DEVELOPMENT OF STRONTIUM
HEXAFERRITE MAGNETS FROM CELESTITE
ORE AND BLUE DUST

A
Thesis

Submitted for the award of the degree of

DOCTOR OF PHILOSOPHY

By
Rajani Kant Tiwary
Regn. No. - 9021551

¢

School of Physics & Materials Science
Thapar University

Patiala- 147 004, India
April/July-2008




CERTIFICATE

This is L certify that the thegs cntitled “Develuopment of Sirontimm Hexalerriie
Magnets trum Celestite Ore amd Blwe Dust™ which i being sobmitted by My,
Rajani Kant Tiwa by in falalinznt of she FEUINCINETS for the award of e ilrnres
of Doetor of Philosophy in the Scho] of Physics amel Matersals Seicdve, Thapar
Lniveizity, Poiala is a record o candidals’s oo work carriod auor o him wnder
CUr supervizicn amnd goidenes Inom Felimary 2003 g Jamvane 2008, The ~aite
prasented o this thesis has net heen suhmitted in part or full for the avard of an

dapree in my olhor Universicy or matiluse,

Dere: 07 04 - 200

Place: Paliulg

—— =T
a ] o e 33 |1_|_|-_Ir.".
0 Mhas- greye
Do D0 P Pacidiy e, 501 Narayen
Fritesac- i Hoa! Seieitist Filbepeyy Yoo
Aol of Physics & Marial. Sicnce Adeinee Mokl and
Thoger Ly eripy Process Tescaich g e
Fetiata- [47 10y cetion] Besan-oly b by
India THhapsl- 902 oo

Lizadii:




ACHNOWLEDEMENTS

i iz & matter of extreme hosour and privilege for me o offer my gratefisl acknowledgement io
my supervisors Prof. O, P, Pandey and De. 5. . Naravan for providing me & chanee w winrk
under teir puidance and supervision, assistling with all kinds of supgpom sl inspiron, wide
warmel, excellent guidaice, coewstant encouragemed, siscere eriticisms and valuable sugeestions
winkch they olfered througho this investigaion sewd preparation of the thesis,

T'am peadound cbliged o Prof. K. K. Rains, Depany Director, Thapar University, Prtinla for Bis
conlingcus encoursgema2nt gad needinl help during varicus stnpes of the wark,

L e very thisklial 1o Prof. N K. Verma, Dean, Swdents Affxirs, Thapar University, Patiala for
hizs whiode hearied suppoat e blessings,

The goatinuous encourngemnent by De, Kobdir Singh, Assistant Professes, De. Manaj Sharma.
Assistant Prodessor, School of Physics and Materisls Science, Thapar University, Patinln is
gratclilly acknowledged.

Wards are inadequale im expressing my sincere thanks ta Dr, Paneet Shnrma for ks spesnt @
fvery momsent.

L thankFul bo Mr. P. K. Singh, Mr. Ravi Srivastava, Me. Vishal, Mr, Akchys, Ms. Kamal
Preet, Mr. Manoj Sharmo, Me. Sanjeev amd Mr, 8, Yermn for their incoirparable help,

And above all, | pay sy regands o my Porents s The Abmighty For their leve and Blessings,




CONTENTS

Page No.
Certificate 1
Acknowledgement 2
List of figures 7
List of tables 11
List of publications 13
Preface 15
Chapter 1 Introduction 18-65
Overview 18
1.1 Blue dust 19
1.2 Celestite 20
1.3 Crystallography of Celestite 22
1.4 Application of Strontium oxide 23
15 Preparation of SrO from celestite 24
1.5.1 Black ash method 25
1.5.2 Direct decomposition method 28
1.5.3 Conversion of celestite to SrS by microwagating 34
1.5.4 Conversion of celestite to strontium oxxgeMechanochemical
method 34
1.6 Permanent Magnets and thlear@cteristics 36
1.7 Common Hard Magnetic MatesrialA comparison 39
1.8 Hexagonal Ferrites 41
1.9 M-Type Ferrites 43
1.10 Historical Development of M-type Ferrite 43
1.11 Crystal Structure, Magnetic Structure andsBhziagram of
M-type Ferrite 45
1.12 Intrinsic Magnetic Properties of M-Type Feri 49
1.13 Processing of Strontium Ferrite 52
1.13.1 Sintered Strontium Ferrite 52



1.13.2 Raw Materials
1.13.3 Composition

1.13.4 Mixing

1.13.5 Calcination

1.13.6 Wet Grinding
1.13.7 Compaction

1.13.8 Sintering

1.13.9 Final Magnetization

1.14 Magnetic Properties of Commercial SrM
1.15 Applications
1.16 Market Information
1.17 Outline of the Present work
References
Chapter 2 Conversion of Indian celestite to strotium carbonate
Overview
2.1 Introduction
2.2 Experimental procedure
2.2.1 Chemical treatment of celestite ore
2.2.2 Synthesis by Black Ash Method
2.2.3 Direct conversion of celestite to strontiuanbonate
2.3 Results and discussion
2.3.1 Black ash method
2.3.2 Direct conversion method
2.3.3 Comparison of black ash and direct convarsiethod
References
Chapter 3 Upgradation of Blue dust
Overview
3.1 Introduction
3.2 Experimental procedure

3.2.1 Magnetic Separation Method

54
54
54

55

55

56

56

58
58
59
60
61
62

66-84
66
67

68

68

69
72
72
72
77
82
83

85-96
85
86
87
88



3.3

Chapter 4

4.1
4.2

4.3

Chapter 5

5.1
5.2

5.3

5.4

3.2.2
3.2.3

3.3.1
3.3.2

Froth floatation process 89
Chemical upgradation method 90
Results and Discussion 91
X-ray Phase analysis 94
Microstructural studies 94
References 96

Preparation of Strontium Hexaferrite from Celestite

and Blue dust by Mechanochemical Route 97-109
Overview 97
Introduction 98
Experimental Procedure 98
4.2.1 Chemical treatment of celestite ore 99
4.2.2 Upgradation of Blue dust 99
4.2.3 Preparation of Strontium hexaferrite powder 99
Results and Discussion 100
4.3.1 Phase analysis 103
4.3.2 Magnetic properties 104
4.3.3 Microstructural studies 107
References 108
Preparation of Strontium Hexaferrite from Processed
Ore and Pure Chemicals 1-160
Overview 110
Introduction 111
Experimental Procedure 111
5.2.1 Conversion of celestite into strontium caidte 111
5.2.2 Upgradation of Blue dust 111
Preparation of strontium hexaferrite 112
5.3.1 Preparation of strontium hexaferrite froraqassed ores 112
5.3.2 Preparation of strontium hexaferrite frommgxchemicals 112
Results and Discussion 113
5.4.1 X-Ray Diffraction analysis 113
5.4.1.1 Strontium hexaferrite (Processed ore) 113



Chapter 6

5.4.1.2 Strontium hexaferrite (Pure chemicals)

5.4.2 Magnetic Properties

5.4.2.1 Magnets from processed ores

5.4.2.2 Magnets from pure chemicals

5.4.2.3 Comparison of Magnetic Properties

5.4.3 Microstructures

5.4.3.1 Fractured surface of Sty (calcined at 115T)

References

Conclusion

141
130
130
130
131
140
140
149

151



Chapter 1

11
1.2
1.3
14
15
1.6
1.7
1.8
1.9
1.10
1.11

1.12
1.13

Chapter 2

2.1
2.2

2.3

2.4

2.5

List of Figures

Application of strontium compounds in vari@gplications 21
Worldwide production of celestite (Mt) (ye01-2006) 23
Schematic flow sheet of production of stromtioxide from

celestite by black ash method 27
Schematic flow diagram of directidie decomposition process

for preparation of strontium oxide from celestite 30
Schematic process flow diagram for preparg®idd from

celestite 33
Schematic process flow sheet for the premarati strontium

oxide from celestite by mechanochemical method 36

B Vs H andJs Vs H curves of Ferromagnetic Materials showing

Important characteristics (a) Virgin curve (b) k&resis loop 37
Demagnetization curve 14
Composition diagram for heotaa) ferrites 42
(a) crystal structure andnflagnetic structure of Sre®s9 a7
Phase diagram of SrO s(ze 49
Temperature dependenck, &f;, Ha andHcmax) for SrM 50

Schematic process flow sheet of pedjma of strontium ferrite

sintered magnets 53

Experimental setup for reduction of celestitstrontium sulphide 71

Typical X-ray diffractograrheelestite showing the peaks of

SrSO 73
Effect of reducing time andess activated charcoal on % yield
of SrS at 100tT. 74
Effect of reducing time and % excess bitum#ooal on % yield
of SrS at 100t from celestite 75
Effect of reducing time and % excess of cakéwyield of SrS
at 1006C 75



2.6

2.7

2.8

2.9

2.10

Chapter 3

3.1

3.2
3.3

3.4

3.5

Chapter 4

4.1

4.2

4.3

4.4
4.5

Typical X-ray diffractogram showing the peak<srS obtained
from black ash process 76

Effect of temperature and time on % yield iS; for mole

ratio 1.5 (NaCOs/SrSQ) 78
Effect of time and mole ratio (pGOs/SrSQ,) on % vyield of

SrCQ from celestite at 61 80
SEM micrograph of strontium carbonate 81

X-ray diffractogram showing the peaks of stiam carbonate
obtained from black ash method 81

Schematic process flow diagram for physicgragation of blue

dust 87
Conventional drum- type magnetic separator 88
Froth floatation set up for the separatiogarigue materials

from blue dust 89
X-ray diffractogram of blue dust (a) as reediyb) after

physical upgradation (c) after chemical upgradhatio 93
SEM micrographs of blue dust (a) as sourceltig3ical

upgraded (c) chemical upgraded 95

X-ray diffraction pattern of the powders maaically alloyed for

various times (a) after 1 hr. milling (b) after Brs. of milling

(c) after 50 hrs. of milling followed by annealing. 102
Variation oB;, H¢ with different milling time after annealing

and sintering. 104
TypicalB-H loop of anisotropic sintered magnet. 105
SEM micrograph of Sre©®ig9powder after annealing 107

SEM micrograph of fractured surface of sirde®eFg,O19
magnet 107



Chapter 5
5.1 X-ray diffraction pattern of strontium hexafexrpowder for

mole ratio (FgOs/SrO) 5.0 calcined at (a) 11D (b) 1125C

(c) 1156C (d) 1175C respectively 115
5.2 X-ray diffraction pattern of strontium hexafex powder for

mole ratio (FgD4/SrO) 5.3 calcined at at (a) 110

(b) 1128C (c) 1156C (d) 1175C respectively. 116
5.3 X-ray diffraction pattern of strontium hexafex powder

mole ratio (FeD4/SrO) 5.6 calcined at (a) 118D (b) 1125C

(c) 1150C (d) 1175C respectively 117
54 X-ray diffraction pattern of strontium hexafex powder

mole ratio (FeDs/SrO) 5.9 calcined at (a) 114D (b) 1125C

(c) 1156C (d) 1175C respectively 118
55 X-ray diffraction pattern of Sr£,9 at different mole ratio

(Fe03/SrO) (a) 5.0, (b) 5.3, (c) 5.6 and (d) 5.9 cadimt

1150C for 3hr prepared from pure chemicals 119
5.6 Variation ot, a as a mole ratio at different calcination

temperatures (a) mole ratio 5.0 (b) mole rat® 5

(c) mole ratio 5.6 (d) mole ratio 5.9 125
5.7 Variation oft/a as a mole ratio at different calcination

temperatures 126
5.8 Effect of mole ratio on sintered density, eadhrinkage and

axial shrinkage at calcination temperature £058nd

sintering temperature 128D 128
5.9 Variation of calculated lattice parametexrsuidc) of strontium

hexaferrite obtained from pure chemicals 129
5.10 Values of calculated lattice parametarar(dc) of strontium

hexaferrite obtained from celestite ore and lolust 129
5.11 H.i, (BH) maxandB; verses mole ratio of anisotropic

SrFa;O1 (Pure chemicals) sintered at 136Gor 1 hr 134



5.12 Hci, (BH) maxandB; verses mole ratio of isotropic
SrFe;O1 (Pure chemicals) sintered at 136Gor 1 hr 135
5.13 Hci, (BH) maxandB; verses mole ratio of anisotropic St o

prepared using celestite and blue dust sinteré@3@C for 1 hr 136

5.14 Hci, (BH) maxandB; verses mole ratio of isotropic SiE®19

sintered at 125 for 1 hr 137
5.15 Hysteresis loop of anisotropic Stf® o (pure chemicals) mole

ratio 5.6 138
5.16 Hysteresis loop of isotropic Sik@:o (pure chemical) mole

ratio 5.6 138
5.17 Hysteresis loop of anisotropic Syf&& o (natural ores) mole

ratio 5.6 139
5.18 Hysteresis loop of isotropic Sif@,9 (natural ores) mole

ratio 5.0 139
5.19 (a, b) SEM micrograph of ferrite magnet (pssed ore) of

mole ratio 5.0 and 5.3 sintered at 1200 141
5.20 (a, b) SEM micrograph of ferrite magnet (pssed ore) of

mole ratio 5.6 and 5.9 sintered at 1200 142
5.21 (a, b) SEM micrograph of ferrite magnet (pssed ore) of

mole ratio 5.0 and 5.3 sintered at 1220 143
5.22 (a, b) SEM micrograph of ferrite magnet (pssed ore) of

mole ratio 5.6 and 5.9 sintered at 1220 144
5.23 (a, b) SEM micrograph of ferrite magnet oflenatio 5.0 and

5.3 sintered at 125G 145
5.24 (a, b) SEM micrograph of ferrite magnet oflenatio 5.6 and

5.9 sintered at 1250 146
5.25 (a), (b) SEM micrograph of fractured surfatanisotropic

SrFe. 0,9 prepared from pure chemical (mole ratio
Fe0s/SrO= 5.6) at lower and higher magnifications gede
at 1256C 147

10



Chapter 1
1.1
1.2
1.3
1.4
15
1.6

1.7
1.8

1.9

Chapter 2
2.1

2.2

2.3

2.4

Chapter 3

3.1

3.2

3.3

3.4

List of Tables

Typical chemical compositions of differenpég of iron ores 19
Physical property of celestite 22
Physical Property of Strontium Oxide 24
Comparison of commercial permanent magnediterals 40
Crystallographic properties of M-type ferrite 45
Number of ions, co-ordinate and spin orieatain the five

iron sub lattice of MFgO.o (M= Sr, Ba, Pb) 48
Primary and secondary magnetic properti&y i 50
Typical magnetic properties of SrM magnet 59
Common application of ferrite magnets 60

Chemical analysis of celestite ore before aftet acid

treatment 69
AAS results for other trace elements befo after acid

Treatment 69
Chemical composition (wt. %) of different otrzals 70
Comparison of the process in terms of % yaeld residual

Impurities 82

Value of iron content in feed, tailing armhcentrate after

magnetic separation 91
Chemical composition of blue dust before el apgradation
(floatation) 91
Trace element analysis of blue dust by (AB&pre and after
Upgradation 92
Chemical composition of iron oxide prepairedn the

chemical upgradation of blue dust 92

11



Chapter 4
4.1
4.2

Chapter 5
51
5.2
5.3

5.4

5.5

5.6

5.7

5.8

5.9

5.10

Phases present after different ball miltlgation
Comparison of magnetic properties strontium

hexaferrite by mechanochemical alloying

Chemical composition of f&; obtained from blue dust
Chemical composition of pure Sr&O

Magnetic properties, density, shrinkage otesed SrFeO;9
(processed ore) at mole ratio 5.0 with differeritioation
and sintering temperatures.

Magnetic properties, density, shrinkage otesed SrFeO;9
(processed ore) at mole ratio 5.3 with differeadtimation
and sintering temperatures

Magnetic properties, density, shrinkage otesed SrFeO;o
(processed ore) at mole ratio 5.6 with differeadtimation
and sintering temperatures.

Magnetic properties, density, shrinkage ofesed SrFeO;9
(processed ore) at mole ratio 5.9 with differeadtimation
and sintering temperatures

Magnetic and physical properties of anisotrdeirite samples
made with pure strontium carbonate and purearade at
(calcined at 115(T for 3 hrs.).

Magnetic and physical properties of anisotrgamples made
with  processed celestite and blue dust 5.9 Magnet
and physical properties of isotropic samples nvaitle

pure chemicals (calcined at 1£60for 3 hrs.)

Magnetic and physical properties of isotropic saaphade
with pure chemicals (calcined at 1860for 3 hrs.)
Magnetic and physical properties of isotrggaimples made

with processed celestite and blue dust

12

101

105

113
113

120

121

122

123

131

132

132

133



(@)

(b)

List of Publications

International Journals

R.K.Tiwary, S.P.Narayan and O.P.Pandey, “Cmiwa of Indian celestite to strontium
carbonate”, International Journal of Mining and khal Engineering, Nov. 2007
(Accepted).

R.K.Tiwary, S.P.Narayan and O.P.Pandey, “&mpon of strontium hexaferrite magnets
from celestite and blue dust by mechanochemicaktdaternational Journal of Mining
and Mineral Engineering, Jan.2008 (Accepted).

R.K.Tiwary, S.P.Narayan and O.P.Pandey, “Aparative study of magnetic properties
of strontium hexaferrite prepared by pure chemieald its natural ores” International

Journal of Mining and Mineral Engineering, 2007 r(caunicated).

National Journals

R.K.Tiwary, S.P.Narayan and O.P.Pandey, “Prepgaratf strontium oxide from
celestite: A Review” Material Science, Vol-3, Isesd, 2007, pp-201-211.

R.K.Tiwary, S.P.Narayan and O.P.Pandey, ‘@tmal and magnetic properties  of
strontium hexaferrite derived from natural oresafsaction of the Indian Ceramic

Society, (communicated).

(c) National Conferences

1.

R.K.Tiwary, R.K.Sidhu, S.P.Narayan, Puneet Blaaand O.P.Pandey “Preparation of
strontium hexaferrite from strontium sulphate ar@hioxide” Proceedings of National
Conference on Materials and Related Technologes.,19-20, 2003, pp 128-138.

13



2.

(d)

R.K.Tiwary, S.P.Narayan, and O.P.Pandey “ &napn of strontium hexaferrite sintered
magnets from celestite and iron oxide” Proceedofdsational Conference on Advances
in Condensed Matter Physics, Feb. 11-12. 200518p1P3.

International Conferences

O.P.Pandey, R.K.Tiwary and S.P.Narayan, “ Regjman of strontium hexaferrite sintered
magnets from celestite and blue dust” Proceedirigaterational Conference on Clay
and Refractory Materials, Nov.22-24, 2005, pp 128-1

14



PREFACE

Among the class of permanent magnets, M-type ésri@tre by far the most important permanent
magnetic materials. The M-type ferrites or hexafesrare characterized by compound having
general formula MFgO;9 (M = Sr, Ba, Pb) with hexagonal magnetoplumbitévirstructure.
Their hard magnetic nature is due to large magngttadline anisotropy with hexagonalaxis

as the preferred direction. The most characterietature that underlines the great economic
success of M- type ferrite magnets is the low ppeeunit of available magnetic energy. This is
particularly due to the relatively low cost and eidvailability of the raw materials. Compared
with the alnico magnets, M-type ferrites have hagiercivity (Hc) and a moderate remanence
(Br) resulting in moderate energy produdBH)max Strontium ferrite has higher
magnetocrystalline anisotropy compared to bariutead ferrite.

Commercially, strontium ferrite magnets are avadab the sintered (Isotropic/ Anisotropic) and
plastic bonded form. Apart from chemical composifithe magnetic properties of sintered
strontium ferrite depend upon on the processindiitigeie and microstructure. The most
important microstructural features are high degregrain alignment, high density and small
grain size. These characteristics are dependergosrder processing, sintering temperature,
sintering additives and powder alignment in the nedig field.

The present study focuses on preparation of simhtgrentium hexaferrite (Sric£19) magnets
from natural ores celestite and blue dust and fpone strontium carbonate and iron oxide. The
magnets were made by conventional calcination ndetBgnthesis of strontium hexaferrite by

mechanoalloying was also carried out.

Chapter 1 describes the natural occurrence, piepesf iron ore fines, blue dust, and celestite
(strontium sulphate). The process to prepare stnonbxide from celestite using different
procedure is discussed in this chapter. The histifferent preparation procedures, physical

properties, market trends and applications of sitwan hexaferrite is discussed in this chapter.
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Comparison of magnetic properties, price ratio,kebshare of other permanent magnets such as

Alnico, SmCQ is also mentioned in this chapter.

