DCU

COBALT FERRITE
PREPAREDEMPLOYING
POWDER TECHNOLOGY,

THE POTENTIAL APPLICATIONS,
THE PREPARATIONAND

CHARACTERISATION
By
MUSTAFA SAJJIA

Student ID: 56116667

A thesis submitted for the degree of Doctor of &ophy
School of Mechanical and Manufacturing Engineering
Faculty of Engineering and Computing
Dublin City University
January 2013

Supervisor

Dr. ABDUL GHANI OLABI

PhD 2013



Declaration

| hereby certify that this material, which | nowbsuit for assessment on
the programme of study leading to the award of FhBntirely my own work,
that | have exercised reasonable care to ensuréhavork is original, and does
not to the best of my knowledge breach any lawamycight, and has not been
taken from the work of others save and to the éxiest such work has been

cited and acknowledged within the text of my work.

MUSTAFA SAJJIA

Student ID Number: 56116667

Date: January 2013



Dedication

ToMy BELOVED

MAamA

(MONEERA ZAHWEH)

BAaBA
(HUsNI SadJ14)



Acknowledgement

First and foremost, | am grateful to Almighty Allétom the core of my heart for the
fulfillment of my wish for the completion of thisssertation. | offer my sincerest gratitude to
my supervisor Dr. Abdul Ghani Olabi who has suppdnine with his patience and diligence,
his assistance and expert guidance throughout sgareh. | would like to express my special
appreciation towards Dr. Tim Prescott and Dr. Moedn©ubaha for their assistance. They
enriched my dissertation with their tremendouslydée and inspiring scientific discussions.
Numerous people deserve recognition for contrilmtiarge and small, which made it possible
for me to complete this dissertation. | would di&e to thank Mr. Liam Domican, Mr. Chris

Crouch and Mr. Michael May for their assistancéeichnical support.

I would like to thank my friends and colleagues Mndrew Clarke, Mr. Habibullah
Amin Chowdhury, Dr. Saiful Amri Mazlan, Dr. Nassekreem, Dr. Aazir Khan, Dr. Aran
Rafferty, Dr. Khaled Benyounis, Dr. Sumesh SofitiaPiand Dr. Rafael Ramos for their
implausible support regarding exchanging ideas amgdments, which facilitated in acquiring

diverse knowledge in the field of magnetostrictinaterials and relative topics.

In my daily work life, | have been truly blessedhva friendly and cheerful group of
fellow colleagues. Consequently, | would also likethank my friends and colleagues Mr.
Ahmad Baroutaji, Mr. Hussam Achour, Mr. Muhammadsktauzzaman, Mr. Shahriar Hasan,
Mr. Shadi Karazi, Mr. Sabawoon Shafag and Mr. Ayddhamed for their suggestions,
resources and encouragement. | apologise for tieasty names not mentioned here; this only

means that you are closer to my heart than yotoare/ mind.

I would like to thank the chaplaincy team in DClesjally Fr. Joe Jones for all their
help and support. In addition, | would like to tkahe school secretary Ms. Suzanne Dockery

for all her help.

| would like to thank University of Aleppo - Syrfar the financial support during my

study time; without their support, this dissertatiwould not have been possible.

Finally, | would like to thank my siblings Mohammathmad, Mahmoud and Farah for

their unconditional love and support throughout stydy life. | am eternally grateful to them.

iv



(D ICToA E=1 =1 110 ] o TR ii

[DI=T o [or= Vo] o H P PP PO E PP PUPPPP PRI iii
ACKNOWIEAGEMENT ... . e iv
ADDIEVIATIONS ...t X
AADSTIACT ...t oot e e Xiv
R 11 (0o [0 [ox i (o o ISP TP PPPPPPPRRI 2
1.1 Theoretical DACKGrOUNG.............ccii e e e eee et e e e e e 2
1.2 Research DACKGIrOUNG ............oooiii et eeeen e e e 5
13 MOTIVALION OF STUAY ... e e e e e 8
1.4 ReSearch ObJECHIVE ......cooi i 13
1.5  SHruCtUre Of tNESIS .....ooiiiiiiiiii i icrreee e 14
2 LITEIAtUIE MBVIBW ...ciiiiiiiiii it eeeeeet ettt re e a e e e e e 17
/220 R [ 1 (o o [F ot 1o o IO PP P P PUPPPPPON 17
2.2 CODAILFEITIEE ... 18
221 The crystalling StTUCTUIE. .........ooi e 18
222 The magnetostrictive material........ oo 19
2.3 Cobalt ferrite NANOPAITICIES ..........uieeieeeiiiiiie e 23
231 INEFOAUCTION ...t er e e e e e mm e e e e 23
2.3.2 MICTOBMUISIONS......iiiiiiiiiiiie e ettt e e e e e 25
2.3.3 The control of PartiCle SIZe.........ccceeeeiiiiiiiiiiiieeeeee e 26
234 The co-precipitation Method ... 28
2.3.5 The MagnetiC PrOPEILIES.....cccceeee i eeeeee e reeee e 30
2.3.6 The effect of surface layer on magnetic prDge...............coevvvvvveeeiiveirnnninnnn 34
2.3.7 The net magnetisation of cobalt ferfite ... 37
2.3.8 Ferrimagnetism and superparamagnetiSm.............ccccvvvieeeeeeeenniniiiineeeens 38
2.4 The sol—gel teChNIQUE .........cooiii e eeeeneees 41
24.1 INEFOAUCTION ... er e e e e e mm e e e e e 41
24.2 Nanoparticles SYNthESIS.........uuuuiiuuiiiiiiiicrr s 43
2.4.3 Other applications ............oovviiiieeeeee e, 46



2.5 SINEIING ..o 47

251 INEFOTUCTION ... emerre e e e 47
252 The densification and grain growth ..., 48
253 Sintering of cobalt ferrite ... ———— 50
2.6 T U 0] 10T SO 53
2.7  The contribution of the chapter towards thessamd scope of the investigation ....... 54
3 Materials’ CharaCteriSatiON .............uiueeceiiiiiei e e e e e 57
3.1 INEFOAUCTION ...t e e e e e e e e e e e 57
3.2 (I3 1 g ToTe (o] [oTe VAN PR PP PP PPPPP 57
3.3 ChAraCteriSAtiON .........cccuuiiiiiiiimmecm ettt ee e e e e e 58
34 ST 0] 0= o PP 70
4 The synthesis and characterisation of cobalitéenanoparticles..............cccceeeeeieeinnnnn. 72
L N [ 011 (0T [0 ox 1 o] o H PP PP PPPPTP PRI 72
4.2 01T (. 41= ] ¢= | 72
42.1 Material deVeIOPMENT ........cooi e 72
4.3 RESUILS ...ttt e e e rmnr e e e e e e 74
4.3.1 XRD PALEINS ...ttt ettt a e e e e et e aeaaeeee 74
4.3.2 [ Y € 79
4.3.3 SEM/FE-SEM IMAQES .....cccie e oottt ettt eaean e 80
4.4 DISCUSSION ...eviiiiiiiiiite e ettt e e e e et e e ettt e e et e e e ek et e e e st eeesnne e e s ek et e e e nreeee s 81
44.1 The effect of the CrossliNKer ... 81
4.4.2 The effect of the chelating agent ... 84
4.4.3 Calculating the crystal size of sample (14)..........ccccooeeiiiiieeeeeee, 87
4.5 oYU 0] 0= PR 88
5 The structural and magnetic analyses of the retioles ... iiimeeenns 90
51 INEFOAUCTION ...t e e e e e e e eeeeas 90
5.2 Experimental ProCeAUIE ...........ooo e e e 91
5.2.1 Material develOPMENT ...........uuiiiiieeeiiee e erreeeeaeaeaes 91
5.2.2 1Y/ T=T {gToTo (o] (oo | V2RSSR 92



5.3 RESUILS aNA QISCUSSION ..evuiieiiieee s ecemmme sttt e e e e s e e e e e s e et s esemar e st reereeeeans 94

5.3.1 Structural and thermal analySES .....ceeceemeeeeiiiiiiiiiiiie e 94
5.3.2 FTIR @NAIYSIS ...oeiiiiiiiieieeeee ettt e e 99
5.3.3 Morphology and particle SIZ€.........cccceevveerieeeiiiiiiiiiiiiiiii e 100
5.34 Y= To [ g 1] (ol o {0 o= 4 1T=TJ PP 102
54 SUMIMATY .ottt r e e e ee e e e e aaeeaaeeeaeeeees 112
6  The modelling and optimisation of the heat treattoperation.............cccccceennn. 115
6.1 INEFOAUCTION ...ttt e e e e e e e e e e e s 115
6.2 =] g T L] (oo YA 116
6.2.1 Response surface methodology ........cccceeeeviviiiiiiiiiiiiiiii e 116
6.2.2 Experimental deSign............ooo oo, 117
6.2.3 Desirability approach ...........ooovvvccceeiiii e, 118
6.2.4 (O] 011101 1S=1 1 o] o 1R 120
6.3 oI (41T ] €= YY) PP 121
6.3.1 Material developmMENt .............uue e 121
6.3.2 Electrical operating CoSt @StMALION . s oo eeeeeeeeeeee e, 122
6.4  ReSUItS and AISCUSSION .........uuviiiiieicccm et e e e e e e e 123
6.4.1 The development of mathematical models...............cccc 23
6.4.2 Confirmation eXPErMENTS..........uviieeeeieee e eeeeae s 124
6.4.3 The effect of heat treatment parameters ®madpPonNSeS ........ccceveeeveeeeieeeieeenn. 125
6.4.4 OPLtMISALION......ci i e 130
6.4.5 The structural characterisation of the ogadisample........cccccooeeeviieeiiinnnnnn. 133
6.5 ST 10110 o PSP 135
7  The sintering behaviour of the nanopartiCles...........ccccviiiiiiii e 138
7.1 INEFOAUCTION ... e e e e e e e e e e e s 138
7.2 EXperimental ProCEAUIE .............oii cmmee et eee e 143
721 Nanoparticles preparation ............ e 143
7.2.2 Disc samples forming and SINtEMNNG ....ccceeerieeiiiieiiiiiiieeie e 143
7.2.3 DENSItY MEASUIEMENLS .....cevvvvrress i e e e e e eeeeeaeaaaaaaaaaaaaasaaaaeeeeertaaaeaaananns 144



7.3 RESUILS ANA ISCUSSION ..ceviievtiiit s eceemmct e ettt e e e et e et e et s e e s eeen s eesenasessaresrrees 145

7.3.1 Morphology of nanoparticles............ccccee e 145

7.3.2 Sintering of NANOPArICIES ..........vieeeeei e, 145

7.4 IS0 0] 4= o RSP RS 154

8 CoNCIUSIONS & FULUIE WOIK ........vviiiiii e ettt emme e 157
8.1 CONCIUSIONS ...ttt ettt e e e e e e e e e e e e reeeeeeeas 157
8.2 FULUIE WOTK ...ttt ettt e e e e s e e e e e e e e e eeeeas 158
RETEIEINCES ...ttt ettt e e ettt e e eeenr et e e e e e e e e e e e e e eeaas 161
APPENAIX A ettt e e e e e e e e eee e e et e e e e e reaaee s 174
APPENAIX B ..ottt e e rr— e 177
APPENAIX C .o e e ————————— 179
Y 0] 01T T G 0 181
APPENAIX E ... e ————— 183

viii



DEGDA
CA
XRD
EVA

JCPDS-ICDD

FWHM
DTA/TGA
SEM
FE-SEM
FTIR
VSM

Ms

Hc

Mr

B

ZFC
DoE
RSM
ANOVA
PVA

Abbreviations

Di Ethylene Glycol Diacrylate

Citric Acid

X-Ray Diffraction

A comprehensive and extremely versatile graphiognam for easy, fast and
convenient 2- and 3-dimensional XRD data evaluadiath presentation
Joint Committee on Powder Diffraction Standardsternational Center for
Diffraction Data

Full width at half maximum

Differential Thermal Analysis and Thermo-GravimetAnalysis
Scanning Electron Microscope

Field Emission-Scanning Electron Microscope

Fourier Transform Infrared Spectroscopy

Vibrating Sample Magnetometer

Saturation Magnetisation

Coercivity/Coercive field

Remnant Magnetisation

Blocking Temperature

Zero-Field Cooled

Design of Experiment

Response Surface Methodology

Analysis of Variance

Polyvinyl alcohol



Figurel.1 Strain versus magnetic fIeld .......... i 4
Figurel.2 The displacement versus current curve andrtieerelated data acquisition, left and
right respectively, for 20 Hz (top) and 70 Hz (00t [4]......cccooeeiieeiiiiiiieeeeee e 7
Figurel.3 Hysteresis loops of Terfenol-D (top curve) @utbalt ferrite (bottom curve) [7, 8]..9

Figurel.4 Magnetostriction versus magnetic field for doferite [8]..............cevvvvviieinnnns 10
Figurel.5 A multi-domain particle with the easy axes @fgmetisation randomly oriented .....11
Figurel.6 Single-domain particles with the easy axes afmetisation randomly oriented...... 11
Figurel.7 Pre-alignment of the easy axes of magnetisatimximises magnetostriction.......... 12
Figurel.8 Intragranular and intergranular POrOSItY . .oooieeeeeeeeieieiiieeiieeieeeeeeeee e, 13
FIgure2.1 SPINel StIUCLUIE .......cooe et 19
Figure2.2 Magnetostriction MeCNANISM ....... ... .o 20

Figure2.3 The magnitude of maximum strain derivatiye /dH)y.x versus the Mn or Cr
LoT0] 01 (T o B 22 | P 23

Figure2.4 A schematic representation of the synthestobalt ferrite nanoparticles using the

reverse Micelle Method [B3]......ccoo oo e e ennennnes 26
Figure2.5 Magnetisation versus temperature curve foCtiegO, particles [74].........ccc.u...... 29
Figure2.6 General relation between coercivity and patste [28].........cccccevviiiiiiiiiinnne s 31
Figure2.7 The relation between coercivity and cobaltifemparticle size [72] ......ccccccvvvvvvennnees 32

Figure2.8 Mossbauer spectra of small CgBgparticles taken at 4.2 °K in a longitudinal

external magnetic field of 50kOe for three diffareamples [96] ............cceeeeeeeeeiieiiiiee . 36
(1o [0 Y= Vo [ 1= (0RO 59
FIQUIE3.2 DIYING OVEIN ...ttt eeae e e e e e e e e e e e e e e e e aee s 59
Figure3.3 Mortar and PESLIE .........coo oo ——————— 60
Figure3.4 Horizontal tube fUMNACE ..........covviiiiieeieiiieeeeeeeeeeeeeeeee e 60
Figure3.5 The XRD €QUIPMENT.......ccoi i eeee e 61
Figure3.6 An example of XRD Pattern........cccooooveiiieii e, 61
FIgure3.7 DTA/TGA EQUIPMIENT .. ..uuuuiiuuiiiueiiieimmmeereeeeeeeeeeeessesssresserserrrrnrrrnrr——————erreeeseees 64
Figure3.8 An example of a DTA/TGA graph ...........uummeeeeeeeeeeeeiiiiiiiiceeee e, 64
FIQUIE3.9 The SEM....ccoiiiiiiiii et eeeeee ettt s e eeeenenneennnennnes 65
Figure3.10 An example of SEM IMAQJE ......ccooiiiiimmmmem et 65
Figure3.11 An example of FTIR SPECHUM ......cooi oo 66
FIgUre3.12 VSM EQUIPIMENT.....coii e e e e e e eeeeean e eennnnnns 67
Figure3.13 An example of a hysteresis loop obtained bMVS...........cccoooiiii. 61.
Figure3.14 The Uniaxial PreSS........oooo oo 68
FIgUre3.15 DiSC SAMPIE ...cooeiiiiiiiieeee et et e e e e aeaens 68

