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ABSTRACT

M-type ferrites especially barium and strontium ferrite has dominant position in permanent
magnet market due to its high coercivity, moderation saturation magnetization and energy
product. Apart from its application in permanent magnets, there are also useful for highs
frequency application due to it high anisotropic constant and ferromagnetic resonance
frequency. In the present work, BaFe12.xAlxO19 and SrFe12xAlxO19 (X=0, 1, 2) sintered magnets
have been prepared. The Al-substituted powders were prepared by sol-gel auto-combustion
method. The structural, microstructural and magnetic properties of the powders and sintered
magnets were measured by X-Ray diffraction, scanning electron microscopy, and Vibrating
Sample Magnetometer respectively. It is found the Al substitution remarkably effect its
magnetic properties. A very high coercivity of 10.70KOe were observed in Al substituted
sintered magnets. However, saturation magnetization found to decrease with the substitution.
These high coercivity magnets could be useful for permanent magnet application where large

demagnetization fields are dominating.
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CHAPTER-1
INTRODUCTION

1.1 Introduction

Ferrites are very important due to its technological applications in permanent magnets,
microwave, and magnetoelectric devices etc. [1]. Ferrites can be classified on the basis of their
magnetic behavior, i.e. magnetically soft and hard ferrites. Magnetically soft ferrites, which
include spinel and garnets, are important for high frequency application. Whereas,
magnetically hard with hexagonal structure are used as permanent magnets and microwave
devices above 50 GHz. These hexagonal ferrites are basically classified into six major types
on the basis of their chemical formulae and crystal structure, tabulated in tablel.1 [2]. The
crystal structures of these hexaferrites can be described by stacking the sequences of basic
blocks: S (Spinel block), R [(Ba, Sr) FesO11]*, and T [(Ba, Sr)2FesO14]. Among the class of
hexagonal ferrites, barium hexaferrite (BaFe12019), or BaM become massively important due
to its high permeability (necessarily >1), high magnetization (Ms), large magneto-crystalline
anisotropy, high coercivity (Hc), high Curie temperature and low dielectric losses [3]. Due to
its tailorable properties these materials are widely employed as radar absorbing materials [4],

permanent magnets, and magnetic recording media (data storage devices) etc.

Table 1.1 Type of Hexaferrite

Type | Formula Example

M- MFe12019 M= Ba, Pb, Sr

W- | MR2Fe1s027 | R=Fe?*,Ni?*,Zn?" etc.
X- MRFe28046
Y- M2R2Fe12022
Z- MsR2Fe12041
U- MasR2Fe36060

Substitution has leads tailorable properties which influence magnetic properties like Ms, My, He

and Ha of hexaferrite.



1.2 Types of Hexaferrite

1.2.1 M-type hexaferrite

MFe12019 which generally known as M-type hexaferrite due to its hexagonal crystal structure
in which M generally 1A group elements such as Ca/Sr/Ba/Pb. M-type hexaferrite has a wide
range of applications due to its magnetic properties, high performance to cost ratio, corrosion
resistance, and chemical stability. These can be used as permanent magnets, components in
magneto optical devices, microwaves, and high density magnetic recording media etc. [5]

The density, molecular mass and other properties have been described in Tablel.2.

Table 1.2 Crystallographic properties of M-Type Hexaferrite

X-Ray parameters BaM SrM

Lattice a 5.89 5.86
Parameter | ¢ 23.17 |23.03
(A")

Density (g/cc) 5.29 5.10

Molecular weight (g) | 1112 | 1062

1.2.2 W-type hexaferrite

W-type ferrites have MR2Fe160;7 as its formula where R can be Fe?*, Ni?*, Zn?* etc. and M
can be Ca, Sr, Ba and Pb. W-type hexaferrite have various applications, e.g. BaCo2xZnxFe16027
is used to absorb the electromagnetic radiations in the microwave region, or non-conductive
permanent magnets, in the magnetic refrigerators with respect to the zinc concentration x in the
formula [6]. Hardness of W-type ferrites has been calculated as 5.5 GPa with respect to ¢ axis
[7] and density as 5.31gcm3[8]. Ferrites which are RE-substituted usually have lesser matching

thickness but the bandwidth is larger, in comparison to those which are not substituted [9].

1.2.3 X-type hexaferrite

The structure of X-type hexaferrite is related to the structure of M-type and W-type hexaferrite
as they are formed by the superimposition of M-type and W-type structures [10]. They have
the chemical formula as MRFe2s046, where R can be Fe?*, Ni%*, Zn?* etc. and M can be Ba, Pb,
Sr, etc. Fex-X compounds have better chemical stability as compared to Fe>-W compounds

with some technological applications like permanent magnets. The magnetic properties of these
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hexaferrites depend on the divalent cations and the way of their distribution among the sub

lattices. The density of the X- hexaferrite has been recorded as 5.29 g cm™3[8].