In chapter 2 celestite upgradation by acid leackongmove the acid soluble impurities is given.
Descriptions of different processes for the conwersf Indian celestite to strontium carbonate
are outlined. The comparison of black ash anéctlidecomposition method for conversion of
celestite in terms of percentage yield, purity &geproduct is given in this chapter. In the black
ash method different types of coal is used for céidn of celestite to strontium sulphide.
Different variables like quality of reducing agentsmperature and time affecting reduction of
celestite is outlined. In the direct conversion moet optimization of various parameters like
molar ratio (NaCO4/SrSQ) temperature time, temperature etc. influencingiveosion of

celestite to strontium carbonate is given in tihiapter.

Chapter 3 describes physical and chemical bengfoiaof blue dust. Under physical

upgradation method magnetic separation and fflotltation process are mentioned. The
preparation of high purity iron oxide from chemiagdgradation of blue dust is given. The
comparison of both process in terms of procesmessj product purity and its limitations is

given.

Chapter 4 deals with preparation of strontium hestd#& from celestite and blue dust by
mechanochemical alloying method. The developmedthaief account of research work carried
out by other groups by adopting mechanoalloyingeasidiscussed.

The results of magnetic properties obtained in thigestigation are compared with results
obtained by other researchers. The phases obtaited different duration of ball milling is

given. The microstructural evaluation of the fipabduct is also discussed.

In chapter 5 preparation of strontium hexaferribeFg.0,0) from the natural ore celestite and
blue dust (processed) is given. The mole ratigQ@E&rO) was taken 5.0, 5.3, 5.6 and 5.9. The
calcination temperature was varied between 3@a0 1175C. Sintering temperature for each
calcined sample was kept between 1000 1260C. The effect of different mole ratio,

calcination temperature; sintering temperature lom rnagnetic property is discussed in this

chapter. The strontium hexaferrite was also prep&em pure chemicals at different mole

16



ratios. Comparative study of magnetic propertieshef samples obtained from two different
methods i.e. from processed ore and pure chemgalsrried out. X-ray diffraction analysis of

different mole ratios at different calcination tezngtures has been given for both types of
samples. The SEM microstructure of both kinds ofitlee samples has been analyzed in this
chapter. The change in lattice parameter with mati® and calcination temperature is reported

in the chapter.

Chapter 6 summarizes the results of various exmgerisnpertaining to this study. At the end, the

suggestion for future work in this area is given.
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Chapter 1

Introduction

Overview

This chapter describes the history, occurrenagiftérent kinds of strontium ores,
iron ores. Different methods for conversion of séte to strontium oxide are
described. Blue dust and different grade of iragsopits chemical composition with
its application is mentioned in the chapter. Theidbaoncepts of permanent
magnet materials particularly M-type strontium Hexate is discussed in this
chapter. Account of various preparation methodsswbntium hexaferrite is
described. The magnetic properties, their relatwite other variables have been
given in details. The properties of strontium hexafe, its comparison with other
permanent magnets and its applications in diffeaeeas are also discussed in this

chapter. At the end outline of present work is présd.
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1.1 Blue dust

Iron is one of the most common element on eartlchvhonsists of about 5% of the total earth
crust. The primary form of iron ores are Magnefife;0,) and Hematite (F©3). The important
ore of iron is Hematite which is the main sourceommary iron for the world’s iron and steel
industries. Iron ore is mined in about 50 countrgsldwide. In India it is mined in Jharkhand,
Chatishgarh, Orrisa, Karnataka, Goa etc.

The deposits of iron ore of India are partly saitl driable in nature which contain a significant
amount of fine particles of -100 mesh size. The foarticles associated with the ore mines is
known as Blue dust. India is endowed with vastme=eof iron ores. Blue dust is present with
almost all hematite deposits in India. Due toingmess it blocks passage of ascending gas inside
blast furnace. Thus it does not find much of théueaadded application in iron and steel
industries. Many of the mines just dispose offaiing dumps. However, due to its high purity
and suitability for powder metallurgical process, may be beneficially utilized for the
preparation of ferrites. The blue dust containsentban 95% iron oxide. The high iron content
in grade of iron ore fines with silica open up go®pe of effectively utilizing it to prepare hard

ferrites, which will have great economic impact?],

Table 1.1 Typical chemical composition of differentypes of iron ores B]

Types of or Chemical composition (‘wt ¢

Fe Al ;05 SiC, Loss on

ignition
Hard ore 65.1¢ 2.3¢ 1.22 2.14
Shaly flaky 62.6( 3.4z 3.2¢ 2.1¢€
Friable flaky 65.2( 2.1C 1.7¢ 2.0¢
Soft ore 60.5( 3.9C 2.1C 6.3
Soft ore mixe 61.1( 4.4 2.04 5.5¢
High alumina soft o1 55.9( 7.14 0.9C 11.0¢
Blue dus 66.0( 1.57 1.4 1.92
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Iron ore is generally classified into three grabdased on iron content i.e. high grade, medium
grade and low grade. The high grade iron ore costaiore than 65% iron, medium grade (62-
65) % iron and low grade below 62% iron.

It is evident from the table 1.1 that among alletyf iron ores, blue dust is the purest form,
since it contains highest amount of Fe (66%) wheghlca, alumina remains in the lowest

amount i.e. 1.57 % and 1.45% respectively.

The blue dust is subjected to physical benefiantwhich consists of the operations like

magnetic separation and froth floatation to redieesilica and alumina content cost effectively.

Also, there is chemical upgradation process thromigich FeOs of high purity can be prepared.

1.2 Celestite

Strontium was first detected in the mineral stramite (SrCQ) found in lead mine at the place
Strontian, located on the shores of Loch SunargyWshire, and Scortland. In 1793 Thomas
Hoop, Professor of chemistry, Edinburgh Universitypnducted a series of experiments and
showed that it contained a “hitherto unknown kirficearth”. He called the mineral strontianite
and the new compound was named after the namesnef 18trontia”. During 1807-1808 Sir

Humphy Davy managed to isolate the unknown metahstm from strontianite [12].

Strontium is a silvery white material. It amounts®.04% of the Earth’s crust and ranks"15
among elements in abundance. The surface of strantmetal is covered with a thin layer of
oxide to prevent oxidation. Strontium occurs inunatas strontianite (SrGpPand celestite

(SrSQ). The two natural minerals of strontium known adestite and strontianite contain
strontium in sufficient quantity to make its recoxg@ractical. Out of the two, celestite occurs
much more frequently in sedimentary deposits ofigaht size to make the mining more
practicable. Celestite ores are obtained by opsha@d underground mining. Many important
deposits cannot be mined because of unacceptagly lavel of barium deposit along with

specific trace elements [13].

Strontianite would be the more useful of the twonomn minerals because strontium is used
most commonly in the carbonate form but only feypatets have been found to be suitable for
mining. Only one strontianite mine in China is beéd to operate in the world [4]. Due to the

expected demand of additional strontium carbonete facilities for the production of strontium
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carbonate was set up. The production of celestte mcreased significantly from 1995 onwards
[5]. Celestite is abundantly available in most partvorld and generally occurs in sedimentary
rocks such as bedded deposits of gypsum and barite.

Between 1870 and 1920 strontianite was the priacgdarting material for the production of

strontium compound. Now it has been completelyaegd by celestite due to its wide spread
availabilities. Strontium compound like strontiumriconate, strontium oxide, strontium nitrate,

strontium hydroxide etc. are produced from celegiit].

In India celestite is found in Trichirrapalli digtr and nearby areas of Tamil Nadu State. It
occurs in coarse fibers and columnar crystals. fkdén celestite has a light buff colour but

after breaking it is white, pale blue or pale yellcolour. The main area of celestite

mineralization in Tamil Nadu (India) is locatedaatiepth of 0.62 to 0.91meters. Indian celestite

is of medium grade quality [6].

A great proportion of the world production is deddexd to the production of strontium chemicals
particularly strontium carbonate, nitrate and hyite. The most important among these
chemicals is strontium carbonate which is usedénfabrication of cathode ray tubes for colour

monitors and ceramic ferrites [7, 8].
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Fig. 1.1 Application of strontium compounds in varous applications [9]

Fig. 1.1 shows the application of strontium compbunthe different areas. The major uses are
in television industries, pyrotechnics and fernit@ustries respectively. It is obvious from the fig
1.1 that more than 50% consumption is in the tslewipicture tube industries. The pyrotechnic

applications mark second major uses. Around 10086 Bf strontium compound is used by the

ferrite industries.

Table 1.2 Physical property of celestite

Formule | Density Solubility Melting | Crystal Appearanc
glent g/100ml point structure
at2dc °c
SrSG 3. 0.011: 158( Orthorhombir | Yellow to
faint blue
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1.3 Crystallography of Celestitg10]

Crystal System: Orthorhombic

Class (H-M):  mmm(2/m 2/m 2/mPipyramidal
Space group: Pnma( P2in2:im2la)

Cell Parameter: a=8.359 A=5.352 A, c=6.866 A
Ratio : arbic=1562:1:1.238

Unit Cell Volume: V =307.17 A(derived from unit cell)

Fig. 1.2 shows the celestite production worldwideiry year 2001 to 2006. Spain leads in the
production of celestite in this period followed Bhina. The major producers of celestite are
Mexico and Spain but largest exporter is Spain.
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Fig. 1.2 Worldwide production of celestite (Mt) (yar 2001-2006) [11]

1.4 Application of Strontium oxide

Presently strontium oxide is used in frit form bela100C. Above this temperature it can be
used as a glaze flux. Strontium oxide has been asedbstitute for lead oxide in glazes as it has
no toxicity as compared to lead. Strontium oxidevedigps vivid colors similarly to lead.
Strontium oxide when added in small amount improthes high viscous high fire zirconium
glazes. The compound SrO exhibits different colmsponse to copper and cobalt. SrO is
slightly more powerful fluxing compound due to ltsver expansion. Even though SrO has very
high melting temperature it is effective in combioa with other fluxes at lower temperature
and this gives good example of mixed oxide effécalso finds application in glass, optic and

ceramic industries. It is emerging as a promisirgtemal for electronic materials and in the
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production of lightweight structured component &@rospace. In electrochemical application
such as fuel cells, it is also being used in gtaskave sealing property. SrO is used for the
extraction of strontium metal from electrolysis itd fused salt. The major use of strontium
carbonate as strontium oxide is in production déwuision picture tube glass. Strontium
carbonate is an effective X-ray barrier becausensitrm has a large atomic radius and its
presence is required in the relatively high voltégjevision sets used in USA and Japan [15].
Strontium carbonate when added to special glagbess frits and ceramic glazes, increases the
firing range, lowers acid solubility and reduces poling phenomenon. Strontium oxide is used
to prepare strontium hydroxide, which is used as sburce material for the production of
strontium peroxide. Permanent ceramic magnetst(aatsim ferrite) are another end use for
strontium compound. These magnets are used exédnsiv small direct current motors for
automobiles windshield wipers, loudspeakers, macglbt attached decorative items, toys and
other electronic equipment. Strontium compoundseduto remove lead impurities during the
electrolytic production of zinc [16-19].

Due to porous nature of strontium oxide it is alsed as thermal insulators, automotive catalytic
converters, chemical catalysts, heat exchangers Rfcently Tsunetake Seki used strontium
oxide as catalyst for the Tishchenco reaction ofufal and reported that SrO exhibits high
reactivities for the Tishchenco reaction of furfu@l]. The basic physical properties of SrO is

shown in table 1.3.

Table 1.3Physical Property of Strontium Oxide

Formule | Density | Solubility | Melting | Boiling | Crystal | Appearanc
glcnt 9/100ml point Point structure

at2dc °c °c
SrC 5.7 3.8 253( 300C Cubic White
crystalline
solid

1.5 Preparation of SrO from celestite

The present work reviews the work of different stigs for the preparation of strontium oxide
from celestite by different processes. Celestiiageatural ore of strontium is treated to obtain

strontium oxide. Strontium oxide is prepared by timgastrontium carbonate obtained from
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celestite with carbon (charcoal) in a resistancatihg furnace at high temperature (1%0p
The conversion consists of multi step preparafidre final product characterization with respect
to different analytical tools (physical & chemic@)necessary to get the product of desired level
of purity. Many processes have been developeenwyve the undesired impurities generally
associated with the celestite ore by a numbersdaechers. The preparation of SrO by different
methods, its advantage over other processes alwhtitn of by products are described. The
drawback associated with all these processes arexistence of different level of impurities.
For the removal of lot of chemicals, energy ete exquired that makes the product costly.
Different processes adopted in industries to cdrosdestite to strontium carbonate are described

below:

1.5.1 Black ash method

In the year 1972 Pedalt al.[23] conducted experiments to reduce celestiteydrogen and also

in a mixture of hydrogen and carbon monoxide atrhesp. This process has main disadvantage
that consumption of large amount of gaseous redtgtaccurs. Gritigt al.in the year 19854
replaced the gaseous reducing material throughd s@ducing agent. He performed the
experimentswith carbon as solid reductant. The experiment d@se by using celestite and
carbon (stoichiometic amount) in a rotary kiln aemperature of 66C€ to 706C at the loading
zone and 120 to 1306C at discharging zone. This process has also tbeddantage of
consumption of higher electrical energy since guiees higher temperature. Plewa in the year
1989studied the reaction kinetics strontium sulphate with carbon monoxide [25]! Tis date
there was no data available regarding kinetichefreduction reaction of celestite with carbon.
In this experiment it was found that water insoduldirO also forms in considerable amount,
which hampers the formation of water soluble Sr&.olercome above mentioned drawbacks
Sonawaneet al. in the year 200026] showed that conversion temperature of celestite int
strontium carbonate can be reduced by activatectchhin presence of some catalySarbon
impregnatedvith various catalysts such as®0;, NaCO; K,Cr,07, N&Cr,07 and lime were
investigated. The molar ratio of active charcodghwespect to celestite was fixed between 1 to
2.5. He found a substantial decrease in convertomperature from 1200 to 8%%. The
temperature of the conversion reaction was kepf@@0 875C with a variation of time period

from 5 to 90 minutes. Most of the experiments weanducted in inert atmosphere by
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maintaining a slow flow of nitrogen gas. The paetisize of the celestite and active charcoal was
kept less than 105 pm in this experiment. The tesoadlicate that conversion efficiency is better
at the mole ratio (charcoal/celestite) 2.5. Theemixof conversion increases with temperature
from 80C to 878C, but there was not much of an increase at 4D0The kinetic study
showed that there is definite enhancement in thestte reduction rate when active charcoal
with 2% of a catalyst which was further confirmey Kc./Knocar Values at three common
temperature 828, 850C and 878C. This study indicates that lot of time and enecgp be
saved as the reaction takes place at lower temyseras compared to without catalyst [26]. The
formed SrS is then converted to strontium carboeéteer by sodium carbonate or ammonium
carbonate. The strontium oxide is then prepared fthe produced strontium carbonate by
heating with carbon at 1480 [5, 14].

Wen Chen in the year 200@7] studied the reduction of celestite into strontioarbonate
prepared by precipitation from strontium sulphigeBtack ash method. The appropriate amount
of celestite ore from Lanping was collected forsthexperiment. The celestite contains
approximately SrS©75%, BaO 0.88%, CaO 1.88%,,8k 0.46%, MgO 0.6%. Three grades of
coals like brown coal, bituminous coal and coke gemwere used as reducing agents in this
experiment. The appropriate quantity of celestitth woal was mixed properly and heated at
1000°C for three hours. Brown coal was reported as #s¢ teductant. To remove Ba as BaSO
Six to ten times excess of sulphuric acid was addedonger duration of reaction time. The
results show that around 92% of ‘Bavas eliminated from Srglsolution after 12 hours of
reaction time. To remove calcium, magnesium andcfdons the pH of the solution was
increased to 12 in order to hydrolyze the above icompletely. The strontium carbonate was
precipitated by ammonium carbonate with 2 moles/bapH 9-11 at 6. The strontium
carbonate produced by above process can be usdtiefgoreparation of strontium oxide as
mentioned earlier. Fig. 1.3 shows the schematiw ffneet for the production of strontium

oxide from celestite.
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1.5.2Direct decomposition method

In the year 1983 Patent [No. - 4,421,729] [28] dbss the process to prepare strontium
carbonate from celestite. In this process strontianbonate was prepared by the reaction of
strontium nitrate with C@in aqueous medium. This process has two-stageigaadhe first
reaction consists of strontium carbonate precipmatby carbonization with COin an
aqueous solution of strontium nitrate. The sec@adtion includes neutralization of aqueous
nitric acid formed during first reaction. The nalization is done by addition of lime. The
desired range of Ca/Sr molar ratio is maintainedaigling sufficient amount of lime and
nitric acid. The controlled mole ratio of Ca/Sr alosver reaction temperature favours the
strontium carbonate precipitation and stops then&tion of calcium carbonate. The pH of
the solution medium is maintained below 6 morequadily between 4.5 to 6 by adjusting the
rate of addition of lime. The lime may be addedhia form of CaO or Ca (Okland the lime
slurry should contain minimum 5-30% CaO. The oladistrontium carbonate after filtration
was washed to remove any soluble strontium anducalaitrate. The washed strontium
carbonate is dried in oven. The purity of the diton carbonate reported in this patent is
around 90%. To purify further strontium carbonatayrbe dissolved in hydrochloric acid to
form strontium chloride in soluble condition. Theostium chloride may be precipitated
with sodium carbonate/ammonium carbonate solutogite pure strontium carbonate. The
dried strontium carbonate may be calcined in aateétefurnace at a temperature of 1400
for specific time depending on the amount of sant@ken for the preparation of strontium

oxide.

Another U.S Patent [N0.-4,666,688] filed in 198]Zlaims a novel method for the
preparation of strontium carbonate from low and medgrade celestite ore. The process
consists of leaching of celestite with mineral adi#e HCI, HNG; etc. to remove impurities
such as Ca, Mg, Ba and Fe. After that the residugaming strontium sulphate is treated
with ammonium carbonate solution to precipitateoinkle strontium carbonate. A double
decomposition method was employed for getting s$imam carbonate of high purity. The
difference with earlier processes and this protetse use of ammonium carbonate in place
of sodium carbonate. This patent claims that lowntzlium grade celestite containing up to

80% of strontium sulphate may be converted to strancarbonate having high purity. The
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fine celestite is treated with 10 to 12 % hydrodal@acid. This treatment removes most of
the extraneous impurities such as calcium, magnmesharium and other carbonates by
converting them into soluble chloride, which rensain the solution leaving strontium
sulphate as insoluble residue. The washed stronfulphate is treated with ammonium
carbonate solution added in slight excess to tbhehsbmetic value of strontium sulphate
present in the celestite ore at a temperature 60-8This treatment converts strontium
sulphate into strontium carbonate. The excess anumorcarbonate solution and the
ammonium sulphate is separated from the residwsighr filtration or by other separation
techniques. The strontium carbonate produced m phocess is washed with water. This
strontium carbonate also contains impurities likeages, clays and residual iron along with
barium compound. In order to extract the strontzarbonate from this residue it is treated
with hydrochloric acid (18% by volume) once agafs. a result the strontium carbonate
dissolves and remains in soluble form as strontehioride. The solution is filtered to
remove the insoluble residue. If the acid solui®mrtontaminated with any impurities like
iron or barium, the pH of the solution is raised%0oThe iron hydrolyses and remains
insoluble and it may be separated by filtrationodder to remove barium the filtered solution
is neutralized with dilute hydrochloric acid. Thsolution is treated with potassium
dichromate to convert the barium into insolublelrarchromate, which can be separated by
filtration. The strontium chloride solution freef iron and barium is treated with agueous
solution of ammonium carbonate until precipitatioh strontium carbonate occurs. The
insoluble carbonate produced is filtered from tloduton and washed with water. The
produced strontium carbonate in this process aegarpurity of more than 99% [29]. The
strontium oxide can be prepared from the strontazarbonate by heating with carbon at
1400C. The strontium oxide produced from this stronticanbonate will essentially of high

purity i.e. 99% or more.