Figure3.16 The Chamber Furnace
Figure3.17 Archimedes Method Kit




Figure3.18 The PYCNOMELET ... emmeee ettt e e 70

Figured.1l Materials preparation..............oooiieeeeeeiiee e 74
Figure4.2 XRD patterns of Samples (1-6) ..........oummmmeeeiiiiiiiiiiiiiiieeeeeeeeeee e eeeeaes e 76
Figure4.3 XRD patterns of samples (7-9) ..........mmmmmmmeeeeiiiiiiiiiiiee e eeeeaes e 77
Figure4.4 XRD patterns of samples (10-13) ........ceeeeeeiriiiiiieieeeeeeeieevveevveeevreeeee v eeenee e 78
Figure4.5 XRD pattern of SAmple (14) .....ueeeeiiiieeeeeeeeecee et eeeeee e e e 78
Figure4.6 DTA/TGA curves of SAMPIE (9) ...cevveerivmmmmmn e eeeeeeeeeeee e aae e e e 79
Figure4.7 DTA/TGA curves oOf SAmMPIE (L4) .....uuvivicemmemeiieiiieeeeeee e e e e e e e e e e e e eeeeeeans 80
Figure4.8 SEM images of SAMPIES (L-6) ....uuuvurrrumiuiiuiiiiiiiiiceessse s s s e 81
Figure4.9 SEM images of SAMPIES (7-9) ...uvuvruriiiiiiiier s eeeeeeraaaans 81
Figure4.10 SEM image of SAMPIE (L0) ......uvvmreiicmcmmm et 82
Figure4.11 FE-SEM image of Sample (14) .........uiceeeeee e 82
Figure4.12 The crosslinker probable reactions, (a) ahdrE unfavourable, (b) is favourable 83
Figure4.13 The hybrid structure of materials containif% crosslinker ...............cccccoeinnnee. 84
Figure4.14 Metal complexes, (a) is monodendate, ands(b)dendate..............cccoccvveeenniinnenn. 85
Figure4.15 Organic-inorganic hybrids formed when usin@%Qchelating agent..................... 86
Figure5.1 Materials preparation ........ ... 93
Figure5.2 DTA/TGA curves of amorphous POWAET ......ceeeeceeeiiiiiiiiiiiieeiee e 94
Figure5.3 XRD patterns of SAmMpPIles (A-L)......c..uueaaciiiiiiiieie e mmeeee e 96
Figure5.4 DTA/TGA curves of sample (L) ...ooooe oo 98
Figure5.5 DTA/TGA curves of Sample (G) .......oooii i cceeeeeeeee e ee s eeeeeeaa 99
Figure5.6 FTIR spectra of samples (A, G, H, L) .o, 100
Figure5.7 FE-SEM image of SAmMPIe (G) ........ooo s e emmnne e 101
Figure5.8 The particle size histogram of sample (G)........cooevvvvveviveriieiiiiiiiiiiiiiieniieeeens. 102
Figure5.9 Hysteresis loop of sample (G) at 300 K ...ccceeiiiiiiiiiiieeeeeeeeeeveeveev e 103
Figure5.10 The relationship between flux density and igplpinagnetic force for a rod of cobalt
(=T TN L= 105
Figure5.11 The relationship between mass magnetisatidrapplied magnetic field for a rod

(o I eTo] o= 1 N =7 ¢ | (SR 105
Figure5.12 Hysteresis loop of sample (G) at 10 K..cooreeeiieeiiiiiieieeeeeeee e 108
Figure5.13 Temperature dependence of magnetisation indample (G).......ccccccvveerninnnes 111
Figure6.1 DTA/TGA curves of amorphous POWAET ......cceeeceeeeiiiiiiiiiiiiieeeeee e 118
Figure6.2 Optimisation StEPS [136] .....cceeiiiurrueerreeiiiee e e e e e e 121
Figure6.3 Material PreparationS..............eeeeieeeeeeiie e eee e e 124

Figure6.4 Perturbation plot shows the purity [%] as acfion of A: dwelling time, and B:

TEIMPEIALUIE ...ttt ettt e oo e e ettt tba e e e aaeeeeeeeessbaa e e e aeeeesnana e eaaans 127

Xi



Figure6.5 Interaction relationship between the purity #relheat treatment input parameters

Figure6.6 Contours plot shows the effect of temperatacedwelling time on the purity......129
Figure6.7 Perturbation plot shows the electrical opegatiost [] as a function of A: dwelling

LU T Lo I S T (=T n ] o= = L (U | = 129
Figure6.8 Contours plot shows the effect of temperatadedwelling time on the electrical

(o] 01T = 1] o o 01 P 130
Figure6.9 Overlay plot shows the region of optimal heaatment condition based on the first

(o3 11 (=1 o] o PP PP RO 132
Figure6.10 Overlay plot shows the region of optimal hesditment condition based on the

ST oXo] o [ od 1 1= o o 1SR 133

Figure6.11 XRD pattern of cobalt ferrite nanoparticlesanted employing the optimal solution

......................................................................................................................................... 134
Figure6.12 FE-SEM image of cobalt ferrite nanoparticlbsamed employing the optimal
£S04 ) o T 134
Figure7.1 Nanoparticles preparation ... 144
Figure7.2 XRD pattern of obtained NanopartiCles ... 145
Figure7.3 Particle size and its diStriDULION ..........eeviiiiiiiiiii e 146
Figure7.4 Densities as function of teMpPEerature .........c..cccooooiiiiiiiiiiieeeeee e 148
Figure7.5 Density at 1350 °C as a function of sinteringet..............cccccvvvvviviiiiniiiiinnes 149
Figure7.6 Density at 1350 °C as a function of the appliesbsure during pressing ............... 149
Figure7.7 Schematic of WC microstructure during the @hititage of sintering [128]............ 150

Xii



Table4-1 Samples with their initial parameters and COOIS .................occcvvviieeeeeeeeniiiieees 75

Table5-1 The heat treatment conditions of prepared sgenpl..........ccccevvvvvvviveiiiiiiiiiinnienn. 95
Table6-1 Independent variables and experimental desiggld used .................oooeeeiiennn. 118
Table6-2 DESIGN MALTIX ...cceeiiiii i ettt e e e e e e e e e e e e e e e 122
Table6-3 ANOVA for the purity Model.............oooeeeeii s 125
Table6-4 ANOVA for the electrical operating cost Model...........ccccceeviiiiiiiiiiiiieiiiieeee 126
Table6-5 Validation teSt FESUILS ........cc..iiiii e e 126
Table6-6 Optimisation criteria used in this study ..............covviiiiiiiiiiiiieeeeee e, 131
Table6-7 Optimal solution as obtained by Design-Expagda on the first criterion ............. 131
Table6-8 Optimal solution as obtained by Design-Expesdal on the second criterion ........ 131
Table7-1 The sintered discs with their respective coodg and densities ................coccvvveee. 147
Table7-2 Open and ClOSEd POTOSILY ........uuvreriereeeieeeiiiiii e ee e 150

Xiii



Abstract

The phenomenon of magnetostriction takes place evhiegre is a change in
dimensions that spontaneously occurs in ferromagraetd ferrimagnetic materials
when an external magnetic field is applied. Coleltrite, being a ferrimagnetic
material, has been proposed as a suitable magnetiost material for some
applications in the area of sensors and actudtossich applications, speed of response
with accurate displacements is important. Althowglbalt ferrite has been shown to
have a small magnetostrictive coefficient, whichaislisadvantage, it also has a very
small hysteresis characteristic. It follows that tesults of using this material should be
a smaller amount of energy loss and higher accuaadyigh frequencies, and these

benefits may outweigh this disadvantage.

In this thesis, making cobalt ferrite powder witlanon-sized particles is
suggested as a first step in a solution to ovenagrthe disadvantage mentioned above,
if the particles are small enough to have only amegnetic domain. Powders were
prepared employing the sgel technique. A particular emphasis is devotedano
understanding of the role of the chemical paramaterolved in the sebel technique,
and of the effect of the heat treatment on thecsires and morphologies of the
powders obtained. These were investigated by varyie initial parameters of the
experiment in addition to the heat treatment temjpee. The magnetic characteristics
of the optimum nanoparticles were measured. Thethegtment process was simulated
and optimised by means of DoE. The optimal heatrnent conditions, which facilitate
the attainment of cobalt ferrite nanoparticles urides electrical operating costs, were
defined.

Nanoparticles obtained employing the optimal solutivere uniaxially pressed
to form standard disc samples, and sintered ura@imzious ramp rate and single dwell
time conditions. A study of the powder behaviourimiy this process, the density
variation with pressing applied pressure, sinteriagnperature and dwell time, was

conducted.
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Chapter 1

Introduction



1 Introduction

1.1 Theoretical background

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

with positive magnetostriction have also been disced.

The causes of magnetostriction are similar for bigfhes of materials. The
change in length is the result of a change in thgmetic field orientation of some of the
magnetic domains in the material, which happensuiee the domain becomes aligned
with the externally applied magnetic field. Thisashieved by unpaired electrons which
move in orbitals around some of the atoms in theaterials. These orbitals are non-
circular, and their probability densities have defl geometric properties. Unpaired
electrons in each of these orbital produces a niagield with specific magnitude and
direction, and some orbitals enable the materiatefgpond to the direction of the
applied magnetic field better than other orbit8lscause the electrons in these orbitals
are in incomplete shells, it is possible for themstvitch instantaneously from one
orbital to another, and so enable the materialespond to the externally applied

magnetic field.



Because these electrons are the outermost elecirorsch of the atoms
concerned (the conduction electrons, if there ase are not attached to the atoms at
all) they also influence the distance between atdha is the distance with which one
atom can approach a neighbouring atom. The respaage complex, because these
orbitals (in the “d” shell in transitional elementnd in the “f” shell in the rare earth
elements) also interact with other orbitals (in th&shell) which define the chemical
properties of the element, including the basiccttme and properties of the crystal
lattices. The overall result is that where electroma magnetic domain switch from one
orbital to another, there is a small change indh&pe of the crystal lattice. Therefore
the new orientation of the magnetic field in aniwdlal magnetic domain causes a
tendency for an extension or a contraction of tn@osinding part of a sample of the

material.

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

largest amount of energy.

Therefore, when a stronger magnetic field is appt® the sample, energy is
transmitted to the material, and so more and mbtleeodomains are enabled to change
their magnetic orientation, to allow them to resppamthe same direction as the applied
magnetic field. When all of the magnetic domainyvehdecome aligned with the
externally applied magnetic field, as much as tlystal lattice will allow, the saturation
point has been achieved. Figutel shows the idealised behaviour of length change

versus applied magnetic field, for a material vatsitive magnetostriction.

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

contract to a greater extent than a sample witmaller original length. Therefore it is



convenient to measure the magnetostriction as mgehia length divided by the original

length of the sample, and to express the propertysrain.

In the case of positive magnetostriction, whererghis an extension of the
sample of material in the direction of the magnéedd, there is also a contraction of
the cross-section at the same time, in such a atythe volume is kept nearly constant.
The size of the volume change is so small thatait be neglected under normal

operating conditions.

¥ 3
L 2

Figure 1.1 Strain versus magnetic field

When a magnetic field is established in the opposlirection, the field is
assigned a negative value by convention, but tlgathee field produces the same
elongation in the magnetostrictive material as wWdo¢ produced by a positive field.
The curve is therefore symmetrical about the “yisawr about the zero magnetic field
condition. The shape of the curve is reminiscena dfutterfly and so the curves are
referred as butterfly curves. Referring again tguFé 1.1, it can be seen that there are
points on the curve labelled 0, 1, 2, and 3. Inrégion between 0 and 1, where the
applied magnetic field is small, the magnetic dammashow almost no common
orientation pattern. Depending on how the matexia$ formed there may be a small
amount of a common orientation pattern, which wosilbw itself as a permanent
magnet bias. In the region 1-2 ideally there shduddan almost linear relationship
between strain and magnetic field. Because théigakhip is a simple one, it is easier
to predict the behaviour of the material and sotndesices are designed to operate in

4



this region. Beyond point 2, the relationship beesmon-linear again as a result of the
fact that most of the magnetic domains have becalgaed with the magnetic field
direction. At point 3 there is a saturation effeghjch prevents further strain increase.

The behaviour of the magnetostrictive materialsvarious applications is
complex, because the changing conditions duringatipe causes changes in material
properties. The maximum useful magnetostrictivaistis one of the key parameters
defining the resulting mechanical output in theeca$ a magnetostrictive actuator.
Magnetostriction only occurs in a material at terap@res below the Curie temperature,
but when the Curie temperature is below the tentpexaof the environment, the

magnetostriction effect has little practical value.

1.2 Research background

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

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

Magnetostrictive materials have been considereatdeide a potential solution
for a better control of fuel injection. However, myamanufacturing methods and
improvements for the materials are yet to be exploBesides, several innovations with
respect to the fuel injector actuator are curreatigler exploration with TerfendD as a
preferred actuator material [1].

A research project was previously conducted. Thennwdjective was the
development of a new kind of instrument for measyielectrical current which would
operate with mechanical waves based on functiorsénals instead of magnetic flux

variations [2].



Instrument transformers in devices for the measargrof voltage and electrical
currents, are key elements within the modern systefrgeneration, transmission and
distribution of electrical energy. Their principbé operation is based on magnetic flux
variation. They are the basic input signals reqli@ controlling the power flows in
any electrical grid. Their importance has grownregeeater in modern and complex
power networks due to the tighter control requireside a sector undergoing profound
changes due to world-wide electrical market deratgar.

Conventional transformers for measurement of laigetrical currents in high
voltage grids have secondary windings which prodaroportionally reduced electrical
currents (5 A, 1 A) suitable for measurement. koed with voltage levels of more than
220 kV, that usually support currents higher thAGA@A, these inductive measurement
transformers are large, heavy and expensive dewutiscertain risks of explosion.
However, as the power of the electrical networkstmsadily increasing worldwide,
manufacturers of instrument transformers and ebtadtrutilities companies are

becoming ever more concerned with this problem [3].

The proposed system in the previous project cangssentially of a current
sensor and the associated modules. The currendrssnrmed by an emitter, and a
receiver. The emitter is based on magnetostriatnagerials that generate mechanical
wave under the alternate magnetic field inducedthleyprimary current to be measured.
Thus the 50 Hz, or 60 Hz, electrical signals araveoted into elastic (mechanical)
waves that propagate through a coupling structuté they reach the receiver. The
receiver is based on piezoelectric materials. Thasg¢erials have the property of
inverse conversion of energy. Thus, the mechanwcaves are transformed into
electrical signals in the receiver. These eledirgignals from the receiver are then

amplified and compensated through electronic discui

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

improve the performance of the sensor by increassngjgnal-to-noise ratio.



As Terfenol-D is the most frequently used magnetiste material, it had been
proposed due to its high magnetostrictive coeffici¢lowever, at high frequencies, a
small magnetostrictive coefficient was observedddition to a time delay between the
point when the magnetic field strength reachesngagimum value and the point when
the displacement reaches its maximum value. Fodavwith 8 mm diameter and 68 mm
long, the displacement, under 11 MPa as pre-s{f&f3 N pre-load), decreased from
0.055 mm (815 ppm) to 0.04 mm (592 ppm) when tleguency of the excitation
current is increased from 20 Hz up to 70 Hz. Figlr2 shows on the left side the
displacement versus current curve and on the siglet the time related data acquisition
with force, displacement, current and voltage whilea frequency of the excitation
current increases from 20 Hz (top) to 70 Hz (bojtth
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Figure 1.2 The displacement versus current curve and therataged data acquisition, left and
right respectively, for 20 Hz (top) and 70 Hz (oot} [4]

Terfenol-D suffers from the problem of eddy cursgnivhich are electric
currents induced in the material when it is expagedn alternate magnetic field. The
induced circular currents in the material produ@gnetic fields opposite to the original
magnetic field [5]. Therefore within the materidde local magnetic field strength will

be decreased, and there is a delay in reachingdhm where the maximum occurs.



This leads to a power loss and a limitation in filegjuency at which the material can

operate efficiently.

In many potential applications, especially in tfansers, speed of response and
the ability to operate at high frequencies are irtgyd. As a result, a necessity arose for
the substitution of TerfendD with another material. Since some ferrites haigh h
resistivities, eddy currents are not a problem wigng these materials. In other words,
high resistivity will reduce the eddy currents ahdrefore no opposing magnetic field

is created.

Cobalt ferrite (CoFg,) falls into this category. It has been proposedaas
solution to reduce eddy currents and their effdotaddition, it could be used to give a
response (in the form of a mechanical elastic wageq magnetostrictive material and
preserve the features of the original excitatiorrent more faithfully. By using cobalt
ferrite, it was anticipated that a good signal-tase ratio would be obtained in addition
to the elimination of eddy current problem.