1.2.4 Y-type hexaferrite

Y-hexaferrite have general formula M2R2Fe12022.They have excellent properties like high cut
off frequency, low sintering temperature, etc. The Y-type hexaferrite have applications in the
new types of chip components like multi-layer chip beads and inductors in high frequency
range. Among the Y-hexaferrite, Zn>Y has large permeability and low magnetic losses. Due to
these interesting properties it is widely used in high frequency devices [11]. The density of the

Y type hexaferrite is 5.40 g cm[8] and molecular mass is 1410 g.

1.2.5 Z-type hexaferrite

Z-hexaferrite have formula MsRzFe12041 where R can be Fe?*, Ni?*, Zn?* etc. and M can be
Ba, Pb, Sr, etc. Z-type hexaferrite are member of hexaferrite family known as ferroxplana. In
this family of hexaferrite, at the room temperature, easy magnetization direction lies in the c-
plane of the hexagonal structure [8]. Due to in plane anisotropy this ferrite behave like soft
ferrite. This hexaferrite widely used in induction cores, and absorbers of electromagnetic noise.
If Ba?* is replaced by Sr?*, the sintering temperature and partial pressure of oxygen can be
lowered during the synthesis of Co2Z type ferrites [12]. The frequency of permeability gets
improved by this substitution but if Ba?* is fully substituted, the permeability gets degenerated
[12]. The density of the Z-type hexaferrite is 5.35 g cm=[8] and molecular mass is 2522 g.

1.2.6 U-type hexaferrite

These hexaferrite have complex formula with higher oxygen represented as MaR2Fezs0s0 [13]
having space group Rs-m can be described with the help of the sequence (RSR*S*TS) 3 where
* symbol shows that there would be a rotation of 180° of the block about the ¢ axis. The U-
type hexaferrite is a new type of magneto electric material at room temperature. The densities
of CoU and Zn,U have been recorded as 5.44 and 5.31 g cm™ [8] while its molecular mass is
3622 g.

The focus of the work in on M-Type hexaferrite, therefore the details of this ferrite are given

below.

1.3 Crystal structure and magnetic structure of M-type ferrite



All the hexaferrites have very complex hexagonal crystal structure [14]. They all are closely
related to each other. M, Y and S are the three combination ferrite which can be seen at simple
level. Alelsklod has determined the M-type hexaferrite crystal structure. In major ferrite
system, barium can be replaced by strontium and lead without too much distortion Me?* and
Fe3*are smaller in size and interstitial sites between oxygen occupied by Fe3*. In the hexaferrite,
exist trigonal bipyramidal site containing R-block and in oxygen framework, octahedral and
tetrahedral site are inhibited by divalent and trivalent ions.

The origin of hexagonal ferrite is from spinel ferrite. M-type hexaferrite have crystalline

structure which can be described by stacking of SRS*R* blocks.

e Fei*, M2*

‘ : Ba?*, Sr¥t

Fig.1.1 S and R block in hexagonal crystal structure

e S block contains two spinel units (Me2FesOg) where Me is the divalent metal ion in
which 4 oxygen atom in 2 layer of oxygen contain three metal atoms. Further, six
oxygen anions are surrounded by cation in octahedral site and the cation surrounded by

four oxygen anions in tetrahedral sites.



¢ In R block, four oxygen atoms consist in three hexagonal packed layers. Barium atom
replaces one oxygen atom in center give BaFesO11 formula unit. The asymmetry creates
by barium in cation site resulting five octahedral site, they pushed toward octahedral

with bulky barium atom and five oxygen anions surrounded the cations in coordinate

trigonal bipyramidal site.

Fig.1.2 Crystal structure of M -type hexaferrite

e Octahedral site (12k, 4f,, 2a), tetrahedral site (4f1), trigonal bipyramidal (2b) are
occupied by Fe®* ion [15].
These Fe** ions have magnetic moment 5uB of each spin which spin up with total magnetic

moment of 40uB per unit cell or 20uB per formula unit.

Table 1.3 Crystal and magnetic structure [16]



Coordination Sub lattice | No of ions | Spin
Tetrahedral 4f, 2 Down
Octahedral 12K 6 Up
Octahedral 4f; 2 Down
Octahedral 2a 1 Up
Trigonal bi-pyramidal | 2b 1 Up

1.4 Intrinsic property of M-type hexaferrite

The intrinsic properties of M- type hexaferrite are divided into two parts: primary and
secondary. Primary properties like saturation magnetization and magneto crystalline constant
are calculated from magnetic structure and secondary properties is determined from the
primary one [17].

Table 1.4 Primary and secondary properties of M-Type Hexaferrite [17]

Primary properties

Saturation Magnetization, mT | 475
Anisotropic constant, kJ/m* 360

Curie temperature, K 750
Secondary properties

Specific wall energy, J/m? 54.2 x 10*
Anisotropy Field HA, KA/m 1506

Max Coercivity, (Hc)max 1240

1.5 Processing method
Single phase barium hexaferrite can be synthesized by the following methods namely:
e Solid state method
e Sol-gel auto combustion
e Co-precipitation
In the next section, we will briefly explain the Sol-gel auto combustion technique to prepare

the ferrite samples which we use in our present research work.

