1450 °C which was the temperature set during the dwell time in these
experimental trials, the temperature is already too high and there is a danger that some
of the pores may become blocked at a stage which is too early in the operation.
Therefore the higher temperature is not optimal in terms of achieving a maximum value

of density. The critical densification stage was in effect being bypassed.

Therefore a two-step sintering profile was devised for the 5.34 pm powder based
on data from the differential shrinkage curve. It consisted in an initial ramp to a
temperature of 1310 °C, then a dwell time of 3 h at this temperature, then a second ramp
rate of 20 °C/min to 1450 °C, followed by a second dwell of 30 min hold at 1450 °C.
This was followed by cooling at 5 °C/min to room temperature. During the final stage
of sintering, it was hoped that all of the porosity would be eliminated. However this
could only occur if all pores were connected to fast, short diffusion paths which would
be located presumably along grain boundaries. For this to happen, the contents of any
pores would have to follow the passageways along grain boundaries. If exaggerated
grain growth occurs, grain boundaries can quickly disappear, and then pores become
trapped inside large grains. If this happens the pores would be very difficult to remove

because the paths would be long and slow.

In order to test this sintering profile, discs were pressed using the 5.34 pum
powder and sintered following the optimised profile. A final relative density of about

95% was achieved. This value was a significant improvement in comparison with the
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value of 91.62% recorded for the equivalent sintered discs employing the one-step
sintering profile. It was considered that this improvement was sufficient to justify the
two-step profile approach to sintering and the explanation about open pores becoming
closed because the temperature was raised to a high value at a stage in the operation

which was too early.

As a result of this success the same sintering profile was selected for sintering
rods of cobalt ferrite. These rods measured 1 cm diameter by 10 cm long. They were
therefore very much larger than the discs which had been used previously. They were
required for testing the magnetic properties of cobalt ferrite, but being so much larger it
was recognised that all the problems involved in the sintering activity would be
magnified. For instance the low thermal conductivity would cause a much larger
difference in temperature between different parts of the sample, the connecting
pathways from deep inside the sample to the surface would be much longer, it would be
more difficult to remove the organic agents used as binders, and finally being much
larger there would be a tendency for cracking to occur. Also because of the size of the
rod, it was considered impractical to attempt to use an attrition mill to generate the
powder with an average particle size of 2.37 um. The rods were cold isostatically
pressed using the 5.34 u m powder at a pressure of 185 MPa. After sintering the density
was measured using the geometrical approach, and the result was a relative density of
91.16%. In view of the extra difficulties in the sintering of so large a sample, this result
was considered as very satisfactory. One explanation for the fact that the relative density
was not as high as that obtained when working with discs was the less efficient removal
of the PVA binder from the larger sample, leading to trapped pores. Of concern was the
high percentage of closed pores 8.13%. This was attributed to trapped binder,

exaggerated grain growth, or a combination of the two.

The aim of the experimental work reported in this chapter was to study the
behaviour of cobalt ferrite nanoparticles during sintering in order to eliminate the open
porosity and produce samples with a density closer to the theoretical density value.
Cobalt ferrite nanoparticles were prepared employing the sol-gel technique. The
structure and morphology of these nanoparticles had been already investigated. The
density of the nanoparticles was measured using a pycnometer. These nanoparticles

were uniaxially pressed into disc samples and sintered under conditions involving a
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single, continuous ramp rate and a single dwell time. It was proposed that a correlation
would be investigated between the sintering temperature and the densities of the
resulting sintered disc samples. The density of disc samples was measured employing
the geometrical method, a method using Archimedes Principle and a helium
Pycnometer. The difference between the various methods can be used to quantify the

percentages of open and closed pores inside the sintered compacts.

7.2 Experimental procedure

7.2.1 Nanoparticles preparation

Cobalt ferrite nanoparticles were uniaxially pressed into disc samples. These
nanoparticles had been prepared beforehand employing the sol-gel technique. This is
based on the formation of a stable and homogenous sol obtained through the hydrolysis
and condensation reactions. The reactions take place between water, citric acid and a
mixture of Cobalt (II) nitrate hexahydrate, (Co(NO3)2.6H20, >99%, Fluka) and Iron
(ITI) nitrate nonahydrate, (Fe(NO3)3.9H20, >98%, Sigma-Aldrich) as shown in Figure
7.1. The precursors were used without any further refinement with a molecular ratio of
Co to Fe equal to 1:2.The amount of citric acid was stoichiometrically double with

respect to the sum of the two metal ions.