1.3 Motivation of study

Pure cobalt ferrite (CoR©,) has a very high electrical resistivity of 1¥10cm
when compared to Terfend, which has electrical resistivity of 58x30 cm.
However, cobalt ferrite has a smaller magnetosteatoefficient than that of Terfenol
D. Therefore, cobalt ferrite has been employed sdwtion to reduce eddy currents and
their effects. As a comparison between a rod ofehet-D and another made from
cobalt ferrite, both with 20 mm diameter and 100 fong, under 3 MPa as pre-stress,
the hysteresis loop of cobalt ferrite was foundb® smaller in size than that of
TerfenokD which means that the loss of energy for eacheciglmuch smaller when
cobalt ferrite is used as shown in Figuie3. Nevertheless, a relatively small
magnetostrictive coefficient was observed as wetha presence of hysteresis as shown
in Figurel.4. It showed the displacement to reach 110 ppm @kA4n. It increased to

140 ppm when a pre-stress of 1 MPa was applied.

The cobalt ferrite rod was made from micro-sizedvgher. This powder with
average particle size of 5.34 um was preparedpresious study employing a solid-
state reaction method by blending both cobalt am @xides in a conventional ball mill

then annealing the resultant mixture in a horiziointae furnace at 1000 °C for 72 h [6].
8



This powder (with Ag/Ni additives) was cold isoistally pressed into a rod using a
wet-bag isostatic press (Stansted Fluid Power LiK), and sintered. This rod achieved
a relative density of 91.49%. This value was highan the value of 83.91% recorded
for a rod made from the same powder but containm@gdditives. However, there is a
necessity to improve the magnetostrictive coefficief cobalt ferrite because it is very

much smaller than the magnetostrictive coeffic@nterfenolD.
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Figure 1.3 Hysteresis loops of Terfend (top curve) and Cobalt ferrite (bottom curve)§y,

Magnetic anisotropy is defined as the dependenaeaxfnetic properties on a
preferred direction. In other words, it is the gyenecessary to deflect the magnetic
moment in a single crystal from the easy to thelldirection whereas the magnetic

moment in a single crystal is basically aligneddods the easy direction. However, the



easy and hard directions arise from the interaaifdhe spin magnetic moment with the
crystal lattice (spin-orbit coupling). Magnetostian is another effect connected to
(spin-orbit coupling). As a result, the magnitudetlze resultant strain is essentially
dependent on two factors, the strength of the aegpihagnetic field and the angle

between the direction of the easy axis of magnatisand the applied magnetic field.
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Figure 1.4 Magnetostriction versus magnetic field for colbettite [8]

Magnetostriction is mainly influenced by the magmetnd structural factors.
The first factor is related to the origin of thertpdes the material is made from. A
multi-domain particle contains a definite numbemdommains in which the easy axes of
magnetisation are arbitrarily oriented and thainioorder to lower the magnetostatic
energy of the whole patrticle itself as shown inufegl.5. On the other hand, a single-
domain particle has one major domain with one pradant easy axis of magnetisation

as shown in Figuré.6.
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Figure 1.6 Single-domain particles with the easy axes of ratigation randomly oriented

When the material is made from single-domain pladicthere is a chance to
control these particles during the preparation @secand then to control the respective
magnetic properties. The first step is to align #asy axes of magnetisation of these
particles so that they are parallel to each othembroducing them into a magnetic
field. The second step is to press these particlies a compact and sinter it at an
elevated temperature. Introducing the sintered @mmnipto an adequate magnetic field,

11



which must be perpendicular to the aligned easyg atanagnetisation, would deviate
all grains’ magnetic moments from the easy to thelldirection of magnetisation at
90° causing the magnetostriction to reach its mariwalue as shown in Figute?.

- >

Figure 1.7 Pre-alignment of the easy axes of magnetisatiotimises magnetostriction

The second factor is related to density. As memtioabove, cobalt ferrite rod,
prepared (pressed and sintered) with average lgadize of 5.34 um, achieved a
relative density of around 92%. This accounts fér Borosity. The sintered compact
must contain as little porosity as possible becaise affects the final magnetic
properties negatively and minimises the magnetigin. Porosity (especially inside of

12



the grain) is an important microstructural featlireiting the movement of domain
walls as shown in Figuré.8. The intragranular porosity is more deleterituen the

intergranular.

Cobalt ferrite powder with single-domain particlsgproposed in this study as a
solution to overcome the problem of easy axes ofmetisation being randomly
directed and the problem of relatively high ponpsithe study gives a potential solution
for this application and for many other applicaiowhich use magnetostrictive

materials such as those of industrial applicatiensactuators, sensors.

Figure 1.8 Intragranular and intergranular porosity

1.4 Research objective

The main objective of this study is the developmehthe magnetostrictive
coefficient of cobalt ferrite material employinghgle-domain nanopatrticles. This study
will be concerned about improving the density ot tmaterial to higher values
employing cobalt ferrite nanoparticles. The projstdt deal basically with preparing the
nanoparticles employing one of the chemical rout8suctural and magnetic
characterisation will be executed. A modelling @ahdn an optimisation of the heat
treatment operation (part of the preparation metheill be performed in order to

obtain the material with lowest electrical opergtaost. Finally, the sintering behaviour

13



of the nanoparticles obtained in this way will Im¥dstigated in order to achieve the

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

A. To prepare cobalt ferrite nanoparticles Cibzein which particles should be single-

domain employing the sol-gel technique

B. To characterise the prepared nanoparticles degathe structure, morphology and
magnetic properties

C. To model and optimise the heat treatment omerati cobalt ferrite nanoparticles
employing Design of Experiment (DoE)

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

single dwell time conditions at high temperatures

1.5 Structure of thesis

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

of this thesis is organised as follows:

Chapter 2: The theoretical background and literature revadwelated research topics
are elaborated in this chapter

Chapter 3: This chapter covers experimental methodology muishell and includes a

brief summary about characterisation equipment

Chapter 4: This chapter presents some results and inclugesigbions of the initial
nano powder preparation process in addition toligigting the most important findings

regarding the effect of the crosslinker and thdativey agent

Chapter 5. This chapter presents further results and indudescussions of the
structural and magnetic characterisations agairh white most important findings,
highlighted

14



Chapter 6. This chapter presents further experimental resaid also includes
discussion of the modelling and optimisation preessof the heat treatment operation.
The significant findings are emphasised

Chapter 7: This chapter presents results and includes dismusf the sintering process
in which nanoparticles are combined to form digegain the significant findings are

emphasised

Chapter 8: This chapter states conclusions and explainsduiork
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Chapter 2

| iterature review
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2 Literature review

2.1 Introduction

The magnetic oxide of iron is a compound in whicé two fundamental oxides
Fe0O; and FeO have been incorporated into a crystattsirel with the exact ratio of
1:1. The ceramic powders generally known as feridtie essentially related to this so-
called mixed oxides of iron with a substitutionsmfime of the iron using one or more
metallic elements, such as manganese, nickel, mragnesium, cobalt, copper, rare
earths, barium, strontium, and lead. The magnatipgrties of these materials are
determined not only by their chemical compositiant #lso by their microstructure, i.e.
grain- and pore-size distribution, total porosityr (relative density, percentage of
theoretical density), and grain-boundary charasties [9-13]. Knowledge of sintering,
which determines end-product microstructure, isdfoge essential for the control and

optimisation of the magnetic properties soughtimfinished product.

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

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

2.2.1 The crystalline structure

Cobalt ferrite is a spinel and is usually assunoeldatve a collinear ferrimagnetic
spin structure. This spinel was shown to be p#ytialerse with the formula (GEe )
[CoixFe O4 where the round and square brackets indicateetiahedral A and
octahedral B sites, respectively. The ratio, F&{A)B), has been found to vary from
0.65 to 0.92 for two extremes, quenched and slawbled samples, respectively. From
these ratios, the distributions of the cations etrahedral and octahedral sites were
determined to be as follows: (66F&.0s) [COood-€e104 O4 for the slowly cooled and
(Cap21F & 79) [Cop.7dFe€1.21] O, for the quenched cobalt ferrite [15].

The spinel structure is composed of a close-packegen arrangement in
which 32 oxygen ions form a unit cell that is tlmeadlest repeating unit in the crystal
network. Between the layers of oxygen ions, if wapdy visualise them as spheres,
there are interstices that may accommodate thel et Moreover, the interstices are
not all the same. Some are coordinated by 4 neaegghbouring oxygen ions whose
lines connecting their centres form a tetrahedit¢rese are the A sites. They are called
tetrahedral sites. The other type of site is comtid by 6 nearest neighbor oxygen ions
whose centre connecting lines describe an octahediltese are the B sites. They are
called octahedral sites. In the unit cell of 32 gaty ions, there are 64 tetrahedral sites
and 32 octahedral sites. Generally, if all of thesee filled with metal ions, of either
2+ or 3+ valence, the positive charge would be vaoch greater than the negative
charge and so the structure would not be eleclyicautral. It turns out that of the 64
tetrahedral sites, only 8 are occupied and out 2fo8tahedral sites, only 16 are
occupied. In cobalt ferrite, eight units of CeBg go into a unit cell of the spinel
structure as shown in Figugl. In addition to the 32 oxygen ions, there &dekric
ions and 8 cobalt ions. Theoretically, the ferons preferentially fill the tetrahedral
sites, and as there is room for only half of theiglt), the remaining eight go on the
octahedral sites as do the eight'Cns. The antiferromagnetic interaction orients
these eight F&" moments and eight cobalt moments antiparallelhto @ight F&™
moments on the tetrahedral sites. Thé"Féon moments will just cancel, but the
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moments on the cobalt ions give rise to an uncosgted moment or magnetisation

[5].

Figure 2.1 Spinel structure

2.2.2 The magnetostrictive material

2.2.2.1 Pure cobalt ferrite

Cobalt ferrite is a magnetostrictive material. lbeg through a physical
dimensional change when exposed to a magnetic. fidltd occurs because magnetic
domains in the material align with the magneticldfie The mechanism of
magnetostriction at an atomic level is a compaesficomplicated subject matter but on
a macroscopic level may be divided into two didtippocesses. The first process is
dominated by the migration of domain walls withime tmaterial in response to external
magnetic fields. Second is the rotation of the dosarhese two mechanisms allow the

material to change the domain orientation whickunm causes a dimensional change as
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shown in Figure2.2. This dimensional change is isochoric, so theran opposite

dimensional change in the orthogonal direction.

Bozorth et al. [16] measured the magnetic anisgtrapd magnetostriction in
various single crystals of ferrites. The effecth&fat treatment with and without the
presence of a strong magnetic field on the crymtédotropy and magnetostriction was
investigated. Measurements were found to be reliethe initial stoichiometry and
dependent on the crystal direction along which tiveye taken. In addition, magnetic
annealing was found to have a large effect on alygstisotropy and magnetostriction of
cobalt ferrite. The magnetic anisotropy of a colfeltrite single crystal at room
temperature was found to be as high as #xt@s/cmi. Magnetostriction is as high as
800x10°. Magnetic annealing is effective at temperaturesoa as 150 °C. It causes
the hysteresis loop to become square. Accordir@hen et al. [17], cobalt ferrite offers
good mechanical properties and shows a precipstyse of magnetostriction at low
applied fields. This contributes to a high sengiivof magnetic induction to stress,
hence giving high signal-to-background noise ratitsch make it suitable for sensor
and actuator applications. Cobalt ferrite has beeported to show linear
magnetostrictive strains up to -225%1@ith a maximum strain derivative (@iH) of
1.3x10° A m under zero applied stress. This strain derivat\en order of magnitude

greater than that of Terfenol-based compositesl@2A™*m.
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H

Figure 2.2 Magnetostriction mechanism
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To further improve the magnetostrictive propertigsis essential to improve
linearity of response by decreasing the magnetbsti hysteresis and to increase the
sensitivity of magnetisation to stress. Magnetioemiing was found to give rise to high
levels of magnetostriction and (dH)mnax under hard axis applied fields. A sintered
sample of cobalt ferrite was annealed at 300 °@irirfior 36 h under a dc field of 318
kA/m (4kOe) [18]. A significant improvement in magostrictive properties was
observed after magnetic annealing. The maximum etagtriction increased in
magnitude from -200x10for the as-fabricated sample to -252%1@he coercivity
fields were measured to be 2.6 and 6.9 kA/m albegeisy and hard axes respectively,
compared to 5.4kA/m for the as-fabricated samplee Thaximum strain derivative
(d /dH)max in the applied field of around 50 kA/m increasedni 1.5x10 A'm to
3.9x10° A'm. Substituting a small amount of Mn for Fe (e.G9Fa gVing.0s)
increases (ddH)max by 84%, substantially less than that achieved bygmatic
annealing (an increase of 163%). These improvegdgrties may degrade over time or
after operation at elevated temperatures. The aseren maximum magnetostriction
after magnetic annealing is attributed to the irdluaniaxial anisotropy which affects

domain configuration and in turn alters the meagunagnetostrictive strain.

The <100> crystallographic directions are knownbto equally easy axes of
magnetisation. The effect of magnetic annealingoisnduce a uniaxial anisotropy
superimposed onto the magnetocrystalline anisofromking those <100> directions
close to the induced easy axis more energeticallgrible. As a result the domains in
each grain of the annealed sample tend to aligmgatloe <100> directions of the grain
that are close to the induced easy axis. When aetiagfield is applied along the hard
axis of the annealed sample, domain magnetisagi@mrients toward the field direction
from local easy directions close to the inducedyemss. This results in a positive

magnetostrictive strain along the easy axis buggative strain along the hard axis.

2.2.2.2 Substituted cobalt ferrite

Substituting manganese Mn for Fe in cobalt fermeduced the Curie
temperature linearly, by as much as 300 °C in e of CoFgMnygO,. It made a
modest decline in saturation magnetisation (up @& Maximum magnetostriction
was attained with low Mn content, e.g. CoBMdng O, while it decreased with further

increase in Mn content [19]. Similar results wegparted elsewhere [20, 21].
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Magnetic anisotropy of Mn-substituted cobalt fesitwas found to increase
substantially (to values that are of the order afjnitude 10 erg/cn?) with decreasing
temperature from 400 to 150 °K, and to decreash imitreasing Mn content. Below
150 °K, it appeared that even under a maximum eggleld of 5 T, the anisotropy of
CoFeO,4 and CoFegMng 04 is so high as to prevent complete approach taaatn.
Curie temperature was found to decrease lineaoiy fr84 °K for pure cobalt ferrite to
577 °K for CoFeMnpe¢O4. The magnitude of the anisotropy of pure C@kzewas
found to be 2.65xT0erg/cnt at 300 °K [22].

The stress sensitivity of Mn and Cr substitutedatioferrite (CoMpFe.xO4 and
CoCykFex,Os) first increased as a result of Mn or Cr substitutpeaks at x = 0.2 and y
= 0.4, and decreased below that of pure cobaltdesith higher Mn or Cr content. The
strain derivative exhibited similar behaviour asowh in Figure 2.3. These
magnetostrictive properties were measured usingstitaen gage method under quasi-
static applied fields up to 2 T. Mn and Cr subsiiios were found to reduce both
magnetostriction and anisotropy of cobalt ferriéoreover, within certain ranges of
substitute contents anisotropy was reduced morertiegnetostriction and therefore the
stress sensitivity was increased as it is propaoatido the ratio (na/K) of maximum

magnetostriction to cubic anisotropy constant [23].

The maximum magnitude of magnetostriction of Gassitlted cobalt ferrites
(CoGaFe.x0O,) decreased monotonically with increasing galliuontent over the range
x = 0.0-0.8. The rate of change of magnetostriotidh applied magnetic field (ddH)
showed a maximum value of 3.2x10A*m for x = 0.2 which is much higher than
those of Mn- and Cr-substituted cobalt ferritesnesea much lower applied field of H
= 15 kA/m. This enhanced (&IH)max implied high stress sensitivity. Curie temperature
and anisotropy energy were reduced by the substitaif Ga for Fe at a greater rate
than with Mn or Cr substitutions. The magnitude(ef/dH) was expected to depend

inversely on anisotropy energy [24].
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Figure 2.3 The magnitude of maximum strain derivatie /dH).x versus the Mn or Cr
content [23]

2.3 Cobalt ferrite nanoparticles

2.3.1 Introduction

Cobalt ferrite nanoparticles have recently becameestibject of research interest
from the point of view of the synthesis, the stanef the magnetic characterisation and
the application [25-29]. In particular, the intdr@s cobalt ferrite has arisen due to its
unique properties e.g. very high resistivity, aifios anisotropy constant and a high
magnetostriction [16, 30]. In addition, cobalt fexrpossesses excellent chemical
stability as well as good mechanical propertiesesehproperties could make cobalt
ferrite a potential candidate for many applicatiossch as high frequency magnets,
information storage systems, magnetic bulk coregrawave absorbers, magneto-
optical recording media, actuators and sensors3f3land in biomedical applications,
such as magnetic thermo-drug delivery and hyparilzer(abnormally high body

temperature), magnetic resonance imaging and lsosef35-41].

