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ABSTRACT 

In polycrystalline materials texture is developed due to orientation of grains. There are several 

texturing techniques, but templated grain growth (TGG) and magnetic field assisted compaction 

(MAC) have been used in the present work. CFO has been synthesized by conventional solid 

state method and autocombustion method at different fuel ratios. Phase pure CFO prepared in 

both solid-state method and autocombustion method has been pressed into pellets using parallel 

MAC and perpendicular MAC at different magnetic fields (0T, 0.5T, 1T, 1.5T, 2T). These 

pellets have been characterized for XRD, SEM, PPMS, and magnetostriction set up for 

structural, morphological, magnetic and magnetoelastic properties. Pure cubic spinel of AC-

CFO, SS-CFO has been prepared in different magnetic fields of both parallel and perpendicular 

magnetic field assisted compaction. Average grain size of 3 m to 5 m has been observed for 

all AC-CFO samples prepared at different magnetic fields of both parallel and perpendicular 

magnetic field assisted compaction. Enhancement in magnetostriction, 33% (139 ppm to 185 

ppm) and strain sensitivity, 40% (0.5×10
-9

 m/A to 0.7×10
-9

 m/A) have been observed for AC-

CFO samples prepared by parallel magnetic field assisted compaction. Enhancement in 

magnetostriction, 22% (137 ppm to 167 ppm) and strain sensitivity, 40% (0.5×10
-9

 m/A to 

0.7×10
-9

 m/A) have been observed for AC-CFO samples prepared by parallel magnetic field 

assisted compaction. A significant enhancement in magnetostriction, 89% (110 ppm to 207 ppm) 

and strain sensitivity, 141% (1.1×10
-9

 m/A to 2.8×10
-9

 m/A) have been observed for SS-CFO 

samples prepared by parallel magnetic field assisted compaction. A significant enhancement in 

magnetostriction, (113 ppm to 209 ppm) ~85% and strain sensitivity, 185% (0.9×10
-9

 m/A to 

2.5×10
-9

 m/A) have been observed for SS-CFO samples prepared by parallel magnetic field 

assisted compaction. Texture Coefficient of 2.2has been observed for (511) plane in cobalt ferrite 

sintered sample prepared at 1T parallel field. Texture Coefficient of 1.6 has been observed for 

(440) plane in cobalt ferrite sintered sample prepared at 1.5T parallel field. CFO templates have 

been synthesized at different temperatures (700C, 800C, 900C, 1000C for 4h), different 

dwell time (4h, 12h and 24h) at 1000C, and different ratios (1:1, 3:1, 5:1) for 1000C, 24h. 

Particle size,saturation magnetization of CFO has been increased with increase in temparature, 

dwell time and salt to powder ratio. CFO particle morphology has been changed from distorted 

spherical to traingualr and octahedron shape with increase in temparature, dwell time and salt 
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topowder ratio. Numbers of particles with triangular and octahedral shapes has been increased 

with increase in temperature, dwell time and powder to salt ratio. Phase pure CFO pellets have 

been prepared from CFO powder synthesized at different conditions such as different 

temperature, dwell time, and salt to powder ratio. Preferential orientation has been observed for 

(511) peak for SPr1, SPr3 and SP24h samples. A small variation in magnetic properties has been 

observed for CFO pellets prepared at different conditions. r values suggest that samples are not 

isotropic and some grain orientation might be possible for the pellets prepared at different 

temperatures, dwell time and salt to powder ratio. 

 



Chapter 1                                                                                               Introduction 

1 
 

 

 

 

 

 

 

 

CHAPTER 1 

INTRODUCTION 

 

 

 

 

 

 

 



Chapter 1                                                                                               Introduction 

2 
 

Chapter 1 

Introduction 

In this chapter general background of the work, introduction to magnetostriction, giant 

magnetostrictive materials, ferrites, texturing, and methods of producing textured ceramics have 

been discussed. 

1.1) BACKGROUND 

Change in dimension of a material in presence of applied magnetic field is called 

magnetostriction [1]. Because of its bidirectional exchange of energy between elastic and 

magnetic states this magnetostrictive effect is useful in many sensor, actuator and transducer 

applications. Giant magnetostrictive materials such as Terfenol-D [2] and SmFe2 [3] were 

developed for magnetostrictive applications. 

Need for contactless toque sensors have sparked considerable interest in developing magneto 

mechanical sensors having more strain sensitivity and high chemical stability. Because of high 

magneto crystalline anisotropy giant magnetostrictive materials such as Terfenol-D and SmFe2 

exhibited poor sensitivity to stress and high cost of production limited them in using contactless 

torque sensor applications. But because of low cost, non-corroding nature and high chemical and 

mechanical stability oxide materials were considered for this application. Among all oxides 

cobalt ferrite and metal bonded cobalt ferrite were considered as promising material for 

contactless torque sensor application [4]. 

In polycrystalline materials texture is developed due to orientation of grains. There are 

several texturing techniques, but templated grain growth (TGG) and magnetic field assisted 

compaction (MAC) have been used in the present work. Templated grain growth (TGG) has 

been used for synthesis of oriented ceramics, which can exhibit single crystal like properties [5].   

Magnetic field assisted compaction (MAC) is a well known technique to align magnetic powders 

in applied magnetic field. Not many reports are available in the open literature on processing of 

cubic ferrites by MAC even though this technique is capable of producing oriented magnets. 

Hence magnetic field assisted compaction and templated grain growth techniques have chosen to 
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produce oriented CFO.  Structural, morphological, magnetic and magnetoelastic properties of 

oriented CFO have been investigated in this thesis. 

1.2) FUNDAMENTALS 

1.2.1) Types of Magnetism 

In a crystalline solid atoms are arranged in a periodic array. Magnetic properties of atoms are due 

to both of its orbital and spin motion of electrons. Magnetic moment is related with each of this 

motion and it is a vector. This magnetic moment of electron is in the direction of spin axis and 

perpendicular to the plane of orbit. The total magnetic moment of atom is the vector sum of all 

moments of its constituent electrons. The different types of magnetism include diamagnetism, 

paramagnetism, ferromagnetism, anti-ferromagnetism and ferrimagnetism. 

1.2.1.1) Diamagnetism 

In diamagnetic materials, magnetic moment of electrons of an atom is oriented such that their net 

magnetic moment is zero. In presence of magnetic field they show negative magnetism. Atoms 

or molecules which have closed shell electronic structure such as rare earth gases He, Ne, Ar, etc 

., and molecules like N2, H2, etc, rock salt show the diamagnetism. 

1.2.1.2) Paramagnetism 

In presence of magnetic field if magnetic moments of electrons are partially aligned in direction 

of external magnetic field, orbital and spin moments of electrons are not fully cancelled out and 

left with small net magnetic moment. But all moments of these electrons are so oriented that 

their net magnetic moment becomes zero in absence of magnetic field. This category of 

magnetism is called para magnetism. Thermal agitation prevents alignment of magnetic moments 

in direction of applied field hence show low positive susceptibility. Dependence of mass 

susceptibility (χm) with temperature is given by curie Weiss-law as follows 

χm=
 

     
 

Here C is curie constant per gram, T is absolute temperature and   is a constant, with the 

dimensions of temperature. Transition metal complexes, salts and oxides of actinides and 
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lanthanides and elements of lanthanides and actinides are good examples for paramagnetic 

substances. 

1.2.1.3) Ferromagnetism 

Some elements like Fe, Co, Ni shows permanent magnetic moment even in absence of the 

external magnetic field. This is because of uncancelled magnetic moments of electrons present in 

atom as a consequence of electronic structure. Furthermore, in a ferromagnetic material, electron 

spins are aligned in same direction because of exchange forces present between them. The region 

of space where this spin alignment exists is called domain. The boundary separating two 

domains is called domain wall. In ferromagnetic materials spontaneous magnetization takes 

place by domain wall motion. 

1.2.1.4) Anti-ferromagnetism 

An anti-ferromagnetic material has two interpenetrating identical ion sub lattices whose 

spontaneous magnetization is equal but in opposite directions as a result it shows zero net 

magnetic moment in absence of field but shows moment when strong fields are applied to it. 

Most of the anti-ferromagnetic substances are ionic compounds such as oxides (MnO, FeO, CoO 

etc.), sulphides (α-MnS, β-MnS) and chlorides (FeCl2, CoCl2, NiCl2). 

1.2.1.5) Ferrimagnetism 

The idea of ferrimagnetism is similar to anti-ferromagnetism. Ferromagnetic materials have two 

interpenetrating unidentical ion sub lattices whose spontaneous magnetization is not equal and 

opposite in direction as a result shows net magnetic moment even in absence of field. These 

ferrimagnetic materials exhibit substantial saturation magnetization at room temperature.  

1.2.2) Ferrites 

Based on crystal structure magnetic ferrites are divided into two groups such as cubic and 

hexagonal and garnet. The spinel cubic ferrites have molecular formula of MFe2O4, where M is a 

divalent metal ion such as Fe, Co, Zn, Cd, and Mn.  Hexagonal ferrites have molecular formula 

of MFe12O19, where M is a divalent metal ion such as Ba and Sr, Garnet has molecular formula 

of MFe2O12 where M is a trivalent metal ion such as Y, Sm, Gd, Eu, Sm, Tb and Lu, As an 
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important member in the family of spinel ferrites, cobalt ferrite (CoFe2O4) materials have been 

chosen as  material of research contender for a wide variety of applications such as  high 

chemical stability, low cost, non-corroding nature, moderate magnetization, high 

magnetostriction and high strain sensitivity[6-8]. 

1.2.2.1) Structure of Spinel Ferrites 

The general chemical formula of spinel ferrite is MFe2O4 where M represents divalent ion, this 

crystal structure is closely related to MgAl2O4. Spinel ferrite structure contains eight formula 

units. In spinel ferrite structure, 32 oxygen ions are arranged in cubic shape and metal ions are 

occupied the interstitial spaces between the oxygen ions. The large oxygen ions are packed in a 

cubic arrangement and smaller metal ions occupy spaces between them. These interstitial spaces 

are of two kinds. One is called tetrahedral site or A-site, because it is surrounded by four oxygen 

ions in tetrahedral manner and this site present at the middle of the tetrahedron. The other kind is 

called octahedral site or B-site, because it is surrounded by eight oxygen ions in octahedral 

manner and the site is present at the centre of octahedron. Therefore crystallographic 

environments of both sites are different. Crystal structure of cubic ferrite is shown in fig 1.1 

The unit cell contains 64 tetrahedral (A) sites and 32 octahedral (B) sites, and only 8 A sites and 

16 B sites are occupied by metallic ions [9]. Significant variation of composition of metal ions in 

interstitial sites has been observed in spinel ferrites and thus the composition of the spinel ferrites 

can be described as [9-10] 

[M
II

1-δFe
III

δ]tetra[M
II

δFe
III

2-δ]octaO4 

If δ=0, all divalent metal ions occupy A site and trivalent Fe
+3 

ions occupy B sites, and then it is 

called as “spinel’’ ferrite. If δ=1, the  trivalent Fe
+3

ions are evenly distributed on both A and B 

cation sites and all divalent metal ions occupy B sites, and  then  it  is called as “inverse spinel ” 

ferrite. Here δ is defined as the inversion parameter. Metal ion size, interstitial size, charge on 

metal ion and electronic configuration of metal ions determine the distribution of metal ions in 

tetrahedral and octahedral sites of spinel and inverse spinel ferrites.  
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Figure 1.1. Crystal structure of cubic ferrites. The small filled circles represent metal ions, the large 

open or shaded circles represent oxygen ions: (a) tetrahedral or A sites; (b) octahedral or B sites; 

and (c) one-fourth of the unit cell of a cubic ferrite. 

A typical spinel with a normal structure is cadmium ferrites (CdFe2O4) in which tetrahedral sites 

are filled by all divalent Cd ions and octahedral sites are filled by trivalent iron ions. An example 

of inverse structure is nickel ferrite (NiFe2O4), where octahedral sites are filled by divalent nickel 

ions and trivalent iron ions are evenly distributed in both octahedral and tetrahedral sites. Cobalt 

ferrite (CoFe2O4) has partially inverse spinel structure, i.e., both divalent cobalt and trivalent iron 

ions are distributed in both tetrahedral and octahedral sites. The distribution of cobalt and iron 

ions in interstitial sites is dependent on external processing parameters such as the sample 

preparation method and the heat treatment processes. Since Co
+2 

has a major contribution to the 

magnetocrystalline anisotropy of cobalt ferrites, the distribution of cobalt in tetrahedral and 

octahedral sites severely impact the magnetic properties of cobalt ferrite. 

1.2.3) Ferrimagnetism in Spinel Ferrites 

Ferrimagnetism in ferrites was explained by Neel. According to Neel, metal ions occupy 

tetrahedral (A-site) and octahedral (B-site) interstitial sites in ferrites. The exchange interactions 

between two sites are negative [5, 7]. Hence, Ions in A-site magnetized in one direction and Ions 

in B-site magnetized in opposite direction as shown in Fig.1.2 (a).  
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Figure1.2. (a) spin orientation in A and B sites; (b) the variation of saturation magnetization (σS) 

with the temperature.  

However, due to difference in magnitudes of magnetic moments of A site and B site ferrite 

material shows net magnetic moment without external magnetic field [10]. Therefore, 

ferrimagnetic materials show spontaneous magnetization similar to ferromagnetic materials at 

room temperature, which makes them industrially important. As temperature increases spin 

randomness increases as a result spontaneous magnetization decreases, at a particular 

temperature spontaneous magnetization vanishes completely. This temperature is known as 

Curie temperature (TC), as shown in Fig.1.2 (b). Above the Curie point (TC), the ferrimagnetic 

material exhibits paramagnetic behavior, and the susceptibility (χ) decreases with increase in 

temperature. 

Saturation magnetization of ferrite materials can be calculated from the magnetic moment of 

metal ion and the distribution of metal ions in both tetrahedral and octahedral sites at 0
o
K based 

on the Neel ferrimagnetism. Some examples are shown in Table 1.2. Magnetic moments of Co
+2

, 

Fe
+3

 are taken as 3µB and 5µB respectively 
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However, some discrepancies are always there between the experimental and the calculated 

values. Unquenched orbital momentum, inversion parameter (distribution of ions in A site and B 

site), exchange interaction direction are responsible for the deviations in magnetic moment 

values.  

1.2.4) Magnetic Crystalline Anisotropy in Cubic Crystal 

Magneto crystalline anisotropy is also known as crystalline anisotropy. It is an intrinsic property 

of a ferromagnetic material. Spin-orbit coupling is responsible for crystal anisotropy. In presence 

of external field spins of electrons reorient in the applied field. Along with spins the orbits of 

those electrons also tend to reorient in that direction. But orbits are strongly coupled to lattice 

restricts the rotatation of spin axis. The energy required to orient the spin away from easy axis 

direction is called crystal anisotropy energy, is just the energy needed to overcome the spin – 

orbit coupling. 

In a cubic crystal, such as a spinel ferrite, let   magnetization vector make angles a, b, c with the 

crystal axes, and let α1, α2, α3 be the direction cosines of these angles, then 

E= K0+ K1 (α1
2
 α2

2
+ α2

2
 α3

2
+ α3

2
 α1

2
) + K2 (α1

2
 α2

2
 α3

2
) +……. 

Where K0, K1, K2 … are anisotropy constants for particular material at a particular temperature. 

The initial term (K0) is independent of angle and is usually ignored, because normally we 

interested only in the change in anisotropic energy E when the magnetization vector oriented 

from one direction to another. The magnitudes of K1, K2, etc. give the strength of the crystal 

anisotropy in a specific crystal. 
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1.2.5) Magnetostriction 

When magnetic field is applied dimensions of the material get changed, this phenomenon is 

called magnetostriction [1]. It is denoted by . 

  
  

 
 

The value of λ measured at magnetic saturation is called saturation magnetostriction λs. 