The sol was then dried, placed in alumina crucibles (Almath Ltd., UK) and
exposed to a heat treatment operation in a horizontal tube furnace (Carbolite, Sheffield,
UK) at 275 °C for 3.4 h in flowing dry air to form the crystalline CoFe,O4
nanoparticles. Using a mixer and hotplate, a solution containing 3wt% of PVA and
3wt% of glycerine was formed by dissolving them in distilled water. The cobalt ferrite
nanoparticles were then blended into this solution and mixed thoroughly. The mixture

was placed on evaporating dishes, dried at 105 °C and ground using a mortar and pestle.
7.2.2 Disc samples forming and sintering

Disc samples were formed by uniaxially pressing 3.0 g of nanoparticles in a 20
mm diameter steel die. A load of 20 kg/cmz, approximately equal to 20 bar, was applied
for a duration of 20 s. These disc samples, which were then loaded on to alumina tiles,
were sintered under conditions involving a single, continuous, ramp rate and a single

dwell time. The binder burnout was carried out first, with a heating up ramp rate of 0.2
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°C/min to 550 °C. The temperature was then maintained at 550°C for 1 h, and then the
furnace was cooled to room temperature, initially at a rate of 5 °C/min. A dwell time for
the sintering of 3 h was employed. The heating up rate was 10 °C/min while the initial

cooling down rate was controlled at 5 °C/min.
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Figure 7.1 Nanoparticles preparation

7.2.3 Density measurements

The density of each sintered disc sample was estimated by the geometric
method. The discs being cylindrical, the density was calculated on the basis of length
and mass measurements, using vernier calipers (with an accuracy of 0.01 mm) and a
precision balance (with an accuracy of 0.0001 g), respectively. An average thickness
was determined from four measurements. Values for the diameter were calculated,
being also the average of four measurements. A method using Archimedes’ Principle

was also employed to measure the density of the disc samples and a helium Pycnometer
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was used to provide information on the closed pores. Using all these methods, it was

possible to determine the percentages of open and closed porosity.

7.3 Results and discussion

7.3.1 Morphology of nanoparticles

The preparation of cobalt ferrite nanoparticles employing the sol-gel technique
has been described in the previous chapters. The XRD pattern of the nanoparticles
prepared for this study is shown in Figure 7.2. All the peaks relating to the cobalt ferrite
structure are visible. No additional peaks can be seen providing evidence for the
formation of pure cobalt ferrite without any impurities. This pattern matches the

JCPDS-ICDD file number 22-1086.
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Figure 7.2 XRD pattern of obtained nanoparticles

The particle sizes are illustrated in Figure 7.3. These nanoparticles have a size

range between 5 and 25 nm (demonstrating the nano nature of resultant powder).
7.3.2 Sintering of nanoparticles

A density of 5.24 g/cm® was measured by Rafferty et al. for cobalt ferrite

powder using a helium gas Pycnometer [6] and this has been used as the basis for
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calculating the relative densities of samples in the present investigation. The cobalt
ferrite nanoparticles prepared for this study were uniaxially pressed and sintered under
conditions involving a single continuous ramp rate and a single dwell time. The green
density of the pressed discs was calculated to be 38.97+1.88%. A series of sintering
trials was conducted on these discs. The sintering temperature was varied for each
member of the series from 1200 to 1500 °C with intervals of 50 °C. Details of the
different sintering conditions with the final densities of the samples are presented in
Table 7-1. For each set of conditions, three disc samples were sintered. This resulted in
three measurements being made for each of the three ways of estimating the density for
each set of conditions. Each density value presented in this table for the disc samples is

the arithmetic mean of three measurements and the standard deviations are also given.