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

precipitation process. These particles have beaeatiest for magnetic hyperthermia. The
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suspension based on cobalt ferrite nhanoparticles faand not to have a toxic effect
when introduced into a tumor. Kim et al. [35] pregzh cobalt ferrite nanoparticles
which were dispersed in water, and investigatedeading agents for magnetic thermo-
drug delivery and hyperthermia. The heat generatias found to be dependent on the
properties of these nanoparticles, including themposition, size and crystal structure
in addition to the intensity of the AC magneticdiend applied frequency. Baldi et al.
[42] concluded that cobalt ferrite nanoparticlestbgsised employing the successive
polyol method offer the possibility to optimise theat release capability of magnetic
fluid hyperthermia (MFH) mediators at a given freqgay over a wide range, just by

finely tuning the particle size.

Cobalt ferrite nanoparticles were used in a cosgdl slystem in which a magnetic
core of cobalt ferrite and a shell of silica aregared via a modified Stober synthesis
[43]. The magnetic core was prepared by Massargthad employing cobalt and ferric
chlorides. The monodisperse distribution could btaimed by means of fractionated
precipitation. The average size of particles wasnéb to be 14.5 nm. Coke,
nanoparticles covered by a uniform silica shellehbgen prepared by Bonini et al. [44].
The nanoparticles were prepared by the co-pretipitaof CF* and F&" aqueous salt
solutions by addition to a strong base solutione §izes of the particles were in the

range of 3-15 nm and their shapes were almost saher

However, methods for making cobalt ferrite nandpkes are very diverse
including the microwave hydrothermal flash methd8][ the mechanochemical method
[46], the combustion reaction method [47], the patyic precursor method [48], the
complexometric method [49], microemulsions [50,,3hE sol—gel technique [52], the
new non-aqueous route [53], the forced hydrolyseshmd [54], a combustion wave
method [55], the polymerised complex method [56% ahemical co-precipitation
techniques [57, 58]. Nanoparticles prepared byetlpeecesses have different saturation
magnetisation and coercivity values which mainlpela on particle siz&enerally,
the size of these nanoparticles was found to besrdgmt on the heat treatment
temperature. The increase in the size at higheeaimg temperatures might be a result
of the formation of crystallite clusters. Moreovparticles come into contact with each
other and under favourable energetic conditiong gnew [59].
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CoFeO,4 nanoparticles were synthesised via the pyrolygipabyacrylate salt
precursors prepared by in situ polymerisation ofaingalts and acrylic acid [60]. The
heat treatment at 500 °C for 3 h was considerdoetonoderate. The size of particles
ranged from 20 to 30 nm which is a narrow sizeriistion. The size of particles was
observed to increase up to 120 nm with increasiegheat treatment temperature up to
900 °C.

2.3.2 Microemulsions

Mathew and Juang [31] described in their papersthacture of various spinel
ferrites, normal and inverse. They gave a shoitvewn the various synthesis methods
of spinel ferrites in microemulsion. They found tthaecipitation in a water-in-oil
microemulsion is a very promising technique forpgamng monodisperse, ultrafine
particles of controlled size and morphology. Thecnmemulsion methods have the
advantages of being economical and environmentéfigndly. They involve
inexpensive and less toxic iron salts in additiontlie reduced amount of organic
solvent. Li et al. [61] prepared cobalt ferrite oparticles in a size range of 10-15 nm
with different CG*/F€** ratios using water-in-oil microemulsions (reversigelles). It
was found that both coercivity and blocking tempae increase with the increase of
cobalt content in the ferrite structure. Similasukks were observed elsewhere [62]
where Co-substituted ferrite nanoparticles havenljgepared by the co-precipitation
method. The Curie temperature Tc and saturatiometeation Ms were found to be
lower than those found in larger samples, the “bptbperties, and to decrease with the

increase of cobalt content.

Cobalt ferrite nanoparticles of average size 4 mwvehbeen synthesised by the
reverse micelle approach as shown in Figlie[63]. The preparation of nanoparticles
in nano-reactors formed employing the reverse neicetchnique is an attractive
technique. It overcomes the difficulties associatadth agglomeration and
polydispersity. Three successive transformationsewetected which correspond to the
loss of solvent and surfactant, the onset of therphous to crystalline conversion and
the iso-chemical transformation which is the migrmatof cations between octahedral
and tetrahedral sites in the inverse spinel stracflhese transformations were found to

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

separates them from the organic compound [64].

Aqueous solution of Aqueous solution of
Fe¥'& Co?*salts in AOT-| | NH,OH in AOT-

heptane microemulsions | | heptane microemulsions

& | — Collision by
Brownian motion
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' | » Cobalt ferrites
: nanoparticles

l Centrifugation
washing and drying

98
90999808+ Final product

Figure 2.4 A schematic representation of the synthesis oéltdbrrite nanoparticles using the

reverse micelle method [63]

2.3.3 The control of particle size

CoFeQ,4 nanoparticles were prepared by the co-precipitati@thod at 60 °C
employing different Fé/Fe** ratios in the initial solution. Using the Debyeh8oer
equation for theoretical predictions of size, asfeé" in the starting solution increased,

the average size of particles decreased sharpty 80 nm in a sample prepared with
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only FE€* to 25 nm in a sample prepared with pure*F&he calculated values
approximated the actual particle size as was itistl in the SEM images. As the*Fe
in the starting solution increased, the values leg saturation magnetisation Ms
decreased sharply from 65.7emu/g in the sampleapedpwith F&' to 19emu/g in the
sample prepared with e The values of magnetic coercivity Hc decreasethf®86.7
to 126.90e. It sharply increased to 594.10e irsdmaple prepared with F65].

Cobalt ferrite particles with a size range fromew fmicrometers to about 15 nm
were synthesised using a modified oxidation pro¢28k Particles with a size of about
36 nm showed a saturation magnetisation Ms of 64giaud a maximum coercivity Hc
of 20200e at room temperature. The control of plartisize was achieved by
introducing various concentrations of ferric ions the beginning of the reaction.
Similarly, cobalt ferrite nanoparticles with a simnge of 6.3-10.5 nm were prepared
using a micelle chemical control method [66]. Tlaetiole size was thought to increase
with the increase of cobalt content in the struetdRD line broadening of the powders
was observed to decrease with increasing partizke £oFgO, nanoparticles with
diameter of about 5 nm were prepared at 390 “Giéyatch supercritical hydrothermal
synthesis method [67]. The reaction time was fotnbave little influence on the size

and morphology of nanoparticles.

The control of particle size of cobalt ferrite paepd using colloidal solutions
was introduced for the first time by Moumen et [88]. The size of cobalt ferrite
particles was found to decrease when the reactarteatration is decreased and when
the concentration of the surfactant is increasexball ferrite nanoparticles have been
prepared by the chemie douce approach [69]. An@gusolution containing cobalt(ll)
chloride and iron(ll) sulfate was heated to 90 °@l @ahen transferred to a flask
containing an aqueous solution of sodium hydrozidé potassium nitrate. The mixture
was stirred at 90 °C under an air atmosphere fiberdnt periods of time (digestion
time) after which a clear solution was decantedmfrthe reaction vessel. The
nanoparticles were then transferred into a largetia beaker, washed with distilled
water, dried overnight at 80 °C in air and millezing a mortar. The potassium nitrate
was used as a mild oxidation agent in order tois&idferrous ions to ferric ions. The
lattice parameter was found to increase with irgirgpthe content of cobalt in the

structure. With increasing the content of cobaltthe structure, the morphology of
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nanoparticles changed from irregular to mostly sphe The size of particles was
found to increase with increasing the digestioretitSorescu et al. [70] employed the
hydrothermal method to prepare cobalt ferrite aeplorted a linear increase in the

lattice parameter with increasing the content difatin the ferrite structure.

234 The co-precipitation method

Cobalt ferrite nanoparticles have been preparedhaaco-precipitation method.
Cobalt and iron nitrates were dissolved in digfileater. An agueous solution of NaOH
was used as the precipitating agent. Both solutiwaee added dropwise from two
separate burettes into a reaction vessel contaidisijjled water under mechanical
stirring. The rate of addition was controlled imler to maintain a constant pH (8 or 10)
during the process. Co-precipitation was controllsshg thermostatic equipment at the
desired temperature (60 or 70 °C). The precipitas later subjected to heat treatment
at 400, 500 or 600 °C for 4 h to achieve transfaionainto the spinel phase. The
prepared particles were found to be mesoporousrialatéhat have a particle size range
of 8-45 nm with specific surface areas ranging fi@®mB to 21.4iflg. The particle size
increased with the pH of the precipitating agerd #re precipitation temperature [71].

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

CoFeO,4 nanoparticles were also prepared by the co-ptetipn method using
a microwave heating system in which the solutios Wwaated to 160 °C and held at this
temperature for 60 min [73]. The crystalline stuwmet was obtained even though the
maximum temperature during preparation was 160TEM measurements indicated
that the synthesised ferrite material is composédegular nano-sized patrticles.
According to the Scherrer equation, the averagectasize was estimated to be around
5 nm. The magnetic behaviour was characterisedigesrgaramagnetic. Magnetisation
measurements under magnetic field of 50kOe (ZFC B@GY were performed. The
blocking temperature was found to be around 195 FTKe AC magnetisation was
measured at applied field amplitude of 150e anskatral frequencies between 10 and
3000 Hz. The cusp, which corresponds to the transftom the blocked state to the
superparamagnetic state, was found to shift todrniggmperatures as the frequency of

the applied AC magnetic field is increased.

CoFeO,4 nanoparticles have also been prepared by a mdddieemical co-

precipitation method. Precursors were dissolvedeiionised water with gentle heating
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and then slowly poured into a well-stirred NaOHusioin and left stirring for several
minutes. A digestion process was performed on tix¢éune at 110 °C for 120 min. The
gelatinous precipitate was afterwards filtered, lveas several times using de-ionised
water until the pH value of the solution becametradwand eventually dried at 80 °C.
The as-prepared Cof®, sample was heated from room temperature to 800d<ttzen
cooled to room temperature, while magnetic dateeweetlected in a magnetic field of
1000e. With increasing temperature, a large dromagnetisation occurred. This was
thought to be a sharp transition to the paramagsédie. The Curie temperature Was
found to be 677 °K when heating up and 668.6 °K wheoling down as shown in
Figure2.5. This phenomenon was attributed to the changia distribution of metal
ions between the tetrahedral and the octahedeal sftthe spinel structure. The increase
in the degree of inversion is believed to cause aherage exchange interaction to
decrease, which in turn resulted in a decrease.ifParticles were found to be spherical
and in the size range 20-30 nm. The value of sidaranagnetisation Ms was estimated

by measurement to be 61.77emu/g at room temper@4ie
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Figure 2.5 Magnetisation versus temperature curve for theegofparticles [74]

Cobalt ferrite nanoparticles have been synthedigeldoth a conventional and a
modified co-precipitation method. The conventior@precipitation method was

modified by controlling the addition flow rate ofetal ions solution to the alkaline
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solution under boiling conditions in order to enbarthe magnetic properties of the
particles by promoting their growth. The effectstbé reaction time, flow rate and
NaOH concentration in the process were investig&adicles in the specific size range
of 10-50 nm were observed in TEM images. The awersige for particles with the

highest coercivity of 4.6kOe was estimated to ba(75].

Cobalt ferrite nanoparticles have also been syigbddy a process involving
both spraying and co-precipitation. Particles wietend to have a smaller size and to be
more uniform than those prepared by the regulaprecipitation. The surface area of
particles was measured by BET. The results show ttiea specific surface area of
CoFe0, nanoparticles prepared by spraying co-precipitatit9.8ni/g, is much larger
than the specific surface area of nanoparticlepgyesl by traditional co-precipitation,
17.97nf/g. According to the Scherrer equation, the sizeCoFeO, nanoparticles
prepared by spraying co-precipitation was calcdlate be 10 nm, while that of

traditional co-precipitation was calculated to @ern [76].

2.3.5 The magnetic properties

2.3.5.1 Pure nanoparticles

Ai and Jiang synthesised nanocrystalline cobalitéenanoparticles by a one-
step solgel auto-combustion method [28]. It has been shinahthe coercivity initially
increased and then decreased with increasing angeéamperature whereas the particle
size and saturation magnetisation continuouslyeg®ed. Figur@.6 shows the relation
between coercivity and particle size. Also usingpwa-temperature auto-combustion
method, cobalt ferrite nanoparticles were prepdngdiao et al. [77]. The saturation
magnetisation Ms, the remnant magnetisation Mr, @dnedaverage particle size were
found to be highly dependent upon the annealingpézatiure. Magnetic cobalt ferrite
nanoparticles were synthesised by Maaz et al. ggmgaa wet chemical method [78].
The size of these nanoparticles was found to bertgnt on annealing temperature and
time due to coalescence. They found that for smafiarticles the saturation
magnetisation had a value that was significantlyelothan the bulk value while the

larger sized particles had values approaching tbbdee bulk.
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Figure 2.6 General relation between coercivity and particke $28]

The saturation magnetisation Ms of powders is gdlyesmaller than the bulk
value and is found to decrease invariably when edesing the particle size [72, 79].
However, when the patrticle size exceeds a critiaheter, multi-domain particles will
usually predominate. In single-domain particlesemehthe particle size does not exceed
the critical diameter, the spins of electrons nieathe surfaces of the particles are
disordered compared with those in the particle.cohés is considered to be one of the
surface effects that contribute to decrease theratain magnetisation, Ms [80, 81].
Coercivity, Hc, is found to increase with decregparticle size until a maximum value
that is reached at the critical diameter correspantb the transition stage from the
multi to the single domain state. This is followeg a decrease to zero in the
superparamagnetic state [28, 59, 77, 82, 83].drettperimental arrangement described
in Figure 2.6 the coercivity of cobalt ferrite nanoparticlesas found to attain a

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

2.3.5.2 Doped nanoparticles

The magnetic properties are not only dependenheraterage particle size, the
size distribution and the morphology of the paesglbut also on changes in the intrinsic
divalent and trivalent cation distribution betwdée tetrahedral and octahedral sites at
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the nano scale. Tahar et al. prepared Sm- and Bstisied CoFg), nanoparticles
using forced hydrolysis in polyol [84]. The main gna&tic characteristics appeared to be
directly dependent on Sfhor G&* content. A significant increase in the saturation
magnetisation was achieved by doping with these netag ions. The magnetic
properties appear to be sensitive to the catiotriloigion between the octahedral and

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

Gul et al. synthesised ferrite nanoparticles of.BbFeO4, with x varying
from 0.0 to 0.5, by the co-precipitation method][8Hhe particle sizes were in the range
of 14 — 21 nm. The Curie temperature was foundchéoeiase with Ni concentration in
the structure. Both coercivity and saturation m#igagon were found to decrease
linearly with increasing Ni-concentration in cob&trite. The decrease in coercivity
was attributed to the lower magnetocrystalline @nipy of N7* as compared to that of
Cc?* ions. The decreasing trend in magnetisation withdasing Ni-concentration was
attributed to the smaller magnetic moment of'N@ &) at the octahedral sites as
compared to the G5(3 g). The blocking temperature as determined fronzte field
cooled (ZFC) magnetisation curve showed a decrgasiend with increasing Ni-
concentration in cobalt ferrite nanoparticles. laswbelieved to be related to the

magnetocrystalline anisotropy of ferrites [86].