 

Figure 1.3 Domain orientations during magnetic field 

This change in length is the result of the orientation of small magnetic domains in the direction 

of applied magnetic field. This orientation of domains is responsible for internal strains in the 

material structure. The strains in the material structure are responsible for increase in length in 

the case of positive magnetostriction, in the direction of the external magnetic field. During this 

stretching process the cross-section of material is decreased in a way that the volume is kept 

nearly constant. As strength of magnetic field increases, orientation of domains increases in the 

direction of the magnetic field. The magnetic saturation is achieved in material when all the 

domains are aligned in the direction of external magnetic field.  

1.3) TEXTURE 

In a polycrystalline material each grain posses its own orientation.  Some of the individual grains 

may have nearly the same orientation, while the others may have different orientations. Preferred 

orientation of grains in a polycrystalline material is referred to as texture [11]. Texture has been 

developed in ceramic materials by various techniques such as slip casting, tape casting, pressure 

filtration, dry pressing, extrusion and centrifugal casting [12-19], templated grain growth [20–26] 

and magnetic field assisted compaction techniques [27-34]. Physical, mechanical and chemical 
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properties of materials are influenced by crystallographic texture. Effect of texture on elastic 

modulus [35], yield strength [36], toughness [37], fracture [38], fatigue [39], magnetic properties 

[40], magnetoelastic properties [41], electric properties [42], corrosion [43] and oxidation 

properties [44] have been studied in literature.   

1.3.1) Templated grain growth (TGG) technique 

Templated grain growth technique (TGG) is used to prepare textured ceramics with better 

properties compared to corresponding polycrystalline ceramics. In TGG, template and matrix 

particles are combined with each other, resultant powder mixture is pressed into compacts, these 

compacts are sintered to get textured product.  Surface free energy difference between matrix 

grain and advancing crystal plane of template is responsible for TGG. In TGG process template 

particles grow at the expense of matrix particles during heating. This phenomenon is called 

Ostwald ripening. Orientation of grains in the sintered pellet depends on initial alignment of 

template particle in green compact, nucleation and growth of desired phase on the template 

particles during sintering.  

1.3.2) Magnetic field assisted compaction (MAC) 

Magnetic field assisted compaction technique is a versatile method to improve the alignment of 

magnetic particles and magnetic properties in permanent sintered magnets. In magnetic field 

assisted compaction magnetic field is applied simultaneously with applied pressure during 

compaction in magnetic field press. Depending on the direction of applied magnetic field during 

compaction it is two types such as parallel magnetic field assisted compaction and perpendicular 

magnetic field assisted compaction. Parallel magnetic field assisted compaction is done in 

parallel magnetic field press and perpendicular magnetic field assisted compaction is done in 

perpendicular magnetic field press. In parallel magnetic field assisted compaction magnetic field 

is applied in the direction of applied pressure where as in perpendicular magnetic field assisted 

compaction magnetic field is applied perpendicular to the direction of applied pressure during 

compaction. In parallel magnetic field assisted compaction domains are oriented in the direction 

of applied field where as in perpendicular magnetic field assisted compaction domains are 

oriented perpendicular to the applied pressure direction. Oriented state of particles is disturbed in 

parallel magnetic field assisted compaction where as it is not disturbed in perpendicular magnetic 

field assisted compaction. 
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Figure 1.4 parallel magnetic field press and perpendicular magnetic field press used for parallel 

MAC and perpendicular MAC respectively. 
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Chapter 2 

 Literature Review 
Chapter 2 focuses on the literature review of methods of producing textured ceramics and the 

objectives of the present work have been discussed. 

2.1. WHY COBALT FERRITE? 

Magnetostriction is the change of dimensions of a material when magnetic field is applied on the 

material [1]. Magnetostrictive materials can convert energy between magnetic and elastic states 

vice-versa, and therefore magnetostrictive materials are used for sensor and actuator applications 

[2-3]. Apart from magnitude the slope of the magnetostriciton, strain derivative (
  

  
) is also an 

essential property for different applications such as sensors and actuators. Gaint magnetostrictive 

materials such as terfenol-D, SmFe2, even though they are having high magnetostriction because 

of their high anisotropy these materials exhibits low sensitivity to stress [4, 5] and thus limits 

their usage for magneto mechanical sensors. 

Due to high cost of production, low sensitivity to stress, poor mechanical properties and poor 

corrosion resistance of single crystal rare earth materials, scientist have tested different materials 

and came to the conclusion that oxide materials can be used as viable alternative. But because of 

low cost, non-corroding nature and high chemical and mechanical stability oxide materials were 

considered for this application. Among all oxides cobalt ferrite and metal bonded cobalt ferrite 

were considered as promising material for contactless torque sensor application [4].  

To invent new smart materials and improving properties of already existing materials is always a 

matter of interest for researchers. Equally important thing is that materials should be synthesized 

with simple synthetic procedures. Recently many studies have been done on cobalt ferrite to 

improve the magnetoelastic properties by varying processing parameters, magnetic field 

annealing, gel casting and substituting different metal ions in Cobalt and iron sites [6-12]. 

2.2 METHODS OF PRODUCING ORIENTED CERAMICS 

2.2.1 Synthesis of Cobalt ferrite 

Synthesis of cobalt ferrite could be achieved by either ceramic method or chemical route. Higher 

magnetostriction is observed for cobalt ferrite pellet which is made from nano powders rather 

than bulk powders [13-14]. Conventionally CoFe2O4 nano powder was fabricated from 
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coprecipitation method [15-18], sol-gel method [19-22] and hydro thermal method [23-24]. In 

recent years, due to inexpensive starting materials and relatively simple processing method auto 

combustion synthesis method has gained attention in synthesizing homogeneous, multi 

component metal oxide ceramic powders [25-27]. Metal oxides are prepared in autocombustion 

by heating reactant mixture of metal nitrates and fuels like glycine, oxalyldihydrazide, 

carbohydrazide and urea. Enthalpy of flame temperature during reaction determines the powder 

size, surface area, and agglomeration of particles. Nature of fuel and fuel to powder ratio used in 

combustion reaction determines the enthalpy of flame temperature in autocombustion synthesis 

[28-29]. Rapid evolution of large amount of gaseous products during the combustion dissipates 

the heat of combustion and restricts the rise of temperature. Various metal oxides such as 

alumina, zirconia, cerium oxide, barium titanate, lead zirconium titanate zinc oxide, cobalt 

ferrite, and nickel ferrite etc. have been prepared in autocombustion synthesis. Complex metal 

oxides have been produced in molten salt synthesis (MSS) method [30-48]. In this method 

constituent metal oxides and metal salts have been used as reactants. In MSS, reactants are 

heated with salt above the melting temperature of the salt. During heat treatment process, salt 

undergoes melting and required products are formed. This product mixture is treated with water 

to remove salt and to obtain pure product. Typically salts of chlorides and sulphates are used in 

MSS.  Eutectic mixtures of salts have been used widely in MSS because of their lower melting 

temperatures. different single phase materials such as SrTiO3 [30, 31], BaTiO3 [31,32], ZnTiO3 

[33], Pb1−xLaxTiO3 [34], PbTiO3 [35,36], KSr2Nb5O15 [37, 38], La2Ti2O7 [39], , Nb2O5 and 

ANbO3 (A=Na, K) [40], ZnFe2O4 [41], CoFe2O4 [42], MgFe2O4 [43], NiFe2O4 [44], 

Ni0.5Zn0.5Fe2O4 [45], and HT-LiCo0.8M0.2O2 (M=Al, Ni) [46] have been prepared in different 

shapes in MSS. 

In MSS molten salts are used to control the powder characteristics such as size, shape and etc. 

SrTiO3 of different sizes and different shapes have been prepared in MSS using different 

precursors and different molten salt used in MSS. Tabular or plate like Sr3Ti2O7 has been 

prepared in MSS using SrCO3, TiO2 as precursors and KCl as molten salt [30]. An edge length of 

8–18 m and a thickness of 2–5 m have been observed for tabular Sr3Ti2O7 particles prepared 

at 1300C reaction temperature. Plate like SrTiO3 has been prepared by reaction of plate like 

Sr3Ti2O7 with TiO2 in KCl molten salt at 1200C. Nanorods of (80 nm diameter and 1.5 to 10 

m length) SrTiO3 has been prepared using strontium oxalate, TiO2, NaCl , NP9 (Nonyl phenyl 
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ether) precursors at appropriate stoichiometric ratios at 820C for 3.5h [31]. Kuan et al. [32] have 

been prepared various shapes of BaTiO3 (spherical, cubic and rod like) using distinct barium 

precursors and Titanium precursors in NaCl-KCl molten salt. It has been observed that besides 

the shape of the precursor’s, dissolution rate of precursors in molten salt also determine the shape 

of the BaTiO3 in MSS [32]. Xianran et al. [33] synthesized pure ZnTiO3 plate like particles of 1-

3 m size using ZnO, TiO2 and eutectic mixture of NaCl-KCl salt in MSS. Decrease in size of 

ZnTiO3 has been observed with increasing molten salt. Zongying et al. have synthesized rod like, 

spherical, cubic and 1-D rod shape PbTiO3 using different lead and titania precursors in NaCl-

KCl molten salt.  Spherical and rod like PbTiO3 is formed when spherical and rod like TiO2 is 

used as titanium precursor. Cubic shape PbTiO3 is formed when K2Ti4O9 is used as titanium 

oxide source.1D rod like PbTiO3 is formed by reacting spherical PbTiO3, NaCl and the liquid 

nonionic surfactant polyoxyethylene (9) nonylphenolether (NP-9) in molar ratio of 1:5:10 and 

annealed at 900C for 2h. Sonali et al. [41] have reported ZnFe2O4 nanoparticles in MSS route 

for H2S gas sensing application. They have prepared ZnFe2O4 nanoparticles of 15-20 nm using 

zinc sulphate, iron (iii) nitrate Fe(NO3)3, sodium hydroxide and sodium chloride in molar ratio of 

1:2:8:10 respectively. The sensor based on ZnSO4 exhibits a marked response toward H2S gas. 

Guangbin et al. [42] have synthesized CFO octahedral crystals in MSS using CFO nanoparticles 

prepared from hydrothermal method. Effect of different sodium salts, reaction temperature, 

dwelling time and salt to powder mass ratio on formation of octahedral CFO crystals have been 

discussed. Zhengsong Lou et al. [43] has synthesized submicron size MgFe2O4 particles of 

different shapes such as sphere and flakes using different salt to reactants mass ratio at 900C in 

MSS. Kimura et al. [44] has prepared NiFe2O4 particles using NiO, Fe2O3 in Li2SO4-Na2SO4 

molten salt. It has been observed that reactants with large size difference and density difference 

are not suitable for MSS because sedimentation of large and heavy particles causes 

inhomogeneous mixing. Yoshihiro et al. [45] have been prepared acicular NiFe2O4 and NiZn 

ferrite from acicular Fe2O3, NiO, and ZnO in presence of molten chlorides and sulphates of alkali 

metals. Plausible mechanisms for formation of other morphology ferrite particles have been 

explained. 

Magnetic field assisted compaction is used to orient the magnetic domains and magnetic 

particles during preparation of green compact before sintering process. Researchers have tried 

different Magnetic field assisted compaction techniques such as magnetic field assisted gel 
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casting [47-48], applying constant magnetic field during compaction [49-54]  in hydraulic 

magnetic field press. Textured barium hexa ferrite has been produced by Magnetic field assisted 

gel casting using barium hexaferrite powder prepared by seeded matrix template and templated 

grain growth technique [47]. Dramatic change in peak intensity ratios (I110:I008) has been 

observed for x-ray diffraction pattern of barium hexaferrite prepared in magnetic field assisted 

gel casting compare to the barium hexaferrite prepared without magnetic field assisted gel 

casting. In X-ray diffraction pattern of barium hexaferrite, the ratio of the integrated intensities 

I110:I008 has been changed from 3:1 to 1:40 for the magnetically-aligned barium hexaferrite 

compare to the barium hexaferrite prepared without magnetic field assisted gel casting. Oriented 

polycrystalline Cobalt ferrite with [001] texture has been synthesized by magnetic field assisted 

gel casting [48]. Significant difference in intensities of X-ray diffraction peaks have been 

observed for cobalt ferrite prepared with and without magnetic field assisted gel casting. 

Substantial improvements in magnetostriction and strain sensitivity have been observed for CFO 

and Zr-substituted CFO synthesized by magnetic field assisted gel casting and magnetic field 

assisted compaction through hydraulic magnetic field press respectively [48,51]. Prominent 

enhancement in intensity of the (002) peak has been observed in the XRD pattern of SmCo5 

sintered pellet synthesized by magnetic field assisted compaction. The intensity ratio of (002) to 

(111) peaks has been enhanced from 0.063 to 24.9 for Bragg reflections of SmCo5 magnets 

prepared by magnetic field assisted compaction [56]. Multiferroic properties of BiFeO3 have 

been improved by in situ magnetic field assisted compaction [50]. In the magnetic field pressed 

BiFeO3 pellets, a significant increase in the intensity of (300), (208) and (113) planes have been 

observed when compared to the BiFeO3 processed without magnetic field. This observed 

increase in intensity of the Xrd peaks indicates that there is a texture formation in the magnetic 

field pressed BiFeO3 pellets [50].  

2.3 OBJECTIVE OF THE WORK 

Even though TGG is a well-established technique for preparing oriented ceramics, 

preparation of CFO by TGG is not available in the open literature. Similarly, not many reports 

are available on oriented CFO by magnetic field assisted compaction by hydraulic magnetic field 

press.  

Based on above observations, objectives of the present work are, 



Chapter 2                                                                                       Literature Review 

19 
 

1) To investigate magnetic and magnetoelastic properties of oriented CoFe2O4 prepared by 

magnetic field assisted compaction (MAC) technique. 

2) To investigate magnetic and magnetoelastic properties of oriented CoFe2O4 prepared by 

template grain growth (TGG) method. 
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Chapter 3 

Experimental Procedure 

In this chapter details of synthesis and various experimental techniques carried out in 

this work are reported in detail. 

3.1 MATERIALS 

Coblat (II)nitrate hexahydrate (Sigma Aldrich, 98%,), iron (III) nitrate nonahydrate (Sigma 

Aldrich,  98%, ACS), glycine (Merck, 99%), iron (III) oxide (Sigma  Aldrich, 99%,), cobalt 

(II,III)oxide (Alfa Aesar, 99%), NaCl (SRL, 99.9%), KCl (SRL, 99.5%), poly vinyl alcohol 

(Loba Chemie, MW=1,15,000) have been used in synthesis and compaction of  CFO in different 

methods. 

3.2. METHODS  

CoFe2O4 has been synthesized by autocombustion synthesis route (G/N=0.09 and 0.5), solid state 

synthesis route and molten salt synthesis methods. Nanocrystalline CFO obtained from 

autocombustion (G/N=0.5) method has been calcined at 800C to obtain phase pure CFO. Phase 

pure CFO obtained from autocombustion (G/N=0.5) and solid state synthesis routes have been 

used for magnetic field assisted compaction. CFO templates have been prepared in Molten salt 

synthesis using pre-synthesized CFO nanoparticles obtained in autocombustion method 

(G/N=0.09) and 1:1 molar ratio of KCl+NaCl salt mixture. The obtained CFO templates have 

been used for templated grain growth synthesis. 

3.2.1 Preparation of CFO by auto-combustion method: 

Pure cobalt-ferrites with nominal compositions CoFe2O4 has been synthesized by auto-

combustion technique [1-2]. Co(NO3)2.6H2O and Fe(NO3)3.9H2O and glycine have been used as 

precursors. Here, glycine acts as fuel and nitrates acts as oxidizers. According to the principle of 

propellant chemistry, for stoichiometric redox reaction between fuel and an oxidizer, the ratio of 

the net oxidizing valency of the metal nitrate to net reducing valency of the fuel should be unity. 