In the year 1996 Costillejos Eet al. [31] has conducted experiments for conversion of
celestite into strontium carbonate by double deamsitjpn method in aqueous media. The
study includes effect of different variables likersng speed, particle size and concentration
of NaCO;s on the reaction rate. In this experiment celegpiiteder was allowed to react with

sodium carbonate in different molar ratio i.e. 1101, 1.2, 1.5 at different temperatures

ranging from'28C to 75C for different time. Effect of particle size of lestite on its

30



conversion shows that with reduced particle sizemfr275 uym to 58 um the rate of

conversion of celestite was increased. In thisstdifferent processing parameter were
optimized to get larger amount of strontium carlterfieom celestite. Strontium oxide may be
obtained by calcination of strontium carbonate watdrbon obtained from this process at

elevated temperature (14@). The flow diagram of the process is shown inifig.

Celestitt
(SrsQ)
Milling
Size < 60um
A
Double breakdown
Na,CGCs Na,SOq
solution g v
A
Dissolution
HCI > > CO
dilute
A
Na,COs - Precipitation | NaCl
solution
A
Heating at SrCQ
1400°C with >
carbor

|

SrO

Fig.1.4 Schematic flow diagram of direct double demmposition process for preparation of
strontium oxide from celestite [31]
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In year 2000 an U.S Patent [No0.-6,159,436] [30] teg®rted in which air/vapor-lift loop reactor
is employed to carry out this reaction. This projas examined for carbonate rich celestite ore
for the celestite conversion. The acid wash stagecarried out in a mechanically or
pneumatically agitated tank with hydrochloric acithe celestite particle size below gt was
used for acid leaching. If pneumatically agitatiorairlift loop reactor is used, pulps containing
up to 60% solids by weight can be easily handletidd this condition dissolution of carboneous
and ferrous gangue, mainly calcite, dolomite, mégneand iron oxide along with hydroxide is
completed in short period of time. After the acidsh the upgraded concentrate is separated
from the solution by sedimentation or by other sapan technique. The liquor is transferred to
an evaporator for recovering a calcium chloridén reolid. The strontium sulphate enriched
concentrate is washed with fresh water before bdéugto air/vapour-lift loop reactor for
conversion to strontium carbonate using a sodiurbareate aqueous medium. Thus, an almost

complete conversion of the strontium sulphate iBea@d according to patent claim [30].

In the year 2004n another experiment Surerez-Ordwtal. [32] made another experiment for
the conversion of celestite mineral to strontianileder hydrothermal condition. In this
experiment a single crystal of celestite was ingastd under alkaline hydrothermal condition.
Single crystal of mineral celestite was taken fr@eahulia, Mexico and was cut parallel to the
cleavage (001) direction with 10 mm width and 3niritkness. A celestite crystal around 5
gram was placed at the bottom of a Teflon linethidas steel vessel with inner volume of 27 mi
and then the N&O; solution was added to get three differents;CDSQ; ratios (1, 5 and 10)
with 17 ml of deionized water. The conventional lotdermal treatments were conducted at a
temperature (150-25G) by heating the vessel at a rate ofCl@er minute. The reaction vessel
was held at each temperature for several duralie®6(hrs.). The cooling stage was maintained
by using an electric fan. After the hydrothermalatment, the reaction products were washed
with deionized water in ultrasonic equipment. Sr@yrhe prepared from the strontium carbonate

obtained as mentioned above.
In the year 2004 Hacer Doga al[33] studied the effect of acid leaching of Turkistlestite

for the conversion of celestite into strontium aardte. Double decomposition method was

employed for conversion of celestite. Different enial acids like HCI, HN@and HSO, were
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used for acid leaching of celestite. Organic acidhsas acetic, oxalic, citric, tartaric and di-
glycolic acid was also tried but their price anteefiveness were not as reasonable as inorganic
acids. The decrease in calcium percentage was @rfli% with acid leaching of celestite.
Nitric acid, ammonium nitrate and potassium perodte were used as oxidizing agent to
increase the decomposition of iron. Ammonium flderivas also used to decompose the silicate
material and iron bonded to it. The iron contens weduced to around 0.20 g/l with addition of
NH4F. Nitric acid of 3.5% concentration was found ® $ufficient for removal of iron. This
experiment showed that particle size of celessiteery important for the total completion of the
reaction. The smaller the particle size of celesttie lower iron content was obtained under the
same condition. The strontium carbonate produceth fleached celestite ore contained iron

below 0.10 g/l and calcium below 0.2%.

The strontium carbonate found in this process mayubed for the production of SrO by
calcination method using carbon as reductant &t tegperature as mentioned earlier.

Murat Erdumogluet al. in the year 200434] carried outthe experiment onthe leaching of
celestite with sodium sulphide at’2Dto prepare strontium disulphide. The acid leaghif
strontium disulphide by dilute HCI were conductedform strontium chloride. Any residue
remaining in the strontium chloride solution wakefied and removed. The liquid containing
strontium chloride was allowed to react with sodioambonate solution for the precipitation of
strontium carbonate. In this study the reactiorek@s with respect to different parameters like
particle size of celestite, concentration of,8lastirring speed was studied. The results showed
that the rate of conversion of celestite to stuontidisulphide depends on concentration of
sodium suphide [13]. The celestite in this expentiweas upgraded to 99.8% strontium sulphate.
Therefore strontium carbonate produced by this owethill be of high purity. The strontium
oxide of very high purity may be prepared from tkisontium carbonate by similar way as
described above. The flow sheet diagram of thisgss is given in fig. 1.5.
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1.5.3 Conversion of celestite to SrS by microwaveshting

Most recently in the year 2007 conversion of célesd SrS by microwave heating was reported
by Abdullah Obut[35]. He used charcoal as a reuycagent and heating was done in
commercial microwave oven. In this experiment dgkesvas taken from Turkey having purity
more than 98% and particle size less than 200 micfbe laboratory grade charcoal was used.
In each experiment appropriate quantity of celestitth stoichiometic, 50% and 100% excess
charcoal has been taken and mixed properly. Thdumixwas heated in a lightly covered
porcelain crucible, which is placed inside a conuia@rmicrowave oven. The oven was
operated at 900W and at a frequency of 2450 MHzaftime of 2, 4, 7 and 10 minutes. The
temperature of the mixture immediately increasethByapplication of microwave energy due to
the strong interaction between microwave and clarcbhe temperature of celestite with
stoichiometic carbon reaches 864whereas the mixture containing 50% and 100% &xces
charcoal reaches 88D in equivalent time. There is no considerable lassweight until
550°C.The loss values increases steeply afte’®0@dicating starting of the reaction. The
weight loss value practically stops after 1%DGhowing the completion of the reaction. The
temperature of stoichiometic mass reache$®Gfter 7 minutes of microwave heating and after
10 minutes heating its temperature reaches “CL6The mixture of 50% and 100% charcoal-
celestite exceeds 12D, For 50% and 100% excess charcoal—celestite raithe weight loss
values are almost in range with theoretical vaindg&cating complete conversion of celestite to
strontium sulphide. The experiment concludes thatversion of celestite to SrS having
conversion ratio more than 97% can be achievedugfiramicrowave heating [36-38]. The
strontium sulphide obtained by this method may Isedufor the preparation of strontium
carbonate, which can be further used for the swmhef strontium oxide by above-mentioned

process.

1.5.4 Conversion of celestite to strontium oxide bsnechanochemical method

In the year 2007 Abdullah Obet al. [39] made an attempt for the conversion of stuanti

carbonate from celestite by mechanochemical methodhis experiment (+6Q0n) Turkish
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celestite containing 96.12% Sre@.61%CaS@ 0.6 %BaSQ@ and 0.45% F£; has been
employed for this experiment using reagent gradiéuso carbonate. The planetary type ball mill
with 500rpm, ball/sample weight ratio: 20, numbefsalls 50, diameter of balls 10 mm has
been used to carry out the mechanochemical reaclioa general flow sheet of the work is
given in fig.1.6. The result shows that 74.23%celestite is dissolved in distilled water only
after 10 minutes of milling. The dissolved sulphatel dissolution percentage of initial celestite
and milled solids increases from 91.52% to 93%0m&nutes. After 40 minutes of milling 98%
celestite was dissolved. The dissolved sulphatoimerted to strontium carbonate. The result
also indicates that the increase in dissolutiomemlof sulphate for 20 and 40 minutes is not as
significant as the values between 10 to 20 minateésng. The effect of amount of sodium
carbonate on the preparation of strontium carbowatealso investigated in this experiment and
it was found that 10 minutes milling is preferrexd 20 minute milling in relation to reduce
tungsten carbide ball milling chamber wear. Theultealso showed that 1:1.2 mole ratio
(strontium sulphate/sodium carbonate) and 20 m&atgivation time is sufficient for 90% of
conversion celestite into strontium carbonate. Whele experiment concludes that the reaction
between celestite and strontium carbonate in aquemdium is diffusion controlled because of
the formation of solid strontium carbonate layeeiothe celestite particle whereas in wet high
energy milling gives increased rate of conversidrcalestite due to creation of fresh reactive
surfaces as a result of continuous mixing and s&kiction. The strontium oxide may be
prepared by heating the strontium carbonate powitarcarbon at 140C. The flow diagram is
given in fig. 1.6.

Recently in the year 2007 Tanaka Knniaki [40] happred strontium oxide thin films as an

electron injection layer for organic EL De reactigaization assisted deposition method.
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1.6 Permanent Magnets and their Characteristics

Magnetic materials can be divided into two grouft aod hard materials. The soft materials are
one that is magnetized and demagnetized easilyh@&temagnetic materials are those which are
difficult to magnetize and demagnetize. The distislged features of the soft materials are its

high permeability and the flux multiplying powerathmakes it suitable for its application in
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machines and devices. On the other hand for hatérials the primary requirement is high
coercivity. Because the high coercivity will redisé magnetization action of its own. The basic
difference of two types of permanent magnets it described on the basis of hysteresis loops.
The soft magnetic materials exhibit a narrow hysisr loop whereas the hard magnetic
materials show a broad hysteresis loop. In theomahysteresis loop magnetization follows the
variation of the applied field without significatbss. The broad hysteresis loop shows the
magnetic energy that can be stored in the materials

When a magnetic fieltll is applied to ferromagnetic materials it develagkix densityB due to
orientation of magnetic domains. The relation betwB and H can be represented by the

following equation.

B=w(H+M)=poH +J
Where M is the magnetization andl, is the permeability of free space equals to
47 x10 (Tm/A). The value ofigM  represents the magnetic polarization and isadtenibited

by J. B vs.H andB vs. J curve of ferromagnetic materials which has beetrgin figure 1.7
[41]
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Fig. 1.7 B Vs H and JVs H curves of Ferromagnetic Materials showing imprtant
characteristics (a) Virgin curve (b) Hysteresisoop
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The basic parameters that describes a permanememageB, remanent induction, the coercive

forceH; and the energy produ@@®H)max

The remanent inductioBr is the flux density existing without magnetic élelSince a magnet is
always subjected to its own field it can only béedmined in closed circuits.

The coercive forceH: is measure of the external field needed to deniemgnéhe material
completely. The term intrinsic coercivity; is the field necessary to redude upper limit of

remanence to zero. The upper limit of the coergigidetermined by, which is given below:

Where Js and K; are the saturation magnetism and anisotropy consespectively which
determine the value of magnetocrystalline anisgtrdfhe value oK; is positive for uniaxial
anisotropy and negative for planar anisotropyldb aetermines the work done per unit volume
to rotate the magnetic polarization from easy dioecto hard direction. The value &fa is
generally determined by measuring the magnetizingyec with field applied parallel and
perpendicular to easy magnetizing directibla.is also defined as the intersection point of the
two magnetization curves. In another wéy can also be defined as the field required obtginin

saturation in hard direction of magnetization.

The primary magnetic properties of the materialaifected by the extrinsic parameters such as

phase chemistry and microstructure. The intrinegrcivity H; may be represented as

Heci = CHa -Negt * MS/IJO

Wherec andNgt are the constant which depends upon grain streieiod grain boundary [2, 3].
The microstructure paramet@depends on the alignment of the particle, its shaaqgl size of the
defect regions where nucleation or pinning of thendin wall takes place. The paraméteris

the effective demagnetizing factor. The value &dr an ideal magnet should be equal to 1. But

the actual magnets have lowevalues because of imperfect grain boundary defé2ts43].
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The largest possible product BfandH values along the demagnetization curve is caled t
energy produc(BH)max This measures the quality of a permanent magimnetrelation withB; is

given below.

(BH)max =B 2/4|-10
To obtain the high energy product value in a matdghe shape of hysteresis loop should be
square and the value Bf should be close to the saturation polarizafisand coercivity should
be minimumB,/2|,. The unit of energy product in CGS system is Mégaiss-Orested (MGOe)
and Kilojoules per meter cube (kFmiThe value of 1 MGOe equals to 7.96 ki/m

Curie temperature is the fundamental characte$tmagnetic materials which is denotedlas

It is the temperature above which the long ranggmalent of the atomic dipoles due to exchange
energy is totally destroyed and the material geteapnetized. Therefore, it is desirable to have
higher Curie temperature for the permanent magaétmals.

The other important parameters of permanent magaets: and f which are called the
temperature coefficient for the reversible chany®,iand H. respectively. These coefficients
show the change in the respective magnetic pr@sestiith the change in temperature and

expressed as the percentage change per unit tdomeera

1.7 Common Hard Magnetic Materials — A comparison

Among the permanent magnetic materials the impbrtaaterials are alnico, hard ferrite,
samarium cobalt and neodymium-iron-boron. Eachheté materials exhibits different set of
properties. By comparison with production cost vimed fthe hard ferrites most suitable. A
comparison of commercial permanent magnets in tevmagnetic properties, temperature
coefficient of remenence and coercivity, tempemturhavior, availability of raw materials with

their relative cost is given in table 1.4 [44].
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Table 1.4 Comparison of commercial permanent magnehaterials [44]

Paramete Ferrite Alnico SmCG Nd-Fe-B
B (mT) 37C 70C-120C 89C 110C
Hei(kA/m) 25k 50— 15C 120(C > 100(
(BH)max(kd/m®) | 30 60-80 15C 35C
T (K) 75C 86( 93¢ 58¢

a (% K -0.2C -0.0Z -0.08 -0.1°
B(% K™ +0.4( -0.0¢ -0.0¢ -0.6(
Max. operating| 52¢ 775 52z 372
temperature(K)

Raw materia| Very gooc Pool Pool Gooc
source

Density(kg/n®) | 465( 730C 830( 740C
Price ratio pe|1 7.5 23 7
unit  magnetic

energy

By comparing the cost of different materials in #i®ove table 1.4 it is found that ferrites are
most economical. The comparison shows that rarth desed magnets have better magnetic
properties as compared to ferrite. The characiesisiamagnetic curves of these are shown in
figure 1.8 [45]. It is obvious that alnicos possassigh remanence but low coercivity whereas

the ferrites are characterized by low remanenceawadkrate coercivity.
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Fig.1.8 Demagnetization curve

1.8 Hexagonal Ferrites

The ferrite is generally used to describe a cldssmagnetic oxide compound, which contains
iron oxide as a principal component. The most ardierrite ever known is Magnetite, §&&

also called loadstone. Ferrites can be classifiedraing to crystal structure cubic vs. hexagonal
ferrite or magnetic behavior i.e. soft vs. hardrifer Soft ferrites are easy to magnetize and
demagnetize. Hard ferrites are hard to magnetiz¢ @d@magnetize. Hard ferrites have a

hexagonal structure and can be classified as faligwypes. The types and formula are given
below.

42



Types Chemical Formula

M- RF&0;0 R = Ba, Sr, Pb

W- R Mdrejs Me = F& Ni*?%, Mn*? etc.
X - R Me ke

Y- Rie ke 0,0,

Z- FRlesFe 041

W-, X-, Y-, Z- types are not important economicaliecause of their relatively difficult
processing. The chemical composition of variousalgexal compounds is shown in figure 1.9 as
part of ternary phase diagram for BAO-MeO,Begsystem. Me represents a divalent ion among
the first transition elements, Zn, Mg or a combmraiof ions whose valency is two. S denotes a
cubic spinel MeO.F©s,

BaQ, mole %

Fig. 1.9 Compostti diagram for hexagonal ferrites
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1.9 M-Type Ferrites

M-type ferrite has a formula SrO.6f® (SrM), BaO6Fg0; (BaM) and PbO.6R©; (PbM).

These are the most important ferrites and isostraatvith the mineral magnetoplumbite which
has the chemical formula FesMn/(AITi)O3s [46]. The M-type ferrites are generally used as
permanent magnetic materials because they havesrhigbercivity. They are preferred over
alnicos due to lower material and processing cast superior coercivity. Sr-Ferrite and Ba-
Ferrite are the two main materials in the M-typaitee family. These ferrites have moderate

magnetic properties and price per unit of availabégnetic energy is lowest.

1.10 Historical Development of M-type Ferrite

The magnetite (R©,) which is also known as loadstone is the earkestknown magnet and
was used for navigational purpose. At the end efa&lst century the plain carbon steel with 1.5%
carbon were developed as the principal magnet &llgbout 1910. Afterwards steel containing
some chromium and tungsten were developed. Howehervalue of coercivity could not
increase more than 6 kA/m. The most significantiiappeared in the year 1917, when Japanese
introduced Honda Steel which contains 36% of cobaltibiting coercivity value of 20kA/m.
The low coercivity in all these martensitic magoedteels is due to the difficulties in domain
boundary movement, resulting from the combined ceéffef non magnetic inclusions, lattice
defects or voids. The major drawback of these na$ewas instability of permanent magnetic
properties due to the aging and demagnetizatidnente of vibration, mechanical effects and

weak magnetic fields [47].

In the year 1932 the discovery of precipitationdeared Al-Ni-Fe alloys took place. In the year
1940 the Al-Ni-Co (alnico) was developed [41]. Adas are the alloy of Al, Ni, Co and Fe
having minor additive of other elements. It was fire magnets to be designated as permanent,
because of their resistance to stray magnetic sfielchechanical shocks and elevated
temperatures. The main difficulties with the praweg of alnico were the heat treatment of the
alloy which is controlled in such a way as to ppéete rod shaped Co-Fe particles in a Al-Ni-Fe
matrix. These materials showed an energy produaewvaf 60-70 kJ/h However, they largely

suffered from the scarcity and irregular supplyhef cobalt affecting its production adversely. In
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the mean time the discovery of barium and strontiemte appeared as a welcome relief [48].
Their constituents were much economical as compiardelss abundant and expensive element
such as nickel and cobalt. These ferrites are lmagoxides and are characterized by low
remanence and reasonable coercivity. Typical enprgguct for hard ferrite is 30 kJ/mThe
hard ferrites were the first magnetic material wile remarkable uniaxial magnetocrystalline

anisotropy, resulting in very high intrinsic coety.

The basic discovery that magnetoplumbite could $edias a permanent magnet was made by
Kato and Takei in late 1930s [48]. The real breaddgh took place in 1950s with the
development of isotropic barium ferrite as a conui@magnetic material, by Philips Company
in Netherland which has nominal composition of Ba&03 [49]. The first anisotropic barium
ferrite magnet was prepared in the year 1952 bypemtng the powder in a magnetic field [50,
51]. Barium ferrite is mostly used for magnetic gagecording due to its platelets type of
crystallite shape with the preferred axis normatht® wide surface and its low coercivity. Until
1962, all ferrite magnets were of barium ferritpey Earlier the barium ferrite was the ultimate
oxide permanent magnet materials [46]. In the n8iI60k B&" was replaced by Srin all type of

applications because of its high intrinsic progsriparticularly in coercivity.

Sr-ferrite powder has been manufactured by varipuscessing routes e.g. chemical co-
precipitation, hydrothermally and sol-gel methodis. @nd studies of their magnetic properties
have been carried out by various researchers [8R-Recently some work has been done for
developing nano size (80 nm) ferrite powders byngheal co-precipitation [52]. From the very

beginning the main emphasis has been laid on airanferrite sintered magnets through

calcination. Thd3, andH. values for ferrites are usually given by the faliog formula:

B, = f(d/dx)S.J
Where f is the degree of alignmermt/dxis the relative densitygis the fraction of pure ferrite in
the solid ands is the saturation magnetization.

Where‘a’ is the coefficient whose value depends on grae, 14 is anisotropic fieldb’ is

coefficient whose values depends on remanence raintd shape.
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It is, therefore, possible to taild; and H. values by changing the saturation magnetization,
anisotropic field, grain size and shape. All thgsgameters can be varied by using various
additives such as Al, Ga, Cr?in the ferrite magnets.