1.6 Sol-gel auto combustion method



In materials science, the sol-gel is a process which allows mixing at an atomic level in which
multi component compounds are prepared with a controlled stoichiometry. Among the
available techniques, the sol-gel process is undoubtedly the simplest and the cheapest one. The
method is used for the fabrication of metal oxides. The process involves conversion of
monomers into a colloidal solution (sol) that acts as the precursor for an integrated network
(or gel) of either discrete particles or network polymers. Typical precursors are metal
alkoxides. Sol is a solution containing particles in suspension, is polymerized at low
temperature to form a wet gel. This is going to be densified through a thermal annealing to give
an inorganic product like a glass, polycrystals or a dry gel. After this, a thermal treatment or
firing process is necessary for further ploycondensation. When we do the final sintering, we

found enhance mechanical properties, structural stability, densification and grain growth [18].

Advantages of Sol-gel auto combustion Process

1. Better homogeneity and phase purity compared to traditional ceramic method.

2. The sol-gel method prevents the problems with co-precipitation, which may be,
inhomogeneous be a gelation reaction.

3. Enables mixing at an atomic level.

4. Results in small particles, which are easily sinterable.

5. Sol-gel derived materials have diverse applications in optics, electronics, energy, space
etc. [19]

Fig.1.3 Combustion powder



1.7 Application of M-Type hexaferrite

1. Permanent magnet: Alloys of rare earth metals especially neodymium is the best permanent
magnet, but its manufacturing cost is too much high. For a good permanent magnet, a large
saturation, remanence, coercivity and a large square loop with a high energy product is required
[5]. Permanent magnets which are made from hard ferrites are not as good as alloys, but they
are much easy and cheaper to make with all above mentioned features. Hence hard ferrites will
become more attractive. M-Type hexaferrite as permanent magnets are used in loudspeakers,
clocks, relay, magnetrons, electric motors, microphones, automobile, and refrigerator seal
gaskets and in communication devices [5].

2. Data storage Devices: A square loop with a high remanence is required to store the data.
However, for re-recording low coercivity is required, this can be tailored with varying
substitution. BaM commercially used in audio tape, floppy disk and hard disk etc. [5]. In 2011
Fujifilm manufacture a tape using BaM particles, with storage capacity of 5TB and transfer
speed of 240 MBs™. One of such kind of tape can store 8 million books.

3. Microwave Devices: Hexaferrites are used in high frequency microwave devices like
circulators, phase shifter, resonance isolators, and high speed digital electronics (like
calculators, cell phones etc) [5].The soft or hard ferrites can be needed according to
applications. Microwave dielectric losses should be minimized for high microwave frequencies
and wave absorbing material should have small thickness, light weight, wide absorption
frequency range and absorption efficiency etc. [20].Mostly hexaferrite have less eddy current
losses due to high resistance so they are used in high frequency range such as radio especially

raise the remanence. BaM is an excellent EM absorbing material in high frequency [21].

1.8 Motivation and Objective of the Thesis

In this thesis, the focus lies on the Al- substituted barium hexaferrite and strontium hexaferrite.
BaM and SrM hexaferrite have been more attention due to significant application in permanent
magnet and high frequency applications. Al-substituted in BaM/SrM modifies it magnetic
properties such as coercivity, saturation magnetization. This might be widely useful for
fabrication of permanent magnet which has high anisotropy field. Further, these trivalent ions
improve the high frequency application of the hexaferrite material above 50GHz.

The main aim is to prepare the Al-substituted barium and strontium hexaferrite by sol-gel auto

combustion route and to investigate its structural and magnetic properties.



1.9 Organization of the Thesis

The effect of AI®* substitution on the strontium and barium hexagonal ferrites has been
investigated. The thesis is organized as follows.

In Chapter 2, summarizes the various important work carried out in past year on BaM and SrM.
The magnetic behavior of BaM and SrM prepared by various processing techniques are listed.
Effect of various ion substitution with an emphasize to AI®* substitution on structural and
magnetic properties has been reviewed.

In Chapter 3, the details of processing methodology, particularly sol-gel auto-combustion
method are given. Further the details for various characterization tools used such as X- ray
diffraction (XRD), Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy
(EDS), and Vibrating Sample Magnetometer (VSM) techniques were mentioned.

In Chapter 4, the obtained structural and magnetic properties are discussed in detail.

The thesis concludes in Chapter 5 where the work has been summarized and also some issues

for further research have been discussed.



CHAPTER-2
LITERATURE REVIEW

Since the discovery of BaM and SrM by Philips laboratory, a tremendous amount of work has
been carried out. The section below summarizes the important work based on their processing
followed by various ion substitutions.