According to this stoichiometric relation for cobalt ferrite the glycine to nitrate ratio (G/N ratio) 

is 0.38. CFO powder has been synthesized using two different G/N ratios such as 0.09 and 0.5.  
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To prepare 10gm of CoFe2O4 compositions required amount of nitrates and glycine have 

been weighed and taken into beaker.50-100ml of water added to these precursors and continuous 

stirring was done to obtain homogeneous aqueous solution and the temperature was maintained 

at 80c. In order to obtain a homogenous solution, magnetic stirring has been performed 

throughout the dehydration process. A viscous gel has been formed when the water got 

completely evaporated. Auto-ignition of this viscous gel is initiated by increasing the 

temperature to 200C. The ignition process has accompanied by the evolution of large volume of 

gases along with cobalt ferrite powder in the form of black ash. Fig.3.1. shows the flow chart of 

synthesis of cobalt ferrite. This cobalt ferrite powder has been characterized by XRD, TEM and 

VSM for structural, morphological and magnetic properties respectively. 

 

 

Figure 3.1 Synthesis of CFO by autocombustion method 
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CFO has been synthesized by conventional solid state method [3-5]. The precursors used in the 

synthesis are Co3O4 and Fe2O3.Stoicheometric amount of Co3O4 and Fe2O3 have been milled at 

300rpm for 3h using ZrO2 grinding media. The crushed powder has been double calcined at 

1000C, 12h to obtain phase pure CFO. This CFO powder has been characterized by XRD for 

structural properties.  

3.2.3 Magnetic field assisted compaction (MAC)  

Magnetic field press has been used to carry magnetic field assisted compaction. CFO synthesized by 

autocombustion and solid state technique have been used in magnetic field assisted compaction (MAC). 

In autocombustion technique CFO was prepared by using glycine to nitrate ratio of 0.5. As synthesized 

CFO is calcined at 800C, 3h to get phase purity. This phase pure calcined CFO (AC-CFO) and phase 

pure CFO synthesized from solid state method has been used for magnetic field assisted compaction. 

Magnetic field assisted compaction is carried out in two ways depending on the direction of applied 

magnetic field to the direction of applied pressure during compaction such as parallel magnetic field 

assisted compaction and perpendicular magnetic field assisted compaction.  

3.2.3.1 Parallel magnetic field assisted compaction 

Phase pure CFO obtained in autocombustion (G/N=0.5) and solid state method have been mixed 

with 1wt% of PVA, which acts as a binder. Powder along with the binder has been thoroughly 

mixed and subsequently granulated to yield spherical granules. These spherical granules have 

been used for parallel magnetic field assisted compaction. In parallel magnetic field assisted 

compaction, magnetic field is applied simultaneously in the direction of applied pressure during 

compaction. Parallel MAC of CFO spherical granules synthesized by autocombustion and solid state 

routes have been done at different magnetic fields such as 0T, 0.5T, 1T and 1.5T. These green compacts 

were sintered at 1350C, 12h. The sintering protocol used in sintering has been shown fig, 3.2. Structural, 

morphological, magnetic and magnetoelastic properties of sintered compacts were studied by XRD, SEM, 

PQMS and magnetostriction setup respectively. 

3.2.3.2 Perpendicular magnetic field assisted compaction  

Phase pure CFO obtained in autocombustion (G/N=0.5) and solid state method have been mixed with 

1wt% of PVA, which acts as a binder. Powder along with the binder has been thoroughly mixed 

and subsequently granulated to yield spherical granules. These spherical granules have been used 

for perpendicular magnetic field assisted compaction. In perpendicular magnetic field assisted 
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compaction, magnetic field is applied simultaneously perpendicular to the direction of applied 

pressure during compaction. Perpendicular MAC of CFO synthesized by autocombustion (AC-

CFO) and solid state (SS-CFO) routes were done at different magnetic fields such as 0T, 0.5T, 

1T, 1.5T and 2T. These green compacts were sintered at 1350C, 12h. Structural, morphological, 

magnetic and magnetoelastic properties of sintered compacts were studied by XRD, SEM, 

PQMS and magnetostriction setup respectively. 

 

Figure 3.2 Sintering protocol used for sintering of CFO at 1350C for 12h. 

3.2.4 Molten salt synthesis of CFO 

In MSS technique, CFO templates have been prepared by using pre-synthesized CFO 

nanoparticles obtained in autocombustion (G/N=0.09) technique and salt mixture [6]. The salt 

mixture consists 1:1 molar ratio of KCl and NaCl. CFO nanoparticles and Salt mixture with 

varied salt to CFO powder mass ratios (1:1, 3:1, and 5:1) have been mixed in a mortar using 

pestle for one hour in the presence of small amount of isopropanol to attain homogeneous 

reactant mixture. The mixed powders have been dried at 60C, and transferred into alumina 

crucibles, then placed in a muffle furnace. This reactant mixture has been heated in furnace at 

different temperatures (700C, 800C, 900C and 1000C), different time intervals (4h, 6h and 
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12h) and different salt to powder mass ratios (1:1, 3:1, and 5:1). The obtained powder mixture is 

treated with hot water to remove salts from the powder mixture and dried.  

 

Figure 3.3 flow chart for synthesis of CFO templates in various conditions 
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morphological and magnetic properties respectively.  
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magnetoelastic properties of sintered compacts have been studied by XRD, SEM, VSM and 

magnetostriction setup respectively. 
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Chapter 4 

Results & Discussions 

Chapter 4 is divided into two sections, 4.1 and 4.2. Section 4.1 describes magnetic and 

magnetoelastic properties of   textured CoFe2O4 prepared by magnetic field assisted compaction 

(MAC). Section 4.1 is again divided into four subsections. Subsection 4.1.1 describes magnetic 

and magnetoelastic properties of CoFe2O4 prepared by autocombustion followed by parallel 

MAC. Subsection 4.1.2 describes magnetic and magnetoelastic properties of CoFe2O4 prepared 

by solid state technique followed by parallel MAC. Sub section 4.1.3 describes magnetic and 

magnetoelastic properties of CoFe2O4 prepared by autocombustion followed by perpendicular 

MAC. Subsection 4.1.4 describes magnetic and magnetoelastic properties of CoFe2O4 prepared 

by solid state technique followed by perpendicular MAC. Section 4.2 describes the Investigation 

of magnetic and magnetoelastic properties of CoFe2O4 prepared by template grain growth 

(TGG) technique. Section 4.2 is again subdivided into two subsections, 4.2.1 and 4.2.2. 

Subsection 4.2.1 describes structural, morphological and magnetic properties of CFO template 

only synthesized by molten salt synthesis method and Subsection 4.2.2 describes magnetic and 

magnetoelastic properties of textured CoFe2O4 prepared by template grain growth (TGG) 

technique. 

SECTION 4.1 MAGNETIC FIELD ASSISTED COMPACTION OF CFO 

4.1.1. Investigation of magnetic and magnetoelastic properties of CoFe2O4 

prepared by auto-combustion followed by parallel MAC 

This section deals with preparation of nano crystalline CFO by auto-combustion method using 

glycine as fuel and investigation of the effect of parallel magnetic assisted compaction (MAC) on the 

structural, morphological, and magnetic properties of CFO. The fuel to nitrate ratio was maintained as 

0.5. As synthesized CFO powder was calcined at 800C to obtain CFO with pure phase. Further, phase 

pure CFO was pressed into pellets using parallel MAC at different magnetic fields (0T, 0.5T, 1T 

and 1.5T). These pellets were sintered at 1350C for 12h. Applied Magnetic field direction in the 

sample is called oriented direction. Structural, morphological, magnetic and magnetoelastic 



Chapter 4                                                                               Results & Discussions 

31 
 

properties of sintered compacts (referred to as AC-CFO) were studied by XRD, SEM, PQMS 

and magnetostriction setup techniques respectively. 

4.1.1.1 Characterization of CFO powder 

4.1.1.1.1 Structural properties 

 

Figure 4.1.1.1 Powder X-ray Diffraction (XRD) pattern of as synthesized and calcined (800C for 3 

hrs) CFO powder. The impurity phase of CoO (marked as # in the peak profile) in the as 

synthesized powder is shown in the inset of the figure. 

XRD pattern of as-synthesized and calcined CFO powder samples are shown in figure 

4.1.1.1. Powder diffraction pattern of as-synthesized powder revealed CFO phase (matches with 

JCPDF file no. 22-1086) along with CoO impurity phase. Average crystallite size was calculated 

using Sherrer formula, D=0.9/Cos, where D is the average crystallite size,  is full width at 

half maximum of peaks corrected for instrumental broadening, and  is the Bragg’s angle. The 

estimated average crystallite size of the as synthesized CFO powder was ~ 40 nm. Metal oxide 

impurity which was formed during combustion reaction was successfully removed by calcination 

of the as synthesized powder at 800C for 3hrs. The powder diffraction pattern of the calcined 

powder showed CFO phase (JCPDF file no. 22-1086) without any impurity and the estimated 

average crystallite size was ~ 85nm. 
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Figure 4.1.1.2 TEM images of the powder particle sizes and their distribution of a) as-synthesized 

and b) Calcined (800˚C for 3 h) CFO powder 

TEM micro images of the as-synthesized (a) and calcined (800˚C for 3 h) CFO powder (b) was 

shown in figure 2. The average particle sizes of ~36 nm and ~83 nm were measured for the as 

prepared and calcined CFO powder respectively. The particle size distribution graph revealed 

that as-synthesized powder consists of particle size ranging from 20 to 60 nm, while the calcined 

powder consists of particle size ranging from 60 to 120 nm. This particle sizes were in good 

agreement with the crystallite sizes calculated from the XRD data. From TEM images it has been 

observed that both the as synthesized and calcined powder particles were agglomerated and 

having distorted spherical particle morphology. The increased particle size of the calcined CFO 

powder was due to the enhanced diffusion of the constituent ions at high calcination temperature 

[1]. 

4.1.1.1.2. Magnetic properties 

Figure 4.1.1.3 depicts the M-H curve of calcined CFO sample at 800 C for 3 hrs. High 

remanence and coercive field characteristics are essential to keep the orientation state of the 
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magnetic dipole/domain intact before sintering. The maximum magnetization of 68 Am
2
/kg at an 

applied field of 1200 kA/m has been obtained which agrees well with the reported value in the 

literature for CFO [2]. This saturation magnetization value is high enough to provide 

magnetostatic torque during the field assisted compaction process [3]. The obtained values of 

remanent magnetization and coercive field of CFO are about 31A.m
2
/kg and 90 kA/m, 

respectively. A remanence ratio (Mr/Ms, here Mmax has been taken as Ms at the maximum applied 

field) of 0.46 indicated the randomly oriented distribution of equiaxial CFO particles with cubic 

magneto crystalline anisotropy [3]. 

 

Figure 4.1.1.3 Room temperature magnetization (M-H) curve of CFO powder calcined at 800˚C for 

3h 

4.1.1.2 Characterization of sintered AC-CFO pellets compacted under magnetic field 

4.1.1.2.1 Structural properties 

XRD pattern of CFO pellets compacted in parallel MAC at different magnetic fields such as 0T, 

0.5T, 1T and 1.5T are shown in figure 4.1.1.4, which resulted in pure cubic spinel phase (JCPDF 

file no.  22-1086). No preferential orientation of the XRD peaks were observed in the pattern of 

pellets obtained by magnetic field assisted compaction as compared to the normal pressing, 

suggesting possible absence of any crystallographic texture in the sample. Lattice parameter of 

the samples pressed in parallel MAC at the different magnetic fields was calculated from XRD 
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using nelson relay extrapolation plots and values are summarized in table 4.1.1.1. No significant 

variation in lattice parameter was observed for the samples compacted at different magnetic 

fields.  

 

Figure 4.1.1.4 XRD of sintered ACCFO Pellets compacted in parallel MAC at different magnetic 

fields 

Table.4.1.1.1 lattice parameter values of sintered ACCFO Pellets compacted in parallel MAC at 

different magnetic fields 

S.No Sample name Lattice parameter (A) 

1 0T 8.37 

2 0.5T 8.37 

3 1T 8.37 

4 1.5T 8.37 
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4.1.1.2.2 Microstructural analysis 

 

Figure 4.1.1.5 SEM micrographs of sintered ACCFO Pellets compacted in parallel MAC at 

different magnetic fields 

Figure 4.1.1.5shows the SEM micrographs of sintered AC-CFO pellets pressed under parallel 

MAC at different magnetic fields (0T, 0.5T, 1T, 1.5T). From SEM micrographs of all AC-CFO 

pellets, it is observed that porosity is present and complete densification of pellets has not taken 

place during sintering. Sintered density is calculated from Archimedes method following ASTM 

standard (C373-88) and it is found to be ~85% of the theoretical density for all AC-CFO pellets, 

which is similar to the percent of theoretical density reported for CFO pellets synthesized by 

auto-combustion method [2]. The estimated average grain size lies between 2 and 4 m for all 

AC-CFO pellets pressed under different magnetic fields. No visible difference in grain size is 

observed for AC-CFO pellets compacted at different magnetic fields. Therefore, almost 

negligible effect of magnetic field assisted compaction on microstructure, density and grain size 
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has been observed. It is exactly similar to reported literature, where grain size is not affected by 

field assisted compaction for CFO sample [3]. 

4.1.1.2.3. Magnetic properties 

Applied stress and magnetic field dominate the magnetic crystalline energy in controlling the 

magnetization direction in domains [4]. Magnetic strain energy (E) created because of applied 

stress during compaction in CFO try to orient the domains parallel to stress axis whereas applied 

magnetic field orient the domains in the direction of applied field in CFO green compact during 

magnetic field assisted compaction. Since, sintering temperature (1350C) of CFO is greater than 

its Curie temperature (520C) spin orientation may get randomized but due to strong lattice orbit 

coupling the resultant magnetization vectors orient along the direction of initial stable 

magnetization direction after cooling [5]. 

Parallel and perpendicular magnetic hysteresis loops for AC-CFO samples compacted in parallel 

MAC at different magnetic fields were measured in PQMS by applying magnetic field parallel 

and perpendicular to oriented direction of the sample. Parallel and perpendicular magnetic 

hysteresis loops of AC-CFO samples compacted in parallel MAC at different magnetic fields are 

shown in figure 4.1.1.6. Saturation magnetization values of 83emu/g and 85emu/g were observed 

in parallel and perpendicular hysteresis loops respectively for AC-CFO sample compacted 

without magnetic field (0T). These saturation magnetization values are in good agreement with 

the reported values of saturation magnetization of CFO [6]. It has been reported that magnetic 

moment of cobalt ferrite depends on cation distribution in the octahedral (Oh) and tetrahedral 

(Td) sites of CFO lattice. Structure of CFO can be written as [Co1-i
+2

Fei
+3

]Td[Coi
+2

Fe2-i
+3

]OhO4. 

Magnetic moment (µ) of CFO is expressed as (7-4i) µB, where “i” is the inversion factor or 

degree of inversion, which is dependent on the processing history (mainly heat treatment 

conditions) of the sample. If all the Co
+2

 ions are in the octahedral environment, i = 1 (results in 

purely inverse spinel structure) and if all the Co
+2

 ions are in the tetrahedral sites, i = 0 (results in 

purely normal spinel structure). For purely inverse spinel structure of CFO (i = 1), magnetic 

moment is close to 70emu/g. Depending on the “i” value saturation magnetization of CFO keeps 

changing. As “i” value decreases saturation magnetization increases. Saturation magnetizations 

of 81 - 87 emu/g were found for CFO with variation in the inversion factor (i) in between 0.90 - 

0.84 [6]. 
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Figure 4.1.1.6 MH curve of sintered ACCFO Pellets compacted in parallel MAC at different 

magnetic fields 

Magnetic properties obtained from parallel and perpendicular hysteresis loops of AC-CFO 

samples compacted in parallel MAC at different magnetic fields are summarized in table 4.1.1.2. 