Cobalt ferrite nanoparticles doped with flnhave been synthesised by a

polyethylene glycol-assisted hydrothermal method].[8PEG-400 was used as a
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surfactant to prevent agglomeration. The blockieghgerature, coercive field and
remnant magnetisation were found to decrease Wwehricrease in Mn content in the
structure, while the saturation magnetisation wasdl to increase. Chromium doped
cobalt ferrite nanoparticles have also been syigbdsby polyethylene glycol (PEG)
assisted hydrothermal route [88]. Sincé'G8 &) has a weaker magnetic moment than
Fe* (5 ), the partial replacement of ¥eby CP* ion caused a decrease in the
saturation magnetisation and coercivity in additiora slight reduction in particle size.
The addition of chromium reduced the Ms by 14% #mal coercive field by 23%.
Superparamagnetic nanoparticles of Cr-substitutethale-zinc ferrite (GiCays.
xZNo sF&0,) with particle size < 10 nm, have been synthesisg@ co-precipitation
method [89]. The particle size, as well as the kilag temperature, decreased with

increasing Cr concentration.

Cojocariu et al. prepared Cr- and Mn-substitutedF&0, nanoparticles
employing the co-precipitation method [90]. Chl@sdwere used as precursors. They
were dissolved in distilled water and heated t6 ®0Aqueous NaOH was added to the
solutions to precipitate the powders. The predpitaas washed with distilled water,
filtered, dried at 70 °C for 12 h in air and finalieat treated in three steps at 400, 650
and 900 °C for 5 h. A small increase in each ofghtiration magnetisation, coercivity
and remnant magnetisation was observed in the dfgates in comparison with the
undoped cobalt ferrite. From the spectroscopic oreasents, it was found that €p
Mn®*, CP* ions have strong site preference for octahedtas.sithe small increase of
saturation magnetisation was related to the oxddastate of the manganese ions as the

Mn?* have no particular preference for octahedral waledral sites.

Zn-substituted cobalt ferrite nanoparticles {GonFe.O,) of a monodisperse
distribution were for the first time successfullyepared via the forced hydrolysis
method by Duong et al. [91]. Nanopatrticles withaauerage size of 3 nm were in the
superparamagnetic state at room temperature. Tokiby temperature, gl decreased
from 221 to 142 °K with increasing Zn substitutiopom x = 0 to x = 0.4. The saturation
magnetisation was found to increase with the irsgeaf Zn content in the ferrite
structure. This was due to the?Zrions with zero magnetic moment replacing ions on
the tetrahedral A-sites resulting in the increagdhe total magnetic moment. The

determined Ms value of Cof@, was found to be a small amount higher than values
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previously reported, even with larger particle siZehis indicated that the nanoparticles
prepared by the forced hydrolysis route have adrighystallinity than those prepared
by other methods.

Cobalt ferrite nanoparticles have also been syrgbddy the emulsion method
[92]. According to the DTA/TG analyses, the puretenal was present at or above 600
°C. The particle size was observed to increase imitheasing N& content between
400 and 500 °C, while it decreased with increadidd’ content between 600 and 800
°C. The substitution of Bé&ions by Nd* ions resulted in the decrease of saturation
magnetisation from 53.4 emu/g, for the pure coHaltrite, to 28 emu/g, for
(CoFa gNdp 204) and the increase of coercivity from 172 to 4898@bstituting a small
quantity of F&" ions on B sites by the N ions was believed to cause the
superexchange interactions in the spinel structoredecrease. This resulted in a
decrease of the saturation magnetisation. The meneaf domain walls was thought to
be more difficult, due to the N8 (content residing at) concentration increasingr nea

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

Toksha et al. [82] synthesised cobalt ferrite nanbgles by a method involving
both solgel and auto combustion with a size range betwé&emtl 40 nm depending on
the annealing temperature and time. The saturatagnetisation Ms measured at room
temperature was found to decrease with decreasiriggle size. This was thought to be
related to the effects of a relatively non-reacsueface layer that has lower magnetic
properties. The effect of this surface layer oe thagnetic properties of the whole
particle increases when the patrticle size is vengls This leads to a decrease in the
total magnetisation. For particles with 15 nm as délverage size and with maximum
applied magnetic field of 12kOe, the coercivitytive hysteresis loop was measured at
different temperatures. The coercivity measuredoam temperature (12150e) was
lower than the value measured at 77 °K (10.2kQAg)s thought that this was due to
significant growth in the magnetic anisotropy at°K7preventing the alignment of the

moments under the applied magnetic field.

A random canting of the particles’ surface spinsuseal by competing
antiferromagnetic exchange interactions at theaserfvas proposed and explained by
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Coey [81]. MGssbauer-effect measurements on extyesneall (6 nm) crystallites of-
FeO; showed that the spin configuration differs frome thype found in large
crystallites. It was proposed that the ions in skheface layer are inclined at various
angles to the direction of the net moment. Theafilie particles could be visualised as
having a core with the normal spin arrangementasdrface layer in which the spins
of the ions are inclined at some angle to theimmadrdirection, which depends on their
magnetic nearest neighbours. Parker et al. [93prteg data demonstrating that the
observed canting in-FeO3; nanoparticles (25 to 100 nm) is not a surfacecefteut a
finite-size effect. The surface spins still exhibitveaker exchange than is found in the
core states. Polarised neutron powder diffracti@atadof finely divided CoF©,
particles coated with oleic acid and uncoated veralysed by Lin et al. [94]. They
confirmed the existence of a magnetically disordeserface layer in both coated and
uncoated particles. These layers are approximatél® A thick in the uncoated

particles and approximately 12 A thick in the cdaparticles.

Martinez et al. [95] demonstrated the existenca giin-glass-like surface layer
that undergoes a magnetic transition to a frozate $ielow 42 °K in -Fe,03 magnetic
nanoparticles (9-10 nm). The core of the particks viound to be ferrimagnetic that
changes its orientation by coherent rotation. Tpi@-glass-like surface layer slowly
relaxes in the direction of the field. The origintlois spin-glass-like phase at the surface
could be the existence of broken bonds and traosidt symmetry breaking of the
lattice, generating randomness in the exchangeartiens that extends to some atomic
layers from the surface. The thickness of spinggli&ke surface layer is evaluated to be
around 6 A by using the random-field model of exuj& anisotropy. The low
temperature increase of Hc was observed and uagalthe pinning effect of the frozen
spin-glass-like surface layer upon the single-doncare.

High field irreversibility in the moment versus lieand moment versus
temperature of coated Nif®&, nanoparticles with as average size as determmoeal X-
ray diffraction data (65 A) was observed. The onsetperature of this irreversibility is
near 50 °K. It was proposed that the canted spiasoa the particle surfaces. They
freeze and form a spin-glass-like phase at tempemtbelow 50 °K. The surface spins
have multiple stable configurations for any ori¢iota of the core magnetisation, one of
which is selected by field cooling [80].
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Mossbauer studies of small CePe particles revealed that a non-collinear spin
arrangement exists, possibly at or near the surtdc€oFeO, particles [96]. The
particle morphology is an important factor influerge the non-collinear magnetic
structure in fine particles. Méssbauer spectra.2at°k were taken. Two overlapping
six-line hyperfine patterns corresponding to tffee in B and A sites have been fitted.
Mossbauer spectra were also taken with a large etagield 50kOe applied along the
propagation direction of the rays at 4.2 °K. The atomic moments lie along the
direction of the external magnetic field, and thaapsation conditions require the
disappearance of the second and fifth lines inhyygerfine pattern. The Fe spins in
small CoFegO, particles are canted with respect to the direabiotihe external magnetic
field since substantial second and fifth absorptines are obviously present as shown
in Figure2.8. This trend increases in smaller particles iarldss pronounced in larger
particles. From the value of the relative intensifythe 2,5 line areas compared to the
1,6 line areas, the thickness of the spin-cantethea layer of each crystallite was

evaluated.
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Figure 2.8 MGssbauer spectra of small CeBgparticles taken at 4.2 °K in a longitudinal

external magnetic field of 50kOe for three diffdreamples [96]
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2.3.7 The net magnetisation of cobalt ferrite

Cobalt ferrite particles were prepared by co-priéation of iron and cobalt
hydroxide. The precipitate was washed thoroughigdfin a furnace at 1200 °C for 48
h and slowly cooled down to room temperature. Tinrenghed material was obtained by
quenching the powder at 1200 °C in water. A caloutaof the magnetic moments,
assuming that all the Eeions have a moment of % and the C8 ions have a moment
of 3 g, gives 3.16 g and 3.84 g per unit chemical formula for the slowly cooleddan

the quenched material, respectively [15].

Mossbauer spectra of Cofag showed that this spinel is not completely inverse
and that the degree of inversion depends on the trestment of the material. The
magnetic moments of the slowly cooled and the duedenaterial were 3.4 and 3.8
per unit chemical formula, respectively, in reas@eaagreement with the calculated

values.

The net magnetisation of a ferrimagnetic materggehds on cation distribution
between the octahedral and tetrahedral sublatiies. SThus, the knowledge of cation
distribution is important to understand the magnetroperties of nanoparticles. In
cobalt ferrite each tetrahedral °Fdon is surrounded by twelve octahedral ions. The
replacement of one Eeion by a C8" ion at a B site probably does not produce a large-
enough percentage change in the total superexchategaction to cause a considerable
difference in the ionic moments at higher tempeestuOn the other hand an octahedral
Fe** ion has only six tetrahedral nearest neighbora. tétrahedral Fé ion is replaced
by a C&* ion, the superexchange interaction will be redubgdan appreciable
percentage. For instance, ari fB) with (5Fe, 1Co) nearest A neighbours would have
more rapid decrease of the moment than one witle)(@learest A neighbours. The
Mdssbauer spectra at higher temperatures showeddardéines whereas the broadening
depends on the number of probable distributionghefiron and cobalt ions in the six
nearest-neighbours A-sites. The hyperfine magfielids at B-site nuclei have different
temperature dependences for different distributiaisiron and cobalt ions in

neighbouring A-sites.

Concas et al. [97] reported that the inversion deg@f CoFgO, prepared via the
solgel process may be evaluated using saturation rtiagtien at 4.2 °K and
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Mossbauer spectrum. The patrticle size and the #ielnstory are responsible for the
inversion degree attained with respect to both ieeximum temperature of heat
treatment and the cooling rate.

2.3.8 Ferrimagnetism and superparamagnetism

Cobalt ferrite single-domain nanoparticles are knotw be either in the
ferrimagnetic or superparamagnetic state. In thpaeticles, magnetisation can
randomly flip direction under the influence of teengture. The typical time between
two flips is called the Néel relaxation time. IretAbsence of an external magnetic field,
when the time used to measure the magnetisatidgheohanoparticles is much longer
than the Néel relaxation time, their magnetisaippears to be, on average, zero. The
state of these nanopatrticles appears to be supenpgnetic. Furthermore, an external
magnetic field is able to magnetise the nanopeasiclsimilarly to a paramagnet.
However, the magnetic susceptibility (the degreemafgnetisation of a material in
response to an applied magnetic field) of thes@pamicles is much larger than that of

paramagnets.

On the other hand, when the time used to meas@rantdmgnetisation of the
nanoparticles is much smaller than the Néel relaxdime, their magnetisation will not
flip during the measurement so the magnetisatioasun@d will be the net of magnetic
moments carried by the nanoparticles. They aretsali in the ferrimagnetic state. A
transition between superparamagnetism and ferrieteggn occurs when the

measurement time equals the Néel relaxation time.

In other words, if the measurement time is kepstam and the magnetisation is
seen as a function of the temperature, the temperadf the transition from
superparamagnetism to ferrimagnetism is calledlbeking temperature. The blocking
temperature TB is known as the temperature at wiiehmagnetic anisotropy energy
barrier of a nano magnet is overcome by thermalatain, leading to the fluctuation of
its magnetisation. (A magnetically anisotropic mialewill align its moment with one
of the easy axes. An easy axis is an energetit@aigurable direction of spontaneous
magnetisation). According to the Néel theory [848 blocking temperature is expected
to increase with K1, the magnetocrystalline angmgrconstant, and/or V, the average
particle size. (The spin-orbit interaction (anyenwaiction of an electron's spin with its
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motion) is the primary source of the magnetocriistl anisotropy. Spin-orbit
interaction causes shifts in an electron's atomergy levels (electrons in atoms and
molecules can change energy levels by emittingbsoiing a photon whose energy
must be exactly equal to the energy difference betwthe two levels) due to
electromagnetic interaction between the electrgmis and the magnetic field generated
by the electron's orbit around the nucleus). Abitneblocking temperature TB, there is
neither remanence nor coercivity and therefore ystenesis feature, in agreement with
the superparamagnetic character of the particlekvwBthe blocking temperature TB,
CoFeO,4 nanoparticles exhibit ferrimagnetic behaviour elcterised by hysteresis loops

with coercivity, remanence and a saturation magagtn.

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

nanoparticles with an average particle size of J5ibh

Moumen et al. [68] reported the superparamagnegbabiour at room
temperature for cobalt ferrite nanoparticles witmrd as an average particle size. A
hysteresis feature was observed at a temperatlz@ & for the same particles with a
coercivity of 8.8kOe and this value decreased 8x@e by decreasing the diameter of
the particles from 5 to 2 nm. The details of thethnd of preparation of these

nanoparticles for the magnetic fluid are reportseéwhere [98].

Cobalt and nickel ferrite nanoparticles with spba&rike morphology have
been obtained by a solvothermal method with a irge between 5 and 10 nm [99].
An alcohol is used as both a solvent and a ligaddbalt ferrite nanoparticles
suspensions were found to be stable in hexanohiore than one week, while the
corresponding suspensions in benzyl alcohol pridgd in less than one day. The
particle size of cobalt ferrite was observed toreéase from 7.6 to 8.9 nm with the
increase of reaction time from 24 h to 48 h, reBpely. These nanoparticles were
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found to exhibit superparamagnetic behaviour atnmrotemperature. Saturation
magnetisation was found to increase from 50.2 td&58u/g with an increase in particle

size from 5.9 to 8.9 nm.

Mdssbauer spectroscopy can record the sextet hypedtructure if the
magnetisation of the nanoparticles does not flipnduthe measurement time which
means that the relaxation time is longer than teasurement time. When the relaxation
time is shorter than the measurement time, i.ea isuperparamagnetic state, only
doublet spectrum is observed and this usually happéen the energy barriers in the
nanoparticles are thermally overcome [100]. Li &dal recorded Mdssbauer spectra
for cobalt ferrite nanoparticles [66]. Results pated that the intensity of the sextet
pattern decreases with decreasing particle sizdewtmat of the central doublet
increases. It has been shown that a stage exig® itransition from the ferrimagnetic
to the superparamagnetic state when the partizke decreased from 10.5 to 6.3 nm.

The hyperfine field at A and B sites was foundrtoréase with decreasing particle size.

Cobalt ferrite nanoparticles have been synthesisesl homogeneous aqueous
solution without any template and subsequent meatrhent [101]. The size of particles
increased with the precipitation temperature. Aiplarsize range between 2 and 15 nm
was obtained when the precipitation temperature iwdbe range between 20 and 80
°C. The nanoparticles prepared at 20 °C and 40 &g \guperparamagnetic at room
temperature while those prepared at 60 °C and 80wd&ge ferrimagnetic with
magnetisation values at 10kOe of 36.0 and 58.3 @md coercivity values of 39 and
1930e, respectively. Mossbauer spectra recordeddnoparticles prepared at 60 °C
and 80 °C showed a complex hyperfine structure Imvickv a quadrupole doublet is
superimposed on a magnetically split sextet. Thesalts could be explained by
assuming that the samples being analysed canwitistwo components of particles,
one consisting of superparamagnetic particles,thadther of ferrimagnetic particles
because of their wide particle size distributionheT blocking temperature of

nanoparticles prepared at 80 °C was found to benar650 °K.
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2.4 The sol—gel technique

2.4.1 Introduction

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

materials.

The solgel process, known as inorganic polymerisation, easovered in 1846
by Ebelmann [102]. In practice, the sg¢l process is very simple at the macroscopic
scale. It transforms a molecule into a materiablyefor shaping in one step. At the
nanoscopic and microscopic scales, it is in factesy complex process involving

several transformations of very different naturematter.