In 1993, C.Sirig studied the strontium hexaferrite and barium hexaferrite prepared by sol- gel
technique with different Fe/Sr ratio. The saturation magnetization, coercivity, phase formation
is found out from prepared single domain powder by two step heat treatment with high
magnetization. Strontium has high coercive strength and magnetization as compared to barium
ferrite. The phase formation and magnetic field strength of both is calculated by ferromagnetic
resonance absorption at the time of heat treatment [22]. In 1997, Z.B.Guo reported strontium
hexaferrite is synthesized by salt-melt method. He investigated the particle size, magnetic
properties of SrM by using starting raw material SrSO4 with celestite. The result found that He
has 51400e and Ms has 60.2emu/g and M, has 33.5emu/g and if mineral is used as raw material,
same properties are observed [23]. In 2003, Y.P.Fu prepared strontium hexaferrite powder by
microwave- induced combustion process. The saturation magnetization of as-received product
of strontium is 38emu/g and 5250e intrinsic coercive force. After annealing for 2 hour at
1000°C, coercive force attains 19500¢ and saturation magnetization reaches 62emu/g [24]. In
2004, L.A.G.Cerda studied that strontium hexaferrite is prepared by sol-gel method. At 800°C
pure phase formation is obtained from X-ray diffraction but alpha-Fe.O3 and gamma-Fe.O3
phase are formed when temperature is increased. The vibrating sample magnetometer was
calculated Ms=56.97 emu/g and He =47830e¢ at 900°C calcined powder [25]. In 2005, A.Mali
reported BaM nano- crystalline powder prepared by sol-gel auto combustion route using nitrate
citrate gel. Oxides and nitrates homogenous mixture is formed after combustion. The results
are not directly found from combustion process. They were found in two steps: monoferrite
formation and between monoferrite and iron oxide formation at 900°C .The result was found
that crystallite size greater than average grain size. But if calcinations temperature is increased,
both sizes are increased. 1 hour calcined powder at 1000°C temperature best microstructure
and magnetic result are found [26]. In 2005, J.Qiu. Showed that Cr- and Al-substituted BaM
prepared by self- propagating combustion method with magnetic domain. The result shows that
partially Al-substitution BaM improved microwave absorption property with high quality

absorption microwave frequency 34.76DB but when Cr substitution exceeds 0.6, final product
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is found of CrCOs. In microwave band, first state of absorption energy of BaM is ferromagnetic
resonance. Al-substituted BaM have ferromagnetic resonance frequency 14.56GHz and Cr-
substitution decreases this frequency. The ferromagnetic resonance phenomenon of multi peak
increases capacity of absorption in barium ferrite [27]. In 2005, J.Qiu reported that Al-
substituted BaM synthesized by self- propagating combustion method. Al- substitution goes to
lattice of barium hexaferrite shown by XRD pattern. The result shows that permittivity
imaginary part move to huge frequency band and real part permittivity gradually increases with
Al- substitution. At x=1.9 Al-occupy 4f,, 4f1, 12k, 2a site and 1.95GHz highest movement peak
after 12k occupy site. These occupations initially increase anisotropic field and then decrease
[28]. In 2005, S.Sugimoto studied absorbing properties on BaM synthesized by modified co-
precipitation route. In this, electromagnetic wave properties are examined with substitution of
Co-Ti. The sintered sample at a T =1423K for 5hrs with addition of Bi»Oz in required weight.
This enhanced property of high permeability = 25 and pr =10 exists at 1 GHz. Slight matching
thickness dm = 3.1mm at 0.065GHz with fine microwave absorption property has been quite
satisfied by shown sample. It’s been observed that Ba has good applications to be a part of
thinner microwave absorber in GHz [29]. In 2005, Y.P.Fu made strontium hexaferrite powders
prepared by microwave — induced combustion process and discussed magnetic effect on Fe/Sr
ratio. At 1000°C calcined powder of 11.6 Fe/Sr ratios for 2 hour, obtained 62emu/g saturation
magnetization and 1950 Oe intrinsic coercive force. Without doped with metal element like
Co-Ti etc, this process can obtain low coercivity of strontium powder [30]. In 2006, G.Xu
reported BaM synthesized by sol- gel auto combustion. Citric acid was cheated with 11.5 molar
ratios of Fe3* and Ba?* with different pH. The result was found at pH=10, well defined
crystalline powder formed. At same pH value, intrinsic coercivity of 432KA/m is found and
saturation magnetization is 60Am?/kg and remenanace 33Am?/Kg with 1.5 molar ratio of citric
acid to nitrate [31].