Marginal variation in saturation magnetization (81 emu/g to 83 emu/g), remanence (19 emu/g to 

20 emu/g), and coercivity (45 kA/m to 47 kA/m) values have been observed in parallel magnetic 

hysteresis loops of AC-CFO pellets compacted in parallel MAC as a function of the different 

applied magnetic fields. Similarly, a small variation in saturation magnetization (81 emu/g to 85 

emu/g), remanence (19 emu/g to 20 emu/g), and coercivity (45 kA/m to 48 kA/m) values have 

been observed in perpendicular magnetic hysteresis loops of AC-CFO pellets compacted in 

parallel MAC as a function of the different applied magnetic fields. 
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Table 4.1.1.2 Magnetic properties of sintered ACCFO Pellets compacted in parallel MAC at 

different magnetic fields 

Sl.No. Sample  Par MS 

(emu/g)  

 

Par Mr 

(emu/g)  

 

Par 

HC(kA/m)  

 

Per MS 

(emu/g)  

 

Per Mr 

(emu/g)  

 

Per HC 

(kA/m)  

1 0T  83 20 47.5 85 20 45.1 

2 0.5T 82 19 46.8 82 19 47.0 

3 1T 83 19 46.2 81 19 47.9 

4 1.5T 81 19 46.0 81 19 47.5 

4.1.1.2.4. Magnetoelastic properties 

Magnetostriction was measured on AC-CFO pellets obtained by the magnetic field 

assisted compaction at the different fields and the data is plotted in figure 4.1.1.7. Strain gauge 

was mounted on the flattened surface of the pellets along the oriented direction of the sample 

pellet. Parallel magnetostriction () has been measured along the oriented direction while 

perpendicular magnetostriction () has been measured perpendicular to oriented direction of 

sample pellets. In AC-CFO pellets compacted in parallel MAC applied magnetic field direction 

during compaction is oriented direction. Significant improvement in magnetostriction and strain 

derivative has been observed in sintered pellets compacted at 1.5 Tesla magnetic field compared 

to the sample compacted without magnetic field. For 0T samples, maximum parallel 

magnetostriction () and maximum perpendicular magnetostriction () have been observed to 

be ~139 ppm and ~49 ppm, respectively, which are in good agreement with the reported values 

of CFO in the literature [7].  Maximum parallel magnetostriction () of ~185 ppm and 

maximum perpendicular magnetostriction () of ~69ppm has been observed for samples 

prepared at 1.5T. Nearly 40% improvement has been observed in parallel magnetostriction of 

1.5T sample compared to 0T sample.  

Variation of magnetostriction of sintered ACCFO samples with the applied magnetic field 

during parallel MAC has been plotted in figure 4.1.1.8. It is clear from the plot that the increase in 

magnetostriction has been observed with an increase in the applied magnetic field during parallel 

MAC. Maximum increase in magnetostriction () has been observed for the sample prepared at 

0.5T compare to the sample without magnetic field. However, a further increase in the applied 
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magnetic field to 1T and 1.5T resulted in a relatively less increase in magnetostriction compare 

to the sample prepared at 0.5T.  

 
Figure 4.1.1.7 Magnetostriction data of sintered ACCFO compacted in parallel MAC at different 

magnetic fields 

 
Figure 4.1.1.8. Variation of magnetostriction of sintered ACCFO samples with applied magnetic 

field during parallel MAC. 
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Figure 4.1.1.9 Strain sensitivity data of sintered ACCFO compacted in parallel MAC at different 

magnetic fields 

Maximum strain sensitivity (d/dH) max of  0.5 × 10
-9

 m/A and 0.7 × 10 
-9

 m/A have been 

observed for AC-CFO samples compacted at 0T and 1.5T samples, respectively. Nearly 40% 

improvement in strain derivative has been achieved in 1.5T sample compared to sample prepared 

without magnetic field. 

 
Figure 4.1.1.10 Variation of strain sensitivity of sintered ACCFO samples with applied magnetic 

field during parallel MAC 
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 The maximum strain sensitivity observed in MP sample is greater than that observed in 

polycrystalline CFO (prepared from 3nm powder) after magnetic annealing [8]. In parallel MAC, 

maximum magnetostriction and strain derivative have been observed in the direction of oriented 

axis direction [3-5]. But for magnetic annealed sample, high strain derivative and 

magnetostriction have been observed in perpendicular to the oriented direction, where the 

direction in which the magnetic field was applied during magnetic annealing [9]. 90 domain 

wall motion followed by domain rotation is responsible for the observed magnetostriction in the 

CFO. In parallel MAC, more 90domains are created compared to the sample prepared without 

magnetic field. As the magnetic field increased in parallel MAC, magnetostriction is improved 

up to 1.5T. A sharp increase in magnetostriction suggests that more number of 90 domains are 

created in 1.5T sample compare to the sample prepared without the applied magnetic field. But, 

the number of domains decreased with the increased magnetic field during compaction at 1T and 

1.5T. 

4.1.1.3 Conclusions 

Phase pure cobalt ferrite nanoparticles have been synthesized in auto-combustion synthesis. 

Particle size of 36 nm and 83 nm has been observed for as synthesized and calcined CFO 

particles. No visible difference in grain size has observed for AC-CFO pellets compacted at 

different magnetic fields. A small variation in magnetic properties has been observed for AC-

CFO pellets compacted at different magnetic fields. Nearly 40% improvement has been observed 

in parallel magnetostriction of 1.5T sample compared to 0T sample. Increase in number of 90 

domains with increasing applied magnetic field during compaction is reason for the improved 

magnetostriction and strain sensitivity with applied magnetic field during field assisted 

compaction. 
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4.1.2. Investigation of magnetic and magnetoelastic properties of CoFe2O4 

prepared by solid state technique followed by parallel MAC 

This section deals with preparation of CFO powder by solid state method and investigation of the 

effect of parallel magnetic assisted compaction (MAC) on the structural, morphological, and 

magnetic properties of the prepared CFO. The synthesized powder pressed into pellets and 

sintered at 1350°C for 12h.Structural, morphological, magnetic and magnetoelastic properties of 

sintered compacts (referred to as AC-CFO) were studied by XRD, SEM, PQMS and 

magnetostriction setup techniques respectively.  

4.1.2.1 Characterization of CFO powder 

4.1.2.1.1 Structural properties 

 

Figure 4.1.2.1 Powder X-ray Diffraction (XRD) pattern of CFO powder double calcined at 1000°C, 

12h 

X-ray diffraction pattern of calcined CFO powder synthesized by solid state method is shown in 

fig 4.1.2.1. Powder diffraction of calcined CFO revealed cubic spinel phase(matches with JCPDF 

file no. 22-1086). SEM micrographs of calcined CFO and particle size distribution have been 
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shown in 4.1.2.2. The average particle size of 0.27 m is measured from SEM micrograph. The 

particle size distribution plot revealed that CFO powder particles consist of particle size ranging 

from 150 nm to 400 nm. From SEM images it has been observed that calcined CFO powder 

particles were agglomerated and having distorted spherical particle morphology. 

 

Figure 4.1.2.2 SEM micrograph and particle size distribution of CFO powder double calcined at 

1000°C, 12h 

4.1.2.1.2 Magnetic properties 

 

Figure 4.1.2.3Room temperature magnetization (M-H) curve of CFO powder double calcined at 1000°C, 12h 
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Figure 4.1.2.3 depicts the M-H curve of double calcined CFO powder at 1000 C for 12 h. The 

maximum magnetization of 60.6 emu/g at an applied field of 1200 kA/m has been obtained 

which agrees well with the reported value in the literature for CFO. The obtained values of 

remanent magnetization and coercive field of CFO are about 24.7 emu/g and 131 kA/m, 

respectively. A remanence ratio (Mr/Ms, here Mmax has been taken as Ms at the maximum applied 

field) of 0.4 indicated the randomly oriented distribution of equiaxial CFO particles with cubic 

magneto crystalline anisotropy. 

4.1.2.2. Characterization of sintered SS-CFO pellets compacted under magnetic field 

4.1.2.2.1 Phase analysis 

 

Figure 4.1.2.4 XRD of sintered SSCFO Pellets compacted in parallel MAC at different magnetic 

fields 

XRD pattern of CFO pellets compacted in parallel MAC at different magnetic fields such as 0T, 

0.5T, 1T and 1.5T are shown in figure 4.1.2.4, which resulted in pure cubic spinel phase (JCPDF 

file no.  22-1086).  Preferential orientation of the XRD peaks has been observed in the pattern of 

1T and 1.5T pellets obtained by magnetic field assisted compaction as compared to the pellet 

prepared by normal pressing. Highest intensity has been observed for (511) and (440) peaks for 
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the pellets compacted at 1T and 1.5T respectively, whereas (311) is the highest intensity peak for 

the isotropic CFO pellet. Texture coefficient of 2.2 has been observed for (511) peak for the 

pellet compacted at 1T. Texture coefficient of 1.65 has been observed for (411) peak for the 

pellet compacted at 1.5T. Lattice parameter of the samples has been calculated from XRD. No 

variation in lattice parameter has been observed for the samples compacted at different magnetic 

fields. The lattice parameter values of samples compacted at different magnetic fields has been 

shown in table 4.1.2.1.  

Table.4.1.2.1 lattice parameter values of sintered SSCFO Pellets compacted in parallel MAC at 

different magnetic fields 

S.No Sample name Lattice parameter (A) 

1 0T 8.38 

2 0.5T 8.38 

3 1T 8.38 

4 1.5T 8.38 

4.1.2.2.2 Microstructural analysis 

Figure 4.1.2.5shows the SEM micrographs of sintered SS-CFO pellets pressed under parallel 

MAC at different magnetic fields (0T, 0.5T, 1T, 1.5T). From SEM micrographs of all SS-CFO 

pellets, it is observed that porosity is not present and complete densification of pellets has taken 

place during sintering. Sintered density is calculated from Archimedes method following ASTM 

standard (C373-88) and it is found to be ~95% of the theoretical density for all SS-CFO pellets, 

which is similar to the percent of theoretical density reported for CFO pellets synthesized by 

ceramic method [10]. Exaggerated grain growth has been observed for all SS-CFO pellets 

pressed in parallel MAC under different magnetic fields. Very large grains and small grains in 

between the large grains have been observed in microstructure of all SS-CFO pellets pressed in 

parallel MAC. Therefore, almost negligible effect of magnetic field on microstructure, density 

and grain size has been observed for pellets pressed under magnetic field. It is exactly similar to 

reported literature, where grain size is not affected by field assisted compaction for CFO sample 

[3]. 
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Figure 4.1.2.5 SEM micrographs of sintered ACCFO Pellets compacted in parallel MAC at 

different magnetic fields 

4.1.2.2.3. Magnetic properties 

Applied stress and magnetic field dominates the magnetic crystalline energy in controlling the 

magnetization direction in domains [4]. Magnetic strain energy (E) created because of applied 

stress during compaction in CFO try to orient the domains parallel to stress axis where as applied 

magnetic field orient the domains in the direction of applied field in CFO green compact during 

magnetic field assisted compaction. Since, sintering temperature (1350C) of CFO is greater than 

its Curie temperature (520C) spin orientation may get randomized but due to strong lattice orbit 

coupling the resultant magnetization vectors orient along the direction of initial stable 

magnetization direction after cooling [5]. 
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Figure 4.1.2.6 MH curve of sintered ACCFO Pellets compacted in parallel MAC at different 

magnetic fields 

Table 4.1.2.2 Magnetic properties of sintered SSCFO Pellets compacted in parallel MAC at 

different magnetic fields 

Sl.No. Sample  Par MS 

(emu/g)  

 

Par Mr 

(emu/g)  

 

Par 

HC(kA/m)  

 

Per MS 

(emu/g)  

 

Per Mr 

(emu/g)  

 

Per HC 

(kA/m)  

1 0T  86 3 6.2 87 2 5.4 

2 0.5T 87 4 7.3 87 4 8.8 

3 1T 85 3 7.8 86 3 6.6 

4 1.5T 86 3 6.9 86 3 6.2 

Parallel and perpendicular magnetic hysteresis loops for SS-CFO samples compacted in parallel 

MAC at different magnetic fields were measured in PQMS by applying magnetic field parallel 

and perpendicular to oriented direction of the sample. Parallel and perpendicular magnetic 

hysteresis loops of SS-CFO samples compacted in parallel MAC at different magnetic fields are 
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shown in figure 4.1.2.6. Saturation magnetization values of 86 emu/g and 87 emu/g were 

observed in parallel and perpendicular hysteresis loops respectively for SS-CFO sample 

compacted without magnetic field (0T). These saturation magnetization values are in good 

agreement with the reported values of saturation magnetization of CFO [6]. 

Magnetic properties obtained from parallel and perpendicular hysteresis loops of SS-CFO 

samples compacted in parallel MAC at different magnetic fields are summarized in table 4.1.2.2. 

Marginal variation in saturation magnetization (85 emu/g to 87 emu/g), remanence (3 emu/g to 4 

emu/g), and coercivity (6.2 kA/m to 7.8 kA/m) values have been observed in parallel magnetic hysteresis 

loops of SS-CFO pellets compacted in parallel MAC as a function of the different applied magnetic 

fields. Similarly, a small variation in saturation magnetization (86 emu/g to 87 emu/g), remanence (2 

emu/g to 4 emu/g), and coercivity (5.4 kA/m to 8.8 kA/m) values have been observed in perpendicular 

magnetic hysteresis loops of AC-CFO pellets compacted in parallel MAC as a function of the different 

applied magnetic fields. 

4.1.2.2.4. Magnetoelastic properties 

Magnetostriction was measured on SS-CFO pellets obtained by the magnetic field assisted 

compaction at the different fields and the data is plotted in figure 4.1.2.7 Strain gauge was 

mounted on the flattened surface of the pellets along the oriented direction of the sample. Parallel 

magnetostriction () has been measured along the oriented direction while perpendicular 

magnetostriction () has been measured perpendicular to oriented direction of the sample 

pellets. In SS-CFO pellets compacted in parallel MAC applied magnetic field direction during 

compaction is oriented direction. Significant improvement in magnetostriction and strain 

derivative has been observed for sintered pellets compacted at 1.5 Tesla magnetic field compared 

to the sample compacted without magnetic field (0T). For 0T samples, maximum parallel 

magnetostriction () has been observed to be ~110 ppm, which is in good agreement with the 

reported values of CFO in the literature [11].  Variation of magnetostriction of sintered SSCFO 

samples with the applied magnetic field during parallel MAC has been plotted in figure 4.1.2.8. 

It is clear from the plot that there is a linear increase in magnetostriction with increase in the 

applied magnetic field up to 1.5T during parallel MAC. Maximum parallel magnetostriction () 

of 207ppm has been observed for the sample prepared at 1.5T. Nearly 90% improvement has 

been observed in parallel magnetostriction of 1.5T sample compared to 0T sample.  
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Figure 4.1.2.7 Magnetostriction data of sintered SSCFO compacted in parallel MAC at different 

magnetic fields 

Strain sensitivity has been calculated from parallel magnetostriction data of AC-CFO pellets 

prepared in parallel MAC and data is shown in figure 4.1.2.9. Strain sensitivity of 0.5×10
-9

 m/A 

has been observed for the sample prepared without magnetic field, which is in good agreement 

with strain sensitivity of CFO [8]. As shown in figure 4.1.2.109, a continuous increase in strain 

sensitivity has been observed for AC-CFO pellets compacted in parallel MAC with an increase 

in magnetic field during compaction. 

Maximum strain sensitivity (d/dH) max of 0.5 × 10
-9

 m/A and 0.7 × 10 
-9

 m/A have been 

observed for AC-CFO samples compacted at 0T and 1.5T samples, respectively. Nearly 40% 

improvement in strain derivative has been achieved in 1.5T sample compared to sample prepared 

without magnetic field. The maximum strain sensitivity observed in MP sample is greater than 

that observed in polycrystalline CFO (prepared from 3nm powder) after magnetic annealing 

[8].In parallel MAC, maximum magnetostriction and strain derivative have been observed in the 

direction of oriented axis direction [3, 5]. But for magnetic annealed sample, high strain 

derivative and magnetostriction have been observed in perpendicular to the oriented direction, 
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where the direction in which the magnetic field was applied during magnetic annealing [9]. 90 

domain wall motion followed by domain rotation is responsible for the observed 

magnetostriction in the CFO. In parallel MAC, more 90domains are created compared to the 

sample prepared without magnetic field. As the magnetic field increased in parallel MAC, 

magnetostriction is improved up to 1.5T. A sharp increase in magnetostriction suggests that more 

number of domains is created in 1.5T sample compare to the sample prepared without magnetic 

field. But, increase in domains has been decreased with increased magnetic field during 

compaction at 1T and 1.5T. 