1.11 Crystal Structure, Magnetic Structure and Phas Diagram of M-type Ferrite

The crystal structure of M-type was determined loel&kold [55]. Fig. 1.10 shows the unit cell

of strontium hexaferrite. The crystal structure siets of two formula units. Its symmetry is

characterized by the space group/®énc.In the unit cell, the ®ions form a hexagonal close

packed lattice. Every five oxygen layers, oriéién is replaced with Sr due to the similarity of

their ionic radii. The structure is build up frommaller unit: a cubic block S, having the spinal
structure and a hexagonal block R, containing i®ns. Five oxygen layers make one molecule
and two molecules make one unit cell. Each moleshl®vs 180 degree rotational symmetry
around the hexagonelaxis against the lower or upper molecule. THel&@er containing Sf is

a mirror plane being perpendicular to thexis. F&® ions occupy interstitial positions at

different crystallographic sites i.e. tetrahedoattahedral and hexahedral sites of oxygen lattice.

Table 1.5 shows the crystallographic propertielslofype ferrite.

Table 1.5 Crystallographic properties of M-type ferite [41].

Paramete Ferrite(s
Lattice BaM SrM PbM
Constant a
(nm)
0.5893 0.588 0.588
¢ 2.3194 2.307 2.302
Molecular wt 111z 106z 1181
Density gm/c 5.2¢ 5.11 5.6¢

M-type compounds have a typical ferrimagnetic dtrree The magnetism of SrE819 comes

from the ferric iron, each carrying a magnetic motmaf 5. These are aligned to give either
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parallel or anti parallel ferromagnetic interactidons of the same crystallographic position are
aligned parallel which constitute a magnetic atilde. The interaction between neighboring
ions of different sublattices is a result of supeechange by oxygen ion [48]. The theory predicts
that the atomic moments are parallel when Fe-Offggeais about 18Dand antiparallel when
this angle is about 8@19]. In figure 1.10, S block contains four Bef up spin in octahedral
sites and two Fé of down spin in tetrahedral site. In R block thexist three F& of up spin in
octahedral site, two Féof down spin in octahedral sites and oné*F# up spin in trigonal
bipyramid site. The exchange scheme of the compausldown in figure 1.10 [56]. The number
of ions, its co-ordination and direction of spinenttation for five iron sub lattice has been given
in table 1.6.

The total magnetization at temperature T theredarebe expressed as:

J{T) =66k(T) - 26:1(T) —26:2(T) + 6, (T) +64(T)
Wheres « , 611, 62,60b, andc ,represents the magnetization of oné*Fen in each
sublattice. Because Fehas a magnetic moment of St 0 K so the net magnetic moment

calculated at 0 K is 20gfor each unit cell.
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Fig. 1.10 (a) crystal structure and (b) magnetic sticture of SrFe;2019
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Table 1.6 Number of ions, co-ordinate and spin origation in the five iron sub lattice of
MFe 2049 (M= Sr, Ba, Pb)

Sub lattice Co-ordination Number of ions Spin
12 Octahedral 6 Up
4§ Tetrahedral 2 Down
4fy Octahedral 2 Down
2a Octahedral 1 Up
2y Five fold (Triagonal) 1 Up

Figure 1.11 shows the phase diagram of SrO an@®sF&/stem [57]. In the phase diagram the
homogeneity range is very narrow and in the eudeatige somewhat enlarged, at most towards
the side rich in the SrO. Towards higher tempeeatange, incongruent melting occurs at £448
C (1 bar Q) and 1396C (air), with the W phase Sri®.7 (= SrO 2FeO.8F©s) is formed [58].
However, in vacuum annealing above 14D0Fe0,and SFs phase is formed with the release
of oxygen, where S = 2(MeO.f®;) and F = SrO. 6Fs.

SrFa;0;9 phase is stable only towards lower temperaturgeamowards the F6; richer side
the two phase region (Srk©19 + a Fe0Os3) are formed. On the SrO richer region, the phabe S
and SF; are the neighboring phases both of them being slese to the compositionS [59].
The eutectic temperatures of 13€0(1 bar Q) or 1195C (air) as well as the eutectic content of

53.5 or 55 mole % are close to one another.
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Fig. 1.11 Phase diagram of SrO — K©;
1.12 Intrinsic Magnetic Properties of M-Type Ferrite

The intrinsic magnetic properties are subdivideo iprimary and secondary one. The primary
properties such as saturation magnetizai®and magnetocrystalline anisotropy consténare
directly related to the magnetic structure. Theoedary magnetic properties such as anisotropy
field strengthHa and the specific domain wall energy,X are derived from the primary ones.
The secondary magnetic properties characterizeatiieal magnetic state. These govern the
actual magnetic behavior. The primary and seconti@gynetic properties characterize the actual
magnetic state. These govern the actual magndiavio®. The primary and secondary magnetic

properties are shown in table 1.7. The temperdtehavior of the primary magnetic properties is
shown in fig. 1.12.
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Table 1.7 Primary and secondary magnetic propertiesf SrM

Primary Properties

Saturation Magnetization, n 47¢%
Anisotropic constant, kJ/° 36C
Curie Temperature, 75C

Secondary Propertie:

Specific wall energy, J/° 54.2 x 107
Anisotropy field Fa, KA/m 150¢
Max. coercivity, (Ho)maxkA/m 124(

The saturation magnetizatiodis the maximum magnetic moment per unit volumegram. It
is easily derived from the spin configuration oé thublattices, eight ionic moments and 40 u
per unit cell, which corresponds to 668 mT at 0 K.
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Fig.1.12 Temperature dependence o£JK1, Ha and Hemax) for SrM
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The magnetization is strongly bound to the hexaljoais, owing to spin orbit coupling of Fe-
ions, in particular on th2b sites [60]. When the direction of the spontanemagnetization in a
hexagonal crystal is expressed by polar co-ordnmétand ¢ with respect to crystal axis,

assuming z axis is the hexagonal axis, then thenetagrystalline anisotrogy is given by:

E=K;sin?0+K,sin*0+Kzsin®0 + -

The energy involved in this process is charactdrizethe anisotropy constaiit;. The values of
higher order constan{K , K 3) are almost negligibly small.

The secondary magnetic properties characterizeatheal magnetic state. The latter minimizes
the three energy involved: the exchange enefgythe anisotropy energy, and the
magnetostatic enerdsm, which are characterized by the value of exchamgrgy coefficiens,
anisotropic constari{ and saturation magnetizatidg respectively. The secondary magnetic
properties for strontium ferrite are given table 1.7.

The specific wall energy,, represents a combination of bd&handE,. The critical diameter for
single domain behavior, Dis the diameter below which the magnetic domanesunfavorable

in isolated spherical particle. Although M-ferriparticles are not spherical but magnetostatic
interaction between the particles also play a Mleemains an important indicator for the grain
size needed in high quality magnets. In the absehdemains, magnetization reversal proceeds
by rotation. The ratio #&,, determines the rotation magnetism. For M-typatésrwhere HEn,

> 0.36, rotation is completely coherent.

The anisotropic field strengttHa is the maximum internal field strength needed for
magnetization reversal by coherent rotation. Thgimam coercivityHcmay corresponds téia,

but refers to external field. It is the reversaldi necessary to coerce the material back to zero
induction. It explicitly takes into account of seémagnetization field of the crystal @y) as
governed by the self demagnetization factor N. Hteer ranges from O (for needles) to 1 (for
thin plates). For platelet shaped M-type ferritgstal N ranges 0.6 to 0.8imax represents an
upper limit for the coercivity of unaligned asd#ynof non interacting crystals and 0.88max

the same for an isotropic assembly. Real coercialyes are much smaller resulting from the

formation of transient domains and magnetostateractions.
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1.13 Processing of Strontium Ferrite

Strontium ferrite magnets are produced by cerammmcgss involving powder preparation,
shaping, firing and finishing operation. Furtheintsred magnets are also subdivided in two
classes depending upon the pressing condition.siRgesunder the magnetic field gives

anisotropic magnets and pressing without magniefid §ives isotropic magnets.

1.13.1 Sintered Strontium Ferrite

The conventional powder metallurgy process is thestrcommon technique for making
commercial sintered isotropic and anisotropic fermagnets. Isotropic ferrites have uniform
magnetic properties in all directions, whereasa@mnpic magnets have higher flux density in the
orientation direction. The properties of the magnate largely dependent on the process
parameters, which in turns, affect the grain sgteggpe, volume fraction of phases and their
alignment. The schematic process flow diagram fog preparation of sintered strontium

hexaferrite magnet is given in figure 1.13.
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Fig.1.13 Schematic process flow sheet of preparati@f strontium ferrite sintered
magnets
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1.13.2 Raw Materials

Strontium carbonate (SrGPand iron oxide (F£s) are the major raw materials used for the
preparation of SrReO;9. In addition to these other oxides such as Ca@DAISIO,, Cr,O3 etc

are used individually or combined in amounts ofwb@5 to 2.5 % by weight. They serve to
control the reaction kinetics, shrinkage and ggrowth but sometimes also affect the primary

magnetic properties of the hexaferrite phase.

1.13.3 Composition

The mole ratio of F&4/SrO is critical parameter for obtaining high remace and coercivity.
As per the chemical formula (SH©,9) this ratio should be 6.0. However, it is obsertieat
good magnets are never obtained when th@©4®rO ratio is 6.0. This is due to the fact that
Fe0; and SrCQused are never 100% pure. Therefore, common itmmishall be accounted
while fixing the mole ratio of F©®; and SrO. The following condition shall be metddrtaining
high B, andH.values [61].

5.57-0.25 x log(Cl) —0.95 x Si£&x Fe0y/ (SrO + BaO)
<5.81 -0.25 x log (Cl) — 0.65 x SjO

The above condition takes into account the comnmgourities, such as SOCl and BaC@
found in raw materials. If the mole ratio is lekart lower limit set by above inequality, then Sr
is in excess and lower remenence @BH)nax If the mole ratio is in excess of upper bound
defined by the inequality then excessive liquid gghés formed during sintering, and coercive
force is reduced due to abnormal grain growth ducalcination. Presence of Si@ss than 1%

allows calcination at higher temperature withowtiigigrowth.
1.13.4 Mixing
Mixing is done to homogenize the raw materials @aal take place with a wet process easily. In

this process the raw material are mixed in playatat using zircon ware-ball set in hexane or

acetone medium for 1 to 3 hours depending upopdicle size of the raw materials.
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1.13.5 Calcination

Calcination involves heat treating a powder or omi&tof powder at a temperature well below its
melting point to effect decomposition i.e. to liar unwanted gases or chemically bound waste,
solid waste, solid state reactions and structuensformations to produce the desired

compositions and phase product.

Calcination facilitates solid state diffusion ofd5and FeO; and converts the raw materials into
hexaferrite phase. The total reaction takes plateao steps.

SrCO3; + FeOs3 —> SrO.F®3; +CO,

SrO.Fe0Os +5Fe0; __,  SrO. 6Fg03

SrCQ; + 6Fe0s3 —> SrO.6R®3 + CO2

The intermediate product, which occurs, is the nfemibe SrO.FgOs. The calcination
temperature also plays an important role in thenron of hexaferrite phase. If the calcination
temperature is low the grains of uniform Spfe®g is not formed. Similarly, if the calcination
temperature is too high, excessive grain growthuecand coarse grain of SkE®;9 is formed.
An optimum temperature for calcination is decideddd on silica content in &&; powder.

1.13.6 Wet Grinding

The calcined mass is generally hard and coarsazen 3o fulfill certain magneto-physical
requirements it should be grinded to make fine powders. Wetdjng is carried out in ball
mills to obtain powder of narrow particle size bétorder of domain sizedm. There is always
grain growth and recrystallization during sinterigd so before sintering crystallite size has to
be considerably smaller than |{im. Average particle size in the range of 0.7 —8 is
recommended for achieving good magnetic properiexeover, the standard deviation shall

not be very large. The standard deviation in tigeaof 0.14 to 0.16 has found to be optimum.
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1.13.7 Compaction

The powder is compacted wet or dry in the presen@bdsence of magnetic field. Pressing under
magnetic field is done to obtain anisotropic magbetaligning powder in the direction of

magnetic field. For dry compaction polyvinyl alcdhe used which gets evaporated during
sintering. It is possible to prepare both isotropino anisotropic magnets by dry pressing. The
direction of the applied magnetic field during [mieg may be parallel or perpendicular to the
pressing direction. The magnetic properties obthineperpendicular pressing have been found
to be better than parallel field. A magnetic fiedfl 0.5- 1.0 T has been found adequate for
magnetic alignment. The remanence is strongly tgteby the magnetic pressing and it is given

by the following formula:

B, =f(d/dx).S.d

Wheref is the degree of alignment, d/dx the relative dgremdSis the fraction of pure ferrite.
The value off is 0.5 for isotropic and 0.9 for anisotropic matgnerhe relative density is
generally 0.9 and fraction of pure ferrite 0.98n@@&action pressure in the range of 5-15 MPa has
been found sufficient in wet pressing and 40-80 NtfPalry pressing.

1.13.8 Sintering

Sintering is carried out to bring about the bondbegween the powder particles and effect
densification. During sintering the relative deysiicreases from about 55-65% to over 90%.
The reduction in linear dimension amounts to 10-12f@ radial reduction 13-16%. The
reduction in dimension is due to the extensive ielation of pores between the particles, crystal
recovery, recrystallization and crystal growth. Thizing force behind all this is the decrease in
the surface and grain boundary energy and poteatialgy elastically stored in the lattice.
Sintering is carried out in the temperature rangjé31 1573 K. However, care is taken to avoid
excessive grain coarsening during sintering siricewa temperature coercivity increases with
crystal recovery and it falls again as a resultrgbtal growth when the temperature is set to the

value needed for the temperature. Typical sintenagnets have grain size ofuin, which is
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somewhat bigger than the critical domain size lifficsently small to avoid domains down to

considerable reverse fields.

The rate of sintering process and the properfiéseosintered materials are mainly affected by
nature and quality of chemicals, particle size spirey conditions, sintering time, temperature
and atmosphere. The rapid heating will allow theitke to maintain fine grain size due to the
shrinkage occurring prior to any grain growth. Agge two processes are inter-related, it is
difficult to predict whether fine or coarse graizesis obtained without correct knowledge of

kinetics mechanism.

The average grain size can exceed even 50 um dieedmdary grain growth and average grain
size can be reduced by increasing the pressur¢hédpressure is increased, the density of the
ferrite increases and porosity decreases. Thadsrprepared by hot pressing technique require
comparatively lower sintering temperature becadsbeincreased elastic stress at inter-particle
contacts and this technique provides the drivingdofor sintering. The duration of sintering
time governs the rate of growth in the initial €agf sintering. The mean grain diameter (D)

during the final stage of sintering is proportiotmh™ power of time (t) which is given as [62]

D=Kt"
Where K is temperature dependent proportionalitystant and n is about 1/3.
In crystalline materials and ceramics gases gppé&d within the pores, when the pore formation
becomes discontinuous and gets compressed. Ponékagle causes compression until internal
pressure reaches equilibrium. When reducing atnerspis provided, the lattice vacancies
enhance diffusion and would increase sinteringstatbereby enhancing densification. The
growth rate of ferrites sintered in different atplosre is also different.

The particle size distribution is an important @actvhich affects sintering. The shrinkage
produced due to sintering depends on the matteshnikitransported to the pores from the grain
boundaries. Regardless of whether this transpoectrscby bulk diffusion, grain boundary

diffusion or through a liquid phase concentratethatgrain boundary, the transport distance will

be small. This results in high sintering rate foradl particle size.
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It is very important to control the grain growth tife powders during the initial stage of
sintering. Fine powder may cause some of the gtairshow spontaneous growth to large sizes
during sintering while other grains may remain musthaller. This results in a large grain
surrounded by many small grains producing discootiis grain growth. Keeping the grain
boundary mobility low and the pore mobility highillwminimize this haphazard growth. The
distribution of particle size also affects the siirtg process attributing to the fact that incrdase

heterogeneity of particle size results in discamdims grain growth.

1.13.9 Final Magnetization

In as-manufactured condition a permanent magnegittser totally non magnetic or only
incompletely magnetized. It is usually magnetizégrabeing incorporated into the magnet
system. Final magnetization is carried out at la fiehich is 2.5-3 times higher than the intrinsic

coercivity. Thus, the final magnetization is dond 2 -1.5T.
1.14 Magnetic Properties of Commercial SrM

A large variety of strontium ferrite magnets far @nd application is available. Typical magnetic

properties of commercially available sintered andded SrM magnets are given in table 1.8.
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Table 1.8 Typical magnetic properties of SrM magnet

Magnet Type B: (T) Hc(kA/m) (BH)max (kd/m?)
Sintered isotrop 0.2¢-0.2z 136-15Z 64-8.4
Sintered anisotrop 0.3¢-0.4< 19z- 20C 28.&-34.4

(High B))
Sintered anisotrop 0.35-0.4C 260- 292 22.4-30.4
(High Hc)
Bonded flexibl 0.10- 0.17 76— 12€ 24-5.6
(Isotropic)
Bonded flexible 0.20-0.2¢ 140-17¢ 8.0-12.C
(Anisotropic)
Bonded rigic 0.13-0.14 72—-84 2.8-3.2
(Isotropic)
Bonded rigi 0.20- 0.3C 120-18¢ 7.3-16.C
(Anisotropic)

1.15 Applications

Due to its low price ferrite magnets are used faumber of applications ranging from magnetic
holding tools to motors and generators. The fegritave replaced other magnet materials in the
existing systems. This is particularly the caséhsifatic application where small demagnetizing
fields are involved. A typical example is the apption of flat ring instead of high metallic
centre core magnets in loudspeaker systems. Thethipas stimulated the development of the
new system, especially in the dynamic applicatidveng periodically high demagnetizing fields
are present. A typical example is the electric metibh its strong armature electric field. New
electric motors are being developed which requéms \iighH; value lying far beyond the range

of Al-Ni-Co materials, for example the starter nmotequiringHg >320 kA/m.
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The main ferrite products are anisotropic segmentfotor in car, anisotropic blocks for ore
separator. These products together represent &6atof the total production. It appears that
large scale production is concentrated on apptinatequiring relatively large magnets. In this
case, the greatest advantage is taken of the Ideriagprice. The remainder of the production is
distributed over a wide range of applications, gy mostly small magnets, such as shakers,

mixers and coffee grinders.

Application of hard ferrite other than permanengmats is in the field of microwave, magnetic
bubbles memories, magnetic tape recording and nia@gmics. M-type ferrites are of interest
for resonance type microwave devices e.g. isolafittesrs and calculators. Below 20 GHz such
devices normally employ garnet or spinel ferritecambination with the bias magnets. At high
frequencies the required bias becomes impractidaigly (> 570kA/m). M-type ferrite are then
preferred because of their large anisotropic fildhdch acts as a built-in bias field and provides a
resonance frequency of about 50 GHz in a smalhtyfield. Apart from these magnets are used
in magneto-therapy, purification, magnetic beargmgd automatic camera are a few more
applications. Some of the common application inggadised in everyday life is shown in table
1.9.

Table 1.9 Common application ferrite magnets

Gadge! Parts
Cassette record Speaker, synchronous motor, mike
Video cassette recorc Main wheel motc
TV sett Speaker, colour adjung magne
Air conditione! Fan moto
Refrigerato Fan motor, compressor motor, rubber lir
Cal Starter motor, window motor, viper mo
Computer Disk drive, fan motor, speaker ¢
VCD and DVLC Main wheel motc
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1.16 Market Information

The global permanent magnet market is estimatée 95.0 billion, which is growing at the rate
of 12.5%. Ferrite constitutes 56% of the total nearklapan, USA and China are the major
producers of the ferrite magnets. While annual ginonate in USA and Japan is not appreciable,
the growth rate in China and other south East As@mtries is substantial. After five years of

development in terms of quantity, China has bectrsiein the global hard ferrite market.

1.17 Outline of the Present work

Extensive research has been carried out to obseeveffect of the various process parameters
on the magnetic properties, microstructure and elpaesent. This has led to development of
variety of compositions (dopants) and processinge®of strontium hexaferrite to achieve better
magnetic properties. The present work is an attemptld something more to the existing work

by adopting different processing routes and ranemnls.