In 2007, N.J.Shirtcliffe studied highly Al-substituted BaM and SrM prepared by sol-gel auto-
combustion method. This technique shows small particle size of ferrite powder. In this, half
iron is replaced for aluminum in barium ferrite and strontium ferrite makes total substitution of
iron with aluminum. Particles are obtained in materials less than 1 micrometer. When
aluminum ferrite move from iron ferrite, morphological and structural changes are observed in
material. Intermediate structure is observed with intermediate concentration with no dual phase
[32]. In 2007, P.Shepherd reported that barium hexaferrite is synthesized by co-precipitation
method. He investigated structural and magnetic properties of BaM. The result shows that in

the frequency range of 1MHz to 1 GHz magnetic loss tangent and permeability measured
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isothermally and isochronally was constant until 1300°C sintered temperature. At 1GHz 0.06
loss tangent, 1.3 relative permeability shows magnetic characteristics with high frequency.
TGA observed 1050°C temperature range is suitable to obtain BaM. XRD pattern studied a =
b =15.895A°, ¢ =23.199 A°. In the range of SOOMHz ferromagnetic characteristics are found
with 452°C Curie temperature [33]. In 2008, A.Ataie studied BaM powder synthesized by sol-
gel route. He has used inorganic agent as a starting raw material and studied characteristics of
BaM. The results found that 12 molar ratio of Fe/Br is more significant. This initially was
formed at 800°C but exactly at 1000°C. If molar ratio of Fe/Br increases from 10 tol12 then
magnetic properties shows decrease in coercivity and increase in magnetization [34]. In 20009,
F.M.M.Pereira studied M- type barium strontium hexaferrite prepared by ceramic route. He
investigated dielectric and magnetic properties in the microwave frequency and radio
frequency range. The result was agreed upon, if the frequency increases, the dielectric loss
decreases and magnetic permittivity too increase. The BFO100 have permeability between
1.32-1.68 and SFO100 have 1.16 to 1.88 in frequency range 100MHz to 1.5GHz. The
permittivity of SFO100 and BFO100 are 8.19 and 8.18 respectively at 1.5GHz but at 100MHz
have 19.09 and 52.04 [35]. In 2009, H.R.Koohdar reported SrM nanocrystalline powder
prepared by conventional route. He investigated particle size, morphology, phase composition
with heat treatment and re-calcinations of hematite and carbonate at 1100°C. During heat
treatment, the SrM was decomposed and hematite reduced to iron. SrM structure is much finer
than it was initially after treatment. This was obtained at 850°C for 1 hour with 60cm®/gram
gas flow.re- calcinations of SrM at 1000°C found finer structure than original. This effect
increases with the coercivity [36]. In 2009, M.M.Hessien reported SrM via co- precipitation
method. He has investigated magnetic properties with using of Egyptian celestite ore SrSOa.
The well defined single phase formation was achieved at the 8.57 and 8 ratio of Fe3*/Sr?*. The
crystallite size increased from 97.3 nm at 9.23 with molar ratios of Fe3*/Sr?* to 106.4nm at 8.57
ratios of Fe®*/Sr?*. For 8.57 ratio, 1000°C annealing temperature for 2 hours, high saturation
magnetization was obtained and at different conditions wide coercivity produced [37]. In 2010,
L.Junliag studied nano- powder of barium hexaferrite prepared by sol- gel auto combustion
method with one step synthesis. They reported that fluffy particle with crystallite in 50-100nm
diameter range obtained and each have single domain with less amount i.e. 260 Oe coercive
field and 64.1emu/g saturation magnetization. EDTA and citric acid improve metal ion spatial
distribution homogeneity and remove intermediate phase of poor and rich BaM. The sample
support ceramic pad and on interior wall film strips developed temperature environment to

BaM formation with microwave support in the time of gel auto combustion [38]. In 2011,
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M.N.Ashiq reported Al-Cr substituted SrM nanomaterials prepared by co- precipitation method
.The result shows that from EDX and XRD crystallite size in range 14-30 and from SEM 40-
85nm range of crystallite size. The magnetic properties decrease as Al- Cr doping increases.
The dielectric loss, dielectric constant, and a.c conductivity decreases with frequency. This
shows that this doping material can be used in recording media due to high resistive material
[39]. In 2012, K.Sadhana studied BaM of nanocrystalline and prepared by microwave
hydrothermal method. The found out magnetic and structural properties of nanocrystalline
powder. The results observed that average grain size of sintered sample lies from 185 to 490
nm. The sintered sample at 900°C for 1 hour obtained 13360e coercivity and 43emu/g
saturation magnetization. The plate shaped shows hexaferrite at 950°C annealed [40]. In 2012,
H.Luo reported highly Al- substituted strontium hexaferrite powder and it was synthesized via
auto combustion method. The investigated magnetic properties and physical properties of
hexagonal structure strontium ferrite. The result obtained at 1100°C for 12 hours in air heat
treatment pure without secondary phase. Lattice parameter decreases with AI** doping due to
replacement of Fe** by AI¥*. EDX shows morphology change observed sphere to disk then rod.
At x=4, coercivity increases but decreases after increasing doping value [41].