 

Figure 4.1.2.8 Variation of magnetostriction of sintered SSCFO samples with applied magnetic 

field during parallel MAC. 
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Figure 4.1.2.9 Strain sensitivity data of sintered ACCFO compacted in parallel MAC at different 

magnetic fields 

 
Figure 4.1.2.10 Variation of strain sensitivity of sintered SSCFO samples with applied magnetic 

field during parallel MAC 
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4.1.2.3 Conclusions 

Phase pure cobalt ferrite nanoparticles have been synthesized in solid state synthesis. CFO 

powder particles consist of particle size ranging from 150 nm to 400 nm has been observed in 

FESEM. Grains with exaggerate grain growth mixed with small grains have been observed for 

all AC-CFO pellets compacted at different magnetic fields. A small variation in magnetic 

properties has been observed for AC-CFO pellets compacted at different magnetic fields. Nearly 

90% improvement in magnetostriction and 40% improvement in strain sensitivity have been 

observed in parallel magnetostriction of 1.5T sample compared to 0T sample. Increase in number 

of 90 domains with increasing applied magnetic field during compaction is reason for the 

improved magnetostriction and strain sensitivity with applied magnetic field during field assisted 

compaction. 

 



Chapter 4                                                                               Results & Discussions 

53 
 

4.1.3. Investigation of magnetic and magnetoelastic properties of CoFe2O4 

prepared by autocombustion followed by perpendicular MAC 

This section deals with preparation of nano crystalline CFO by auto-combustion method using 

glycine as fuel and investigation of the effect perpendicular magnetic assisted compaction 

(MAC) on the structural, morphological, and magnetic properties of CFO. The fuel to nitrate 

ratio was maintained as 0.5. As synthesized CFO powder was calcined at 800C to obtain CFO 

with pure phase. Further, phase pure CFO was pressed into pellets using parallel MAC at 

different magnetic fields (0T, 0.5T, 1T, 1.5T and2T). These pellets were sintered at 1350C for 

12h. Applied Magnetic field direction in the sample is called oriented direction. Structural, 

morphological, magnetic and magnetoelastic properties of sintered compacts (referred to as AC-

CFO) were studied by XRD, SEM, PQMS and magnetostriction setup techniques respectively.  

 

Synthesis and characterization of nanocrystalline CFO powder prepared by autocombustion 

synthesis was discussed in chapter 4.1.1. 

4.1.3.1 Characterization of sintered AC-CFO pellets compacted under perpendicular magnetic 

field 

4.1.3.1.1 Phase analysis 

XRD pattern of CFO pellets compacted in perpendicular MAC at different magnetic fields such 

as 0T, 0.5T, 1T, 1.5T and 2T are shown in figure 4.1.3.1, which resulted in pure cubic spinel 

phase (JCPDF file no. 22-1086). No preferential orientations of the XRD peaks were observed in 

the pattern of pellets suggesting possible absence of any crystallographic texture in the sample. 

Lattice parameter of the samples was calculated from XRD. No variation in lattice parameter has 

been observed for the samples compacted at different magnetic fields. The lattice parameter 

values of samples compacted at different magnetic fields was calculated from XRD using nelson 

relay extrapolation plots and values are summarized in table 4.1.3.1are summarized in table 

4.1.3.1. 
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Figure 4.1.3.1 XRD of sintered ACCFO Pellets compacted in perpendicular MAC at different 

magnetic fields 

Table.4.1.3.1 lattice parameter values of sintered ACCFO Pellets compacted in perpendicular 

MAC at different magnetic fields 

S.No Sample name Lattice parameter (A) 

1 0T 8.37 

2 0.5T 8.37 

3 1T 8.37 

4 1.5T 8.37 

5 2T 8.37 

4.1.3.1.2 Microstructural analysis 

Figure 4.1.3.2shows the SEM micrographs of sintered AC-CFO pellets are pressed under 

perpendicular MAC at different magnetic fields (0T, 0.5T, 1T, 1.5T and 2T). From SEM 

micrographs of all AC-CFO pellets, it is observed that porosity is present and complete 

densification of pellets has not taken place during sintering. Sintered density is calculated from 

Archimedes method following ASTM standard (C373-88) and it is found to be ~85% of the 

theoretical density for all AC-CFO pellets, which is similar to the percent of theoretical density 
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reported for CFO pellets synthesized by autocombustion method [2]. The average grain size of 2-

4 m is estimated for all AC-CFO pellets pressed under different magnetic fields. No visible 

difference in grain size is observed for AC-CFO pellets compacted at different magnetic fields. 

Therefore, almost negligible effect of magnetic field assisted compaction on microstructure, 

density and grain size has been observed for pellets pressed under magnetic field. It is exactly 

similar to reported literature, where grain size is not affected by field assisted compaction for 

CFO sample [3]. 

 

Figure 4.1.3.2 SEM micrographs of sintered ACCFO Pellets compacted in perpendicular MAC at 

different magnetic fields 
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4.1.3.1.3 Magnetic properties 

Parallel and perpendicular magnetic hysteresis loops for AC-CFO samples compacted in 

perpendicular MAC at different magnetic fields were measured in PQMS by applying magnetic 

field parallel and perpendicular to oriented direction of the sample. Parallel and perpendicular 

magnetic hysteresis loops of AC-CFO samples compacted in perpendicular MAC at different 

magnetic fields are shown in figure 4.1.3.3. Saturation magnetization values of 85 emu/g and 83 

emu/g were observed in parallel and perpendicular hysteresis loops respectively for AC-CFO 

sample compacted without magnetic field (0T). These saturation magnetization values were in 

good agreement with the reported values of saturation magnetization of CFO [6].  

Table 4.1.3.2 Magnetic properties of sintered ACCFO Pellets compacted in perpendicular MAC at 

different magnetic fields 

Sl.No. Sample  Par MS 

(emu/g)  

 

Par Mr 

(emu/g)  

 

Par 

HC(kA/m)  

 

Per MS 

(emu/g)  

 

Per Mr 

(emu/g)  

 

Per HC 

(kA/m)  

1 0T  85 20 41.5 83 20 43.2 

2 0.5T 81 20 43.9 80 21 43.7 

3 1T 81 19 43.1 81 19 43.7 

4 1.5T 81 20 42.9 80 20 42.9 

5 2T 83 19 42.9 82 20 42.7 

Magnetic properties obtained from parallel and perpendicular hysteresis loops of AC-CFO 

samples compacted in perpendicular MAC at different magnetic fields are summarized in table 

4.1.3.2. Marginal variation in saturation magnetization (81emu/g to 85 emu/g), remanence 

(19emu/g to 20 emu/g), and coercivity (41.5 kA/m to 43.9 kA/m) values have been observed in 

parallel magnetic hysteresis loops of AC-CFO pellets compacted in perpendicular MAC at 

different magnetic fields. 
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Figure 4.1.3.3 MH curve of sintered ACCFO Pellets compacted in perpendicular MAC at 

different magnetic fields 

Similarly, a small variation in saturation magnetization (80 emu/g to 83 emu/g), remanence 

(19emu/g to 21 emu/g), and coercivity (42.7 kA/m to 43.7 kA/m) values have been observed in 

perpendicular magnetic hysteresis loops of AC-CFO pellets compacted in perpendicular MAC at 

different magnetic fields. 
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4.1.3.1.4. Magnetoelastic properties  

 

Figure 4.1.3.4 Magnetostriction data of sintered ACCFO compacted in parallel MAC at different 

magnetic fields 

 

Figure 4.1.3.5 Variation of magnetostriction ofsintered ACCFO samples with applied magnetic 

field during perpendicular MAC. 

Magnetostriction has been measured on AC-CFO pellets obtained by the magnetic field 

assisted compaction at the different fields and the data is plotted in figure 4.1.3.4. Strain gauge 
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was mounted on the flattened surface of the pellets along the oriented direction of the sample. 

Parallel magnetostriction () has been measured along the oriented direction and perpendicular 

magnetostriction () has been measured perpendicular to the oriented direction of sample 

pellets. In AC-CFO pellets compacted in perpendicular MAC applied magnetic field direction 

during compaction is oriented direction. Significant improvement in magnetostriction and strain 

derivative has been observed in sintered pellets compacted at 2 Tesla magnetic field compared to 

the sample compacted without magnetic field. For 0T samples, maximum parallel 

magnetostriction () and maximum perpendicular magnetostriction () have been observed to 

be ~137 ppm and ~39 ppm, respectively, which are in good agreement with the reported values 

of CFO in the literature [1]. Maximum parallel magnetostriction () of ~167 ppm and maximum 

perpendicular magnetostriction () of ~69ppm have been observed for samples prepared at 2T. 

Nearly 22% improvement has been observed in parallel magnetostriction of 0T sample compared 

to 2T sample.  

Variation of magnetostriction of sintered ACCFO samples with applied magnetic field 

during parallel MAC has been plotted in figure 4.1.3. It is clear from the plot that the increase in 

magnetostriction has been observed with an increase in the applied magnetic field up to 2T 

magnetic field during perpendicular MAC. Large increase in magnetostriction () has been 

observed for samples prepared up to 1T and increase in magnetostriction has been decreased 

with increase in magnetic field during compaction. Maximum magnetostriction of 167 ppm has 

been observed for sample prepared at 2T field. 

Strain sensitivity has been calculated from parallel magnetostriction data of AC-CFO pellets 

prepared in perpendicular MAC and data is shown in figure 4.1.3.4. Strain sensitivity of 

~0.5×10
-9

 m/A has been observed for the sample prepared without magnetic field, which is in 

good agreement with strain sensitivity of CFO [5]. Variation of strain sensitivity of sintered AC

CFO samples with applied magnetic field during perpendicular MACis shown in figure 4.1.3.6. a 

continuous increase in strain sensitivity has been observed for AC-CFO pellets compacted in 

parallel MAC with increase in magnetic field during compaction. Maximum strain sensitivity 

(d/dH)max of  ~0.5 × 10
-9

 m/A and ~0.7 × 10 
-9

 m/A have been observed for AC-CFO samples 

compacted at 0T and 2T samples, respectively. Nearly 40% improvement in strain derivative has 

been achieved in 2T sample compared to sample prepared without magnetic field. 
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Figure 4.1.3.6 Strain sensitivity data of sintered ACCFO compacted in parallel MAC at different 

magnetic fields 

In perpendicular MAC, maximum magnetostriction and strain derivative have been observed in 

the direction of oriented axis direction [3, 5]. But for magnetic annealed sample, high strain 

derivative and magnetostriction have been observed in perpendicular to the oriented direction, 

where the direction in which magnetic field was applied during magnetic annealing [9]. 90 

domain wall motion followed by domain rotation is responsible for the observed 

magnetostriction in the CFO. In perpendicular MAC,more 90domains are created compared to 

the sample prepared without magnetic field. As the magnetic field increased in perpendicular 

MAC, magnetostriction and strain sensitivity is improved up to 2T. A sharp increase in 

magnetostriction suggests that more number of 90domains have been created during magnetic 

field assisted compaction. 
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Figure 4.1.3.7 Variation of strain sensitivity of sintered ACCFO samples with applied magnetic 

field during perpendicular MAC. 

4.1.3.2 Conclusions 

Phase pure AC-CFO pellets have been prepared in perpendicular MAC. No visible difference in 

grain size has observed for AC-CFO pellets compacted at different magnetic fields. A small 

variation in magnetic properties has been observed for AC-CFO pellets compacted at different 

magnetic fields. Nearly 22% improvement in magnetostriction and 40% improvement in strain 

sensitivity have been observed in parallel magnetostriction of 2T sample compared to 0T sample. 

Increase in number of 90 domains with increasing applied magnetic field during compaction is 

reason for the improved magnetostriction and strain sensitivity with applied magnetic field 

during field assisted compaction. 
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4.1.4. Investigation of magnetic and magnetoelastic properties of CoFe2O4 

prepared by solid state technique followed by perpendicular MAC. 

This section deals with preparation of CFO by solid state method followed by perpendicular 

MAC of SS-CFO powder at different magnetic fields (0T, 0.5T, 1T, 1.5T and 2T). These 

compacts were sintered at 1350C for 12h and investigated the effect of perpendicular MAC on 

the structural, morphological, magnetic and magnetoelastic properties of CFO using XRD, SEM, 

PQMS and magnetostriction setup techniques respectively. 

4.1.4.1 Characterization of sintered AC-CFO pellets compacted under magnetic field 

Synthesis and characterization of CFO prepared by solid state synthesis has been discussed in 

section 4.1.2. 

4.1.4.1.1 Phase analysis 

 

Figure 4.1.4.1 XRD of sintered SSCFO Pellets compacted in perpendicular MAC at different 

magnetic fields 

XRD pattern of CFO pellets compacted in perpendicular MAC at different magnetic fields such 

as 0T, 0.5T, 1T, 1.5T and 2T are shown in figure 4.1.4.1, which resulted in pure cubic spinel 
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phase (JCPDF file no. 22-1086). Preferential orientation of the XRD peaks has been observed for 

the pellet compacted at 2T magnetic field. Highest intensity has been observed for (440) peak for 

the pellet compacted at 2T whereas (311) is the highest intensity peak for the isotropic CFO 

pellet. Texture coefficient of 2.2 has been observed for (440) peak for the pellet compacted at 

2T.  Lattice parameter of the samples has been calculated from XRD. No variation in lattice 

parameter has been observed for the samples compacted at different magnetic fields. The lattice 

parameter values of samples compacted at different magnetic fields was shown in table 4.1.4.1.  

Table.4.1.4.1 lattice parameter values of sintered SSCFO Pellets compacted in perpendicular 

MAC at different magnetic fields 

S.No Sample name Lattice parameter (A) 

1 0T 8.37 

2 0.5T 8.37 

3 1T 8.37 

4 1.5T 8.37 

5 2T 8.37 

4.1.4.1.2 Microstructural analysis 

Figure 4.1.4.2shows the SEM micrographs of sintered SS-CFO pellets pressed under 

perpendicular MAC at different magnetic fields (0T, 0.5T, 1T, 1.5T and 2T). From SEM 

micrographs of all SS-CFO pellets, it is observed that porosity is not present and complete 

densification of pellets has taken place during sintering. Sintered density is calculated from 

Archimedes method following ASTM standard (C373-88) and it is found to be ~95% of the 

theoretical density for all SS-CFO pellets, which is similar to the percent of theoretical density 

reported for CFO pellets synthesized by ceramic method [10]. Exaggerated grain growth has 

been observed for all SS-CFO pellets pressed in perpendicular MAC under different magnetic 

fields. Very small grains in between the large grains have been observed in microstructure of all 

SS-CFO pellets pressed in perpendicular MAC. Therefore, almost negligible effect of magnetic 

field on microstructure and density has been observed for pellets pressed under magnetic field. It 

is exactly similar to reported literature, where microstructure is not affected by field assisted 

compaction for CFO sample [3]. 
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Figure 4.1.4.2 SEM micrographs of sintered SSCFO Pellets compacted in perpendicular MAC at 

different magnetic fields 

 

 



Chapter 4                                                                               Results & Discussions 

65 
 

4.1.4.1.3Magnetic properties 

 

Figure 4.1.4.3 SEM micrographs of sintered SSCFO Pellets compacted in perpendicular MAC at 

different magnetic fields 

Applied stress and magnetic field dominates the magnetic crystalline energy in controlling the 

magnetization direction in domains [4]. Magnetic strain energy (E) created because of applied 

stress during compaction in CFO try to orient the domains parallel to stress axis where as applied 
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magnetic field orient the domains in the direction of applied field in CFO green compact during 

magnetic field assisted compaction. Since, sintering temperature (1350C) of CFO is greater than 

its Curie temperature (520C) spin orientation may get randomized but due to strong lattice orbit 

coupling the resultant magnetization vectors orient along the direction of initial stable 

magnetization direction after cooling [5]. 