A colloid is a suspension in which the dispersecsghexhibits Brownian
motion, a random movement driven by the momenturpamed by collisions with
molecules of the suspending medium. A sol is aoadl suspension of solid particles
in a liquid. This type of colloid can be used tngeate polymers or particles from
which ceramic materials can be made. A ceramicsislly defined to be nonmetallic
and inorganic. In the sajel process, the precursors for the preparatioa oblloid
consist of a metal or metalloid element surrountbgdvarious ligands. Common
precursors for any oxide include inorganic saltshsas nitrates or chlorides and organic
compounds such as alkoxides.

An alkane is a molecule containing only carbon aydrogen linked exclusively
by single bonds group. The general formula g4 An alkyl group, being a
component of a molecular structure, but not necig$eving an existence on its own,
is a ligand formed by removing one hydrogen fromadkane molecule. For instance,
methane (Ck) produces the methyl group (gHAN alcohol is a molecule formed by
adding a hydroxyl (OH) group to an alkyl group,iasnethanol (OHCH). An alkoxy
group is a ligand formed by removing one hydrogemmf the hydroxyl group of an
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alcohol, as in methoxy (OGH Metal alkoxides are members of the family of
metalorganic compounds, which have an organic tigetached to a metal or metalloid

atom.

The solgel process involves hydrolysis and condensati@ctiens of metal
precursors (salts or alkoxides) leading to the &drom of a three-dimensional inorganic
network. Metal hydroxyl groups (M-OH) are formedridg the hydrolysis. These
groups subsequently condense into strong, rigid mreversible metal-oxo-metal
bridges (M-O-M) [103-105].

Metal alkoxides are popular precursors because tbagt readily with water.
The reaction is called hydrolysis, because the dwgdrgroup in the water becomes

attached to the metal atom, as in the followingtiea:
M(OR), + HO HO-M-OR + ROH

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

the amount of water, hydrolysis may go to compfletromediately.
M(OR)z +-5H,0 M(OH)z +>ROH

Alternatively, partially hydrolysed molecules caimkl together in a condensation

reaction.
M,(OR), + HO-M;-OR  (OR)My-O-M3-OR + ROH
This can be hydrolysed, for instance,
(OR)Mp-O-M1-OR + HO  (OH)M»-O-M;-OR + ROH

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

containing molecules by the process of polymewsatior instance,
M3(OR), + (OH)M,-O-M;-OR  (OR)M3-O-M,-O-M;-OR +ROH

A polymer is a huge molecule formed from thousaofdsnits called monomers
that are capable of forming at least two bonds. dligomer is a molecule of
intermediate size between a polymer and a monoiiteg. number of bonds that a

monomer can form is called its functionality,If a polyfunctional unit withf > 2 is
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present, the chains can be joined by crosslink®rm a three-dimensional structure.

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

If one molecule reaches macroscopic dimension$abitt extends throughout
the solution, the substance is believed to be alget a substance that contains a
continuous solid skeleton enclosing a continuoggidi phase. Gelation can occur after
a sol is cast into a mold, in which case it is g@eso make objects of a desired shape.
Bond formation does not stop at the gel point. Te&wvork is initially compliant, so
segments of the gel network can still move closeugh together to allow further
condensation. Smaller polymers or particles cosetina attach themselves to the

network.

Drying by evaporation under normal conditions resuh a dried gel called a
xerogel. Most gels are amorphous, even after drypngmany crystallise when heated.
The final heat treatment pyrolyses the remainirganic or inorganic components and
forms the crystalline powder. This, of course, gpexially useful if the gel only
contains the substance which one is attemptingepgse, and substances that can be
removed by oxidation or evaporation. If it contamther substances, these must be

removed by washing before the evaporation.

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

this process can be controlled and stopped wheartiséals are still very small.

2.4.2 Nanoparticles synthesis

Among the various liquid-phase chemical techniqueported in the literature
and employed for the synthesis of cobalt ferriteaparticles, the seyel process is
probably the most effective being a feasible rotde achieve high purity and
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homogeneity and develop crystalline nanoparticléss process offers the possibility of
a generalised approach to the production of battjesiand complex oxide nanoparticles
[106].

The sol-gel method has been employed to fabricateeQO, particles by Lee et
al. to be used as high-density magnetic recordirglian [107]. The typical spinel
structure was obtained when powders were annealadedove 350 °C. The increase in
the annealing temperature yielded an increasegiséss of the major peaks of XRD
patterns, indicating the growth of larger particlasdecrease in the coercivity and, in
contrast, an increase in the saturation magnetisatas observed with the increase of
annealing temperature. The magnetic behaviour wasdf to be related to the size of
crystalline particles and the temperature of mesment. Particles annealed at 350 °C
were found to be in the ferrimagnetic state at rammmperature with a size range
between 6 and 20 nm. Some particles were in therpapamagnetic state, existing side

by side with those in the ferrimagnetic state.

Nanoparticles of cobalt ferrite having an averagedigle size of 40 nm were
also synthesised employing the gl method [108]. Cobalt and ferric nitrates were
used as precursors with ethylene glycol as theestIvThe temperature of the sol was
increased up to 60 °C to obtain a wet gel which thasa dried at 90 °C. The amorphous
powder was annealed at 800 °C during the heatntegdt process by which the
crystalline nanoparticles were obtained. The ceodycand remnant magnetisation were
found to increase in value when decreasing the ¢eatyre of measurement down to
100 °K. These nanoparticles were found to be in fdr@magnetic state at room

temperature.

Cobalt ferrite nanoparticles doped with aluminumFEQAIO, (for x = 0.00,
0.25, 0.50) have been synthesised by thegsblroute [109]. The precursors were
dissolved in de-ionised water. Citric acid was atittethe prepared aqueous solution to
chelate the metal ions. A solution of ammonia wdded to neutralise the solution.
Drying was carried out by heating at 100 °C. Thevger was then annealed at 800 °C
for 6 h with a heating up rate of 5 °C/min to ohtthe spinel phase. The crystallite size
as calculated using the Scherrer formula was irrdhge 18-23 nm. It decreased with
increasing concentration of lions. The lattice parameter and the Curie tempezat
were found to decrease as well with increasing eotmation of Af* ions. The decrease
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in lattice parameter was thought to be due to thsstitution of the smaller Al ions
(0.51 A) in place of the larger Eeions (0.64 A) in the system. The decrease of Curie
temperature from 667 to 528 °K with the increasdlifi concentration was explained
as a result of the modification of the A—B intefantstrength due to the change of Fe
concentration between A and B sites, reducing therthe A-B superexchange
interaction. The powder was dried and annealed5& % for 8 h in a separate
investigation reported elsewhere [110]. The highedtie of saturation magnetisation
and coercivity was observed for the pure cobatiteeand it decreased as the aluminum

content increased in the structure.

Chromium substituted cobalt ferrite nanoparticl€@CrFexO4, 0 x 1)
have been synthesised using the-gel auto combustion method [111]. The precursors
were dissolved separately in distilled water. Tindividual solutions were then mixed
together and the pH value of the solution was aelglg about 6. The solution was then
slowly heated and stirred until gels were formeke Tesultant powder was annealed at
400, 600 and 1000 °C for 2 h to obtain the crystlinanoparticles. The value of
saturation magnetisation was found to decrease #omo 13emu/g with the increase of
Cr* concentration in the structure. This was belietete due to the smaller magnetic
properties of the Gf ions substituting for the Eeions in the octahedral sites. This
resulted in the weakening of the A-B superexchamgeraction. The value of
coercivity decreased with the increase ifff@oncentration. This was attributed to the
decrease in the anisotropy field. The lattice patamwas found to decrease slightly
with the increase of Gt concentration because the ionic radii of th&"©r63 A) and

the F&'(0.67 A) ions are almost the same.

Cu doped Co ferrite nanoparticles (CofeuO,;, 0.0 x 0.5) have been
prepared by the sajel method [112]. Metal nitrates were used as psers. They
were dissolved in de-ionised water and a few dmfpsthyl alcohol were added. The
solution was constantly stirred until the gel fotima. The temperature was kept at 65
°C during stirring. The formed gel was anneale@@Q@ °C for 24 h to form a fluffy
loose powder. The resultant powder was then heaafexhd maintained at, 800 °C for 8
h to remove any organic residuals present in thiemaawith 10 °C/min as the heating
up and the cooling down rates. The lattice constaas found to increase with

increasing concentration of €u This was thought to be due to the differencehia t
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ionic radii between the Gliions (0.70 A) and the Beions (0.67 A). The saturation
magnetisation was found to decrease witfi*@loping. The reason was related to the
smaller magnetic moment of €u(l g) as compared with the Feions (5g).
Dysprosium doped Co-Zn ferrites were synthesisedabsolgel auto combustion
method reported in detail elsewhere [113]. Theigarsizes were found to be in the
range between 30 and 40 nm. The lattice constactedsed with increasing Dy

concentration while the sizes of the particleseased.

The solgel process has been employed to prepare compasdierials
containing highly dispersed magnetic cobalt ferngaoparticles as core particles in a
silica matrix [114, 115]. The cobalt ferrite nandpdes were observed to interact with
the silica matrix through Si—O—Fe bonds accordmthe IR spectrum. This interaction
reaches its maximum when the temperature is rags6é00 °C. Above this temperature,
the interaction disappeared with the breakage ®fSir-O—Fe bonds [116]. Silva et al.
has found that the size of cobalt ferrite partidi@sned in the silica matrix increases
with an increase in the heat treatment temperati@@]ing to an increase in the
saturation magnetisation and coercivity [117]. iem$ stopped exhibiting
superparamagnetic behaviour above 400 °C when thdicle size reached

approximately 10 nm.

CoFeO,4 nanoparticles embedded in an amorphous 8i@lrix with a size range
between 3 and 15 nm have been synthesised by thgebmethod [118]. Coercivity
was found to increase with particle size. Due te Whde size distribution of the
CoFeQ, particles which were annealed at 1000 °C, the kameous occurrence of both
sextet and doublet spectra were detected at rompeta@ture. Particles annealed at 900
°C were all superparamagnetic as indicated by Massbspectroscopy. A deviation

from the ideal inverse spinel structure was obskrve
2.4.3 Other applications

The solgel process has been employed to prepare nandbngsta
CoFea REy 10,4 [Where RE refers to a rare earth element, whichbeaeither Gd, Tb or
Dy] films [119]. Doping with magnetic RE ions wasuihd to increase the coercivity of
the cobalt ferrite. Cheng et al. used the-gel method to prepare nanocrystalline thin
films of cobalt ferrite with doping with foreign ms [120]. The morphology and grain
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size of the thin films were dependent on the anngdaémperature. The magnetisation,
the high coercive force and the sizes of the naammg obtained make the technique a
promising approach for recording applications. eéal. prepared porous cobalt ferrite
magnets using a salel process in which polymer colloidal spheres wesed as
sacrificial templates to enable 3-D ordered pooeset formed [121]. The porous cobalt
ferrite showed enhancements in coercive field armdymatisation compared with the
bulk congener. Preliminary experiments have sholmat porous cobalt ferrites can
separate magnetic ions selectively from a solutmmtaining various magnetic and non-

magnetic ions.

2.5 Sintering

251 Introduction

Sintering is the process whereby the pores betwseticles or grains are
eliminated. Before sintering these pores exisheliody of a specimen which has been
pressed or formed into a definite shape. Sintecangses the shrinking of the shape of
the body, with the shrinkage being driven by sweftension. It is achieved by raising
the temperature of the material to almost the mglpoint, so that the surfaces of the
grains become soft, and begin to show the charsiitsr of a liquid. In the process,
some of the grains grow, while others decreasez@ and disappear altogether. The
initially random convex shapes of the grains albange, causing the surfaces to
become more flat, so that each grain fits into @hach its surrounding neighbours with
no space between. This causes the eliminationlnorsh causes the elimination of the
pores between the grains. The most general formdafstrial sintering consists in the
following stages: a non-isothermal heating up pkuatil the sintering temperature is
reached; an isothermal “dwell” period during whithe sintering temperature is
maintained until the maximum density is reacheatlatively slow cooling down period

to room temperature.

It has been suggested that the rate of sinteritigitsgcof ferrite powders can be
improved by two main routes. The first is the pragian of powders with nano-sized
particles which should result in higher surfacergpen the pressed compact specimen
prior to sintering, and thus provides a higher idgvforce for densification and grain
growth [122]. It is true that compacts containirano-sized particles begin to sinter at
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much lower temperatures. The second is the addiiosintering additives [123].
Different sintering additives have been proposedrioance the densification behaviour
of Ni-Cu-Zn ferrites, e.g. PbO [124]. Densificatiah low temperatures, bismuth oxide
Bi»O3 has been used [125].

The changes in dimensions, which normally occurindursintering, are

measured as length or volume changes before agrdsaitering as follows:

The zero (value) suffix refers to the original stat
Since shrinkage occurs, the length and volume awace negative

From these, as a percentage, the linear or volup@nsion is determined as follows:

Again, negative values refer to shrinkage.

Shrinkage curves are measured using a high-tenperdilatometer. They
show the effect of temperature and time. Becausestirinkage rate may be much
slower than the heating up period, and the themoaductivity of the material may be
very low, different parts of the sample being tdsteay be at different temperatures,
and so different rates of heating can produce rdiffeshrinkage curves. In the case of
ferrites, the sintering atmosphere can also prodifterent effects. All of these factors
need to be considered. In a Dilatometer test,iti@at expansion/contraction movement
is transferred directly to a low-friction probe géal in contact with the end of the
specimen, and this enables the measurement to loe. mEhe results of the
measurements are recorded continuously, processedei computer and shrinkage

curves are produced.
2.5.2 The densification and grain growth

Generally, when increasing the sintering tempeeatarshorter sintering time is
sufficient to achieve the constant relative densiiye point at which relative density
reaches its maximum value coincides with the ow$etonuniform grain growth. In

fact, in the early stages of sintering at a certamperature, rapid densification occurs
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with slow grain growth. However, when the relatikensity approaches its maximum
value, grain growth begins to increase more rapiile the rate of densification slows
down. In addition, grain growth becomes more praowed at higher sintering
temperatures, but the effect on the densificataie rs not so dramatic. This suggests
that it is important to adopt a thermal cycle inieththe temperature is increased to a
high value with just a short dwell time employedtas temperature. That is to favour
rapid densification. Subsequently, the temperasineuld be decreased and a second
dwell time introduced, to encourage densificatiowl @iscourage grain growth to the
greatest possible extent, and enable the totalifden®n process to approach values

close to the theoretical density [126].

The feasibility of densification with the minimuni grain growth relies on the
suppression of grain-boundary migration while kag@rain-boundary diffusion active.
This has been called "The kinetic window" of oppaity. Grain growth is observed to
be more prolific at a higher temperature. This |t that grain-boundary migration
may involve an activation process that has highgvation energy than grain-boundary
diffusion. Therefore, it is more active at highemiperatures but is suppressed at lower
temperatures. However, if the temperature is teg fgrain-boundary diffusion may be
suppressed and so the densification would be redudeping with additives, e.g.
Nb,Os or MgO, has the effect of shifting the kinetic @ow to a higher or lower
temperature respectively [71]. In one investigatibmvas concluded that, by exploiting
the kinetic window, it is possible to achieve densano-structured materials of grain
sizes between 25 and 50 nm starting from nano-sipediers in the size range between
5 and 10 nm. In the same way, in a separate rdpbytdense cubic ¥O3; was prepared
by a two-step sintering method. In the final-stagain growth was suppressed by
exploiting the difference in kinetics between grhoundary diffusion and grain-
boundary migration. The sample was firstly heated higher temperature to achieve an
intermediate density, then cooled down and hel latver temperature until it became
fully dense [127].