In 2013, C.J.Li reported nanofibres of BaM with Aluminum substitution. They have been
synthesized by heat treatment for 2 hours at 1100°C calcinations temperature and
elecrospinning. The author has identified magnetic properties and magnetic structure. The
results of BaFei-xAlxO1o reported that addition of AIP*, grain size decreases due to the
replacement of Fe3* by AI®*. At x=0 hexagonal plate like structure is produced and x>0 rod
like formed. At x=1 or less pure single phase is formed but greater case impurity were detected.
The Al doping fuses into lattice of BaM. Magnetic properties show AI** substitution coercivity
increase 288.2 to 740.7 kA/m and saturation magnetization decreases from 63.92 to 29.70
Am?/kg [42]. In 2014, Y.Y.Meng researched ultrafine powder of BaM and it was prepared by
sol-gel technique by using glycine gel as a raw material. The result shows that at 9/1 of Fe/Br
single phase barium ferrite is formed. The structure of BaM is plate-like and crystallite size lies
55 to110nm. At 900°C temperature with 12/9 molar ratio of glycine /nitrate obtained Ms
67.7emu/g and Hc 57500e [43]. In 2014, F.S.D.Jesus prepared SrM by high energy ball milling
route. It was observed that structural transformation get promoted to SrM phase annealing
treatment at temperature low i.e. 700°C. Saturation magnetization are over sensitive than the
coercivity at annealing temperature between 700°C -1000°C. At 700°C anneling tempreture, 5

hour milled powder, obtained maximum H¢=5.2kOe and Ms=60 emu/g. No change is observed
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in coercivity and saturation magnetization; if there is an increase in the annealing temperature
but excess amount of hematite (second phase) decreases the saturation magnetization and
increases the coercivity from 5.2 to 6.6kOe [44]. In 2014, M.G.Hasab prepared SrM using sol
gel auto combustion technique. It was calcined the burned powder of SrM at different
temperature range i.e. 700 to 900°C to make a single phase. It has been achieved nano size
particle and single phase of SrM at 800°C tempreture and also found coercivity 62380e and
crystallite size of SrM is 27nm [45]. In 2015, A.H.Najafabadi reported Al-substituted BaM by
sol gel auto combustion technique. This result shows that initially coercivity increases with Al-
substituted but at higher extant it was decreased and saturation magnetization was increased
with increased value of doped cation. It was explained based on of magnetocrystaline
anisotropy and decreases particle size [46]. In 2015, S.M.Mirkazemi analyzed nano-sized
strontium hexaferrite powder prepared by sol- gel auto combustion method CTAB
(cethyltrimethlammounium bromide) surfactant. Magnetic properties and microstructure used
were studied. The addition of CTAB (cethyltrimethlammounium bromide) results show
reduces Fe>Os residual amount and increases coercivity value from 4950.89 to 5221.470e and
saturation magnetization 48.41 to 60.40 at 800°C temperature. If without CTAB calcinations
temperature increases, intrinsic coercivity also increases and maximum magnetization but if
both increases, intrinsic coercivity diminish [47]. In 2015, V.G.Kostishyn observed
Multiferroics properties of M- type strontium hexaferrite. Hexagonal ferrite ceramic
synthesized by modified technology by adding boron oxide. During sintering with addition Oa.
It possesses Multiferroics properties at room temperature and more closer than other
Multiferroics like BiFeOs. 45uC/cm? electronic polarization, 25mV/Oe magnetometer and
greater than 4% magnetoelectric ratio enhanced by fabricated sample. In substituted ferrite, 9-
10% value of magnetization helps to make magnetoelectric device. Here, magnetoelectric
effect and spontaneous electronic polarization is advanced with some required demonstration
[48]. In 2015, J.Liu reported nano- powder of barium hexaferrite surface carbonized layers
and it was found out Tunable microwave absorbing properties. The amphrous carbon having
thickness 10-30nm range consists on carbonized layer. The carbonized layer on ferrite
improves dielectric loss and interfacial. Increase the layer, obtained fine property of microwave
absorbing and impedance matching. This result provide multiphase of absorbing
electromagnetic wave with more desirable performance [49]. In 2015, T.Li observed solution
of M-type hexagonal structure SrM using egg- white. Magnetic and structural properties were
analyzed. It was found that 1000-1300°C sintering temperature and 1:8 of Sr/Fe, pure phase is

observed. If add Egg white which is binder also effect on magnetic property and crystanity. It
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is perfectly obtained at 1200°C sintering temperature, 3g egg-white binder and 1:8 of Sr/Fe
[50]. In 2016, F.Rhein studied AIP* substituted SrM with enhancement of saturation
magnetization and coercivity. The result shows that above 1100°C Calcinations temperature
pure phase formed if Fe3* substituted by AI**, prevents particle growth and increase coercivity
above 1000°C calcinations temperature but milling process magnetic properties decreases
specially x=0,1. The small crystallite higher order AI** strontium ferrite formed when
annealing 1000°C in NaCl. Coercivity and saturation magnetization simultaneously improve
by annealing and milling process rather than solid state reaction [51]. In 2016, P.Sivakumar
reported magnetic properties of nanoparticles of strontium hexaferrite with facile sonochemical
preparation. The sample prepared by facile strategy shows crystallite size 44nm and a = 0.5884
and ¢ = 23.035. The diameter range lies 50-500nm at low magnification. The EDX shows 1:12
of strontium to iron. The TGA observed 462°C Curie temperature. The super conducting
guantum interference device shows magnetic property in temperature range 4 to 300K which
found less reliable magnetization than bulk strontium ferrite [52]. In 2016, S.Torkin prepared
Al- substituted SrM with route of sol gel auto combustion. To make a SrFe1.xAlxO19 (1 < = 4)
nanocrystalline synthesis heat treatment in auto combustion doping in air. The result found that
Fe203 secondary phase exists when at 900°C temperature sample was calcined. At 1200°C
calcinations temperature, pure strontium hexaferrite is formed and Hc = 5.1kOe and M, =
33emu/g and Ms = 59.7emu/g obtained but aluminum doping concentration increases then
magnetic saturation gradually decreases and initially coercivity decreases and further increases.
At x = 2 alumina doping Hc = 9.1kOe is obtained than pure strontium hexaferrite coercivity i.e.
7.5kOe [15].
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CHAPTER-3
EXPERIMENTAL DETAIL