Table 4.1.4.2 Magnetic properties of sintered SSCFO Pellets compacted in perpendicular MAC at 

different magnetic fields 

Sl.No. Sample  Par MS 

(emu/g)  

 

Par Mr 

(emu/g)  

 

Par 

HC(kA/m)  

 

Per MS 

(emu/g)  

 

Per Mr 

(emu/g)  

 

Per HC 

(kA/m)  

1 0T  85 4 8 85 4 8.3 

2 0.5T 86 4 7.8 87 3 6.8 

3 1T 86 3 6.7 86 3 5.9 

4 1.5T 85 4 11.7 85 4 15.7 

5 2T 85 5 8.1 85 5 10.5 

Parallel and perpendicular magnetic hysteresis loops for SS-CFO samples compacted in 

perpendicular MAC at different magnetic fields were measured in PQMS by applying magnetic 

field parallel and perpendicular to oriented direction of the sample. Parallel and perpendicular 

magnetic hysteresis loops of SS-CFO samples compacted in perpendicular MAC at different 

magnetic fields were shown in figure 4.1.4.3. Saturation magnetization values of 85 emu/g and 

85 emu/g were observed in parallel and perpendicular hysteresis loops for SS-CFO sample 

compacted without magnetic field (0T). These saturation magnetization values were in good 

agreement with the reported values of saturation magnetization of CFO [5]. Magnetic properties 

obtained from parallel and perpendicular hysteresis loops of SS-CFO samples compacted in 

perpendicular MAC at different magnetic fields are summarized in table 4.1.4.2. Marginal 

variation in saturation magnetization (85 emu/g to 86 emu/g), remanence (3 emu/g to 5 emu/g), 

and coercivity (6.7 kA/m to 11.7 kA/m) have been observed in parallel magnetic hysteresis loops 

of SS-CFO pellets compacted  in perpendicular MAC at different magnetic fields. Similarly, a 

small variation in saturation magnetization (85 emu/g to 87 emu/g), remanence (3 emu/g to 5 

emu/g), and coercivity (5.9 kA/m to 15.7 kA/m) have been observed in perpendicular magnetic 
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hysteresis loops of SS-CFO pellets compacted in perpendicular MAC at different magnetic 

fields. 

4.1.4.1.4. Magnetoelastic properties 

 
Figure 4.1.4.4Magnetostriction data of sintered SSCFO compacted in perpendicular MAC at 

different magnetic fields 

Magnetostriction was measured on SS-CFO samples and the data is shown in figure 4.1.4.4. 

Strain gauges have been mounted on the flattened surface of the pellets along the oriented 

direction of the sample. For samples parallel magnetostriction () has been measured along the 

oriented direction of pellet and perpendicular magnetostriction () has been measured 

perpendicular to oriented direction. In SS-CFO pellets compacted in perpendicular MAC applied 

magnetic field direction during compaction is oriented direction. Significant improvement in 

magnetostriction and strain derivative has been observed for sintered pellets compacted under 

perpendicular magnetic field compared to the sample compacted without magnetic field (0T). 

For 0T samples, maximum parallel magnetostriction () has been observed to be ~113 ppm, 
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which is in good agreement with the reported values of CFO in the literature [8].  Variation of 

magnetostriction of sintered SSCFO samples with applied magnetic field during perpendicular MAC 

has been shown in figure 4.1.4.5. Linear increase in magnetostriction has been observed with 

increase in applied magnetic field up to 2T during parallel MAC. Maximum parallel 

magnetostriction () of 209 ppm have been observed for samples prepared at 2T. Nearly 85% 

improvement has been observed in parallel magnetostriction of 2T sample compared to 0T 

sample.  

 

Figure 4.1.4.5 Variation of magnetostriction of sintered SSCFO samples with applied magnetic 

field during perpendicular MAC. 

Strain sensitivity has been calculated from parallel magnetostriction data of SS-CFO pellets 

prepared in perpendicular MAC and data is shown in figure 4.1.4.6. Strain sensitivity of 0.8×10
-9

 

m/A has been observed for the sample prepared without magnetic field, which is in good 

agreement with strain sensitivity of CFO [7]. As shown in figure 4.1.4.7, Continuous increase in 

strain sensitivity has been observed for SS-CFO pellets compacted in perpendicular MAC with 
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increase in magnetic field during compaction. Maximum strain sensitivity (d/dH)max of  0.8 × 

10
-9

 m/A and 2.5 × 10 
-9

 m/A have been observed for SS-CFO samples compacted at 0T and 2T 

samples, respectively. Nearly 185% improvement in strain derivative has been achieved in 2T 

sample compared to sample prepared without magnetic field. 

 
Figure 4.1.4.6 Strain sensitivity data of sintered SSCFO compacted in perpendicular MAC at 

different magnetic fields 

In perpendicular MAC, maximum magnetostriction and strain derivative have been observed in 

the direction of oriented axis direction [2, 4]. But for magnetic annealed sample, high strain 

derivative and magnetostriction have been observed in perpendicular to the oriented direction, 

where the direction in which magnetic field was applied during magnetic annealing [8]. 90 

domain wall motion followed by domain rotation is responsible for the observed 

magnetostriction in the CFO. In perpendicular MAC, more 90domains are created compare to 

the sample prepared without magnetic field. As the magnetic field increased in parallel MAC, 

magnetostriction is improved up to 2T. A linear increase in magnetostriction suggests that linear 

increase in the number of domains with increase in magnetic field during perpendicular MAC. 
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Figure 4.1.4.7 Variation of strain sensitivity of sintered SSCFO samples with applied magnetic 

field during perpendicular MAC 

4.1.4.2 Conclusions 

Phase pure SS-CFO pellets have been prepared in perpendicular MAC. No visible difference in 

grain size has observed for SS-CFO pellets compacted at different magnetic fields. A small 

variation in magnetic properties has been observed for SS-CFO pellets compacted at different 

magnetic fields. Nearly 85% improvement in magnetostriction and 185% improvement in strain 

sensitivity have been observed in parallel magnetostriction of 2T sample compared to 0T sample. 

Increase in number of 90 domains with increasing applied magnetic field during compaction is 

reason for the improved magnetostriction and strain sensitivity with applied magnetic field 

during field assisted compaction. 
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SECTION 4.2 TEMPLATE GRAIN GROWTH OF CFO 

4.2.1 Investigation of structural, morphological and magnetic properties of 

CFO template synthesized by molten salt synthesis 

This section deals with molten salt synthesis of CFO templates using CFO nanoparticles and salt 

mixture (1:1 molar ratio of KCl and NaCl) at different temperatures (700C, 800C, 900C, and 

1000C for 4h), different dwell time (4h, 12h, 24h), and different salt to powder ratios (1:1, 3:1, 

and 5:1). Followed by the sample preparation, we studied the effect of different temperature and 

duration on the structural, morphological and magnetic properties of the CFO templates using 

XRD, FESEM and VSM techniques respectively.  

4.2.1.1 Characterization of CFO nanoparticles used for molten salt synthesis 

4.2.1.1.1 Structural properties of CFO nanoparticles 

 

Figure 4.2.1.1 XRD pattern of CFO particles 
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Figure 4.2.1.1 shows the XRD pattern of CFO nanoparticles prepared by auto-combustion 

method. Intense broad peak has been observed around 2= 35 in the XRD pattern and it matches 

with (311) peak of pure cubic spinel phase. The observed peak broadening could be attributed to 

small particles size of CFO particles.  The average crystallite size of CFO nanoparticles was 

calculated using sherrer’s equation and it is found to be 6 nm. TEM images of   CFO 

nanoparticles and its particles distribution are shown in figure 4.2.1.2. The average particle size 

from the TEM analysis was found to be 8 nm which is correlated with the crystallite sizes 

calculated from the XRD analysis.  

 

Figure 4.2.1.2 (a) TEM image of CFO particle and (b) size distribution of CFO nanoparticles. 

4.2.1.1.2 Magnetic properties of CFO nanoparticles 

 

Figure 4.2.1.3 Room temperature magnetization (M-H) curve of CFO nanoparticles 
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Room temperature magnetization curve of CFO nanoparticles synthesized by auto-combustion 

method is shown in figure 4.2.1.3. It is clearly observed from magnetic hysteresis loop that CFO 

nanoparticles exhibited superparamagnetic behavior. This is exactly similar to the literature 

where superparamagnetic nature observed by CFO nanoparticles having 5nm particle size [1].  

4.2.1.2 Characterization of CFO particles prepared in molten salt synthesis 

4.2.1.2.1 Structural properties of CFO particles prepared at different temperatures 

 

Figure 4.2.1.4 XRD pattern of CFO powder prepared at different temperatures (700C, 800C, 

900C and 1000C for 4h) with 1:1 salt to powder mass ratio. 

XRD patterns of CFO powders synthesized at different temperatures (700C, 800C, 900C and 

1000C for 4h) with 1:1 salt to powder mass ratio are shown in figure 4.2.1.4. All the samples 

are crystallized in pure cubic spinel phase (JCPDF file no.  22-1086) with Fm-3m space group. 

Lattice parameter and crystallite size have been calculated using Nelson relay extrapolation plot 

from XRD and sherrer’s formula respectively. The Crystallite size and lattice parameter values 
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of CFO synthesized at different temperatures are summarized in table 4.2.1.1. The crystallite size 

has been increased from 45nm to 113nm with increase in temperature from 700C to 1000C 

respectively. There is no change in lattice parameter as a function of different temperatures. 

Table 4.2.1.1 crystallite size and lattice parameters of CFO powder prepared at different 

temperatures (700C, 800C, 900C and 1000C for 4h) with 1:1 salt to powder mass ratio 

Sl. No Sample Crystallite size (nm) Lattice parameter (Å) 

1 700C, 4h 45 8.38 

2 800C, 4h 72 8.38 

3 900C, 4h 108 8.38 

4 1000C, 4h 113 8.38 

 

4.2.1.2.2 Microstructural properties of CFO particles prepared at different temperatures 

 

Figure 4.2.1.5 SEM micrographs of CFO powder prepared at different temperatures (700C, 

800C, 900C and 1000C for 4h) with 1:1 salt to powder mass ratio. 
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Figure 4.2.1.5 shows SEM micrographs of CFO powder prepared at different temperatures, it has 

been observed that particle size of CFO particles have been increased with increase in 

temperature (700C to 1000C for 4h). All samples exhibit micro images composed of two 

different groups of particle size, one with smaller size and another group with larger particle size. 

Average particle sizes of larger particles and smaller particles at different temperatures are 

summarized in table 4.2.1.2. Average particle size of small particles has been increased from 20 

nm to 90 nm with increase in temperature from 700C, 4h to 1000C, 4h respectively. On the 

other hand, average particle size of larger particles has been increased from 110 nm to 335 nm 

with increase in temperature from 700C, 4h to 1000C, 4h respectively. Larger particles are 

having triangular and octahedral shapes whereas smaller particles are having distorted spherical 

shape. The Number of particles with triangular and octahedral shapes has been increased with an 

increase in temperature. 

Table 4.2.1.2 Average particle size of bigger particles and smaller particles calculated from SEM 

micrographs of CFO powder prepared at different temperatures (700C, 800C, 900C and 1000C 

for 4h) with 1:1 salt to powder mass ratio 

Sl. No Sample Average particle size of 

larger particles (nm) 

Average particle size of 

smaller particles (nm) 

1 AC-1:1-700C, 4h 110 20 

2 AC-1:1-800C, 4h 145 30 

3 AC-1:1-900C, 4h 205 43 

4 AC-1:1-1000C, 4h 335 90 

4.2.1.2.3 Magnetic properties of CFO particles prepared at different temperatures 

Room temperature M-H curves of CFO particles prepared at different temperatures are shown in 

figure 4.2.1.6. Table 4.2.1.3 summarized the magnetic properties. It has been observed that 

saturation magnetization (Ms) values of CFO particles have been increased from 59 emu/g to 67 

emu/g with increase in temperature from 700C to 1000C respectively. Remanence 

magnetization (Mr) has been increased with temperature up to 800C and then decreased with 

increase in temperature up to 1000C. Coercivity of CFO particles has been decreased from76 

kA/m to 63 kA/m with increase in temperature from 700C to 1000C, respectively.  
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Figure 4.2.1.6 Room temperature M-H curve of CFO particles prepared at different temperatures 

(700C, 800C, 900C and 1000C for 4h) with 1:1 salt to powder mass ratio. 

Table 4.2.1.3 magnetic properties of CFO particles prepared at different temperatures (700C, 

800C, 900C and 1000C for 4h) with 1:1 salt to powder mass ratio. 

Sl. No Sample Ms (emu/g) Mr (emu/g) 

 

Hc (kA/m) 

1 AC-1:1-700C, 4h 59 21.2 76 

2 AC-1:1-800C, 4h 60 24.1 73 

3 AC-1:1-900C, 4h 64 23.8 71 

4 AC-1:1-1000C, 4h 67 21.8 63 

4.2.1.2.4 Structural properties of CFO prepared at different dwell time 

XRD pattern of CFO powders synthesized at 1000Cwith 1:1 salt to powder ratio with different 

dwell time (4h, 12h and 24h), are shown in figure 4.2.1.4. The XRD patterns revealed that all the 

samples are crystallized in pure cubic spinel phase (JCPDS file no.  22-1086) with Fm-3m space 

group. Lattice parameter of the samples was calculated from XRD using Nelson relay 



Chapter 4                                                                               Results & Discussions 

77 
 

extrapolation plot and it is found to be 8.38Ǻ. No change in lattice parameter has been observed 

as a function of dwelling time (4h, 12h, and 24h). Crystallite size has been calculated from 

sherrer’s formula [2]. The Crystallite size and lattice parameter values of CFO synthesized at 

different temperatures are summarized in table 4.2.1.4. The crystallite size has been marginally 

increased from 113nm to 120nm with increase in dwell time from 4h to 24h respectively.  

 

Figure 4.2.1.7 XRD pattern of CFO powder prepared at 1000C with different dwell time (4h, 12h, 

24h) and 1:1 salt to powder mass ratio. 

Table 4.2.1.4 crystallite size and lattice parameters of CFO particles prepared at 1000 C with 

different dwell time (4h, 12h, and 24h) and 1:1 salt to powder mass ratio. 

Sl. No Sample Crystallite size (nm) Lattice parameter (A) 

1 AC-1:1-1000C-4h 113 8.38 

2 AC-1:1-1000C-12h 116 8.38 

3 AC-1:1-1000C-24h 120 8.38 
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4.2.1.2.5 Microstructural properties of CFO prepared at different dwell time 

SEM micrographs of CFO powder prepared at 1000C with different dwell time are shown in 

figure 4.2.1.8. It has been observed that particle size of CFO particles have been increased with 

increase in dwell time (4h, 12h, and 24h). All samples exhibit micro images of two groups of 

particles, one group with smaller size and another group with larger size.  Average particle sizes 

of larger particles and smaller particles at different dwell time are summarized in table 4.2.1.5. 

Average particle size of small particles has been increased from 90 nm to 100 nm with increase 

in dwell time from 4h to 12h respectively at 1000C. On the other hand, average particle size of 

larger particles has been increased from 335 nm to 565 nm with increase in dwell time from 4h 

to 24h respectively at 1000C. larger particles are having triangular and octahedral shapes where 

as the smaller particles are having distorted spherical shape. Numbers of particles with triangular 

and octahedral shapes has been increased with increase dwell time. 