— 20 nm

Figure 7.3 Particle size and its distribution

The density is found generally to be higher when the sintering temperature is
higher until a maximum value is reached. After this, with further increases in the
sintering temperature, the density becomes smaller, as shown in Figure 7.4. A maximum
value for the density using the Archimedes method of 96.16+0.20% was reached at
1350 °C. The Pycnometry data yielded a value of 96.62+0.48% at the same sintering
temperature. Employing sintering dwell times which were shorter, or longer, than the 3

hours, at 1350 °C, did not result in any increase in the final density of the disc samples,
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as shown in Figure 7.5. A small number of disc samples were prepared using different
applied pressures during the pressing. These different pressures were 15 and 25 kg/cm3,
one being higher, and one being lower, than the pressure normally used in this study.
However no increase in the final density was observed after making these changes in the
applied pressure used when pressing, as shown in Figure 7.6. The percentages of the
open and closed porosities of the prepared disc samples are shown in Table 7-2. The
data suggest that there were a small percentage of closed pores remaining in the disc
samples after sintering. The amount of closed porosity seems to have decreased at first
as the sintering temperature increased. It then reached a minimum value at 1350 °C, and
then it started to increase again as the sintering temperature was raised to higher values.
In contrast with this, the percentage of open porosity was found to be very small,
especially when sintering at 1350 °C. This provides evidence that the sintering

operation was successful in reducing some of the open porosity in these disc samples.

Table 7-1 The sintered discs with their respective conditions and densities

Temperature Geometrical Archimedes Pycnometer

Sample [°C] Density [%] Density [%] Density [%]
1 1200 94.36+0.17 94.90+0.10 95.43+0.28

2 1250 94.91+0.18 95.25+0.15 95.59+0.37

3 1300 95.24+0.21 95.67+0.20 96.10+0.50

4 1350 95.71+0.25 96.16+0.20 96.62+0.48

5 1400 94.27+0.52 95.13+0.17 96.00+0.96

6 1450 94.01+0.22 95.00+0.15 95.99+1.12

7 1500 93.19+0.50 93.97+0.23 94.75+£1.52

The stages of sintering are often placed into four different categories according
to the microstructural changes that are taking place. The stages are (1) from contacting
particles to neck growth, (2) pore coalescence and finally (3) pore shrinkage and (4)
grain growth. During each stage the microstructural features change progressively in
terms of neck size, pore size and grain size. During the sintering process, both neck
growth and pore shrinkage reduce the distance between particles, and therefore

theoretically both should increase the sample’s density and shrinkage.

147



Chapter 7: The sintering behaviour of the nanoparticles

97 T
96.5 +
96 -
§ 95.5 - =&—Geometrical
— Density
2 o |
7 == Archimedes
E 045 Density
94 - Pycngmeter
Density
93.5 A
93 I 1 1 1 1 1 1 1 ]

1150 1200 1250 1300 1350 1400 1450 1500 1550
Temperature [°C]

Figure 7.4 Densities as function of temperature

Agglomeration often occurs where nanoparticles exist. Agglomeration can be
defined as a feature which occurs when small particles come together to form a group in
such a way that the surfaces of the particles are held together by a bonding which makes
the structure permanent, or semi-permanent. During the initial stage of sintering, the
groups of small particles demarcated by grain boundaries coalesce to form larger
aggregates with pore boundaries as shown in Figure 7.7. This results in a non uniform
microstructure and may lead to non uniform densification during sintering. Hence, the
concept of the fastest diffusion route during sintering becomes complicated as intra
agglomerate pores may densify by grain boundary diffusion while the larger pores may
require higher energies for densification. The mechanism seems to be strongly
controlled by surface diffusion at low temperatures leading to neck growth and grain
rotation. At higher temperatures, rapid grain boundary diffusion by overheating along

inter particle boundaries may be a governing sintering mechanism [128].
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Figure 7.6 Density at 1350 °C as a function of the applied pressure during pressing

The mass transport mechanism in the initial stage of densification of nano-
crystalline In,O; was proposed to be grain boundary diffusion. In order for this

mechanism to be active, grain boundaries must have been formed by necking during
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heating [144]. It cannot be true therefore that grain boundary diffusion is the first
transport mechanism. It is common for many ceramic systems to go through regimes
where surface diffusion is the most important transport mechanism in the initial stages.
This leads to the formation of grain boundaries, and then grain boundary diffusion
becomes the most important transport mechanism as the temperature rises. Both of these

mechanisms cause densification and the second one also causes grain growth [145].