Kumar et al. divided the sintering process of W@mpowders into four stages
[128]. In the first stage, a rapid increase in thensification rate of the compact
happens. The shrinkage has two components: onegfi®m inter-agglomerate and

another from intra-agglomerate densification. The densities increase to around 80%
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from an initial density. At the end of this stagmost of the bridges between
agglomerates disappear, the clusters impinge upch ether and a microstructure
characterised mainly by agglomerate and contingmue distribution is reached. The
initial rapid shrinkage is followed by an almosnstant density regime characterised by
the clusters shrinking in upon themselves. Thenghge of the compact, if any, occurs
purely by intra-agglomerate densification. The mstructure evolves into well
demarcated agglomerate boundaries. Following thedton of stable agglomerates,
intra-agglomerate shrinkage cannot proceed furiteough sintering by grain growth
occurs to a small extent. From this point, theesatility of inter-agglomerate pores
controls the densification rate. Many of the lapgges are found to be surrounded by
more than the critical number of grains. As a restile net shrinkage strain rate
decreases due to two simultaneous forces oppogngifitation: large co-ordination
number with surrounding grains and a small amounfgrain growth within the
agglomerates. The relative density decreases dimeelarge pores start to grow.
Following the small dip in shrinkage strain rateegre is a passive period over which the
system tries to evolve by massive grain growth withe agglomerates. This leads to a
breakup of the agglomerate identity into large mgaand the stable inter-agglomerate
pores start to sinter. The pores start to shripkdhg, surpassing the grain growth rate.
The concurrent grain growth supports shrinkagel timti open pores are eliminated and
the closed pore structure appears.

253 Sintering of cobalt ferrite

CoFeO,4 powder prepared by a traditional ceramic route prassed into discs
and sintered under vacuum at a pressure of Torr (1.33*10° Pa) in a series of
experimental trials [129]. In each trial the firddnsity was measured. It was found to
increase with an increase in either the sintemmgperature or the dwell time. A relative
density of 96.8% was achieved when sintering at0120 for 24 h. The vacuum
sintering resulted in the development of other egifCoO) which seemed to come into
existence alongside the spinel structure, but wetegart of it, due to the non-oxidising
nature of the vacuum in the sintering environmeritich had a reducing effect on the
material. The reaction was due to the breakdowthefferric part of the structure to

produce oxygen:

CoFeO; CoO + FgO3
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2Fe0; 4FeO +Q

The first reaction is reversible, but, if it occurs even a small scale, the second
reaction will occur and it is not reversible be@tise oxygen would be carried away in
the vacuum system. Once FeO is formed, it will rasith any free FgO; to form
Fe;0,4, and further destroy the structure of the colmtite.

The magnetostriction amplitude was reduced by #terdental effect of these
extra non-magnetostrictive oxides. The coercivédfiwas found to decrease with
increasing sintering temperature and time. Higheteeng temperature and longer
sintering time were thought to result in largerigsaand consequently a lower coercive
field. Larger grains, on their own, would probaligt reduce the magnetic properties.
However, larger grains would produce poorer medat@niproperties (poorer
homogeneity and a loss in ductility). This couldi®a cracking as the specimen cooled
(because of temperature gradients across the spedeading to different rates of
contraction), and the cracks would produce pooragmetic properties. This is one
major reason why one cannot achieve high densireply by prolonging the sintering

time or increasing the temperature.

In another study, cobalt ferrite powder was pregpdrg a solid-state reaction
route. Uniaxially pressed disc samples, were sadtarnder one-step conditions in a
series of experimental trials. These disc samplesewmade from powders with
different particle size distributions. The sintgriconditions were kept the same at 1450
°C for 3 h. In each case the final value of thatreé density was measured, and when
the average particle size of the starting matevad 14.17 um, the final relative density
was 87.51%. The relative density after sintering Wicund to increase by around 4%
when the average particle size of the starting nateas 5.34 m instead of 14.17 pum.
No further increase in the relative density waseobsd when the particle size was
further reduced [6].

The observed improvement in densification was erptato be due to the fact
that open interconnected porosity had not been t=slp eliminated in the disc
samples until the end of the sintering dwell tintéowever, when starting with powders
with smaller average particle sizes, the densificaprocess did not improve with the

formation of specimens with even higher relativesity. This was explained to be due

51



to the fact that, although the porosity still egstin the sample in regions far from the
surface of the sample, the pores were no longenesiad through the layers near the
surface of the sample with the atmosphere in theisng equipment. In other words the
pores were no longer “open” but “closed”. Theref@imce the pores were filled with

gas, there was no way for the gas to be expellmd the pores inside the sample and

into the atmosphere of the sintering equipment.

It was concluded that decreasing particle sizevbd&dd84 m, coupled with a
one-step sintering temperature profile, would resutt in any further improvement in
increasing the relative density.

It will be appreciated that when a sample is bdiegted up in a furnace, the
temperature of its surface will always be highemtlthe temperature near the centre of
the sample, because the heat is transferred frensititering equipment to the sample
mainly by radiation, and it reaches the centrehef $ample by conduction. Since the
thermal conductivity of ceramic samples is usugbor, there will be a significant
difference between the temperature at the surfaddhe temperature near the centre of
the sample. It follows that there will also be gndiicant difference in the rate of
densification between the surface layers of thepdanand the regions underneath, near
to the centre of the sample. As a result of this, porosity near the surface will be
lower than at the centre. Before the sintering @sscwas started, the pores near the
centre of the sample would have been connectedh&iveork of passageways through
the outer layers near the surfaces of the sample the atmosphere surrounding the
sample. However, during the sintering processgtieen danger that the porosity in the
surface layers will be reduced so such an extattttie connecting passageways will
become closed, isolating the pores deeper dowmeisample and preventing them from
communicating with the atmosphere surrounding #rae. The result of this is that
the deeper pores become closed, and there is ndow#lye gas which fills them to be
expelled from the material, and the porosity wiimain unchanged whether the

sintering time is extended, or the temperaturecased.

A possible way to overcome this problem is to rdisetemperature rapidly to a
value where previous measurements have indicastddénsification can take place.
Then after a short dwell time the temperature wel@d again. During this cooling
period, the centre of the sample will be at a higeenperature than the surface of the
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sample. It follows that the rate of densificatioill @lso be greater at the centre of the
sample than at its surface. It may be possibleesigth a temperature profile which

allows the densification process at the centre h&f sample to catch up on the
densification process near the surface, and evercheve lower levels of porosity at

the centre compared with near the surface. Oneehtlg been achieved, it will be safe
to increase the temperature again and allow thespoear the surface to be eliminated,
without the risk that pores deeper inside the sarapt becoming blocked. The solution

to the problem therefore involves a two-stage simfjeoperation.

This approach was adopted by the same investigatditse first stage was
carried out at the temperature where previous measnts had indicated that the
densification rate peak occurred. The second stagecarried out at 1450 °C. It had
been anticipated that during the final stage ofesing, all of the porosity would have
been eliminated, and this could have happened thal pores had been connected to
fast, short diffusion paths along grain boundariéswever, this sintering profile was
applied to a rod prepared by micro-sized powdeth wi34 m as the average particle
size, although a slight increase in relative dgngias observed, with a final value
around 92% being achieved, this result indicatest tlurther refinement of the
temperature profile may be necessary for still argdensities to be reached with

successful removal of all porosity.

2.6 Summary

The magnetic properties of ferrites have been desitin detail. However it is
significant that they are determined not only bgitlthemical composition but also by
their microstructure. Solution phase chemical méshdo prepare cobalt ferrite
nanoparticles are very diverse. The microemulsioethiod is a very promising
technique for preparing monodisperse, ultrafinetigas of controlled size and
morphology. However, the sajel process is probably the most effective andiliéas
route to achieve high purity and homogeneity andelig crystalline nanoparticles.
Most of the chemical methods to prepare cobaltitéernanoparticles produce
amorphous powders. A heat treatment operation rbesapplied to the amorphous
powders to obtain crystalline nanoparticles. Thresiof these nanoparticles are found
to be mainly dependent on the temperature andrtteedf the heat treatment operation.
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Sintering is the process which determines the featwf the end-product
microstructure. It involves heating the powder cactpt a certain rate, and holding it
at the highest temperature until the maximum dgnsiteached. It is thought that the
densification can be improved by the introductidnnanoparticles to replace micro-
sized particles because this should result in mighgface energy in the material.
Therefore, a more powerful driving force for deitsifion would be available, but grain

growth might still be a problem.

The requirements for investigating whether cobaltite nanoparticles could
overcome the difficulties encountered in sintericgn be achieved by introducing
nanoparticles prepared employing the-gel technique. These nanoparticles must have
a polydisperse size distribution. According to liberature, the maximum temperature
adopted during the heat treatment process may hesglted in the unnecessary
enlargement of the particles. This temperature sit¢ethe reduced to a minimum value.
With that aim in view, response surface methodol@®@$M) is one of the optimisation
techniques which analyses the quantitative datéeaeld from experimental trials,
predicts the responses of interest and finds t@imum values. It is used to simulate

the heat treatment process and optimise it in dadspecify the optimum conditions.

2.7 The contribution of the chapter towards the aims ad

scope of the investigation

The principal reason for investigating whether naized particles of cobalt
ferrite can be made remains the same. If partieiés only a single magnetic domain
can be made, there should be an opportunity to rdaas and rods in which all the
crystal axes are aligned in the same directiongs Wbuld change the magnetostriction
characteristics significantly. As shown by Bozoethal. [16], the magnetostriction of
cobalt ferrite varies from a small positive valwea large negative one, depending on
the alignment of the applied magnetic field witle ttrystal axis. Therefore when the
crystal axes are not aligned, the overall magnettisih observed is an average value
because some of the parts of the sample are congyand some are expanding, and
the result is a small negative value. If rods cooddfabricated with the crystal axes
aligned, the magnetostriction in one direction ddm almost as high as that shown by

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

consideration.

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

entirely separate advantage of nanopatrticles,tanailso of great importance.

It is therefore of great interest to know whethebalt ferrite nanoparticles can
be made which are sufficiently small to have onbkiragle magnetic domain. However,
the processes required to fabricate these nand-pasdicles into discs or rods while
maintaining their crystal axes aligned are expededbe very complicated and
expensive and beyond the scope of this initial \st@h the other hand the possibility
that nano-sized particles might be able to overcahee difficulties encountered in
sintering cobalt ferrite is also very interestingd because it can be pursued without the

same requirements for expensive equipment, it baa included in this investigation.
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Materials’ characterisation

56



3 Materials’ characterisation

3.1 Introduction

This chapter explains in a nutshell the methodolofjyhe work that has been
carried out and is presented in this thesis. legia brief introduction to the equipment
that has been used to prepare the material (thaltdelrite nanoparticles) and perform

the characterisation process. The work in thisishean be divided into four main parts:

The synthesis and characterisation of the cobaltdenanoparticles
The structural and magnetic analyses of the natiolesr
The modelling and optimisation of the heat treathogeration

The sintering behaviour of the nanoparticles
3.2 Methodology

In this study, the segel technique was employed and it was followed Ineat
treatment operation to develop the cobalt ferra@aparticles. The parameters of the
experiment have been systematically varied to inyat® their effects on the
morphology and other properties of the materiahfpgorepared. The heat treatment
operation was modelled and optimised by means & Doorder to achieve the best
properties with the lowest electrical operatingtcésnally, the sintering behaviour of

the nanoparticles was investigated in order toea@hthe highest density.
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3.3 Characterisation

A magnetic stirrer was used to prepare homogenoluiens before and after
blending. This is shown in Figu@l. Drying was carried out using a laboratory oven
shown in Figure3.2. After the amorphous powders had been prepdhay, were
ground using the mortar and pestle shown in FiguBe After drying the amorphous
powders, A Horizontal Tube furnace (Carbolite L@8heffield, UK) was used to carry
out the heat treatment operation on them with 1LOnfi€ as the heating/cooling ramp
rates under ambient atmosphere. This is showngurés.4.

The structural characterization of all powders wasied out by measuring their
XRD patterns employing an X-ray diffractometer (B®VANCE-BRUKER) using
Cu-K radiation. The equipment is shown in Fig8é. This method is used to
determine the atomic and molecular structure ofrésailtant materials, in which the
crystalline atoms cause a beam of X-rays to diffrato many specific directions. By
measuring the angles and intensities of theseadi#fd beams, it can produce a picture
of the density of electrons within the crystal. fardhis electron density, the mean
positions of the atoms in the crystal can be datexdh as well as their chemical bonds,
their disorder and various other information. Everystalline substance gives a pattern;
the same substance always gives the same pattetin @ mixture of substances each
produces its pattern independently of the otheing. X-ray diffraction pattern of a pure
substance is, therefore, like a fingerprint of shestance. Figur@.6 shows an example
of XRD Pattern, the outcome of this method.

The equipment is connected to a computer with &ggpe of associated software
programmes called DIFFRAC PLUS Evaluation. Oneh&se software programmes
called EVA, which has a database of the XRD pasteriha comprehensive range of
compounds arranged in the order of the periodiletaith a significant number of their
possible alloys, was used to determine the idermtitg provide an indication of the
concentration of each phase in the samples. Thisually done by comparing the XRD
patterns obtained by the equipment with that ofepcobalt ferrite taken from the
database. If other phases are present, they wilsHmvn as different lines in the
spectrum, and also sometimes by the different siteéke peaks in the pattern. Other
possible candidate compounds can then be considgredmparing their XRD patterns
as given in the database, with the extra linesioéteexperimentally.
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Figure 3.2Drying oven
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Figure 3.3 Mortar and pestle

Figure 3.4 Horizontal tube furnace

DTA/TGA is a powerful thermo-analytical techniquecombines a DTA and a
TGA into one instrument that performs both DTA ah@A on the same sample of
amorphous powder at the same time. The resultingA ihd TGA curves are

simultaneously plotted on a dual Y-axis graph so@TA's fingerprint and the TGA's
60



weigh loss/gain characteristics are directly coragaas the test sample is heated and

cooled. The equipment is shown in FigGr&.

D apance .

Figure 3.5The XRD equipment
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Figure 3.6 An example of XRD Pattern
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Differential Thermal Analysis (DTA) and Thermo-Ghanetric Analysis (TGA)
were performed in air to determine the temperatateshich the decomposition and
oxidation of the crosslinker and the chelating agexke place. The curves were
obtained using heating/cooling rates of 10 °C/mimdar ambient atmosphere to
investigate and identify the purity of the mategiarigure3.8 shows an example of a
DTA/TGA graph.

Scanning Electron Microscope (SEM) is a type ofceen microscope that
produces images of a sample by scanning it witbcaded beam of electrons. The
electrons interact with electrons in the sampledpcing various signals that can be
detected and that contain information about the péal1 surface topography and
composition. The equipment is shown in Fig8re.

For conventional imaging in the SEM, specimens mbst electrically
conductive, at least at the surface, and eleclyigabunded to prevent the accumulation
of electrostatic charge at the surface. Cobalitéeras a nonconductive material, tends
to charge when scanned by the electron beam wiaigkes scanning faults. Therefore,
samples of powders were coated with an ultrathiatiog of electrically conducting

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

The morphology of the materials (homogeneity andiga size) was observed
by the SEM, and a chemical analysis was carried ugihg a Field Emission
arrangement fitted to the Scanning Electron Micopgc(FE-SEM). Figur&.10 shows

an example of SEM Image.

FTIR is the acronym for Fourier Transform Infrar8gdectroscopy. FTIR is a
spectroscopic technique that utilises lower eneggiiation to induce vibrational and
rotational excitation of atoms and groups of atomithin molecules. Because of the
variety of symmetry of atomic groups and their @iénces in atomic masses and
electronic structure, the absorption patterns fepecific species will be unique, which
allows for their identification.

When photons interact with a molecule, the molecudsy respond by absorbing
the photons and subsequently the energy of thelad$@hotons cause the molecule to
vibrate in a higher energy level. In order to bigared active, the dipole moment must
change during a vibration. Absorption occurs whes incoming IR radiation that is
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interacting with a molecule has sufficient energyaise the vibrational energy level of
the molecular system to the next allowed level. Tieguencies of absorption are
determined by the masses of atoms, the force aunsfabonds, and the geometrical
shapes of the molecule. FTIR was used to investitegt molecular structure of some of
the prepared materials for comparison reasonsr&Ral shows an example of FTIR

spectrum image.

The magnetic properties (hysteresis loops) wereorded at both room
temperature and 10 °K using a Vibrating Sample Mé&gmeter (VSM) with a
maximum magnetic field of 50kOe and 20 mg of powdeed in each determination.
The temperature dependence of the magnetisatiome cunder zero-field cooled
conditions was also recorded. However, VSM is argdic instrument that measures
magnetic properties. It permits precision magnetenent measurements to be made in
a uniform magnetising field as a function of tengtere and magnetising field. The
sample is placed inside a uniform magnetic field tagnetise the sample. This
equipment is shown in FiguB12. The sample is then physically vibrated sirdedty.
The induced voltage in the pickup coil is proparabto the sample's magnetic moment.
The induced voltage is measured and the hystel@sos of the material is obtained.
Figure3.13 shows an example of the resultant hysteress |

Cobalt ferrite nanoparticles were pressed into si@uoples using a uniaxial press
(Moore & Son, Birmingham, UK) with a maximum podsiltoad of 50 tonnes. This is

shown in Figure8.14. A pressure of 20 kg/émwas applied for 20 s.