3.1 Sample Preparation

To prepared SrFe12xAlxO19 (x= 0.0, 1.0, 2.0), strontium nitrate (Sr (NOs)2), iron nitrate Fe
((NO3)3.9H20), aluminum nitrate (Al (NO3)3.9H.0), citric acid (CsHgO7) with 99% purity are
used. The sample composition was taken by the following reaction equation

Sr (NO3)2 + (12-x) Fe (NO3)3.9H20 + (x) Al (NO3)3.9H,0 + CsHgO7 +NH4OH — SrFeis-
xAlxO19 + NHsNO3z + CO2 + H20

The equimolar amount of strontium nitrate, iron nitrate, citric acid, and alumina nitrate
dissolved in 200ml de-ionized water and stirred for 15 hours with constant stirring rate. To
maintain pH 7 a small amount of ammonia were slowly added in the nitrate solution during
stirring. After homogenous mixing, the solution were stirring at 70°C temperature till the auto
combustion a Finally brown color precursor was formed and allowed it to cool till room
temperature. The as prepared powders were grounded by pestle and mortar for 30 minutes.
Further the powder was calcined in muffle furnace at1150°C in ambient atmosphere for 3 hours.
In similar way the Al-substituted BaM were prepared, where barium nitrate were used instead

of strontium nitrate.
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Fig.3.1 Flow chart for preparation of Al-substituted SrM
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CHAPTER-4
RESULT AND DISCUSSION

4.1 X-Ray Diffraction

X-Ray diffraction patterns of Al- substituted BaM and SrM calcined at 1150°C are shown in
fig.4.1. The single phase BaM and SrM were obtained and in agreement with JCPDS card no.
00-0070276 and 01-0720739. A slight shifts to higher 2 theta were obtained in Al-substituted
powders due to strain induced by AI**ion with smaller ionic radii (0.0675}5\).

The lattice parameter ‘a’ and ‘c’ were calculated by this formula [53],

1 4 h2+hk+k?%, | 12
il e R 1)
Where h, k, | are miller indices and d is interplanar spacing. Volume (V) of the unit cell were

calculate by [61]

V= cos30° a’c (A%) )
The crystallite size (D) of SrM and BaM were calculated by Debye Scherrer formula [54]:
_ kA
D= Bcosg(nm) 3)

Where B indicate FWHM (radian), K is Scherrer constant (0.94 for hexagonal structure), 1
depicts X-ray wavelength (1.54A°) and 6 describe angle.
X-ray density is calculated by:

P (cray)= % G (4)
Where, Z is the number of molecules per unit cell (In BaM unit cell consist of two formula unit
or two molecules structure hence, Z = 2), M is the molecular weight, Na Avogadro’s number,
V is volume of unit cell [54].

Green and Sintered density of the pellets were calculated by [55]
e Ged (5)

cm3

~ volume
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Table 4.1 Calculated structural parameters of Al-substituted BaM and SrM

a(A) |e(A%) | V(AT | C.S(nm) | p(g/ee) | psinter Porosity
(g/ce) (%)
BaFe12019 5.89 23.19 |696.25 |66.59 5.30 4.45 16.05

BaFe11AlO19 | 5.87 23.13 |689.30 |61.46 5.22 4.04 22.53

BaFe10Al2019 | 5.83 2299 |678.87 | 72.53 5.15 3.55 31.05
SrFe12019 5.88 23.05 |690.16 |72.21 5.11 4.55 10.91
SrFe11AlO1 | 5.87 22.96 |684.79 |54.16 5.01 3.75 25.13
SrFe10Al2019 | 5.85 2290 |678.62 |57.82 4.92 3.26 33.76

4.2 Scanning Electron Microscopy (SEM)

Fig. 4.2 shows the representative SEM micrographs of fractured surface of pure and Al-
substituted sintered SrM. The micrograph shows that Al substitution reduces the particle size.
It is clear from the Fig 4.2 that particle size was reduced from ~4.5 pm for pure SrM to 1.8 um
Al (x = 2.0) substituted strontium hexaferrite. Crystallinity index (lcry) were calculated from

following relation:

_ Dp(SEM,TEM)

Where Dy, is average particle size obtained from micrograph and z is average crystallite size as
obtained from Scherer equation. The calculated values shown in table 4.2. The calculated
values show drastic reduction lery, this suggests that reduction in the particle size is mainly by

Al-substitution. There might be possibility that a small fraction of AlOs remained

unsubstituted which cause pinning effect and inhibit the particle growth.

qqqqq .