Table 7-2 Open and closed porosity

Sample Temperature Open Closed
[°C] Porosity [%] Porosity [%]
1 1200 1.07 4.57
2 1250 0.68 4.41
3 1300 0.86 3.90
4 1350 0.91 3.38
5 1400 1.73 4.00
6 1450 1.99 4.01
7 1500 1.56 5.25

Primary particles

90

Agglomerates
Bridging between
agglomerates

Figure 7.7 Schematic of WC microstructure during the initial stage of sintering [128]
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As it has been observed, the density of disc samples increased as the temperature
increased from 1200 to 1350 °C. It reached a maximum value at 1350°C while it
decreased as the temperature was increased further towards 1500 °C. These changes
could be due to the following factors. A significant amount of grain growth
accompanied by pore entrapment is believed to happen at higher sintering temperatures.
On the other hand, grain boundary diffusion is thought to be relatively small at lower
sintering temperatures. Therefore this mechanism did not contribute to the densification
activity to the same extent at lower temperatures. This caused the densification rate to

be smaller at lower temperatures and as a consequence the discs remained more porous.

The results obtained when the dwell time was shortened to less than the 3 hours
are relatively easy to explain. Clearly a shorter dwell time was not long enough for the
sintering to be completed, and, as a result, the porosity was not eliminated. This can be
concluded because, when the dwell time was extended to 3 hours, more of the porosity
was eliminated during the sintering, evidence for which is provided by the higher values
of the final density of the discs which were sintered for 3 hours. However, the results
obtained when the dwell time was extended beyond the 3 hours are not so easy to
explain. The longer dwell times also had a negative effect on the sintering. It might have
caused a de-sintering process to take place. As pores can become smaller during the
different stages of sintering, they can also become larger (e.g. link together) when, for
instance, the neck and grain boundary between any two grains disappear. This
phenomenon is described as de-sintering. It is generally, but not exclusively, associated

with grain growth. This results in the pores to increase in size and become trapped.

The following remarks have been made in an attempt to seek explanations for
the results of the experiments on varying the pressure applied when pressing. It is
probably true that adopting a lower applied pressure during pressing would have
resulted in unusually weak discs. The pressure was required to bring the nanoparticles
sufficiently close to each other so that the organic binders on their surfaces could act as
glues, holding the particles together, and preserving the shape of the disc. However it is
also probably true that most of the deformation of the pressure compact, occurring in
response to the applied pressure, caused the particles to move relative to one another,
and this would have reduced the pore volume in the pressure compact. Also because the

particles were not totally spherical in shape there would have been a tendency for the
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stresses produced by the hydraulic equipment to be magnified at certain points, and on
occasions this would have resulted developing in fractures in the particles. This would
happen more regularly if the particles had sharp points or jagged edges. Because of this
feature, there would have also been a reduction in the volume of the compact and the
porosity would have been also reduced. On a smaller scale there would have also been a
deformation of the organic binder layers existing as a coating on each of the surfaces of
the nanoparticles. Therefore the decrease in the pore volume in the pressure compact
which would have occurred as a result of increasing the magnitude of the applied
pressure might be significant. For the same reasons, if the pressure applied when the
discs were being made, was unusually low, the effect on the porosity would also be
significant. Therefore, it is true that the porosity in the compact would be greater if the

applied pressure was smaller.

The above explanation, for the existence of variations in porosity in the pressure
compacts before sintering, would be generally accepted by other investigators.
However, the following results of experimental trials reported in this investigation
would not have been anticipated. This is that this variation in the magnitude of the
porosity, originating in the different pressures used to form the discs, has discernible

results in the variations of density in samples, even after the sintering operation.

This is all the more remarkable in view of the result of the experimental trial in
which a higher value of applied pressure was used for the pressing of the discs. This
also resulted in a reduction of the density of the samples in measurements carried out
after the sintering operation. It is difficult to find a satisfactory explanation, particularly
for this second effect, namely, an above average density before sintering resulted in a
below average density after the treatment. It is true that the increased pressure in the die
would have created more cracks in the compact in its green state, but these cracks would
occur in individual particles of the microstructure as described above. This would have
produced less porosity and a greater packing density of the particles. Both of these
features would be expected to facilitate the subsequent sintering operation, even though
it also resulted in slightly more particles in the compact. One would therefore have

expected that the sintering operation would result in improved properties.