In the present work strontium hexaferrite sintemeanets were prepared using pure chemicals
such as strontium carbonate and iron oxide. THaante of mole ratio, calcination temperature,
sintering temperature and time on magnetic propedf SrFe0;9 is discussed. Apart from this
strontium hexaferrite were also prepared from pgeed celestite and upgraded blue dust. A
comparison of magnetic properties of the two magneepared from pure chemicals and
processed ores has been discussed. Also the sgnttiedrontium hexaferrite has been carried
out by mechanochemical method using chemicallytéceaelestite and upgraded blue dust.
Apart from this the conversion of Indian celestidestrontium carbonate was carried out. Effect
of different parameters influencing conversion patage has been studied. The different types

of upgradation processes for upgradation of blust dave been done in this work.
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Chapter 2

Conversion of Indian celestite to strontium carbonge

Overview

Celestite is an ore of strontium sulphate whiclpiisnary source of strontium

carbonate This chapter deals with different processes to edniwdian celestite to

strontium carbonate. The purification of celestlty chemical treatment is

discussed. The black ash and direct conversionadstfor conversion of celestite
into strontium carbonate are described. The efééctifferent reducing agents,

mole ratios, temperature on conversion percentdgstrontium sulphide and

strontium carbonate is described for different tim&ervals. The comparison of
processes in terms of process easiness, economhypeanentage yield has been
discussed. Phase characterization of raw mateaiads product materials using
XRD is described. The morphological characterist€xelestite and the derived

product strontium carbonate was carried out usiBigl.S
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2.1 Introduction

The mineral Celestite existing in different placasross the world is main source for the
production of SrC@ which contains 65 to 90 percent of strontium katp [1, 2]. In India it is
found in Trichirrapalli district of Tamilnadu stat€his is medium grade celestite as it contains
large amount of impurities like Fe, Ba etc. Manyest strontium chemicals like strontium
nitrate, strontium chloride, strontium hydroxidedsstrontium oxide is being manufactured from
celestite [3-7]. The major consumption of strontinarbonate is in glasses for colour television
picture tubes to block X-ray transmission and impraent of glass appearance. The next major
application of SrC@of ferrite grade is in ceramic industries to proelderrites of different
grades for electrical and electronic appliancesaarf\from this strontium carbonate is also used
in purification of zinc electrolyte (to remove leedpurities) and as ceramic paints [1]. It is also
used in farm chemicals, medicine and as tanningmah{3].

The Beneficiation, purification of strontium cartade from the natural ore celestite finds great
difficulties to obtain required level of purity the final product. Black ash and direct conversion
are the two methods by which conversion of cekestitstrontium carbonate is being carried out
[4, 5]. A group of researchers have attemptedudysthe thermodynamic and kinetic parameters
of the direct reduction and black ash processe8][6Apart from this scientists have conducted
experiments on conversion of celestite to strontaarbonate using different techniques [9-12].
Hydrogen and mixture of Hand CO was used at high temperature for the regtuof celestite

by Pedalket al.[13]. The major disadvantage of this process issaoiption of large amount of
gases and evolution of highly pollutant compoukd kS, which is not eco- friendly. Gitt al.
[14], Lepsinet al.[15] and Erdemoghet al.[4] have also studied the thermo chemical reaction
with a stoichiometic amount of carbon at a tempeeatl200-130%C. The loading zone
temperature of rotary kiln was 600-Pa0 and discharge zone temperature was %20@
1300C. This process has many disadvantages such aselégirical energy requirements,
sintering of reactants and product etc. To overcezh type of problems experiments have
been carried out with easily available reductamke ktoke, bituminous coal, and activated
charcoal [5, 6]. There is no data available far tomparative study of direct reduction process
and black ash process throughmultaneous experiments with respect to percentagie,

application etc. of Indian celestite. The pressintly aims to prepare strontium carbonate of
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ferrite grade, which consists of many purificatisteps. These include black ash method and
direct reduction method for the comparative studlycanversion of celestite to SrGQvith
respect to process cost, process simplicity, bydyoeb application etc. The basic aim of the
project is to prepare strontium hexaferrite sirdeneagnets using celestite ore. In this chapter
experiments performed for conversion of Indian sttle to strontium carbonate by different
processes is reported.

2.2 Experimental procedure

The celestite ore obtained from Trichirapalli dapo$ Tamil Nadu (India) was supplied by M/s
J.M. Mines & Minerals, 37, Williams Road Cantonmemfamil Nadu (India). The ore was
ground to fine powder in a mortar pestle. The pawdas sieved. The fraction less than 45 um
was collected for the experimental work. The chamanalysis of celestite was carried out to
know its chemical composition. For different traalement analysis flame type (AAS) atomic
absorption spectrometer flame type (Model GBC-932AAstralia) was used.

2.2.1 Chemical treatment of celestite ore

100 gm celestite powder (<gin) was taken in 2 liter borosilicate glass beakéout 500 ml of
1:1 HCI, 20 ml conc HN@and small amount of NJf was added in this fine powder mass. All
acids and other chemicals were of Laboratory Reageade purity. The beaker containing acid
and celestite was heated on a hot plate at a temwerof 60C with constant stirring for 36
hours. The acid portion was decanted and fresh(HC) was added followed by small amount
of HNO; addition to repeat this process. Acid treated stide was filtered and washed many
times with distilled water till the pH of residua the filter paper attains neutral value. The ffilte
paper with residue was dried in an oven at’Clfor 2 hours. By addition of HCI, HNGhe
strontium carbonate present with celestite alonth Wie, Ca, dissolves and remains in the
dissolved condition in the liquid. NH has been added to dissociate any silicate misteria
present in celestite. By chemical treatment pro@edestite upgradation is performed and acid
soluble impurities like Fe, Ca, etc. reduce sigaifitly. The chemical composition of celestite

before and after acid treatment is given in tableadd 2.2.
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Table 2.1 Chemical analysis of celestite ore befosnd after acid treatment

Composition  Befe Acid leaching After acid leach

SrsG 91.6( 96.6¢
SrCG 1.3C <0.0z
BaSGC, 0.9C 0.87
FexOs 4.01 0.6C
SiC, 0.1C 0.1C
Al ;05 0.21 0.1¢
CaC 0.3¢ 0.01

Table 2.2 AAS results for other trace elements befe and after acid treatment

Element Mg Pb  Zn Ni Cu Na K
Proces

(i) Before leaching 0.12 0.24 0.@006 0.29 0.24 0.026

(if) After leaching 0.012 0.021 0.00.005 0.002 002

0.021

2.2.2 Synthesis by Black Ash Method

In this process celestite obtained after acid tneat is reduced by carbon, at higher temperature.
Three different sources of carbon viz. activatedrcbal, bituminous coal and coke has been
used as reducing agent. Chemical composition cfetlteals are given in table 2.3. The particle

size of all three carbons was less than 100 micron.
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Table 2.3 Chemical composition (wt. %) of differehcoals

Coal Fix carbon Ash ol&lile material Moistul
Active Charcoal 97.00 1.70 0.50 0.

Coke 82.86 B2 0.20 3.85
Bituminous coal 62.26 2562 6.32 8.62

The reaction involved in this reduction reaction ba written as:

SrSO,+4C0O —» SrS+4CQ........ ()
CO,+C —» 2CO............. {0))
SrSO,+CO —» SrO+SQ+CO,. . ()

The carbon monoxide generated in this processsdifftand reacts with celestite which is not in
contact with carbon. The excess carbon used irptbeess will give rise to formation of CO
which will help in gas solid diffusion reaction. Tstart this experiment treated celestite
powder (< 45um) has been taken and mixed with charcoal (hedt@diBC for 24 hours before
mixing). These experiments were done with differantount of charcoal, which varies with
10%, 20%, 30%, 50% and 60% in excess amount (weagiat) of celestite taken. For example
for 100gms celestite 110 gm of charcoal was takeh samilarly the amount of charcoal was
varied. This mixture was kept in silica crucibledazovered with silica cover lid. Thick ceramic
paste was applied around the cover. The systemheated in a muffle furnace at 16Q0for
100 minutes. The experiment setup is shown indi@. This experiment was conducted with
different grades of coal at same temperature wattation in reducing time. The reduced SrS
was leached with water. A little amount of HC| wadded to dissolve non-soluble SrS. An
excess amount of 480, (6-10 times more then theoretical amount) was addedmove Ba as
BaSQ and for it a long reaction time period was emptb{& hours) [5].
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Fig.2.1 Experimental setup for reduction of celeste to strontium sulphide

The leached solution was filtered through thelitateve filter paper. This facilitates the
removal of silicate and other insoluble constitsenthe dissolved portion has been used for the
precipitation of strontium carbonate. A 10% solatiof sodium carbonate was added to the
dissolved acidic strontium solution with constatitring at 50C for precipitation of strontium
carbonate. The precipitated strontium carbonatefitased through qualitative filter paper and
washed with distilled water many times until theideile on the filter becomes neutral which was

tested with pH paper.
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2.2.3 Direct conversion of celestite to strontiumarbonate
In another effort celestite after leaching treattmeras treated with N&Os; solution. The

reaction involved in this process can be written as

SrSO; + Na, CO3 —> SrCO3 + N&SO; ...........(IN)

For this purpose 100 gm powder (s4B) of treated celestite and sodium carbonate wasta
mole ratio of (NaCO; / SrSQ) 1.0, 1.1, 1.2, 1.5. The sodium carbonate in meguguantity was
dissolved in 1 liter solution. The celestite powelexs added slowly to the carbonate solution
under the constant stirring at a temperature rangiom 25C to 75C at an interval of 11T
with time variation from 30 minutes to 330 minutasan interval of 30 minutes. The beaker
containing solution was cooled and the convertedCemvas filtered through the filter paper.
The sodium sulphate produced in this reaction regn@ the dissolved form. The residue on the

filter paper was washed many times with distillegtev until the residue becomes neutral.

The filtered and dried mass was again taken ine? tiorosilicate beaker and dissolved in (1:1)
HCI at a temperature of 40 for 1 hour. After cooling the liquid the mass witered through
filter paper. In this way any silicate material amatdissolved impurities was collected on filter
paper leaving Sr as Sedh the solution. It was observed that,8&; /SrSQ of molar ratio 1.5
give better yield of strontium carbonate. SrG@btained from 1.5 molar ratios (MOs/SrSQ)
was again added to sodium carbonate solution wothstant stirring to precipitate strontium
carbonate. The SrG®@btained was analyzed by wet chemical analysis.

The study of phase analysis for the raw materidstige and the product SrS, Sre@rmed
during reduction of celestite was conducted IRDX( Model Rigaku D-Max IlIC) and patrticle
morphology was analyzed by scanning electron mioqs (Model JEOL 840A).

2.3 Results and discussion
2.3.1 Black ash method

Celestite ore consists of Sr$@s major constituent as can be seen from X-rdsadtfon pattern
(fig.2.2). The reduction of celestite was done vdiffierent grades of coal. In all the experiments
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excess amount of charcoal by weight percentagetakas. The celestite to charcoal ratio was
varied as 1:1.2, 1:1.3, 1:1.4 and 1:1.6. Figuresh@®ws the effect of excess activated charcoal
content on reduction of celestite with variationrémucing time at 100C. The reducing effect
decreases considerably when the activated chasctess than 40% excess of the celestite mass.
The reducing effect of activated charcoal with 66%ess mass was better. The conversion
process is completed after 60 minutes of redudtioe after that it becomes virtually constant.
As the percentage of excess charcoal with respecelestite mass increases the conversion

percentage also increased.

* Sr$O4 peaaks

Intensity(Arbitary unit)

mw’dﬁ

1000 2000 3000 4000  50.00 60.00 7000  80.00 90.00  100.00
20 (degree)

Fig. 2.2 Typical X-ray diffractogram of celestite iowing the peaks ofSrSO; .
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Fig. 2.3 Effeg)t of reducing time and excess of actited charcoal on % yield of SrS at
1000¢C.

From the figure 2.3 it can be observed that up tiona period of one hour conversion increases
considerably with each coal percentage mass. Adter hour the conversion percentage rate
becomes relatively slow. Similar trends were alssenved for bituminous coal and coke, which
are shown in fig. 2.4 and fig. 2.5 respectivelyhnslight change in rate of conversion. Fig 2.6

shows the typical X-ray diffraction pattern of redd celestite where peaks of SrS have been

marked.
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Fig 2.4 Effect of reducing time and % excess of himinous coal on % yield of SrS at
1000°C from celestite.
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Fig. 2.5 Effect of reducing time and % excess of ke on % yield of SrS at100dC.
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Fig. 2.6 Typical X-ray diffractogram showing the peaks of SrS obtained fronblack
ash process.

The work by Wen Chan [5] for the reduction of Clseecelestite with different carbon source
like brown coal, bituminous and coke indicates thatreducing effect with 40% excess charcoal
with mass ratio of celestite is minimum and witf/6@f mass ratio percentage conversion of
celestite to SrS is maximum. The impurities asdediavith celestite such as Ba, Fe, Ca and Al
has been separated in a sequence using chemidak.rddowever, the Chinese (Lamping)
celestite contains around 4.0-8.0 % silica as imyuit is mentioned that silica will react with
the Sr present in the celestite and form a complede SrSiQ that is acid soluble salt for it
constant pH has to be maintained for longer dumatMoreover, the purity of the product is
limited to 92%. Therefore it may be possible thanhe residual amount of silica may remain as
contaminated phase with final product. Since thieastontent in the present study is very low
the possibility of silica contamination is veryeai he study of Sonawaee¢ al.[6] shows that at

a mole ratio of 2.5 (activated charcoal to celeptthe reduction of celestite into strontium
sulphide increases with increase in temperaturetiamel The kinetics of the reduction reaction
has been studied using different catalyst like ggitan carbonate, sodium carbonate etc. The
reduction temperature has reduced substantially. silidy was confined to see the effect of
catalyst on reduction temperature. The removahtdlgst from the final product is not specified
in this work, which is around 2%. Giteg al. [14], Lapsinget al. [15] and Erdemaglet al. [4]
have also suggested the similar type of reductemabior at higher temperature with different
time period. The disadvantage of these experimsritsat this reaction is conducted at very high

temperature 1200-1380 consuming lot of electrical energy. Recently Alatu Obut [16] has
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reported an experiment for the conversion of ciéedb strontium sulphide by microwave
heating. The conversion ratio in this experimenthserved to be 98%. But the temperature of

conversion was 126G.

In our study the results obtained with activatedrcbal is better as compared to other grades of
coal. The reducing time is also less as comparethir reported work [5].
SrS obtained after reducing experiments was leairhadidic solution. The reaction involving in

the leaching process of strontium sulphide can ti¢en as:

2 SrS(s) + 2HO —> St (HS) + SI(OH)z e (V)
SH(HS)2 + 2H0 —> St (OH)2 + 2 HoSeovereeeeerevenens (VI)
SIO(S) + HoO —> ST (OH)2 et (VI
Sr(HS); +2HCI —> SICly+ 2HoS oo, (VI

H,SO, added to solution will precipitate Ba as BaS@bout 70-75 percent Ba" gets

precipitated where Sras strontium sulphate loss percentage is 0.98%eMove B&', Ca™ up

to 95% the pH of the solution was increased to5]2The C&% Mg, F€?ions hydrolyze at pH
12. So up to 95% of these impurities are eliminatigoH 12 due to hydrolysis.

2.3.2 Direct conversion method

Fig 2.7 shows the effect of temperature and timepercentage yield of SItGQ% SrSQ
conversionfor mole ratio 1.5 (N&COy/ SrSQ). The experiment carried out at’Z5exhibits the
lower percentage of celestite conversion. As readimperature increases from 25 t87%he

celestite conversion to strontium carbonate in@gaapidly.
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Fig.2.7 Effect of temperature and time on % yieldf SrCO; for mole ratio 1.5
(NaCO4/SrSOy)

The effect of time and mole ratio (pO; / SrSQ) on percentage yield of SrGASrSQ
conversion) from celestite at 8D has been shown in fig 2.8. For molar ratio ofifh.the present
study, the percent conversion is quite low. Theveosion rate of celestite increases with
increase in molar ratio. For molar ratio 1.5 thevarsion rate is maximum. Castillejos et al [9]
performed experiments with different mole ratio {885/ SrSQ) 1.0 to 1.5 at 4% for a time
period of 350 minutes. He reported the sustaineckase in the rate of reaction with an increase

in sodium carbonate concentration.

The chemical composition of celestite as given abl& 2.1 shows the presence of large amount
of Fe (4.01%) which after acid leaching reduced0t60% as shown in the table 2.1. The
percentage of AD; content also reduced from 0.2 to 0.15%. In thigl &aching of celestite

powder impurities like Fe, Al and Ca etc. has bestuced to great extent. Leaching also helps
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in removing other soluble impurities. The celest#aching experiment employed by Hacer
Dogan et al [7] led to the reduction of impuritigs to 0.005%Fe, 0.11%Ca 0.6%Ba, 0.86%Pb
and 0.2% others. The level of impurity reductiontims experiment seems to be in good
agreement with value reported by Hacer Dogenal. [7]. The reduction of celestite with
different coal shows that the best result was abthiwith the activated charcoal in terms of
percentage yield of SrS with respect to time asmvshm fig. (2.3, 2.4 & 2.5). The reducing
property decreases considerably as the excessncadmeases from 60% to 40% of sample
mass of celestite. The conversion percentage iseseas time increases with each of the coal
sample. The SrS conversion conducted by Wen CHeus|[Bg various source of coal indicated
that brown coal gives maximum efficiency for thengersion from celestite to SrS. However, the
present study shows the activated charcoal is eifistent coal source, which can be used in
reduction of celestite to strontium sulphide. Thigecence in the result is due to the fact that
Wen Chan [5] has not employed the activated chredach is rich in fix carbon containing
lower value of ash. Whereas, the study made bywameet al[6] for the reduction of celestite
into SrS reports that the activated charcoal istneffective reducing substance for celestite
reduction. In present study similar trend was &somd. The effect of different molar ratio 1.0,
1.1, 1.2, 1.5 of (N& O3 /SrSQ) on conversion of SrCQwith respect to time (ranging from 30-
330 min. at 48C has been shown in fig. 2.8.
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Fig. 2.8 Effect of time and mole ratio (NaCO3/SrSO,) on % yield of SrCO3 from
celestite at60°C.

The rate of percentage conversion of S&0found to be maximum with 1.5 molar ratios of
(NaxCO;/ SrSQ). The decrease in the molar ratio exhibits theelopercentage of SrQ@vith
respect to time. Castillejost al. [9] have reported that at a mole ratio {88/ SrSQ) of 1.5
maximum conversion rate of celestite to strontitarbonate was observed which matches with
the result of the present study. Purification pssc® get strontium carbonate of desired level of
purity by black ash and direct decomposition preaer removing impurities is upto 97 and 98

% respectively.

Fig 2.9 shows the SEM micrograph of SrQ@here powders of different shape and size can be
seen. The variation in particle size is fromu® to 10pum. These particles get agglomerated
during precipitation. A careful examination indiedtthat smaller size powders are spherical in
shape where as bigger one is faceted type. The Miffiaction pattern of these powders shows

the presence of single phase Sg€@mpound (Fig.2.10).
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Fig. 2.9 SEM micrograph of strontium carbonate
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Fig. 2.10 X-ray diffractogram showing the peaks o$trontium carbonate obtained
from black ash method.
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2.3.3 Comparison of black ash and direct conversiomethod

Table 2.4 shows the chemical composition obtain@oh both processes. The yield percentage
is greater in direct conversion method (98%) as pared to black ash method (97%). Kirk-

Othemar, (Encyclopedia) [1] has reported a yiel®8% strontium carbonate from black ash
process. According to a Patent [17] it has beentioreed that it is possible to produce 95% pure
strontium carbonate by using black ash method. Wewehis requires the celestite containing
85% strontium sulphate whereas by using direct emion method strontium carbonate over
95% can be achieved. It was also claimed that ptrentium carbonate (99%-+pure) can be
obtained even with low-grade celestite by doubleodgosition method [17]. The purity of

strontium carbonate obtained in present study séeins within the range of the values reported
by other workers [4, 5 & 6]. On comparing of botlogesses it seems that direct decomposition
process is more economical as compared to blackrasless as no extra equipment like furnace
is required. Only the chemicals are required. Meeepthe by-product obtained can also be

utilized where as it is not possible in black astcpss.