* Qe ':\'E.B{

SEl  15kV WD10mm  SS45 x5,000 5um WD10mm  SS40 x5,000 5pm
SAl Labs, Thapar Univ, Patiala G.Mourya 17 Jun 2017 SAl Labs, Thapar Univ, Patiala G.Mourya 17 Jun 2017

Fig.4.2 SEM image of sintered fractured pellets of SrFe12xAlxO19(a) X =0, (b)x =2
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Table 4.2 Variation of particle size with Al substitution

Sample Particle size(um) | lcrystal(A.U)
SrFe12019 4.46 61.82
SrFe10Al2019 | 1.77 30.56

4.3 Energy Dispersive Spectroscopy (EDS)

The EDS spectrums of synthesized powders are shown in fig.4.3. The peaks in EDS at different
energy level depict the presence of different elements. The EDS spectrum illustrates the
elemental composition of as synthesized materials which confirm the presence of Sr, O and Fe.
In the substituted sample, a peak of Al is also present. The atomic and weight % shown in table
4.3

Spectrum 1

Full Scale 164 ctz Cursor: 0,000 ke

Spectrum 2

Full Scale 654 cts Cursor: 0.000 ke

Fig 4.3 EDS Spectrum of sintered fractured pellet SrFe12xAlxO19 (a) X=0 (b) x=2
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Table 4.3 Element analysis for SrFe12019 and SrFe10Al2019

Element | Weight% | Atomic% | Weight% | Atomic%
SrFe12019 SrFe10Al2019

OK 25.48 55.53 32.54 61.64

Fe K 65.42 40.85 53.06 28.79

SrL 9.10 3.62 8.51 2.94

AlK - - 5.90 6.62

Total 100 100

4.3 Magnetic properties

Magnetic properties of powder and sintered pellets are studied by vibrating sample
magnetometer upto a maximum field of 1.0 T and 1.5 T. Fig. 4.5 shows the M-H loop of pure
and Al-substituted SrM and BaM. It is observed that saturation magnetization decreases and
coercivity increases with Al substitution. Further, Al-substituted powder shows non saturating
behavior at 1T field. For sintered pellets, similar trend is observed i.e. the saturation
magnetization decreases and coercivity increases with Al substitution. However, for pure
samples coercivity of sintered pellets is found to be less as compared to powder. This is due
the large grain size in sintered pellet. However, very high coercivity i.e. max upto 10kOe (x=2)
is observed in sintered pellets. The decrease in saturation magnetization may be due to the A
(0 ps) ions substituting Fe3* (5 ug) at spin up sites in the hexagonal crystal structure. The drastic
increase in coercivity might be attributed to lattice shrinkage and the pinning action by
unsubstituted Al>Os, which provide hindrance to particle growth and demagnetization [56].
Residual magnetism (M) was measured directly from hysteresis loop in both cases. Further,
squareness ratio SQR is calculated by using M/Ms the values are fundamentally a measure of
squareness of the hysteresis loop. SQR plays an important role in permanent magnets and
recording media application [33]. Table 4.4 and 4.5 shows the magnetic properties of BaM/SrM
powders and pellets respectively.
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Table 4.5 M-H Behaviour of sintered fractured pellet of Al-subsituted SrM and BaM

Sample Mr(emu/g) | Ms(emu/g) | M/Ms | Hc(kOe)
BaFe12019 21.90 54.32 0.40 1.19
BaFe11AlO19 24.27 37.23 0.65 5.41
BaFe10Al2019 | 16.44 26.00 0.63 9.58
(+15T)

SrFel12019 11.68 52.52 0.22 2.67
SrFe11AlO19 24.86 37.64 0.66 6.60
SrFe10Al2019 16.13 25.85 0.62 10.70
(+15T)
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CHAPTER-5
CONCLUSION AND FUTURE SCOPE

Conclusion

Aluminium substitution barium and strontium M-type hexaferrite (BaM and SrM) were
synthesized by sol-gel auto combustion method. The XRD confirms that barium and strontium
hexaferrite have hexagonal structure and single phase. The crystallite size is reduced due to
less ionic radius of aluminium. Lattice constant also found to decreases with substitution.
Particle size is determined by scanning electron microscopy and it lies in the range of 4.46-
1.76um. EDS shows that all the required elements are present in the samples. The magnetic
properties of Al-substituted BaM and SrM powders and sintered pellets are determined by
vibrating sample magnetometer, which shows that coercivity increases as the aluminium
substitution increases. Squareness ratio lies in the range 0.40-0.63 for aluminium substitution

barium hexaferrite and 0.22-0.62 for aluminium substitution strontium hexaferrite.

Future Scope

The future scope of the thesis will focus on application of such ferrites for high frequency range
above (50GHz).
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