In this context it should be noted that a test was carried out using a helium gas
pycnometer, type AccuPyc 1330 V1.02, to determine the true density of a sample of the
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nanoparticles. The value obtained was 4.93+0.0118 g/cm’ which is very different from
the value of 5.24 g/cm3 reported by Rafferty et al. [6]. However, a sample of the same
powder was sent outside the University laboratory for the same test to be carried out,
using a different helium gas pycnometer (type AccuPycll 1340 V1.05), and a value of
4.95+0.0029 g/cm’ was obtained. The agreement between the two pycnometers is
impressive, although the value quoted by Rafferty et al. is recognised as the true value

by many other workers (SEE APPENDIX E).

The reason for this disparity could be related to the nature of this particular
sample of cobalt ferrite nanoparticles. This is because these particles are known to have
been magnetically active, and there is evidence that the majority of them were small
enough to have had only one magnetic domain. Under normal conditions, that is, at
room temperature and at atmospheric pressure, there would have been a tendency for
these particles to arrange themselves in such a way as to minimise the magnetostatic
energy of the sample. This could be done, for instance, by allowing the particles to form
large rings or hoops, with the particles joined to one another end to end around an
empty space inside the ring. If temporary structures such as this formed frequently
enough throughout the sample, it is possible that the result would be that the
nanoparticles would tend to occupy a larger volume than if they were not magnetic.
This might explain why some techniques designed to measure density might provide
values which are too low. However, when the instrument measuring the density is the
helium gas pycnometer, it is expected that the gas would be able to penetrate through
such loose structures to the empty space inside, and would therefore provide a value for
the density which would agree with the known density of the individual particles. If
these ideas provide a true explanation for the disparity in the density results, it is not
known why the pycnometer should not be able to penetrate to the centres of these
structures. However when measuring the density of powder samples with larger
particles, each particle would have many magnetic domains and consequently there
would be no reason for the ring or hoop like structures to form. It follows in turn that

the density measuring equipment would provide the more normal, higher, value.

A similar phenomenon was observed after the pressing stage. The calculated
value of 38.97+1.88% as the green density, reported in this study for compacts made

using magnetic nanoparticles, indicates that a similar effect may have occurred causing
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a decrease in the density. This value is much smaller than the average value of 56%
reported for compacts made from micro-sized cobalt ferrite powder. Perhaps the two
effects are related, and perhaps the disparity in density observed before the powders

were pressed, is preserved even after the pressing stage.

Rafferty et al. reported a smaller value of density when preparing rods which
were cold isostatically pressed at 185 MPa. A value of 91.16% was reported. Rafferty et
al. related the reason of this result to the less efficient removal of binder leading to
trapped pores. However, it is also possible that the critical densification stage was in
effect being bypassed. The data, which were used to design the two-step sintering
profile, was taken from differential shrinkage curves in a test using a compact disc
which had been made at a pressure of 20 kg/cm”. However, this pressure is far smaller
than the pressure used when preparing the rods, which was 185 MPa. Furthermore, it
seems that powders pressed under different pressures, behave differently during
sintering, and the experimental work reported in this chapter suggests strongly that this
is true. If so, a disc sample compressed at 20 kg/cm® cannot be expected to predict the
behaviour of a rod compressed at 185MPa. It follows that the differential shrinking
curve cannot reliably indicate the temperature where there is a peak in the densification
rate in the rod sample. Therefore, the temperature selected in the two-step sintering
profile as the temperature for the first dwell time might not be the correct value. It
follows that a critical densification stage during the sintering of the rod might have
occurred at a temperature which was different from the first dwell time of the two-step
sintering programme. Therefore perhaps the sintering programme did not give sufficient
time for the densification to occur at the correct temperature and this could explain the

poor result of the sintering operation on that occasion.
7.4 Summary

The sintering behaviour of cobalt ferrite nanoparticles was investigated. Cobalt
ferrite nanoparticles were successfully prepared employing the sol-gel technique. These
nanoparticles were without any impurities. The particle size was found to be in the
range between 5 and 25 nm. Disc samples were prepared employing a uniaxial press
using a pressure of 20 kg/cm®. Sintering trails were then conducted. A maximum
density of 96.16+0.20% was reached at 1350 °C. This value was obtained by an

instrument based on Archimedes principle. Helium gas Pycnometry data yielded a value
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of 96.62+0.48%, for the same conditions. The density did not increase to a higher value,
although a number of changes were made to the period of the dwell time. Similarly no
higher values of the density were obtained when the pressure used to form the disc
samples was varied. The maximum density, obtained in this study, was found to be a
higher value when compared with the results found in the literature when employing a

one-step sintering temperature profile.
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8 Conclusions & Future work