Table 2.4 Comparison of the process in terms of %igld and residualimpurities

Process SrG  BaCC; (C&”+ Mg™) Fe ¢
Direct 98.01 <0.01 0. 0.008
decomposition

method

Black ash 97.85 <0.01 0.015 0.01 0.02
method
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Chapter 3

Upgradation of Blue dust

Overview

This chapter deals with beneficiation of blue dissteduce the gangue materials
such as silica and alumina by physical and chenpoatess. In the present work
two types of physical beneficiation processes toycaut upgradation of blue dust
have been employed. These are Magnetic separatoirrath flotation processes.
The magnetic separation leads to separation of ategparticles by applying low
intensity magnetic force. The froth flotation preseconsists of removal of gangue
material by making it to float on the upper sadgaApart from this iron oxide of

high purity was also prepared from blue dust bymical precipitation method.
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3.1 Introduction

Iron has its occurrence in earth as Magnetite@peand Hematite (R©s). The important ore of
iron is Hematite due to its wide availability artdaccounts for primary source of iron for the
world’s iron and steel industries. Iron ore is ntine about 50 countries worldwide. In India it is

mined in Jharkhand, Chatishgarh, Orrisa, Karnat@ke, and other states.

The fine particles associated with the ore misdsiown as Blue dust and is present with almost
all hematitic deposits in India as mentioned inptBel. The blue dust contains more than 95%
iron oxide. It also contains alumina and silicahia range of 1-2 weight percent [1].

The beneficiation or upgradation of iron ore isiged as the process for the separation of
gangue material from the ferrous materials. It alsdudes the separation of more-magnetic
particles from less magnetic particles. Focus hasnbmade to physical and chemical

upgradation method for the beneficiation of blustdu

Karmazin et al. [2] have done experiments for the beneficiationiroh ore. In this study
gualitative and quantitative evaluation of libesatiof economic minerals and the level of
contamination of the process product by waste corapts were carried out for the purpose of
analysis of energy utilized in the process. It wascribed that separator with pulsed magnetic
field efficiently allows the realization of more moentration of large amount of unliberated
magnetic particles as compared to conventionalragga. The energy consumption at different
stage of upgradation has been analyzed for thagsaf energy. However, this study was based

upon beneficiation of magnetite ore.

Roman et al [3] have done iron ore beneficiatiomgigoll-type high-intensity electric field
separators. They demonstrated that high-intendigtric fields can be employed for the
separation of artificial magnetite processed framran mineral containing siderite Feg@nd

ankerite (FeCaMg)C¢by using roll type separator.
According to an US Patent [4] iron ore was upgradsihg separation steps based entirely on

size for a mineral composition without the use eggaration steps. It was claimed that relatively

coarse grind of iron ore can also be beneficiagedg.this technique.
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The present study deals with upgradation of blugt through physical and chemical processes

and compares the processes in terms of econongggg@ffectiveness and process easiness.

3.2 Experimental procedure

Blue dust used for this experiment was collectednfBailadila mines of Chattisgarh state. The
fraction containing less than 45 micron was talantlie purpose of physical upgradation. The

flow diagram describing the physical upgradatioocess is shown in figure 3.1.

BLUE DUST

Fine < 45um

Magnetic Separator

|

Non-magnetic

particles
. 1
Floatation
l process
Froth
Concentrate
Tailings
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Fig. 3.1Schematic process flow diagram for physical upgrad#n of blue dust

3.2.1Magnetic Separation Method

Fotating
drum

Stationary
magnets

Drum Dia.
24inch

Iagnetic
concentrate

Fig.3.2 Conventional drum- type magnetic separator

For the separation of magnetic rich blue dust threventional drum type magnetic separator was

used which was indigenously designed and fabricdtedt of all the drum was made to rotate

which is electrically driven at low rpm. The druptates over stationary magnet setup as shown

in figure 3.2. The magnetic field applied was 0.8slB. The iron ore less than b was

introduced as feed through the hopper. The feetisspko two portions. The non magnetic

material separates as tails whereas the magnetieriala separate out is called magnetic
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concentrate. This process is used for the separatimagnetic materials like Fe,J&a from the
blue dust (FgD3) which is very effective for the separation ofgeengredients from the iron ore.

3.2.2Froth floatation process

Rubber tube

f{:ompressed air

=—— Glass nozzle

T = - - L-Circular hole
= {Zmm dia)

Fig 3.3Froth floatation set up for the separation of gange materials from blue dust

The particle size <4pm was collected for the upgradation purpose. F@ad@ gm of blue dust
was taken in a 5 liter beaker. Beaker containing lolust was heated on a hot plate 4€74nd

compressed air was passed in it through indigegaledigned glass nozzle.

This leads to continuous stirring of blue dust iplas. After half an hour heating and blowing
process the water was discarded. This process a@sated five times to ensure complete
removal of water soluble impurities. The separatdigangue materials like silica and alumina
take place according to the liberation mechanisng[5After final washing the mass was filtered
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and dried in an oven at 1D for 1hour. The schematic view of the froth flaita setup for the
upgradation of blue dust fine particles is showrfigr8.3. The black particles represent the blue

dust fines and grey circles the air bubbles.

3.2.3Chemical upgradation method

In the chemical upgradation process pure iron ogioder was synthesized using blue dust. A
batch of 50 gram blue dust (<4 ) was taken in 2 liter borosilicate glass beak8@ ml of HCI
(1:1) was added slowly through spout of the beakéer that the beaker containing blue dust
and acid was heated at low temperature (4&5®n a hot plate to start the reaction under
constant stirring. The reaction was allowed to talleee for one hour. To dissolve the iron oxide
completely 20-30 ml of conc. HNOwvas added slowly with a precaution to avoid vigsro
reaction due to oxidation of Feto F€>. When reaction is completed the solution is coated
room temperature. The solution is filtered throMghatman filter paper no-40 to remove silica
and alumina from the iron solution. The filterednr solution was transferred to a 5 It
borosilicate glass beaker. The solution was dilutedpproximately one liter in the beaker by
distilled water. When the solution is completelyaold condition ammonia solution (1:1) was
added very slowly under constant stirring with egaution to avoid vigorous reaction. Addition
of ammonia solution generates lot of heat and the solution becomes hot. Therefore iron
solution is cooled before addition of another mortof ammonia. Addition of ammonia solution
is continued till precipitation of iron hydroxide completed. Iron hydroxide was allowed to

settle down for one hour.

Iron hydroxide was filtered through Whatman fil{gaper no-41 and washed many times with
water to make the residue on the filter paper amanfsee. The iron hydroxide mass is placed in
alumina pot and heated in a muffle furnace at @@dor one hour to convert iron hydroxide to

iron oxide.
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3.3 Result and Discussion

Table 3.1 Value of iron content in feed, tailing and concentate after magnetic separation

Separatc | Product Weight Iron
Type content
(%)
(%)

Magnetic | Feec 10C 61.9(
separator
(drum Tailings 21.5] 8.02
type)

Concentrat | 78.8( 62.2¢

The weight of tailing and concentrate after magnsd#iparation of blue dust is mentioned in table
3.1. It is obvious from the observed value thadfeehich is a source of blue dust contains
61.90% iron which increases after magnetic sejparand reaches to 62.23% as shown in table

above. Though there is not much variation even thenhelps in separation of other elemental

oxides.

Table 3.2Chemical composition of blue dust before and afteupgradation (floatation)

Compoun Before upgradation (wt%) After upgradat{wt%
Fe 05 96.20 97.5.
Al ;05 0.32 0.2¢€
SiC; 1.60 1.2
CaC 0.94 0.1
MnO 0.1¢ 0.11
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Table 3.3Trace element analysis of blue dust by (AAS) beforand after upgradation

Elemen Before upgradatic After upgradatio
(Wt%) (wWt%)
Mg 0.4C 0.2¢
Pt 0.027 0.02:
Zn 0.01 0.01
Cu Not detecte Not detecte
Na 0.6¢ 0.04
K 0.52 0.0z

Table 3.4 Chemical composition of iron oxide prepared from te chemical upgradation

of blue dust
Upgradation Chemical composition
process (Wt %)
F€203 Al 203 SIOZ CaC MnO
Chemical
upgradation
99.21 0.21 0.32 0.12 0.14

The chemical composition of iron oxide obtainedhirthe blue dust after chemical upgradation
is shown in the table 3.4. It is evident from ass@that iron oxide obtained from the chemical
upgradation contains highest purity of.©gi.e. 99.21%. The gangue materials like alumina,
silica etc. remains in traces after the upgradafidns is due to the fact that traces amount of
impurities are always occluded with the bulk préefmon of iron oxide. However, this can be
reduced by double precipitation. The high purigniroxide powder may be prepared in small
guantities. This process shows the feasibilitydbieve pure grade of iron oxide from blue dust
whereas other physical methods do not show sud¢hduglity of iron oxide.
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(c) after chemical upgradation
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3.3.1 XRD phase analysis

Figure 3.4 (a), (b) and (c) shows the X-ray diffraic pattern of as received, physical upgraded
and chemical upgraded blue dust respectively. Eitem shows single phase of,Bgin each
diffractogram. Presence of impurities is evidewinir X-ray diffraction pattern as shown in fig.
3.4 (a and b). From the X-ray diffraction patterrfig.3.4 (a and b) it is observed that intensity
of impurity (SiQ®) decreases which shows that impurity level in bllust goes down after
physical upgradation. However, X-ray pattern irufig 3.4 (c) shows that the intensity of $iO
peak is almost nil. This indicates that as recelve@ dust contains greater amount of impurities
but after physical upgradation the impurities ledetreases. In the case of chemical upgradation
of blue dust it has lowest level of impurities. s due to the fact that impurities level after
physical upgradation reduces due to liberation raeidm. Whereas in chemical upgradation

method almost all impurities are separated.

3.3.2 Microstructural studies

Figure 3.5 (a), (b) and (c) shows the SEM micropgsapf as received blue dust, after physical
upgradation and after chemical upgradation. Theragiaph 3.5 (a) shows the shape of the
particle which is faceted agglomerated type whidmtains large pores containing different
impurities. The micrograph 3.5 (b) shows the brokemticle of FeO; generated after froth

floatation. It is observed that porosity has alesrdased due to continuous fracture of iron
oxide. The figure 3.5 (c) represents the microgsaph pure FgDs; obtained after chemical

upgradation of blue dust. In this micrograph ibiserved that the particles are of uniform size.

The particle size is also very small as compareattier micrographs.

95



(©)

Figure 3.5SEM micrographs of blue dust (a) as source (b) physal upgraded (c) chemical
upgraded
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Chapter 4

Preparation of Strontium Hexaferrite from Celestite
and Blue dust by Mechanochemical Route

Overview

The present chapter describes the process for thpagation of strontium

hexaferrite from natural mineral celestite and lduset.

The mechanical alloying process has been adoptprefmare strontium hexaferrite
powder. The celestite after chemical upgradatiod physically upgraded blue
dust along with sodium carbonate was taken for gheparation of strontium

hexaferrite in this work. The high-energy planetbayl mill with tungsten carbide

jar and ball was used to prepare strontium hexsfggowder by mechanochemical
alloying. A long time of ball milling for differentluration has led displacement
solid-state reaction. At the end of each experimiuet product was washed
thoroughly, dried and sintered to prepare anisadropagnet after annealing the
ferrite powder. Phase analysis, microstructuratigtand magnetic properties of

the sintered anisotropic magnet were carried out.
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4.1 Introduction

Blue dust is iron ore fines and is found abundairtithe iron ore mines. It cannot be used
directly in steel making process due to the finsneflsthe particle. Celestite is natural ore of
strontium and is used for the preparation of stoomtcarbonate. Strontium hexaferrite is
permanent magnet and its formula is (MR where M stands for Sr, Ba, Pb etc. Its crystal
structure is hexagonal magnetoplumbite sometimbsdci-type ferrite, which is characterized
by space group Bénmc [1]. It is most widely used permanent magnet,chtaccounts about 90
wt% of total production of permanent magnets mar®ebntium hexaferrite finds its application
in motors, loudspeakers, high frequency devicegymatc recording media etc. [2, 3]. The
details of blue dust, celestite and strontium hexdé is described in chapter-1.

Generally strontium hexaferrite (SH®©.9) is prepared by the conventional method, which
involves calcination of the mixture of Srg@nd FeOs in an appropriate ratio at a temperature
between 1100-128Q followed by sintering [4]. The most important tiacfor the production of
SrFa;0;9is the cost and availability of the raw materi®esme researchers have tried to reduce
the processing cost by using one of the naturalmaterials directly. Mortaza Mozaffaet al.

[5] have used celestite along with iron oxide to prepatrontium hexaferrite by
mechanochemical method. However, they have take@®s;Ha pure form. Dasguptat al. [6]
used blue dust with pure strontium carbonate fer pleparation of strontium hexaferrite by

conventional calcination method.

The aim of the present work is to produce stronthawaferrite powder directly from celestite
and blue dust which are natural ore of strontiumd mon by mechanochemical method with a
view to make the process cost effective and toagpthe possibility of commercial production
of strontium hexaferrite directly from the ores.iglwill also help to utilize the waste and

discarded fines that are causing environmentallenob

4.2 Experimental Procedure

The starting raw materials taken for this studyagiestite, blue dust and sodium carbonate. The
celestite ore was ground to fine powder in a moatad pestle. The powder was sieved. The
fraction less than 45 micron was collected for éxperimental work. The chemical analysis of

celestite and blue dust was carried out to knowchismical composition. For different trace
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element analysis, atomic absorption spectrometéam@& Type Model no. GBC-932AA,
Australia) was used.

4.2.1 Chemical treatment of celestite ore

Celestite was chemically treated to remove gangatmals. For it 100 gm oven dried celestite
powder (<4mm) was taken in 2 liter borosilicate glass beakéout 500 ml of 1:1 HCI, 20 ml
conc. HNQ and small amount of NHF was added in this fine powder mass to removaeg ga

material. The details of the process is mentionechapter 2.

4.2.2Upgradation of Blue dust

The upgradation of blue dust was done by physipgiradation method. The details of the
process has been described in chapter 3. The wgahtdde dust was used for the preparation of

strontium hexaferrite sintered magnets.

4.2.3 Preparation of Strontium hexaferrite powder

The appropriate quantity of treated celestite,raggd blue dust (mole ratio SrOfBg =5.5)
and sodium carbonate with 30% excess amount tolstonetic ratio was taken [5]. A batch of
50 gm mixture was mixed using zircon ball and vessa high-energy planetary mill (Model
Mega pact, Pilamec Ltd. U.K.) in a medium of anabitgrade reagent (AR) hexane. After one
hour of mixing the material was taken out and ptd tungsten carbide jar with tungsten carbide
balls. The charge to ball ratio was fixed (1:10gxdne was used as medium for mixing which
continued up to 60 hours. At every 10 hours intesample colour was monitored till the
mixture colour turned to black. During initial expaentation hexane was added to get
homogenized mass. As the milling proceeds hexarsparates leaving fine powders. The
mixture was taken out after milling. Finally aft¢® to 50 hrs of ball milling the powder was
washed and annealed at &0dor 1 hour in a muffle furnace to see the presasfpphases. Once
the phase of strontium hexaferrite after 50 hourdall milling followed by annealing was
confirmed then these powders were selected to pregieontium hexaferrite sintered magnets.
For it 5% PVA (polyvinyl alcohol) as a binder watdad to this powder and mixed well to make
slurry and was allowed to dry in the open air. peélet of 5mm diameter and 11 mm length was

prepared by applying compressive force of 500 MRder magnetic field of 2 T to make it
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anisotropic. The pellet was sintered at 1%25€r an hour in a tubular furnace in open air. The
phase analysis was carried out using X-ray difoacter (Model Rigaku D-Max lIC).
Microstructureal analysis of sintered pellets wagied out using scanning electron microscope
(Model JEOL 840 A). The magnetic properti@&s, [Hcj, and(BH)max] of the sintered magnets

were measured using a Pulse Magnetometer ( Mod&lO0g.

4.3 Results and Discussion

The celestite powder was chemically treated forupgradation. The amount of different
ingredients before and after acid leaching is givechapter 2 (table 2.1). It was observed that
even after acid treatment some impurities likeQzeBaSQ, SiO,, Al,Os etc. remain in small
guantity (Table 2.2). The presence of these comg®ura not favorable for the magnetic
properties of strontium hexaferrite produced tledrd he chemical analysis and trace analysis of
source and upgraded blue dust is given in chapteble 3.2 & 3.3).

The reaction involved in milling can be written as:

SrSO; + NaCO3 + 5.5 FeO3 —»  SrFg 019 +Na,SO4 + 30,

The characteristic feature of solid-state reactimough mechanical alloying is that it involves
the formation of product phases at the interfadethe reactants. The growth of the product
phases occur by diffusion of atoms of the reacpdratses through the product phases, which
creates a layer preventing further reaction. Intensnilling increases the area of contact
between the reactants powder particles due to tedua particle size which allows fresh
surfaces to come into contact. This allows the tr@ado proceed without the necessity for
diffusion through the product layer due to whichlicsostate reaction that require high
temperatures will take place at lower temperaturang mechanochemical synthesis without
any heat treatment. It is well known that convemigorocess for the preparation of Sgerg is
through solid-state reaction at high temperatutes Tequires lot of chemicals of high purity.
Apart from this the requirement for calcination limg, and high sintering temperature makes
the process costly. The advantage of mechanichhgiprocess over other conventional method
is that it does not require any external heatingre® for solid-state reaction to occur [7-12].

However in certain cases low temperature treatmsareguired to facilitate the reaction.
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Table 4.1 Phases present after different ball mihg duration

Ball milling time Phases prese Heat treatmel
(hours)

1 Fe03 N&xCOsz SrSG Not anneale

30 Fe 03, Ne,COy SrFe2019 | Not anneale

40 Fe0s, SrFe¢2019 Anneded
900°C/1 hr

50 SrFe;019 Annealel
900°C/1 hr

60 SrFe; 019 Annealel
900°C/1 hr
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Fig. 4.1 X-ray diffraction pattern of the powders mechanically alloyed for various

times (a) after 1 hr. milling (b) after 30 hrs.of milling (c) after 50 hrs. of
milling followed by annealing.
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4.3.1 Phase analysis

The X-ray study for the formation of strontium héexate (SrFe,0,9) phase is presented in
fig.4.1 (a-c). The XRD pattern after 1 hour of badilling of the mixture of celestite, sodium
carbonate and iron oxide show the presence ofoal$tduent phases which is shown in fig.4.1
(a). The fig.4.1 (b) represents the X-ray diffrantipattern of initial mixture after 30 hrs. of
mechanical milling. It indicates the formation afosmitium hexaferrite phase. However, presence
of ingredient phases also exists. The much weakbaodden peaks of K&; and SrSQ@ are
visible with formation of small amount of amorpho&sFe.,0,9 phase [13-15]. The peak
broadening of initial oxides indicates that shotiere of mechanical activation is not sufficient
to obtain crystalline phase of SiE®:0. However, similar pattern was also observed ewen f
higher mechanical milling time indicating that réan is not completed. The fig.4.1 (c) shows
the typical XRD pattern after 50 hrs. of mechaniuiling followed by annealing at 980 for 1
hour. Here we can find that there is decrease iorpinization nature. More sharp peaks of
SrFe,0s9 are visible in this pattern showing the increasetlime of ferrite phase which has
formed after 50 hrs of milling followed by annedinrhe X-ray pattern shows the formation of
single-phase strontium hexaferrite phase. The ghaesent after different ball milling duration
are mentioned in table 4.1. The particle size ¢%50,9 powder after annealing was measured
by applying advance Scherer equation. The calalile&ie of ferrite particle is 1. ain.

The lattice parameter was calculated using follgwormula.

(1d) 2 = 4/3 [ (h*+hk+k?¥)/a®] + | ?/c?
Whered = inter planner spacing
hkl = Miller indices
c, a= lattice parameter.

The theoretical values afanda are 23.037 and 5.886 A whereas calculated vahoes X-ray
diffractogram of thesare 23.289 and 5.6613 A respectively. The obsdaitide parameters are
close to the theoretical values.
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4.3.2 Magnetic properties
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Fig. 4.2 Variation 0By, H; with different milling time after annealing and
sintering.

Magnetic properties of ferrite powder produced raftifferent milling time followed by
annealing is shown in figure 4.2. By increasingiiling time magnetic properties are observed
to increase due to increasing volume of strontivexalferrite phase. Increase in magnetic
properties may be attributed due to fact that aimmgeaeleases the mechanical stresses existing
in powders due to impact load [16]. The typical Bdép of the sintered anisotropic strontium

hexaferrite is shown in fig 4.3.
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Fig. 4.3 Typical B-H loop of anisotropic sintered ragnet.