 

Figure 4.2.1.8 SEM micrographs of CFO powder prepared at 1000C with different dwell time (4h, 

12h, and 24h) and 1:1 salt to powder mass ratio. 
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Table 4.2.1.5 Average particle size of bigger particles and smaller particles calculated from SEM 

micrographs of CFO powder prepared at 1000C with different dwell time (4h, 12h, and 24h) and 

1:1 salt to powder mass ratio. 

Sl. No Sample Average particle size of 

larger particles (nm) 

Average particle size of 

smaller particles (nm) 

1 AC-1:1-1000C-4h 335 90 

2 AC-1:1-1000C-12h 380 98 

3 AC-1:1-1000C-24h 565 100 

4.2.1.2.6 Magnetic properties of CFO prepared at different time intervals 

 

Figure 4.2.1.9 Room temperature M-H curve of CFO particles prepared at 1000C with different 

dwell time (4h, 12h, and 24h) and 1:1 salt to powder mass ratio. 

Room temperature M-H curves of CFO particles prepared at 1000C with different dwell time is 

shown in figure 4.2.1.9. Magnetic properties of CFO particles have been obtained from 

hysteresis curves and the values are summarized in table 4.2.1.6. The saturation magnetization 

(Ms) of CFO particles decreased slightly from 67 emu/g to 65.2 emu/g with increase in dwell 

time from 4h to 12h respectively. Similarly, a small decrease in remanence (Mr) was from 20.7 
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emu/g to 17.2 emu/g with increase in dwell time from 4h to 24h has been observed. Notable 

decrease in coercivity from 62.5kA/m to 44.9 with increase in dwell time from 4h to 24h 

respectively has been observed. 

Table 4.2.1.6 magnetic properties of CFO particles prepared at 1000C with different dwell time 

(4h, 12h, and 24h) and 1:1 salt to powder mass ratio. 

Sl. No Sample Ms (emu/g) Mr (emu/g) 

 

Hc (kA/m) 

1 AC-1:1-1000C-4h 67 20.7 62.5 

2 AC-1:1-1000C-12h 66.4 18.8 55.1 

3 AC-1:1-1000C-24h 65.2 17.2 44.9 

4.2.1.2.7 Structural properties of CFO prepared at different salt to powder mass ratio 

XRD patterns of CFO powders synthesized at 1000C for24hwith different salt to powder ratio 

(1:1, 3:1, 5:1) are shown in figure 4.2.1.10, All samples are crystallized in pure cubic spinel 

phase (JCPDS file no. 22-1086). Lattice parameter of the samples was calculated from XRD 

using Nelson relay extrapolation plot and it was found be to 8.38Å for all three salt to powder 

ratio (1:1, 3:1, 5:1). Crystallite size has been calculated from sherrer’s formula. The Crystallite 

size and lattice parameter values of CFO synthesized at 1000C,24hwith different salt to powder 

ratio (1:1, 3:1, 5:1) are summarized in table 4.2.1.7. The crystallite size has been increased from 

120 nm to 130 nm with increase in salt to powder ratio from 1:1 to 5:1 respectively. 

Table 4.2.1.7 Crystallite size and lattice parameters of CFO particles prepared at 1000 C, 24h with 

different salt to powder mass ratio (1:1, 3:1, 5:1) 

Sl. No Sample Crystallite size (nm) Lattice parameter (A) 

1 AC-1:1-1000C-24h 120 8.38 

2 AC-3:1-1000C-24h 124 8.38 

3 AC-5:1-1000C-24h 130 8.38 
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Figure 4.2.1.10 XRD pattern of CFO powder prepared at 1000C, 24h with different salt to powder 

mass ratio (1:1, 3:1, 5:1) 

4.2.1.2.8 Microstructural properties of CFO prepared at different salt to powder mass ratio 

SEM micrographs of CFO powder prepared at 1000C for 24h with different salt to powder mass 

ratio are shown in figure 4.2.1.11. It has been observed from the micro images that the particle 

size of CFO particles has been increased with increase in salt to powder mass ratio. Micrographs 

of particles prepared at different salt to powder mass ratio contains two groups of particles with 

different size distributions such as particles of smaller size and particles of larger size. Average 

particle sizes of larger particles and smaller particles at different salt to powder mass ratio are 

summarized in table 4.2.1.7. Average particle size of small particles has been increased from 90 

nm to 100 nm with an increase in salt to powder mass ratio from 1:1 to 5:1 respectively at 

1000C. Whereas, average particle size of larger particles has been increased from 565 nm to 

915 nm with increased dwell time from 1:1 to 5:1 respectively at 1000C for24h. The larger 

particles are having triangular and octahedral shapes whereas smaller particles are having 
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distorted spherical shape. Numbers of particles with triangular and octahedral shapes were 

increased with increase in salt to powder mass ratio. 

 

Figure 4.2.1.11 SEM micrographs of CFO powder prepared at 1000C, 24h with different salt to 

powder mass ratio (1:1, 3:1, 5:1). 

Table 4.2.1.8 Average particle size of bigger particles and smaller particles calculated from SEM 

micrographs of CFO powder prepared at 1000C, 24h with different salt to powder mass ratio (1:1, 

3:1, 5:1). 

Sl. No Sample Average particle size of 

larger particles (nm) 

Average particle size of 

smaller particles (nm) 

1 AC-1:1-1000C-24h 565 100 

2 AC-3:1-1000C-24h 670 108 

3 AC-5:1-1000C-24h 915 140 
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4.2.1.2.9 Magnetic properties of CFO prepared at different salt to powder mass ratio 

Room temperature M-H curves of CFO particles prepared at 1000C, 24hwith different salt to 

powder mass ratio are shown in figure 4.2.1.12. Magnetic properties of CFO particles have been 

obtained from hysteresis curves and the values are summarized in table 4.2.1.9. The Saturation 

magnetization (Ms) values of CFO particles have been increased slightly from 65emu/g to71 

emu/g with an increase in solid to powder mass ratio from 1:1 to 5:1 respectively. Likewise, a 

small decrease in remanence magnetization (Mr) from 18.9emu/g to 16.emu/g with an increase in 

solid to powder mass ratio from 1:1 to 5:1 respectively has been observed. Notable decrease in 

coercivity from 55.5 kA/m to 30.7 has been observed with an increase in solid to powder mass 

ratio from 1:1 to 5:1 respectively.  

Figure 4.2.1.12 Room temperature M-H curve of CFO particles prepared at 1000C, 24h with 

different salt to powder mass ratio (1:1, 3:1, 5:1). 
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Table 4.2.1.9 magnetic properties of CFO particles prepared at 1000C, 24h with different salt to 

powder mass ratio (1:1, 3:1, 5:1). 

Sl. No Sample Ms (emu/g) Mr (emu/g) 

 

Hc (kA/m) 

1 AC-1:1-1000C-24h 65.5 18.9 55.5 

2 AC-3:1-1000C-24h 68.6 18.8 47.8 

3 AC-5:1-1000C-24h 70.9 16 30.7 

4.2.1.3 Conclusions 

Phase pure CFO have been prepared by MSS using presynthesized CFO nano particles at 

different conditionssuch as different temperatures (700C, 800C, 900C, and 1000C for 4h), 

different dwell time (4h, 12h, 24h), and different salt to powder ratios (1:1, 3:1, and 5:1). Particle 

size,saturation magnetization of CFO has been increased with increase in temparature, dwell 

time and salt to powder ratio. CFO particle morphology has been changed from distorted 

spherical to traingualr and octahedron shape with increase in temparature, dwell time and salt to 

powder ratio. Numbers of particles with triangular and octahedral shapes has been increased with 

increase in temperature, dwell time and powder to salt ratio. 
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4.2.2 Investigation of magnetic and magnetoelastic properties of textured 

CoFe2O4 prepared by template grain growth (TGG) technique 

CFO templates synthesized at different conditions (different temperatures, dwell time, salt to 

powder ratios) in Molten salt synthesis method. These templates were pressed into pellets and 

were sintered at 1350C, 12h. the sintered pellets prepared from templates prepared at different 

temperatures such as 700C, 800C, 900C and 1000C for 4hwith 1:1 salt to powder mass ratios 

are referred as SP700, SP800, SP900 and SP1000 respectively. The sintered pellets prepared 

from powder synthesized at 1000C, 1:1 mass ratio, and different dwell times such as 4h, 6h and 

12h are referred as SP4h, SP12h, and SP24h respectively. And sintered pellets prepared from 

powder synthesized at 1000C, 24h at different salt to powder mass ratios such as 1:1, 3:1, and 

5:1 are referred as SPR1, SPR3, and SPR5 respectively. These sintered pellets were 

characterized for structural, morphological, magnetic and magnetoelastic properties by XRD, 

SEM, VSM and Magnetostriction setup respectively. 

4.2.2.1 Characterization of CFO pellets prepared from CFO templates synthesized at 

different conditions 

4.2.2.1.1 Structural properties of sintered pellets prepared from CFO templates synthesized at 

different temperatures 

 

Figure 4.2.2.1 XRD pattern of sintered pellets prepared from CFO templates synthesized at 

different temperatures 
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XRD patterns of SP700, SP800, SP900 and SP1000 samples) are shown in figure 4.2.2.1. All the 

samples are in pure cubic spinel phase (JCPDS file no. 22-1086). Lattice parameter of the 

samples has been calculated using Nelson relay extrapolation plot from XRD. Lattice parameter 

of 8.38 Å has been calculated for all the sintered CFO samples prepared from CFO templates 

synthesized at different temperatures. No variation in lattice parameter has been observed for the 

sintered CFO samples prepared from CFO templates synthesized at different temperatures. 

4.2.2.1.2 Microstructural properties of sintered pellets prepared from CFO templates 

synthesized at different temperatures 

 

Figure 4.2.2.2 SEM micrographs of sintered pellets prepared from CFO templates synthesized at 

different temperatures (700C, 800C, 900C and 1000C for 4h) 

Figure 4.2.2.2shows the SEM micrographs ofSP700, SP800, SP900 and SP1000 samples. From 

SEM micrographs, it is observed that porosity is not present and complete densification of pellets 
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has taken place during sintering. Sintered density is calculated from Archimedes method 

following ASTM standard (C373-88) and it is found to be ~95% of the theoretical density for all 

CFO pellets, which is similar to the percent of theoretical density reported for CFO pellets 

synthesized by ceramic method [2]. Exaggerated grain growth has been observed for all CFO 

pellets prepared from CFO templates synthesized at different temperatures (700C, 800C, 

900C and 1000C for 4h) with 1:1 salt to powder mass ratio. 

4.2.2.1.3 Magnetic properties of sintered pellets prepared from CFO templates synthesized at 

different temperatures 

 

Figure 4.2.2.3 Room temperature M-H curve of sintered pellets prepared from CFO templates 

synthesized at different temperatures (700C, 800C, 900C and 1000C for 4h) 

Room temperature M-H curves of sintered CFO pellets (SP700, SP800, SP900 and SP1000) are 

shown in figure 4.2.2.3. Magnetic properties of CFO particles have been obtained from 

hysteresis curves and shown in table 4.2.2.1. Small variation in saturation magnetization (65.7 

emu/g to 68.7 emu/g), remanence (1.4 emu/g to 2.3 emu/g), and coercivity (4.9 kA/m to 7.4 kA/m) have 

been observed for sintered CFO samples pellets prepared from CFO templates synthesized at 

different temperatures. 



Chapter 4                                                                               Results & Discussions 

88 
 

Table 4.2.2.1 magnetic properties of sintered pellets prepared from CFO templates synthesized at 

different temperatures (700C, 800C, 900C and 1000C for 4h) 

Sl. No Sample Ms (emu/g) Mr (emu/g) 

 

Hc (kA/m) 

1 sin-ac-1:1-700C, 4h 66.4 1.7 5.4 

2 sin-ac -1:1-800C, 4h 66.1 1.8 6.2 

3 sin-ac -1:1-900C, 4h 68.7 1.4 4.9 

4 sin-ac -1:1-1000C, 4h 65.7 2.3 7.4 

4.2.2.1.4 Magneto elastic properties of sintered pellets prepared from CFO templates 

synthesized at different temperatures 

Magnetostriction has been measured on all CFO samples (SP700, SP800, SP900 and SP1000) 

and the curves are shown in figure 4.2.2.4. Strain gauges have been mounted along the diameter 

of the cylindrical sample. Parallel magnetostriction has been measured perpendicular to height of 

the cylindrical pellet and perpendicular magnetostriction has been measured along height of the 

cylindrical pellet. Variation of magnetostriction with temperature at which CFO templates are prepared 

is shown in figure 4.2.2.5. Among four samples, highest maximum parallel magnetostriction () 

of 178 ppm has been observed at 300 kA/m magnetic field for SP700 and lowest  of 54 ppm 

has been obtained at 335 kA/m magnetic field for SP800.  values of 135 ppm at 355 kA/m 

magnetic field and 108 ppm at 477 kA/m magnetic field have been obtained for SP900 and 

SP1000 respectively. The magnetic field at which is observed has been increased with the 

template synthesis temperature. Lowest maximum perpendicular magnetostriction () of 61 

ppm has been obtained for SP700 and highest  of 128 ppm has been obtained for SP800.  

values of 85 ppm and 106 ppm are obtained for SP900 and SP1000 respectively. Not a single 

report on magnetostriction of CFO prepared from MSS method is available in open literature. 

But, values of SP700 and SP900 are better than the  value of 110 ppm reported for CFO 

prepared in ceramic route. 
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Figure 4.2.2.4 Magnetostriction curves of sintered pellets prepared from CFO templates 

synthesized at different temperatures (700C, 800C, 900C and 1000C for 4h) 

 

Figure 4.2.2.5 Variation of magnetostriction with temperature at which CFO templates have been 

prepared 
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For isotropic magnetostrictive material ratio between and   (Ratio of to referred as r) 

should be 0.5. But here each sample has different r value. r values of 0.34, 2.37, 0.62, and 0.98 

has been observed for SP700, SP800, SP900 and SP 1000 respectively. These r values suggest 

that samples are not isotropic and some grain orientation might be possible in the samples. Since 

magnetostriction is a structure sensitive property, the magnetostriction values depends on 

thermal, magnetic and mechanical history of the samples. Here, each sample has different 

thermal history and hence variation in magnetostriction is expected. 

 

Figure 4.2.2.6 Strain sensitivity curves of sintered pellets prepared from CFO templates synthesized 

at different temperatures (700C, 800C, 900C and 1000C for 4h) 

Strain sensitivity curves of SP700, SP800, SP900 and SP1000 shown in figure 4.2.2.6. 

Maximum strain sensitivity (d/dH) of 1.2×10
-9

 m/A for SP700 and lowest d/dH of 0.3×10
-9

 

m/A has been obtained for SP1000. Variation of maximum strain sensitivity with temperature at 

which CFO templates have been prepared is shown in figure 4.2.2.7. Strain sensitivity mainly 

depends on the slope of magnetostriction curve rather than the magnetostriction values. This is 

the reason why d/dH of SP800 is more than the d/dH of SP1000.  
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Figure 4.2.2.7 Variation of magnetostriction with temperature at which CFO templates have been 

prepared 

4.2.2.1.5 Structural properties of sintered pellets prepared from CFO templates synthesized at 

different dwell time 

XRD pattern of CFO sintered pellets (SP4h, SP12h, and SP24h) are shown in figure 4.2.2.8, 

which indicates all are in pure cubic spinel phase (JCPDS file no.  22-1086). Highest intensity 

has been observed for (511) peak for SP24h sample whereas (311) is the highest intensity peak 

for the isotropic CFO pellet. Texture coefficient of 1.8 has been observed for (511) peak for 

SP24h sample. High intensity has been observed for (400) peak for SP24h sample compare to the 

intensity of (440) peak observed for the isotropic CFO pellet. Texture coefficient of 1.2 has been 

observed for (440) peak for SP24h sample. Lattice parameter of the samples has been calculated 

using Nelson relay extrapolation plot from XRD. Lattice parameter of 8.38 Å has been calculated 

for all the sintered CFO samples prepared from CFO templates synthesized at 1000C with 1:1 

salt to powder mass ratio and different dwell times (4h, 12h, and 24h). No variation in lattice 

parameter has been observed for the sintered CFO samples prepared from CFO templates 

synthesized at different dwell time. 
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Figure 4.2.2.8 XRD pattern of sintered pellets prepared from CFO templates synthesized at 1000C 

with 1:1 salt to powder mass ratio and different dwell time (4h, 12h, and 24h) 

4.2.2.1.6 Microstructural properties of sintered pellets prepared from CFO templates 

synthesized at different dwell times 

Figure 4.2.2.9shows the SEM micrographs ofSP4h, SP12h, and SP24h samples. From SEM 

micrographs, it is observed that porosity is not present and complete densification of pellets has 

taken place during sintering. Sintered density is calculated from Archimedes method following 

ASTM standard (C373-88) and it is found to be ~95% of the theoretical density for all CFO 

pellets, which is similar to the percent of theoretical density reported for CFO pellets synthesized 

by ceramic method [2]. Exaggerated grain growth has been observed in SEM micrographs of 

SP4h, SP12h, and SP24h samples. 