8.1 Conclusions

It is proposed in this study that cobalt ferrite powder with particles that are small
enough to have only one magnetic domain could be used to improve the
magnetostrictive coefficient of cobalt ferrite. This is because these particles have the
potential to resolve the problem that, in multi-domain particles, the easy axes of
magnetisation are normally arranged in all directions. The particles could also have the
potential to resolve the problem of reducing the porosity which remains after sintering

to even lower levels.

» Cobalt ferrite powders were synthesised and characterised employing the sol-gel
technique.

» A particular focus was given in the investigation to the fundamental roles of the
crosslinker and the chelating agent in creating the final structure and
morphology of the powders that were produced.

» The effects of the heat treatment operational parameters on the final properties
of the cobalt ferrite nanoparticles were investigated.

» The minimum temperature required to prepare cobalt ferrite nanoparticles as a
single phase was determined to be 250 °C, and the dwell time required at this

temperature was determined to be 10 hours.
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» The magnetic properties of samples of the powder were measured and
demonstrated that the particles followed ferrimagnetic behaviour at room
temperature, with a saturation mass magnetisation of 62emu/g.

» The heat treatment operation was simulated, and optimised, by means of RSM,
in order to obtain the cobalt ferrite structure without any residual impurities, to
avoid any unnecessary growth in the sizes of the particles, and to minimise the
electrical operating cost of the operation.

» The optimum conditions of a heat treatment temperature of 275 °C and a dwell
time of 3.4 hours resulted in the formation of the cobalt ferrite spinel structure
with no impurities.

» The electrical operating cost of the heat treatment could be reduced by
approximately 60% when the optimal set of parameters is employed.

» The sintering behaviour of the cobalt ferrite nanoparticles was investigated.

» A maximum density of 95.71+0.25% was reached at 1350 °C. Pycnometry data
yielded a value of 96.62+0.48% for the same conditions.

» This first value for the density is an improvement over the value of 91.62%
reported by other investigators, for cobalt ferrite powder with an average particle
size of 5.34 um using conditions involving a single continuous ramp rate and a

single dwell time.

The following summarises these conclusions. Cobalt ferrite (single-domain)
nanoparticles were successfully prepared. They were structurally and magnetically
characterised. The operation of the heat treatment was simulated and optimised in order
to reduce the cost of the operation. The density of a sintered disc made from these
nanoparticles indicates that a noticeable improvement was achieved. This improvement

is considered to contribute in the enhancement of the magnetostrictive coefficient.

8.2 Future work

Magnetostriction is influenced by magnetic and structural factors. The results of
this study suggest that there are grounds for claiming that the structural factor can be
improved as it is related to the final sintered density. A density for sintered compacts of
around 96% was achieved employing a single continuous ramp rate and a single dwell
time. With an increase in density similar to this, the magnetic properties of samples of

cobalt ferrite could be improved with an increase in the magnetostriction. The magnetic
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factor is related to the fact that the easy axes of magnetisation are arranged in different
directions in each magnetic domain. The preparation of single-domain particles, which

was carried out in this study, is a step towards a solution to this problem also.

The next step in this approach would be the development of a method to control
the alignment of these particles during the pressing and sintering operations, that is to
cause the alignment of the easy axes of magnetisation of these particles, so that they are
parallel to each other and then, maintaining this alignment, to press these particles into a
compact and sinter that compact at an elevated temperature employing the methodology
presented in this study. Introducing the sintered compact afterwards into an adequate
magnetic field, which must be perpendicular to the aligned easy axes of magnetisation,
would deviate the magnetic moments of all the grains from the easy to the hard

direction of magnetisation, causing the magnetostriction to reach its maximum value.
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Appendix A

Scientific

Achievements



Peer Reviewed Journal Articles:

» M. Sajjia, M. Oubaha, T. Prescott, A.G. Olabi, Development of cobalt ferrite
powder preparation employing the sol-gel technique and its structural
characterisation, Journal of Alloys and Compounds 506 (2010) 400406

» M. Sajjia, K.Y. Benyounis, A.G. Olabi, The simulation and optimisation of heat
treatment of cobalt ferrite nanoparticles prepared by the sol-gel technique,
Powder Technology 222 (2012) 143-151

» M. Hasanuzzman, M. Sajjia, A. G. Olabi, Thermal behaviour of Zircon/
Zirconia added chemically durable borosilicate porous glass, Thermochimica

Acta, 2012, accepted
Peer Reviewed Journal Articles under Progress:

» M. Sajjia, M. Oubaha, M. Hasanuzzaman, A.G. Olabi, Structural and magnetic
analyses of developed cobalt ferrite nanoparticles prepared by the sol-gel
process, 2013, under review

» M. Sajjia, M. Hasanuzzaman, A.G. Olabi, Review paper: Cobalt ferrite, the
magnetostrictive material; the preparation by chemical methods; the structural
and magnetic characterisations, 2013, submitted

» M. Sajjia, A.G. Olabi, The sintering behaviour of cobalt ferrite nanoparticles,
2013, being written

Conference Proceedings:

» Structural characterisation of cobalt ferrite nanoparticles, Workshop &
International Conference on Smart Materials “WICSM2010” 22/09/2010 until
24/09/2010 in Ireland

» Cobalt ferrite nanoparticles, the mutual relation between morphology and
synthesis parameters, Powder Metallurgy World Congress & Exhibition
“PM2010” 10/10/2010 until 14/10/2010 in Italy

» Heat treatment of cobalt ferrite powder prepared by the sol-gel method, The 15"
European Conference on Composite Materials “ECCM15” 24/06/2012 until
28/06/2012 in Italy
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Symposiums:

>

>

>

>

The internal conference held at the School of Mechanical and Manufacturing
Engineering, DCU in 29/05/2008

Symposium for mechanical engineering research and practice 2009 held at the
School of Mechanical and Manufacturing Engineering, DCU in 28/05/2009

The internal conference held at the School of Mechanical and Manufacturing
Engineering, DCU in 12/05/2011

Faculty Research Day 2012 held at the School of Mechanical and Manufacturing
Engineering, DCU in 12/09/2012

Involvements:

>

Attended Powder Metallurgy training course from 21/06/2008 until 29/06/2008
in Italy

Participated in preparation of the 3™ International Conference on Sustainable
Energy & Environmental Protection (SEEP 2009) which was held at the School
of Mechanical and Manufacturing Engineering, DCU from 12/8/2009 until
15/8/2009

Was assigned as a member in the organising committee for the Workshop &
International Conference on Smart Materials “WICSM2010” which was held at
the School of Mechanical and Manufacturing Engineering, DCU from
22/09/2010 until 24/09/2010

One of his research papers got the second best at Young Engineers Paper Prize
Competition, Engineers Ireland. It was presented at a joint meeting of members
of Engineers Ireland and Institution of Mechanical Engineers in 07/06/2011

Was assigned as a member in the organising committee of the 5" International
Conference on Sustainable Energy & Environmental Protection (SEEP 2012)
which was held at the School of Mechanical and Manufacturing Engineering,

DCU from 05/06/2012 until 08/06/2012
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Appendix B

Density of water as a

function of temperature
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When measuring density of sintered disc samples employing Archimedes

Method Kit, the temperature of water was measured in the beginning and in the end of

the experiment. The mean temperature was calculated and the respective density was

taken from the following table. This density was needed to calculate the density of disc

samples using the equation stated in Chapter 3. The following table includes density of

water at a range of different temperatures (10 to 30 °C).

Density of H,O at Temperature T (in °C)
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Appendix C

The preparation of cobalt
ferrite employing oxides,

validation of results
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Cobalt ferrite was prepared by firing mixed (Cobalt Oxide, CoO, Sigma-
Aldrich) and (Iron(IIT) Oxides, Fe,O3, Sigma-Aldrich) powders in air at 1000 °C. Both
precursors were initially dispersed in de-ionised water as an interface. Using a magnetic
stirrer, resultant reactant was left constantly stirring for 24 hours to allow for a very
homogeneous mixture. The colour of the mixture was sepia. The mixture was dried
afterwards at 110 °C for 8 hours and ground later on using a mortar and pestle. The
resultant sample of powder was subjected to a heat treatment in a Horizontal Tube

Furnace (Carbolite Ltd., Sheffield, UK) at 1000 °C for 72 hours.