Table 4.2 Comparision of magnetic properties of stntium hexaferrite by
mechanochemical alloying

Sr.No. | Ingredients Magnetic properties Rexfence:
B, (Gs) HL(O€) | BHna (MGOE)

1 Celestite, sodium carbon. | 230t 523( 1.2 Mortaza Mozaffari e
iron oxide (pure) al.[5]

2 Strontium carbonate (pure| 210( 460( 1.8¢ C. Micleaet al[13]
iron oxide (pure)

3 Strontium hexaferrite, iro| - 570(C - J.Sortetal[14 ]
sulphide

4 Strontium hexaferrit 240(¢ 420(C 1.2C S.V.Ketovet d [15]

5 Celestite, sodium carbon. | 253: 316( 1.1¢ Present investigatic
blue dust
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Mortaza Mozaffariet al. [5] have reported the direct utilization of ceitesfor the preparation of
strontium hexaferrite powder using high purity irmxide after longer time of milling (24 hours).
They have employed milling process to achieve iatexmixture of celestite, sodium carbonate
and iron oxide. The milled powder was calcined @®C for 10 hours. In their process no
mechanochemical reaction has taken place. The prooliase (strontium hexaferrite) was
obtained after calcination. The magnetic propeiethese sintered samples are shown in table
4.2.

Micleaet al. [13] have produced strontium hexaferrite powdemmgchanical alloying method.
However, they have used strontium carbonate amdaxide of high purity. Severe stresses and
structural deformation was reported in their workese stresses were relieved by annealing
process. Strontium hexaferrite prepared with hightigs raw materials exhibit good magnetic
properties (table 4.2). The coercivity is the exdit property, which depends mainly on particle
size, annealing temperature and packing factorhef material. The single domain size of
strontium hexaferrite is aboufuh [10]. Due to mechanical alloying particles sizs heduced to

nano size.

Sortet al.[14] in their experiment tried to improve the odeity of the strontium hexaferrite by
ball milling of pure SrFe0O.9 and FeS. The coercivity enhancement observed istaube
formation ofa-Fe,0Os;phase which has formed after ball milling (tabl2)4.

S.V.Ketovet al.[15] have made the nanocrystalline SePegy powder using high energy milling
process from pure strontium hexaferrite powder.sThiocess covers only improvement in

magnetic properties by high energy milling and ating (table 4.2).

The present study involves the solid-state readipmechanochemical reaction using celestite
and blue dust. After the reaction the powder amsealed. The magnetic properties show the

moderate value of remanence and energy produdhantbecivity as shown in table 4.2.

The chemically upgraded celestite and modified bilust has been used in the present
experiment. Some siliceous impurities are alwaysuated with iron ore, which in all proportion
does not favour the magnetic properties. The desten after chemical upgradation is not free

from impurities. The lower value of magnetic prdps may be attributed due to presence of



retained impurities as discussed above. Apart ftbim the value of sintered density of the
magnet obtained in this experiment is 4.9 gm/cackvis lower than the theoretical density 5.1
gm/cc [16]. The decrease in density also causdésater (BH),.., value. However, the magnetic
properties obtained in the present investigatienvéthin the range of other researchers as given

in table 4.2 where they have used milling process/hthesize strontium hexaferrite.

The prolonged milling led to the decrease in thtuevaof B;, He and (BH),., due to severe
mechanical stresses and by formation of soft magm@orphous phase. After annealing the
magnetic properties increase significantly duestrystallisation [16-21].

4.3.3 Microstructure studies

Fig.4.5 SEM micrograph of fractured surface of sinered SrFe 019 magnet.

Fig. 4.4 shows the SEM micrograph of strontium Hexae annealed powder, which was

obtained after gold sputtering. This shows the gewral grains of ferrite. Fig. 4.5 shows SEM
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micrograph of the fractured surface of the ferntagnet. The major portion of particles is in

range of 1um. The grains are elongated, showing orientatiofienite particles. During the

process of annealing and sintering small partiofestrontium hexaferrite have grown to single

domain<1 pum.
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Chapter 5

PREPARATION OF STRONTIUM HEXAFERRITE
FROM PROCESSED ORE AND PURE CHEMICALS

Overview

This chapter describes the process for the praparaf strontium hexaferrite
(SrFe.0,9) from celestite (natural mineral of strontium) abtlie dust (after
converting celestite to strontium carbonate andsgay upgradation of blue dust).
The influence of various important process pararseseich as E©s/SrO mole
ratio, calcination temperature and sintering terappge on the magnetic properties
of strontium hexaferrite sintered magnets are dised. In order to compare the
isotropic and anisotropic magnetic properties, neégrunder similar processing
conditions were also prepared from pure chemiddige. magnetic properties with
respect to its structural morphology e.g. partisiee, shape, orientation, lattice
parameters and phase formation were studied fdr tategories of magnets. The
effect of different phases on magnetic propersediscussed in this chapter.

The phase analysis at different molar compositias warried out using XRD. The
microstructural features were studied by SEM. Thegmetic properties of each

batch were measured using magnetometer.
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5.1 Introduction

Many researchers have worked on strontium feriteesits discovery in late 50, to improve its
magnetic properties and reduce its production bgsadopting different processing routes. In
order to prepare strontium hexaferrite directlynirminerals/ores to reduce its production cost,
some attempts has been made. Dasgupta et al. {& j@epared strontium barium ferrite
(Bap.sS0.2)0.6Fe03 by using blue dust with barium carbonate and $tran carbonate of pure
grade. However, they used low melting point glgdsgse material (16NaO43.2Pb040.8$10
promote liquid phase sintering. In another expenieelestite was used with high purity iron
oxide to make presintered strontium hexaferrite [?je celestite was changed to strontium
carbonate by mechanoalloying method and then @adcinto prepare strontium hexaferrite [3].
U.S. Patent (N0-4766284) has reported that strontiexaferrite magnets can be prepared by
using celestite and iron oxide with the help ofdwed torch which gives higher temperature but
process can not be utilized at commercial scalettferbulk production [4]. The aim of the
present study is to prepare strontium hexafeustimg celestite and blue dust with a view to
reduce its processing cost as well as to expladtiye deposit of Indian celestite and blue dust.
For it celestite was converted to strontium carberaand blue dust was physically upgraded to
remove soluble impurities. In another set of expent strontium hexaferrite was prepared from

pure chemicals. The detail of the process adogteéscribed in subsequent sections.

5.2 Experimental Procedure
5.2.1 Conversion of celestite into strontium carbaate

Before goingfor conversion of celestite into strontium carbenétwas chemically treated. The
chemical treatment of celestite was carried out@$iCl, HNG and NHF. The detail of the
process is mentioned in chapter 2 [5].

5.2.2 Upgradation of Blue dust

Blue dust was collected from Bailadela mines (Gslagfarh state, India). The particle size <45
um was collected for the upgradation purpose. Blugt gowder was first physically upgraded
with the help of magnetic separator. After that Hp0 of magnetic blue dust was taken in a 5

liter beaker. Beaker containing blue dust was fteatea hot plate at 70 and compressed air
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was passed in it through indigenously designatedsghozzle. The details of the process is

mentioned in chapter 3.

5.3 Preparation of strontium hexaferrite
5.3.1 Preparation of strontium hexaferrite from processed ores

Anisotropic strontium hexaferrite magnets werepgred using strontium carbonate which was
obtained from celestite and upgraded blue dust.riible ratio of (FEO3/SrO) has been taken as
5.0, 5.3, 5.6 and 5.9 for each set of experimemé¢. 8ppropriate quantity of powder was weighed
and mixed in hexane medium using a planetary béllifon 3.0 hours. After milling the powder
mixture was dried. The dried powder was presse@ungdraulic pressure of 500 MPa pressure
using 15 cm diameter die. The pallets were calcineal tubular furnace at 11%D for 3 hours.
The calcined pallets were pulverized in tungstembida mortar and then milled in a planetary
ball mill in hexane medium for 1 hour. The balldbarge ratio in this milling was 5:1. After
drying 5% aqueous solution of poly vinyl alcohoM@® was added in the dried powder and
mixed thoroughly. This mixture was allowed to doy 12 hours. The dried powder was again
ball milled in a planetary mill to make the powdeze flowing for its further processing. For
anisotropic magnet powder was compacted at 500 ptBssure under magnetic field of 2 T
along the pressure direction to obtain 5 mm diametd 12mm height pellets. The pellets were
sintered in an electric resistance tubular furretcE208C for 1 hour at controlled heating rate of

5°/minute. For isotropic sample compaction was cdroiet in absence of magnetic field.

5.3.2 Preparation of strontium hexaferrite from pure chemicals

Analytical grade SrC@and FeO; prepared from the chemical upgradation of blue ¢(tthsapter

3) were used in present study. The chemical cortippf FeO;obtained from the blue dust is
mentioned in table 5.1 and chemical compositiopwt SrCQis given in table 5.2. The mole
ratio of (FeOs/SrO) has been taken as 5.0, 5.3, 5.6 and 5.9afch set of experiments. The
appropriate quantity of powder was weighed and thixehexane medium for 3.0 hours using
planetary ball mill. After milling the powder mixtel was dried. The samples were prepared in

the similar manner as mentioned in section 5.3.1.
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The strontium hexaferrite phase was analysed withyXdiffracometer (Model Rigaku D-Max
[IIC). Microstructural analysis of sintered magnetss carried out using scanning electron
microscope (Model JEOL 840 A). The magnetiproperties of the sintered magnets were
measured with pulse magnetometer (Model TC-201).

Table 5.1 Chemical composition of F£3; obtained from chemical precipitation of

blue dust

Compound Wit. %
Fe,Os (synthesized from blue du 9921
SIiG, 0.32
CaC 012
MgO 014
Al,Os3 0.21

Table 5.2 Chemical composition of pure SrC@(Loba Chemicals Ltd., Pune, India)

Compound Wt. %
SrCG; (AR Grade 98.t
BaCGCs 1.7¢
N&O 0.0z
CaC 0.1:
Al03 0.04
FeOs 0.00¢

5.4Results and Discussion

5.4.1 X-Ray Diffraction analysis

5.4.1.1 Strontium hexaferrite (Processed ore)

Fig.5.1 (a, b, c, d) shows X-ray diffractogramstfontium hexaferrite powder for mole ratio
(Fe04/Sr0) 5.0 calcined for 3 hours at 1209 1128C, 1150C and 117%C respectively. The
diffraction pattern shows the formation of singléape strontium hexaferrite. However,
diffracted peak of F£j3 is also seen in this diffractogram. The preseriageoa oxide peak may
be due to uncombined iron oxide. Fig. 5.2 (a,,bd)cshows the X-ray diffraction pattern of

strontium hexaferrite prepared at mole ratio,(F#5rO) 5.3 at calcination temperatures 1400
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1125°C, 1150C and 117%C respectively. Fig. 5.3(a, b .c, d) representsXkmy diffraction
pattern of strontium hexaferrite at mole ratio &l calcined at 11680, 1125C, 1150C and
1175°C respectively for three hours.

Fig. 5.4 (a, b, c, d) represents the X-ray difi@actpattern of strontium hexaferrite prepared at
mole ratio 5.9 and calcined at 12@0 1128C, 1150C and 1179C for 3 hours respectively. It is
clear from figure that at mole ratio 5.0 and 5.8 thghest X-ray diffraction intensity peak is
observed at 115G calcination temperature. However, ab®#SrO mole ratio 5.6 and 5.9 the
higher peak intensity was observed at PC75 his shows that strontium ferrite with higherleno
ratio requires higher calcination temperature. Thidue to the presence of more,®gin the
higher mole ratio compound. It is also evidentrirthe X-ray pattern that with increase in the
Fe0s/SrO mole ratio the intensity of &s increases. Similar behavior was also reportedhfer

strontium hexaferrite powders prepared using phesracals [6].

5.4.1.2 Strontium hexaferrite (Pure chemicals)

X-ray diffraction pattern of calcined strontium [adsrrite powder at different mole ratio
(Fe04/SrO) using pure chemicals is shown in fig.5.5. Tifraction peaks obtained with mole
ratio 5.0 has been shown in fig. 5.5(a). The phasadysis shows that single phase strontium
hexaferrite has formed. Fig. 5.5(b), 5.5(c) andd.Shows X-ray pattern of mole ratio 5.3, 5.6
and 5.9 respectively. It is observed that relatiifraction intensity of SrFgOi9 peaks are
increasing as mole ratio is increased from 5.0.60 Bhere is relatively slight decrease in peak
intensity for mole ratio 5.9. The intensity of peakpresents the volume of ferrite phase formed.
On comparing fig.5.1-5.4 it is found that at forckamole ratio (5.0-5.9) volume fraction of

strontium hexaferrite increases with increase inperature.
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Fig. 5.1 X-ray diffraction pattern of strontium hexaferrite powder for mole ratio
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Table 5.3 Magnetic properties, density, shrinkagefsintered SrFe;019(processed ore) at
mole ratio 5.0 with different calcination andsintering temperatures

Mole | Calcinatior Sintering B Hgi (BH)nax | Radia  |ongitudina | Sinterec
ratio | temperature| temperature| (mT) | (KA/m) (Kj/m® | shrinkage | srinkage density

(’C) (’C) % % glcc

1200 142 305 2.87 4.39 7.29 3.50

1100 1220 139 299 2.74 4.90 7.98 3.56

1240 140 306 2.96 5.34 8.34 3.53

1260 143 303 3.04 5.92 9.43 3.50

1200 143 278 2.69 3.23 7.90 3.39

1125 1220 147 295 3.32 3.89 7.98 3.43

- 1240 139 296 3.24 3.78 8.34 3.46

| 1260 149 303 3.58 3.42 9.43 3.53

1200 144 295 3.56 3.30 8.90 3.74

1150 1220 148 298 3.73 3.59 8.98 3.54

1240 145 303 3.66 5.62 8.94 3.65

1260 150 286 3.56 6.31 10.34 3.76

1200 139 290 2.71 3.20 7.60 3.49

1175 1220 131 312 2.22 5.56 7.98 3.53

1240 145 296 3.35 6.30 9.34 3.61

1260 131 291 1.65 6.29 9.30 3.52
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Table 5.4 Magnetic properties, density, shrinkagefesintered SrFe 019 (processed ore) at
mole ratio 5.3 with different calcination andsintering temperatures

Mole Calcinatior Sintering B Hgi BHmax Radid |Longitudina Sintere
ratio temperature| temperature| (mT) (KA/m) | (Kj/m? | shrinkage| shrinkage density

(’C) (’C) % % glce

1200 134 316 2.35 4.39 7.36 3.49

1100 1220 135 310 3.39 4.90 8.01 3.52

1240 142 306 3.27 5.34 8.42 3.50

1260 139 313 2.57 5.92 9.53 3.61

1200 133 307 3.01 3.23 7.83 3.54

1125 1220 137 322 2.40 3.89 7.95 3.62

£ 3 1240 135 307 2.50 3.78 8.43 3.58
| 1260 134 322 1.86 3.42 9.51 3.59
1200 138 291 2.83 3.30 7.58 3.50

1150 1220 138 321 2.79 3.59 7.89 3.51

1240 140 306 2.79 5.62 8.82 3.53

1260 140 297 2.48 6.31 9.54 3.65

1200 135 310 2.44 4.20 7.62 2.69

1175 1220 140 316 3.17 5.56 7.93 3.55

1240 138 317 2.23 6.30 9.42 3.60

1260 139 315 3.06 6. 29 9.29 3.62
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Table 5.5 Magnetic properties, density, shrinkagefesintered SrFe 019 (processed ore) at

mole ratio 5.6 with different calcination andsintering temperatures

Mole Calcinatior Sintering B Hgi BHmax Radia |Longitudina | Sinterec
ratio temperature| temperature| (mT) (KA/m) | (Kj/m® | shrinkage| shrinkage | density
(’C) (’C) % % glce

1200 126 321 2.46 3.65 3.98 3.46

1100 1220 129 306 2.92 3.70 4.76 3.52

1240 130 305 2.99 3.69 3.54 3.50

1260 127 328 2.42 3.52 3.76 3.42

1200 125 300 2.02 3.59 3.42 3.35

1125 1220 133 290 2.21 3.68 3.76 3.30

- 1240 121 306 2.11 3.52 3.54 3.28
| 1260 132 313 2.76 3.48 3.76 3.51
1200 129 308 1.74 3.39 3.39 3.24

1150 1220 130 314 2.28 3.53 3.92 3.20

1240 129 318 2.86 3.53 3.32 3.41

1260 131 287 2.39 3.48 4.70 3.51

1200 128 297 1.91 3.32 3.91 3.25

1175 1220 122 297 3.04 3.67 4.76 3.50

1240 130 317 2.62 3.50 3.51 3.48

1260 142 291 3.34 3.58 4.72 3.41
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Table 5.6 Magnetic properties, density, shrinkagefesintered SrFe 019 (processed ore) at
mole ratio 5.9 with different calcination andsintering temperatures

Mole Calcinatior Sintering B Hg BHax Radia |Longitudina Sintere

ratio | temperature| temperature| (mT) (KA/m) | (Kj/m® | shrinkage | shrinkage density
(’C) (°C) % % glcc

1200 123 329 1.49 3.24 4.98 3.36

1100 1220 128 307 1.74 3.39 3.76 3.43

1240 124 322 161 3.69 3.54 3.54

1260 121 223 2.00 3.52 5.76 3.39

1200 114 312 1.17 3.17 3.93 3.23

1125 1220 119 317 2.37 341 3.76 3.40

- 1240 116 309 141 3.25 3.54 3.34
| 1260 120 328 2.39 3.49 3.96 341
1200 123 325 2.40 3.15 3.92 3.23

1150 1220 119 326 1.12 3.20 3.64 3.29

1240 121 324 2.12 3.31 3.84 3.32

1260 120 302 1.56 3.12 4.56 3.27

1200 124 307 2.02 3.15 3.85 3.32

1175 1220 120 325 1.50 3.20 5.62 3.53

1240 123 323 1.56 3.21 4.84 3.22

1260 120 323 1.53 3.20 3.96 3.20
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The variation in the value of lattice constargndc of strontium hexaferrite (processed ore) with
respect to calcination temperature at differentem@ltio is shown in figure 5.6. The lattice
constant botra and c decreases with increasing calcination temperdturéFe0Os/SrO) mole

ratio 5.0 to 5.6. However, for mole ratio 5.9 batlndc increase when calcination temperature

increases.

This is due to fact that strontium ferrite with lemferrite content have more vacant sites of Fe
ions in the crystal which leads to the loveeandc of the hexagonal unit cell. For higher mole

ratio there will be no vacant site, which leadrtorease tha andc.
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3930 | —A mole ratio 5.0 *
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Fig.5.7 Variation of c/a of strontium hexaferrite (processed oreyith different mole ratio
and calcination temperatures



Fig 5.7 shows the ratio of lattice parame®esof strontium hexaferrite powder produced from
processed ore at different mole ratios and calcnaemperature. As the mole ratio was varied
from 5.0 to 5.9¢/aratio was observed to increase with increaselgireion temperature.

This may be attributed to the fact strontium fermtith lower ferrite content have more vacant
sites of Fe ions in the crystals. For higher matéorthere will be no vacant sites. This variation

in c/awas also reported by Wen-Yu Zhao [7].

The value of % radial shrinkage, longitudinal skage and sintered density for different mole
ratio, calcination temperature and the sinterimgperature is shown in table 5.3 to 5.6. A typical
graph for this variation for the sample calcinedla60'C and sintered at 1280 is shown in

figure 5.8. The sintered density was observed twadse with increasing mole ratio. This was
supported by continuous decrease in percentageksige with increasing mole ratio. However,

the shrinkage was observed to be more in axiattioe than in radial direction.

It is clear from the figure 5.8 that influence a,6s/SrO mole ratio on sintered density, axial
shrinkage and radial shrinkage is very strong. Thislue to the fact that when mole ratio
increases iron oxide content increases. The dexiaasintered density, shrinkage is because of
the fact that iron occupying the interstitial sigests saturated during sintering in the beginning
itself. During final sintering no further grain guth takes place for the samples as they are
already calcined at higher temperature. This alsduges the sintering density. Higher
calcination temperature also causes low drivingdofor final sintering, which reduces the
sintering density. However, further increase matkes system to have free iron oxide which
causes a lower shrinkage and decrease in density.id also supported by an increase in value
of lattice parametea and c which shows increase in the unit cell correspogdm the same
number of atoms. This result matches with the texthined by other researchers [7, 8, 9].
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Fig. 5.8 Effect of mole ratio on sintered densityadial shrinkage and axial shrinkage of
strontium hexaferrite (processed ore) calcinedtal 150°C and sintered at 1266C.