 



Chapter 4                                                                               Results & Discussions 

93 
 

 

Figure 4.2.2.9 SEM micrographs of sintered pellets prepared from CFO templates synthesized at 

1000C with 1:1 salt to powder mass ratio and different dwell times (4h, 12h, and 24h) 

4.2.2.1.7 Magnetic properties of sintered pellets prepared from CFO templates synthesized at 

different dwell times 

Room temperature M-H curves of sintered CFO pellets (SP4h, SP12h, and SP24h) are shown in 

figure 4.2.2.10. Magnetic properties of CFO particles have been obtained from hysteresis curves 

and shown in table 4.2.2.2. Small variation in saturation magnetization (65.7 emu/g to 68.6 

emu/g), remanence (1.8 emu/g to 2.2 emu/g), and coercivity (6.1 kA/m to 7.3 kA/m) have been 

observed for sintered CFO samples pellets prepared from CFO templates synthesized at different 

dwell time. 
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Figure 4.2.2.10 Room temperature M-H curve of sintered pellets prepared from CFO templates 

synthesized at 1000C with 1:1 salt to powder mass ratio and different dwell times (4h, 12h, and 

24h) 

Table 4.2.2.2 magnetic properties of sintered pellets prepared from CFO templates synthesized at 

different temperatures (700C, 800C, 900C and 1000C for 4h) 

Sl. No Sample Ms (emu/g) Mr (emu/g) 

 

Hc (kA/m) 

1 sin-ac -1:1-1000C-4h 65.7 2.2 7.3 

2 sin-ac -1:1-1000C-12h 69.3 1.8 6.1 

3 sin-ac -1:1-1000C-24h 68.6 1.8 6.1 

4.2.2.1.8 Magneto elastic properties of sintered pellets prepared from CFO templates 

synthesized at different dwell times 

Magnetostriction has been measured on all sintered (SP4h, SP12h, and SP24h) and the data is 

shown in figure 4.2.2.11. Strain gauges have been mounted along the diameter of the cylindrical 

sample. For samples, parallel and perpendicular magnetostriction has been measured 

perpendicular and parallel to the height of the cylindrical pellet. Variation of magnetostriction with 

dwell time at which CFO templates have prepared has been shown in figure 4.2.2.5. Among three 
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samples, highest Maximum parallel magnetostriction () of 163 ppm has been observed at 355 

kA/m magnetic field for SP12h and lowest  of 111 ppm has been obtained at 477 kA/m 

magnetic field for SP4h. values of 145 ppm at 331 kA/m magnetic field have been obtained for 

SP24h. The magnetic field at which has been decreased (from 477 kA/m to 331 kA/m) with 

increase in dwell time. Lowest maximum perpendicular magnetostriction () of 71 ppm for 

SP24h and highest  of 106 ppm has been obtained for SP4h. value of 85 ppm and 106 ppm 

are obtained for SP12h. values of SP4h, SP12h and SP24h are better than the  value of 110 

ppm reported for CFO prepared in ceramic route. 

 
Figure 4.2.2.11 Magnetostriction curves of sintered pellets prepared from CFO templates 

synthesized at 1000C with 1:1 salt to powder mass ratio and different dwell times (4h, 12h, and 

24h) 
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Figure 4.2.2.12 Variation of magnetostriction with dwell time at which CFO templates have been 

prepared 

 

Figure 4.2.2.13 Magnetostriction curves of sintered pellets prepared from CFO templates 

synthesized at 1000C with 1:1 salt to powder mass ratio and different dwell times (4h, 12h, and 

24h) 
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For isotropic magnetostrictive material ratio between and   (Ratio of to referred as r) 

should be 0.5. But here each sample has different r value. r values of 0.95, 0.63, and 0.48 has 

been observed for SP4h, SP12h, and SP24h respectively. These r values suggest that samples 

are not isotropic and some grain orientation might be possible in the samples. Since 

magnetostriction is a structure sensitive property, the magnetostriction values depends on 

thermal, magnetic and mechanical history of the samples. Here, each sample has different 

thermal history and hence variation in magnetostriction is expected. 

 
Figure 4.2.2.14 Variation of strain sensitivity with dwell time at which CFO templates have been 

prepared 

Strain sensitivity curves of SP4h, SP12h, and SP24h are shown in figure 4.2.2.13. Maximum 

strain sensitivity (d/dH) of 1.4×10
-9

 m/A for SP24h and lowest d/dH of 0.4×10
-9

 m/A has been 

obtained for SP4h. Variation of maximum strain sensitivity with temperature at which CFO 

templates have been prepared has been shown in figure 4.2.2.14. Strain sensitivity values 

increased linearly with increase in dwell time.  

4.2.2.1.9 Structural properties of sintered pellets prepared from CFO templates synthesized at 

different salt to powder mass ratios 
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XRD pattern of CFO sintered pellets of SPR1, SPR3, and SPR5 samples are shown in figure 

4.2.2.15, which resulted in pure cubic spinel phase (JCPDS file no.  22-1086). Highest intensity 

has been observed for (511) peak for SPr1 and SPr3 sample whereas (311) is the highest 

intensity peak for the isotropic CFO pellet. Texture coefficients of 1.8 and 1.2 have been 

observed for (511) SPr1 and SPr3 samples respectively. Lattice parameter of the samples has 

been calculated using Nelson relay extrapolation plot from XRD. Lattice parameter of 8.38 Å has 

been calculated for all the sintered CFO samples prepared from CFO templates synthesized at 

different temperatures. No variation in lattice parameter has been observed for the sintered CFO 

samples prepared from CFO templates synthesized at different salt to powder mass ratios. 

 

Figure 4.2.2.15 XRD pattern of sintered pellets prepared from CFO templates synthesized at 

1000C, 24h with different salt to powder mass ratios (1:1, 3:1, and 5:1) 

4.2.2.1.10. Microstructural properties of sintered pellets prepared from CFO templates 

synthesized at different salt to powder mass ratios 
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Figure 4.2.2.16 shows the SEM micrographs of sintered CFO pellets (SPR1, SPR3, and SPR5). 

From SEM micrographs, it is observed that porosity is not present and complete densification of 

pellets has taken place during sintering. Sintered density is calculated from Archimedes method 

following ASTM standard (C373-88) and it is found to be ~95% of the theoretical density for all 

CFO pellets, which is similar to the percent of theoretical density reported for CFO pellets 

synthesized by ceramic method [2]. Exaggerated grain growth has been observed for all CFO 

pellets prepared from CFO templates synthesized at 1000C, 24hwith different salt to powder 

mass ratios (1:1, 3:1, and 5:1). 

 

Figure 4.2.2.16 SEM micrographs of sintered pellets prepared from CFO templates synthesized at 

1000C, 24h with different salt to powder mass ratios (1:1, 3:1, and  5:1) 

4.2.2.1.11. Magnetic properties of sintered pellets prepared from CFO templates synthesized at 

different salt to powder mass ratios 
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Figure 4.2.2.17 Room temperature M-H curve of sintered pellets prepared from CFO templates 

synthesized at 1000C, 24h with different salt to powder mass ratios (1:1, 3:1, and 5:1) 

Room temperature M-H curves of sintered CFO pellets (SPR1, SPR3, and SPR5) have been 

shown in figure 4.2.2.17. Magnetic properties of CFO particles have been obtained from 

hysteresis curves and shown in table 4.2.2.3. Small variation in saturation magnetization (66.6 

emu/g to 68.6 emu/g), remanence (1.8 emu/g to 2.2 emu/g), and coercivity (4.5 kA/m to 6.4 

kA/m) have been observed for sintered CFO samples pellets prepared from CFO templates 

synthesized at different dwell time. 

Table 4.2.2.3 magnetic properties of sintered pellets prepared from CFO templates synthesized 

at1000C, 24h with different salt to powder mass ratios (1:1, 3:1, and 5:1) 

Sl. No Sample Ms (emu/g) Mr (emu/g) 

 

Hc (kA/m) 

1 sin-ac -1:1-1000C-24h 68.6 1.8 6 

2 sin-ac -3:1-1000C-24h 66.6 2.2 6.4 

3 sin-ac -5:1-1000C-24h 68.2 1.6 4.5 
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4.2.2.1.12 Magneto elastic properties of sintered pellets prepared from CFO templates 

synthesized at different salt to powder mass ratios 

 

Figure 4.2.2.18 Magnetostriction curves of sintered pellets prepared from CFO templates 

synthesized at1000C, 24h with different salt to powder mass ratios (1:1, 3:1, and 5:1) 

 

Figure 4.2.2.19 Variation of magnetostriction with salt to powder mass ratio 



Chapter 4                                                                               Results & Discussions 

102 
 

 

Figure 4.2.2.20 Strain sensitivity curves of sintered pellets prepared from CFO templates 

synthesized at1000C, 24h with different salt to powder mass ratios (1:1, 3:1, and 5:1) 

 

Figure 4.2.2.21 Variation of strain sensitivity with salt to powder mass ratio 
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Magnetostriction has been measured on all sintered CFO pellets (SPR1, SPR3, and SPR5) and 

the data is shown in figure 4.2.2.18. Strain gauges have been mounted along the diameter of the 

cylindrical sample. For samples, parallel and perpendicular magnetostriction has been measured 

perpendicular and parallel to the height of the cylindrical pellet. Variation of magnetostriction with 

salt to powder mass ratio at which CFO templates were prepared has been shown in figure 4.2.2.19. 

Among three samples, highest Maximum parallel magnetostriction () of 148 ppm has been 

observed at 281 kA/m magnetic field for SPr5 and lowest  of 69 ppm has been obtained at 382 

kA/m magnetic field for SPr3. values of 145 ppm at 331 kA/m magnetic field have been 

obtained for SPr2. Lowest maximum perpendicular magnetostriction () of 71 ppm has been 

obtained for SPr1 and highest  of 108 ppm has been obtained for SPr3. value of 93 ppm has 

been obtained for SPr5. values of SPr1 and SPr5 were better than the  value of 110 ppm 

reported for CFO prepared in ceramic route. 

For isotropic magnetostrictive material ratio between and   (Ratio of to referred as r) 

should be 0.5. But here each sample has different r value. r values of 0.48, 1.36, and 0.62 has 

been observed for SPr1, SPr3, and SPr5 respectively. These r values suggest that samples are 

not isotropic and some grain orientation might be possible in the samples. Since magnetostriction 

is a structure sensitive property, the magnetostriction values depends on thermal, magnetic and 

mechanical history of the samples. Here, each sample has different thermal history and hence 

variation in magnetostriction is expected for each sample. 

Strain sensitivity curves of SPr1, SPr3, and SPr5 are shown in figure 4.2.2.20. Maximum strain 

sensitivity (d/dH) of 2.2×10
-9

 m/A for SPr5 and lowest d/dH of 0.9×10
-9

 m/A has been 

obtained for SPr3. d/dH of 1.4×10
-9

 m/A has been obtained for SPr1. Variation of maximum 

strain sensitivity with temperature at which CFO templates have been prepared has been shown 

in figure 4.2.2.21. Strain sensitivity values decreases initially and increases with increase in salt 

to powder mass ratio.  

4.2.2.2 Conclusions 

Phase pure CFO pellets have been prepared from CFO powder synthesized at different 

conditions such as different temperature, dwell time, and salt to powder ratio. Preferential 
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orientation has been observed for (511) peak for SPr1, SPr3 and SP24h samples. A small 

variation in magnetic properties has been observed for CFO pellets prepared at different 

conditions. r values suggest that samples are not isotropic and some grain orientation might be 

possible for the pellets prepared at different temperatures, dwell time and salt to powder ratio. 
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Chapter 5 

Summary & Conclusions 

This chapter gives summary and conclusions of the results of the present work and also the 

scopes for future research in this area 

Summary and conclusions: 

 Pure cubic spinel of AC-CFO, SS-CFO has been prepared in different magnetic fields of 

both parallel and perpendicular magnetic field assisted compaction. 

 Average grain size of 3 m to 5 m has been observed for all AC-CFO samples prepared 

at different magnetic fields of both parallel and perpendicular magnetic field assisted 

compaction.   

  Enhancement in magnetostriction, 33% (139 ppm to 185 ppm) and strain sensitivity, 

40% (0.5×10
-9

 m/A to 0.7×10
-9

 m/A) have been observed for AC-CFO samples prepared 

by parallel magnetic field assisted compaction. 

 A significant enhancement in magnetostriction, 89% (110 ppm to 207 ppm) and strain 

sensitivity, 141% (1.1×10
-9

 m/A to 2.8×10
-9

 m/A) have been observed for SS-CFO 

samples prepared by parallel magnetic field assisted compaction.  

 Enhancement in magnetostriction, 22% (137 ppm to 167 ppm) and strain sensitivity, 40% 

(0.5×10
-9

 m/A to 0.7×10
-9

 m/A) have been observed for AC-CFO samples prepared by 

parallel magnetic field assisted compaction.  

 A significant enhancement in magnetostriction, (113 ppm to 209 ppm) ~85% and strain 

sensitivity, 185% (0.9×10
-9

 m/A to 2.5×10
-9

 m/A) have been observed for SS-CFO 

samples prepared by parallel magnetic field assisted compaction. 

 Texture Coefficient of 2.2has been observed for (511) plane in cobalt ferrite sintered 

sample prepared at 1T parallel field. 

 Texture Coefficient of 1.6 has been observed for (440) plane in cobalt ferrite sintered 

sample prepared at 1.5T parallel field. 
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 CFO templates have been synthesized at different temperatures (700C, 800C, 900C, 

1000C for 4h), different dwell time (4h, 12h and 24h) at 1000C, and different ratios 

(1:1, 3:1, 5:1) for 1000C, 24h. 

  Preferential orientation of (511) plane has been observed for XRD pattern of SPR1 and 

SPR3 pellets. 

 Oriented CFO can be prepared in both TGG and MAC techniques. 

 Oriented CFO can be prepared in both parallel and perpendicular MAC. 

 Oriented CFO can be prepared with CFO synthesized by solid state method but not with 

the CFO synthesized by autocombustion method.  

 Small variation in magnetic properties has been observed for both AC-CFO and SS-CFO 

samples compacted under parallel and perpendicular MAC. 

 Good magnetoelastic properties can be obtained for SS-CFO compacts synthesized in 

perpendicular MAC. 

 Better magnetoelastic properties can be obtained for CFO samples, synthesized in MSS 

method followed by perpendicular MAC. 

 In magnetic field assisted compaction, threshold magnetic field is required to impart 

orientation during compaction. Any magnetic field less than the threshold magnetic field 

cannot impart orientation in the CFO compact. 

Future scope of work 

 Texture analysis of SS-CFO textured samples by EBSD and XRD will be planned for 

future. 

 Investigation of magnetic and magneto elastic properties of oriented CFO prepared by gel 

casting and screen printing will be planned for future. 

 Molten salt synthesis of CFO followed by magnetic field assisted compaction will be 

planned for future. 
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