This experiment was done to validate the results obtained from the literature [6]
and to approve the legitimacy of the XRD results obtained from other chemical
experiments. The XRD pattern of the resultant powder showed a complete conversion

of both oxides into cobalt ferrite as shown in the following Figure.
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Appendix D

Energy dispersive X-ray

analysis
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Cobalt ferrite powder EDX Analysis

Element Weight% Atomic%

Spectrum processing:

No peaks omitted

OK 24.76 54.16
Fe K 49.42 30.47
Processing option: All elements analysed
) CoK 25.82 15.37
(Normalised)
Totals 100.00

Spectrum 12

1] 1 2 3 4 ] ] 7 a q
ull Szale 311 otz Cursor: 0.000 ke

Comment: No other elements were detected.
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Appendix E

Density of cobalt ferrite
nanoparticles measured
using two different helium

gas Pycnometer
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The density of cobalt ferrite nanoparticles was measured using (AccuPyc 1330
V1.02) helium gas pycnometer at the University Laboratory. The density value of 4.93
g/lem’® was recorded. The following two Figures show the calibration report and

obtained results:

The same sample of nanoparticles was sent outside the University Laboratory in
order to measure its density. The density was measured using (AccuPycll 1340 V1.05)
helium gas pycnometer. A value of 4.95 g/cm® was recorded. The following Figures

show the calibration report and the obtained results:
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AccuPycII 1340 Vv1.05
Serial Number: 2214
Calibration Report

Started: 14/11/12 13:05:39 Completed: 14/11/12 13:31:18
Temperature: 20.3 °C
Volume of Calibration Standard: 6.371439 cm3
Number of Purges: 10 Equilibration Rate: 0.0050 psig/min
Cell Expansion
Volume Deviation Volume Deviation
Cycle# cm3 cm3 cm3 cm3
1 11.7356 0.0021 8.4853 0.0015
2 11.7337 0.0002 8.4839 0.0001
3 11.7343 0.0008 3.4844 0.0006
4 11.7334 -0.0000 8.4838 -0.0000
5 11.7334 -0.0001 8.4837 -0.0001
6 11.7325 -0.0009 §.4831 -0.0007
7 11.7339 0.0004 8.4841 0.0003
3 11.7337 0.00C2 8.4840 J9.0001
9 11.7320 -0.0014 8.4828 -0.0010
10 11.7323 -0.0012 8.4830 -0.0008
Average Offset: 0.0029 cm3 Standard Deviation: 0.0008 cm3
Average Scale Factor: 0.9993 Standard Deviation: 0.0001
Average Cell Volume: 11.7335 cm3 Standard Deviation: 0.0010 cm3
Average Expansion volume: §.4838 cm3 Standard Deviation: 0.0007 cm3
AccuPycII 1340 v1.05
Serial Number: 2214
Density and Volume Report
Sample ID: black powder 01 Started: 14/11/12 13:58:58
Sample Mass: 4.4848 g Completed: 14/11/12 14:35:05
Temperature: 20.3 °C
Number of Purges: 25 Eguilibration Rate: 0.0050 psig/min
Cell Volume: 11.7330 cm3 Expansicon Volume: 8.4838 cm3
Volume Deviation Density Deviation Elapsed Temperature
Cycle# cm3 cm3 g/cm3 g/cm3 Time e
1 0.9053 -0.0009 4.9540 0.0048 Ud2 1.25 20.2
2 0.9060 -0.0002 4.9502 0.0009 0:225:58 20.2
3 0.9065 0.0004 4,.9472 -0.,0020 0228 :24 20:2
4 d.9061 -0.,0001 4.9496 0.0003 U324k 202
5 0.9069 0.0007 4.9454 -0.0039 035 .58 20.3
Average Volume: 0.9062 cm3 3tandard Deviation: 0.0005 cm3
Average Density: 4.9493 g/cm3 Standard Deviation: 0.0029 g/om3
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