Fig. 5.9 and Fig. 5.10 show the value of latticeap@etersa andc in (A) with variation of mole
ratio of strontium hexaferrite obtained from puréemicals and from processed ores
respectively. On comparing the lattice parametahses of ferrite prepared from pure chemicals
and from processed ore we find that in both casestsum hexaferrite phase has nearly constant
value ofa for different mole ratios. However, the ore babkedaferrite has lower value (5.8321
A) than pure chemicals (5.8848 A). On the otherdhaalue of lattice parameter of ferrite
prepared from pure chemicals is maximum at mol® a6 whereas the ore based strontium
hexaferrite has maximuro value at mole ratio 5.0. The ore based strontiwxaferrite has
relatively lower value o€ than that of pure chemical based ferrite. This tn@yue to the fact

that lattice constargoverns the magnetic properties.
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5.4.2 Magnetic Properties

5.4.2.1 Magnets from processed ores

Table 5.8 and 5.10 shows the magnetic and phygroglerties of strontium hexaferrite sintered
magnets prepared at mole ratio {Bg¢SrO) of 5.0 to 5.9. The calcination temperaturs waried
between 1100 to 1196 at an increment of 26 and the calcined powder was sintered at
1250C/1 hr. It is clear from the table 5.3-5.6 that theue of(BH)maxandB; is constant from
mole ratio 5.0 to 5.3. As mole ratio was increagtexl value of remanence and energy product
decreases. Remanence is extrinsic property of thgnetic material which depends upon the
degree of the grain alignment as stated earlied#msity decreases with increasing mole ratio.
The decrease in density could be reason for therlBwand(BH)maxat higher mole ratio.

5.4.2.2 Magnets from pure chemicals

Table 5.7 shows the relationship between the magpeiperties of anisotropic strontium ferrite
magnets prepared from pure chemicals with differenle ratio(Fe,Os/SrO). A slight increase in
residual magnetic flux density appears when theematio increases from 5.0 to 5.3. A further
increase in the flux density is observed at theemratio of 5.6. When the mole ratio value
increases to 5.9 a slight decrease in residual et@giiux value is observed. This is also obvious
from the fig 5.11 where mole ratio verd&sgraph shows the increasing trendofat mole ratio
5.6. The increased value of flux density may be wukigh degree of crystal grain orientation
and high sintered density. The decrease in flusitfemalue may be due to lower degree of grain
orientation. The value of energy product at mokeora.6 is maximum as shown in table 5.3.
Similar variation in magnetic properties as a fiorctof mole ratios (F£s/SrO) was also
reported by S. Ebrahimi [8]. Fig. 5.11 shows graphrepresentation of energy product value at
different mole ratio. The value of energy produstdirectly proportional to magnetic flux
density. Increase iBr corresponds to higher value of energy product. Talee of intrinsic
coercivity (Hj) has a lower value at mole ratio 5.6 as shown iletaly. This value increases for
mole ratio 5.0 and 5.9 as shown in the graphiqadegentation in fig.5.11.

This is probably due to fact that for ferrite matgni is very difficult to improveBr value and
Hq value at same time. It is necessary to obtain kigtpree of crystal grain orientation with

higher sintered density to improve the remanendaeva-or this purpose a higher sintering
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temperature is required. At the same time smallaingsize is required for the higher value of
Hci. This could be only possible when the particlewotation under magnetic field is done in the
slurry form of the particle [9, 10].

The sintered density for the mole ratio 5.6 is reas compared to mole ratio 5.0, 5.3 and 5.6 as
shown in table 5.7. Because of higher sintered idelas mole ratio 5.6 the remenence and
energy product obtained is higher. The shrinkagaallongitudinal direction (magnetization
direction) is higher than the transverse directibnis is because of alignment of powder along
magnetic direction. This leads to significant atrispy character during sintering [11]. Fig. 5.15
and 5.16 show thBH loop of anisotropic and isotropic strontium hexafe sintered magnets
obtained from pure chemicals respectively. Simyldit).5.17 and 5.18 represeBH loop of
magnets prepared using processed ore. These lyystex@ps are a representative graph for same
mole ratio (5.6) for each category of magnets.

5.4.2.3 Comparison of Magnetic Properties

Table 5.7 Magnetic and physical properties of anigmpic ferrite samples made with pure
strontium carbonate and pure iron oxide (calmed at 1150C for 3 hrs.).

FeOs/SrC | Sintering | B, Hg (BH)max | Greer | Shrinkag: | Shrinkagi | Sinterec
Mole ratio | tempt. | (mT) | (kA/m) | kIIn? | density axial radial density
°C (@9 | (%) (%) (9/c9
time 1Hr
5.C 125C 18¢ | 29t 5.62 4.4¢ 7.5C 4.94 4.6z
5.3 125C 197 | 262 6.45 4.51 8.8t 6.2¢ 4.61
5.6 125C | 217 | 24C 1.7z 4.81 10.5¢ 5.1z 4.97
5.6 125C 18z | 28:& 5.31 4.45 6.6( 5.2(C 4.5¢
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Table 5.8 Magnetic and physical properties of anigmpic samples made with processed
celestite and blue dust (calcined at 11%Dfor 3 hrs.)

Fe,04/SrC Sinterin¢ | By Hei (BH)nax | Greer | Shrinkagi | Shrinkag: Sintered
Mole ratio tempt. (mT) (KA/m) | kJ/n? density | axial radial density g/cc
°C (9/ce) | (%) (%)
time 1Hr
5.C 125C 15C 28¢€ 3.5¢€ 3.25 | 4.8t 3.8¢ 3.7¢
5.3 125C 14C 297 2.4¢ 3.2 | 4.87 3.7¢ 3.65
5.6 125C 131 287 2.3¢ | 3.2¢ | 3.67 3.51 3.5C
5.6 125C 121 324 2.1z 3.27 | 4.2¢ 3.62 3.27

Table 5.9 Magnetic and physical properties of isotpic samples made with pure chemicals
(calcined at 1158C for 3 hrs.)

Fe,O4/SrC Sinterinc | B Hgi (BH)max | Greer | Shrinkag: | Shrinka¢ | Sintere

Mole ratio tempt. (rrnT) (ki&/m) kJ/n? density | axial dadial density
°C (g/ce) | (%) (%) (9/cc)
time 1Hr

5.C 125(C 13C 30¢ 2.2¢ 3.28 | 5.8t 3.8¢ 3.4z
5.3 125C 145 297 3.5t 3.25 | 4.65 4.45 3.4C
5.6 125C 171 27¢ 4.6¢€ 3.2z |4.91] 4.24 3.52
5.6 125C 147 357 2.5( 3.27 |4.8¢ 3.9z 3.27
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Table 5.10 Magnetic and physical properties of isabpic samples made with processed
celestite and blue dust (calcined at 11%Dfor 3 hrs.).

Fe,O4/SrC | Sintering | B, Hgi (BH)nax | Greer | Shrinkag | Shrinkag | Sinterec
Mole ratio | tempt. (mT) (KA/m) | kJ/n? density | axial radial density
°C (g/ce) | (%) (%) (g/ce)
Time
1Hr
5.C 125C 10¢ 29¢ 1.8 3.2 | 4.01 3.4¢ 3.4C
5.3 125C 125 32C 1.5¢€ 3.2: | 3.8¢ 3.3¢ 3.41
5.6 125( 12¢ 32¢ 1.5¢ | 3.2¢ | 3.2¢€ 3.4¢ 3.5C
5.8 125C 11¢ 301 1.0¢ 3.27 | 2.9¢ 3.4( 3.3¢

Table 5.8 shows the magnetic properties of theo#@moigic magnets made from processed
celestite and blue dust. We find that sample ofenratio 5.0 shows higher values Bf and
(BH)mae The presence of uncombined iron oxide deterdlo@®, and (BH)..., value as it is non
magnetic phase[12]. This unreacted@s£phase is due to saturated intestinal site occupyed
Fe"¥[7]. Because of this the values are decreasing initreasing mole ratio. The variation in
magnetic properties with different mole ratio i®®im in fig.5.13. The value of sintered density
is maximum with the mole ratio 5.0. The axial skage is directly proportional to the sintered
density. On the other hand if we compareHhigevalue of strontium hexaferrite magnets prepared
using pure chemicals we find that there is not amajor change in coercivity value. This is
probably due to the presence otGgphase which plays a complex role like particldason,

exchange coupling etc. [13].

Table 5.9.shows the magnetic properties of isotrgpontium ferrite magnets prepared by pure
strontium carbonate and iron oxide with differerglenratio (FeOs/SrO). It was observed that at
mole ratio 5.6 the value @, andH is higher as compared to other mole ratio and ini
increasing order from mole ratio 5.0 to 5.6 as ghawfig.5.12. On the other hand downwards
trend is observed from mole ratio 5.6. As compadnisotropic magnets the value B,
(BH)ma is less. This is due to the less alignment of plaeticle since the powder was not
compacted under magnetic field. The sintered demsinore for the mole ratio of 5.6. Because
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of higher sintered density the valuesBpaind(BH),...iS more as compared édher mole ratios as
shown in table 5.9.

Table 5.10 represents the value of magnetic pregerdensity and shrinkage of isotropic
magnets made from processed celestite ore andibkteThe values d;, (BH).. IS lower since

the particles are not aligned.

The graphical representation of the magnetic pte@seis shown in fig.5.14.
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5.4.3 Microstructures
5.4.3.1 Fractured surface of SrFgO1q prepared from processed ore (calcined at 1180)

Fig.5.19-5.24 shows the SEM micrographs of fermeagnets at different mole ratio with
variation in sintering temperature. Fig. 5.19 (pslows micrographs of ferrite at mole ratio 5.0
and 5.3 sintered at temperature 1200t is seen from the micrograph that particlgmient is
not proper at sintering temperature of 12D®ut comparatively particle alignment is better in
case of 5.19 (a). However, uniformity of particieesis low causing less coherency in structure
and lower value of sintered density. This leadddorease in the value of magnetic properties.

Fig.5.20 (a, b) shows SEM microstructures of fersintered at 126 for mole ratio 5.6 and
5.9. The micrograph shows the similar trend asudised above. Fig.5.23 (a, b) shows the SEM
micrographs of ferrite magnets sintered at 225®r mole ratio 5.0 and 5.3. In this micrograph
particles have become elongated to platelet typetstre. This may be the concurrent decrease
of crystallites along c-axis [14, 15]. Fig.5.24 g,shows the micrographs of ferrite sintered at
1250C for mole ratio 5.6 and 5.9. In this microstruetwalso higher porosity was observed
which led to lower sintering density. Fig. 5.21bjaand fig. 5.22 (a,b) show the fracture surface
of ferrite sintered at 122@ at mole ratio 5.0, 5.3, 5.6 and 5.9 respectively.
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(b)

Fig. 5.19 (a, b) SEM micrograph of ferrite magnetgrocessed ore) for mole ratio 5.0
and 5.3 respectively and sintered at 1260
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(b)

Fig.5.20 (a, b) SEM micrograph of ferrite magnet (pocessed ore) for mole ratio 5.6
and 5.9 respectively and sintered at 1260.
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(b)

Fig.5.21 (a, b) SEM micrograph of ferrite magnet (pocessed ore) for mole ratio 5.0 and 5.3
respectively and sintered at 12%D
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(b)

Fig.5.22 (a, b) SEM micrograph of ferrite magnet (pocessed ore) for mole ratio 5.6 and 5.9
sintered at 12
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(b)

Fig 5.23 (a, b) SEM micrograph of ferrite magnet (pocessed ore) for mole ratio
5.0 and 5.3 respectively and sintered at 12%D
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(b)

Fig.5.24 (a, b) SEM micrograph of ferrite magnet (pocessed ore) for mole ratio 5.6
and 5.9 respectively and sintered at 1280
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(b)
Fig. 5.25 (a), (b) SEM micrograph of fractured suréice anisotropic SrFg 019 prepared
from pure chemicals (mole ratio FgO3/SrO= 5.6) at lower and higher
magnifications 1256C.
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Fig. 5.25 (a, b) shows scanning electron microggaph fractured surface of anisotropic
strontium hexaferrite at lower and higher magntfma, prepared from pure chemicals. The
structure shows the ferrite particle in the pldtélexagonal shape which is clearly visible in
micrograph at higher magnification (fig.5.22b). Tarticles are well aligned along theaxis
giving rise to good magnetic properties [6]. Thermgraphs exhibit the morphological feature
of hexaferrite grains. If we compare the microdinoe of sintered magnets prepared from pure
chemicals and processed ore (as shown in fig.t.5%24) it is found that the hexagonal platelet
shape of ferrite particles from pure chemicalsngasmly aligned along its axis whereas in the
case of ferrite produced from processed ore it doats show uniform particle alignment.
Moreover, ferrite produced from pure chemicals asater coherency. The microstructure

observed in ferrite produced from processed orgvgharous structure due to less coherency.
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Chapter 6

Conclusions

Overview

The present chapter summarizes the results ofaheus experiments described in
the previous chapters. Effect of different expentaévariables for conversion of

Indian celestite to strontium carbonate and factoflsencing conversion rate is

outlined. The mechanochemical process for premarasf strontium hexaferrite

from blue dust and celestite ore and the effedifdérent processing variables on
the magnetic properties is mentioned. A compariesbrmagnetic properties of

strontium hexaferrite prepared from pure chemieald also from ores has been
discussed. Further, the structural and magnetipgstes of strontium hexaferrite

prepared from natural mineral have been discusdesl.scope for future work for

preparation of strontium hexaferrite from oresasctibed in brief.
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It is observed that chemical treatment of celesgthuces F£3; content significantly i.e. from
4.01% to 0.60%. The other impurity such as CaO eddoces from 0.36% to 0.1% by applying
this process. Before conversion of celestite bgadidecomposition method it is necessary to
employ celestite upgradation by acid leaching toaee the acid soluble impurities from the ore.
In the black ash method reduction of celestitettonsium sulphide depends upon the different
variables like nature of reducing agents and italiy temperature and time. The activated
charcoal was found most suitable agent for reducaigstite to strontium sulphide. The reducing
effect of celestite to SrS decreases considerahBnvthe activated charcoal is less than 40%. It
is also found that the conversion process is cowglafter 60 minutes and after that it becomes
virtually constant. In the direct conversion metloadestite conversion is influenced by various
parameters like molar ratio (M2aOs/SrSQ), temperature, time etc. The rate of percentage
conversion of SrS@is found to be maximum at mole ratio 1.5 {885/SrSQ). The maximum
yield of SrCQ can be achieved by optimizing the various pararaaising this method. The
direct conversion method seems better processda®ed not consist of big set up like reducing
gaseous set up as used in black ash process. De@attion method has the advantage of
simplicity, low consumption of acidic material arfdgh recovery of strontium carbonate.
Strontium carbonate produced from this processhbaxhigh purity and can be used in the
production of ceramic ferrite magnets. On comparihg black ash and direct conversion
methods in terms of purity of SrG@ is found that the former gives 97% and lateregi 98%
pure SrCQ. The direct conversion method may be suitabldigih grade celestite where Ba like
impurities is less. However, low grade celestitatams large amount of Ba for which black ash
method can be utilized. The single decompositiorthot® may be suitable for glass grade
strontium carbonate whereas double decompositiothademay be most suitable for ferrite
grade strontium carbonate replacing the expensire BrCQ. The Indian celestite contains
medium amount of impurities like Fe, Ba etc. andréifiore may be graded as medium grade
celestite.

The physical upgradation of blue dust shows thatrttagnetic separation process prior to froth
floatation process is necessary to get magnetiicfes separated. Magnetic separation process
is an easy operational process. Although ther@tismajor change in the chemical composition

of blue dust after physical upgradation processewvawn there is small decrease in impurities
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level like CaO, Si@etc. The silica content reduces to 1.21% afteatéibon process which was

1.60% before upgradation.

The chemical upgradation of blue dust by acid pittion method exhibits a better purity level
of iron oxide. The purity of iron oxide obtained thys process is 99.21%. The impurity content
is almost negligible. This iron oxide can be uélizfor the preparation of strontium hexaferrite
since it has high purity level. This will also beed as a substitute for expensive high purity iron
oxide. However, the preparation of iron oxide bymiical precipitation method is suitable for

small amount.

Preparation of strontium hexaferrite from celestit®d blue dust by mechanochemical route
shows very promising method for preparation ofrgiton hexaferrite from the celestite and blue
dust. This process has advantage that the whofeaon process is completed in a single
setup using high energy ball mill. This processdpoes ferrite powder of nano size. During the
process solid-state reaction occurs and this doesequire any additional step like conversion
of celestite to strontium carbonate and high teaupee reaction for the preparation of strontium

hexaferrite powder. Therefore it makes the proeasy and economical.

The results of magnetic properties obtained inpghesent investigation shows that strontium
hexaferrite with moderate values of remenence,cbagr and energy product can be obtained

by mechanical alloying of celestite and blue daibived by annealing.

The value ofB; H¢ and BHnyax are 2533(Gs), 3160 (Oe) and 1.19 (MGOe) respdygtivdne
values of magnetic properties obtained in the priesesestigation are in the range of results
reported by other researchers. These magnets casedein those components where moderate
magnetic properties are required.

The lower cost of starting raw minerals (celestitel blue dust) will make the process more

economical to produce strontium hexaferrite magrastssompared to the other conventional

methods where high purity chemicals are utilized.
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Magnets prepared from processed celestite andduisieexhibits comparatively lower values of
magnetic properties. However, by comparing in teahsost per unit of magnetic energy it is
found that ferrite prepared from its natural o®conomical. Moreover, the coercivity values
are in moderate range. By comparing the magnetipgrties of magnets prepared at different
mole ratio (FeO3/SrO) we find that there is optimum condition atiethmagnetic properties are
higher. These types of magnets are suitable incesfyesmall scale industries like toys, electric

mixers etc.

Strontium hexaferrite magnets prepared from pr@zksse and pure chemicals shows large
difference in magnetic properties and sintered itfeiod sintered magnets. It is clear from the

study that magnetic properties of the sintered raeggprepared from processed ore is almost
equal at mole ratio 5.0 to 5.3. When mole ratim@eased the value of remanence and energy
product decreases. It is also observed that magmepared from processed ore exhibit better
magnetic properties at mole ratio 5.0 to 5.3 whemmgnets prepared from pure chemicals
shows better magnetic properties at mole ratio btfe comparison of microstructures of the

both kinds of sintered magnets reveal that thagdardlignment in the case of magnets prepared

from pure chemicals is better as compared to magrepared from processed ore.

The celestite and upgraded blue dust can be a gdostitute to expensive chemicals strontium
carbonate and iron oxide for the preparation obrgitum hexaferrite which will reduce the

production cost of ferrite magnet industries sigaiftly.

The magnetic properties of ferrite magnets obtainewh processed ore are less as compared to
magnets prepared from the pure chemicals. Howé&yecomparing processing cost per energy
value of these magnets it seems to be promisinghatigmaterials for the application in small

industries.

The commercial production of strontium hexaferritdm celestite and blue dust will
significantly help to explore the huge deposithafural minerals strontium and iron ores fines.
This will also help to prevent the pollution proflecaused by dumping of iron ores fines. This
will also help the country to utilize the celestdee and make them self-dependent as well as

save the foreign money in turns.
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Suggestion for Future Work

In the present study conversion of Indian celegbtestrontium carbonate was carried out by
adopting different procedures. A number of othesrgium compounds can also be synthesized
from celestite. Considering this fact it is suggedsthat efforts should be made to prepare other
strontium compound like, strontium nitrate, strantihydroxide etc.

In the present work preparation of strontium hepwdée from celestite and blue dust and its
effect on magnetic properties are studied. The rothieysical properties like dielectric
characteristics, semiconductor properties, photolastence properties, resistivity, high
frequency application etc. are needed to be studidetail. So, it is suggested that study should
be made to observe the variation in other physioaperties mentioned above on this magnet by
preparing it from celestite and blue dust.

Apart from the conventional calcination method strom hexaferrite was prepared by
mechanoalloying followed by annealing using celesdind blue dust. However, possibility for
preparation of strontium hexaferrite by mechanodbehmethod directly (without annealing)
should be studied. So, it is suggested that drftgpeocess condition should be studied to explore
the possibility to prepare strontium hexaferriteedily by mechanochemical method from
celestite and blue dust. In addition to above are&s suggested to prepare nano powders of
strontium hexaferrite from celestite and blue dostxplore its better magnetic properties. Also
effect of doping rare earth elements on magnetpguties should be studied.
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