The disc samples after pressing, as an exampleyrsi Figure 3.15, were
sintered using a continuous ramp rate, and a sidglell time conditions using a
Chamber Furnace (Carbolite, UK). This furnace mhin Figure3.16.
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Figure 3.7 DTA/TGA equipment
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Figure 3.8 An example of a DTA/TGA graph
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Figure 3.9 The SEM
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Figure 3.10An example of SEM Image
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Figure 3.11An example of FTIR spectrum

The density of sintered disc samples was measurgdoging an Archimedes
Method Kit (Sartorius AG, Germany) as shown in FgB.17. The analysis measures
the sample weight in air W (a) and in water, W, (8hd then the Buoyancy G is
calculated, being the difference in weight [W (&)Vfl)]. Density of water (fl) was
calculated according to temperature during expetm(&8EE APPENDIX B). The
density is then calculated employing the followaguation:

Density measurements were also performed on sthidise samples using an
AccuPyc 1330 V1.02 helium gas Pycnometer (Microtios;i USA). This equipment is
shown in Figure3.18. The analysis measures the sample volume, faich the
density is calculated after the sample weight hesnbentered as an input into the
computer programme. The relative density of eadkcigpen was calculated as the
quotient of bulk density to true density. The tdsmsity was experimentally determined
on samples of powder using the same Pycnometer.v@he of relative density is

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

Figure 3.15Disc sample
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Figure 3.16 The Chamber Furnace

Figure 3.17 Archimedes Method Kit
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As the Archimedes Method Kit was used to measwredtnsity of sintered disc
samples, the measurements were believed to berectamt form of values calculated
employing the geometrical method as water couldeptly surround the sintered disc

samples. It gave a good indication about the acgudd the calculated geometrical
densities.

Figure 3.18 The Pycnometer

3.4 Summary

The different items of equipment used to perforra tharacterisation of the
materials used in the investigation have been destrEquipment used to carry out the
various process operations which have transfornmed starting materials into new

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

After the different characterisations and procedsad been performed, the
results have been presented in the following fdwapters which are followed by a

chapter with conclusions and suggestions for futwogk. Each chapter includes a
discussion section which focuses on the interirdifigs.
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Chapter 4

The synthesis and
characterisation of cobalt

ferrite nanoparticles
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4 The synthesis and characterisation

of cobalt ferrite nanoparticles

4.1 Introduction

To prepare cobalt ferrite (single-domain) nanopbesi with a polydisperse
distribution, there is firstly a need to understahe solgel technique. There is a
necessity to acquire a fundamental understandimgitathe influence of the various
chemical parameters on the structure and morphabddiye final materials. Therefore,
the aim of this chapter is to address this gap ndewstanding by concentrating in
particular on the nature of the hydrolysis reactom also on the effects of both the
crosslinker and the chelating agent. ConclusiongardBng the influence of the
composition of the starting solution and of thessduent heat treatment are drawn with
reference to macroscopic observations of the nadgéeand in conjunction with the

respective XRD patterns.

4.2 Experimental

4.2.1 Material development

The solgel synthesis was based on the formation of aestabtl homogenous
sol obtained from a mixture of Cobalt (1) nitrdtexahydrate, (Co(N£). 6H,O, 99%,
Fluka) and Iron (lll) nitrate nonahydrate, (Fe(BjO9H,O, 98%, Sigma-Aldrich). The
precursors were used as received without any furteénement. 0.1M Sodium
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hydroxide solution and de-ionised water were usedaacatalyst and a reactant
respectively. Di (ethylene glycol) diacrylate (DEGDSigma-Aldrich) and citric acid

(CA, Sigma-Aldrich) were employed as the crosslnled the chelating agent
respectively. The role of the crosslinker was tgprcloser together the different
inorganic particles and to improve the homogeneitthe solution. The chelating agent
on the other hand reacts with both precursors logkiohg their reactive functions

achieving a remarkably homogeneous mixture.

The investigation of the effects of the crosslinked the chelating agent was
carried out to provide a good understanding abloeit influence on the structure and
morphology. In all studies, the molar ratio Co}06H,0:Fe(NQ)s. 9H,O was kept

constant at 1:2 and the hydrolysis was broughO@d completion.

Two main procedures as shown in Figdré (a) and (b) were employed in this
study. In the first procedure, Figudel (a), after the Co(Ng). and Fe(N@); had been
separately dispersed in a solvent and stirred foheur both solutions were mixed
together at that stage, followed by the additionthe reactant and the catalyst. The
mixture was then left stirring for 24 hours. Latenen appropriate, the crosslinker was
added. And then the sol was stirred for a furtherhburs. In the second procedure,
Figure 4.1(b), after the Co(N§)» and Fe(N@s had been separately dispersed in a
solvent and stirred using magnetic stirrers forhanr, the chelating agent was added
and the two mixtures were stirred for two more Isooth solutions were then mixed
together and stirring was continued for 24 morerfo8tirring allowed the hydrolysis
and condensation reactions to take place. All eblsined by these procedures were

stable and homogeneous showing the success abltgksynthesis.

A beaker containing the sol was placed in a drywagn set at 100°C, and left
there for 12 hours. The first thing which happeteethe sol in the drying oven was that
the liquid was gradually removed by evaporationti®it any stirring, some solid
gradually formed on the walls of the beaker adekel of the surface of the liquid went
down. As the sol gradually became more and moreardrated, the sol changed into a
gel. Then as the gel lost more and more liquid \ogperation the gel became dry. It
would be only at this stage that its temperatureld/dave approach the 100°C. When
the beaker was removed from the drying oven, tlid f@om the bottom and side walls
of the beaker have been scraped off, before usimprdar and pestle to break up the
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solid. The amorphous powders were then annealed Horizontal Tube Furnace

(Carbolite Ltd., Sheffield, UK) between 600 and Q0. The samples were ground
using a mortar and pestle once after drying, antk anore after the heat treatment.
Details of all the procedures are listed in Tabl&@ with related synthesis parameters

and conditions.

Figure 4.1 Materials preparation

Samples (1-9) were prepared employing the firstgdare (a), and samples (10-
14) were prepared employing the second procedyré(bM Nitric Acid solution was
used as a catalyst for samples 3 and 4 to invést@aossible different effect when
changing the catalyst from a base to an acid intrash with samples 5 and 6

respectively.

4.3 Results

4.3.1 XRD patterns

According to the literature [6, 74], the cobaltrfier pattern exhibits eight peaks.
These peaks are located between°=25 and 2°=70 as follows: 18.289,
30.085, 35.438, 37.057, 43.059, 53.446, 56.9755832. The respective intensities of
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these peaks expressed with respect to the moesmfeeak located at 2=35.438 are as

follows: 10%, 30%, 100%, 8%, 20%, 10%, 30%, 40%erelthe related Miller indices
are: (111), (220), (311), (222), (400), (422), (BX440), respectively. A validation of
the equipment/results was done (SEE APPENDIX C)XEDalysis done on samples

showed that the prepared samples contained elersantsas Co, Fe, and O. There

were no other elements detected (SEE APPENDIX D).

Table 4-1 Samples with their initial parameters and condgion

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

The XRD patterns of samples 1 to 6, as shown imr€ig.2, show all peaks

related to the CoR®, phase proving the attainment of the cobalt fersitieicture.

However, additional peaks were observed in thes® XRtterns demonstrating the

presence of other phases beside the cobalt fetriteture. These have been attributed

to the following impurities, hematite (k@s), iron oxide (FgO,) in addition to the
cobalt oxides (C#D4) and (CoO) with (JCPDS-ICDD) file numbers of (8%1D), (26-
1136), (42-1467) and (71-1178) respectively as tiled using EVA software

programme. In other words, there is no doubt thatcobalt ferrite structure is attained
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as XRD patterns show. However, the formation ohimxides in these samples
indicates the formation of cobalt oxides in the eaamples because the stoichiometry
was unaltered. This is because if, for instanam oxide formed and cobalt oxide did
not form, that situation could only occur if themere a change in the initial
stoichiometry. The presence of the oxides indicdtes the reaction between the
constituents was incomplete. The results vary; ivewsamples 2, 4, and 6, which were
made when the crosslinker was added, contain ab@t less impurity than samples
made without the crosslinker.

Figure 4.2 XRD patterns of samples (1-6)

XRD patterns of samples 7 to 9, which were prepavétd 3 moles of the
crosslinker for 1 mole of mineral ions (Co+Fe), ah®wn in Figurel.3. These patterns
are very similar to those of samples 2, 4, and@icating the negligible effect on the
resultant level of impurity structure of increasitige amount of crosslinker added. In
addition, heat treatment at higher temperature8 €@ 1000 °C) for 10 hours did not
significantly contribute to any reduction in the @mt of impurities, even though these

impurities seem to be due to incomplete reactions.
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XRD patterns of samples 10 to 13 prepared usimg @tid as a chelating agent
with molar ratios of 1:1 for the metal ions to @itacid ratio (stoichiometric molar
ratios) are shown in Figuré.4. A further step of centrifugation at 4000 rpar 20
minutes was applied to sample 11 in order to rentbeesupernatant, and to increase
the rate of reactions promoting the gelling prodaske heavier material at the bottom

of the centrifuge tubes.

Figure 4.3 XRD patterns of samples (7-9)

A guantitative analysis reveals that sample 10 Ehdontain approximately 1%
of impurities whereas sample 11 contains over 73%mngurities demonstrating the
strong modification of the initial stoichiometry @to centrifugation. On the other hand,
sample 13 is composed of 100% pure G@Reindicating that the increase in the

annealing temperature caused the disappearanaapoirity phases in this particular

formulation.

The XRD pattern of sample 14, which was preparegdleying a more thorough
chelation of the mineral ions, is shown in FigdrB. This was to investigate the effect
of completely isolating the cations from furtheaecBons during the sol development
process. The effect could only be determined byingakbservations on the powder

after it had been produced. However, it can be uiveqally demonstrated that the
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cobalt ferrite structure was obtained as a sindlasp, which exactly matches the
JCPDS-ICDD file number 22-1086. Heat treatmentQft 8C for 10 hours was enough
to obtain the pure cobalt ferrite structure withsticomposition, which leads to the
conclusion that the chelating agent had an impoeé#act in reducing the temperature

needed for the heat treatment to bring about thaltéerrite structure.

Figure 4.4 XRD patterns of samples (10-13)

Figure 4.5 XRD pattern of sample (14)
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4.3.2 DTA/TGA

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

carbon dioxide.

DTA/TGA curves for sample 14 are shown in Figdré. When heated over 150
°C, citric acid decomposes with the loss of wated producing some carbon dioxide.
However, the DTA curve exhibits two exothermic pgadne at 150 °C which refers to
the loss of the water as the citric acid beginsldoompose, and the other at 260 °C
which refers to the oxidation of the remaining @arbcontent of the intermediate
compounds of decomposition formed from citric atig,oxygen in the air and forming

more carbon dioxide, and releasing heat.

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

4.3.3 SEM/FE-SEM images

SEM images of samples synthesised with the crassli(2, 4, 6) and without
the crosslinker (1, 3, 5) are shown in Figdr8. Samples prepared with the crosslinker
exhibit a polydisperse size distribution with thetgle size ranging from 90 nm to 200
nm, while samples synthesised without the crosstinkhow a monodisperse size
distribution with the particle size about 90 nmjytliermore, some particles were
agglomerated and formed large clusters. No difiezem either the structure or the
particle size was observed when using the diffeattlysts in the corresponding

procedures producing samples, 3 and 5, or 4 ardp@ctively.

SEM images of samples 7 to 9 are shown in FigueThe images indicate that
sample 7 has a wide range of particle sizes (fr@mi to 350 nm). Moreover, the
particles are larger in size and have a wider isinge when the temperature of the heat
treatment is increased as shown for samples 8 aeh SSEM image of sample 10 is
shown in Figuret.10. It shows a nano polydisperse distributioparticles with a range
from 80 nm to 200 nm. An FE-SEM picture of sampleid shown in Figurd.11. It
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indicates the effect of increasing the percentdgatoc acid which results in a wider

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

Figure 4.8 SEM images of samples (1-6)

Figure 4.9 SEM images of samples (7-9)

4.4 Discussion

4.4.1 The effect of the crosslinker

A comparison of samples prepared with, and withting,crosslinker allows two
main conclusions to be drawn. Firstly, when empigyithe same heat treatment
conditions, the crosslinker causes a decreaseiarttount of the impurities, but only by

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

purer cobalt ferrite produ

Figure 4.10SEM image of sample (10)

Figure 4.11FE-SEM image of sample (14)

A calculation using the EVA software programme aadés that impurities we
present at a level of 3% and these were identdieolve a a mixture of other oxide:
These results show that along with the formatiorcaisalt ferrite, the crosslinker al
favours the aut@ondensation of iron and cobalt colloids to forn,O3; and CoO. The
crosslinker allows the different metal ions, figstto react with itself, and the
subsequently during the heat treatment stage taoapp other metal ions ai
eventually form an oxide bridge, As illustratecFigure4.12 the cobalt ferrite phase
produced as a result of reaction (b), whereas imesirthat is the other oxides, are

results of reactions (a) and (c). While (b)ght be favourable, (a) and (c) can &
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occur. The impurities probably occur because ofpibeuliar property of this crosslinker
that allows all three different reactions to takeacp without there being a sufficiently
selective mechanism, permitting only reaction {|)erefore, using different ratios of

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

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

so achieve the formation of cobalt ferrite.

Secondly, from a morphological point of view, itdbserved that increasing the
amount of the crosslinker increases the averagelgasize range from 110 nm to 300
nm. This change occurred when using the molar laeg®s of 50% and 300%,
expressing the amount of the crosslinker with régarthe amount of the metal ions
respectively. In addition, it was found that in@®g the heat treatment temperature

results in an increase in the particle size also.

The reason for the choice of 300% is as followsicpdures involving molar
ratios of 50% of DEGDA were carried out in order dmsslink a maximum of 2
metallic entities as shown in Figu#.12. Procedures involving the 300% were
investigated to ensure the full linking of the iganic constituents (with every valency
bond satisfied plus a slight surplus) with the msg of exploring the effect of this
crosslinker excess on the properties of the finatemals. This results in a structure
containing all possible links, which can be repnésé in the liquid phase as a hybrid
polymer-like material, as shown in Figutel3.

Fe Fe ()

Fe (b)

53

©

Figure 4.12The crosslinker probable reactions, (a) and (cuafavourable, (b) is favourable

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

treatment causes the decomposition and oxidatidheobrganic part, and in this way
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the crosslinker acts as a catalyst of the inorganicensation reaction. However, in the
case when using 300% of DEGDA, the result is amgvreater enlargement of both the
particle size range and the sizes of the patrticles.

Co

RS

GVAVEIAVAVZ VAV IR VAV AVAV: TAVAV. AVAY:

Fe

Figure 4.13The hybrid structure of materials containing 300%sslinker

On the other hand, samples without crosslinkerrditthave any cross-linking
agent at work between the mineral ions. Very homegas sols were obtained by
hydrolysis, but this homogeneity did not last fangd. At the gelling stage phase
separation took place. The solid particles in tled ggglomerated so much that
sedimentation caused them to collect at the botibthe beaker resulting in a mixture
of oxides. The heat treatment was intended to fibvenferrite lattice through an inter-
diffusion process. However during this processwés difficult for the cations to
migrate between constituents to their thermodynaltyiddeal positions on A sites
(tetrahedral) and B sites (octahedral) in the atiigse spinel lattice. The driving force
for the inter-diffusion process was not sufficigrmbwerful. Sedimentation could cause
the local stoichiometry to fail, and lead to highearels of impurities, as demonstrated in
Figure4.2 in samples 3 and 5.

4.4.2 The effect of the chelating agent

Chelating agents are usually used in inorganic csteynto prevent particle
agglomeration by inhibiting condensation reactionsiquid phase synthesis [130]. In
our study, citric acid was used to chelate bothrganic precursors to form either
monodendate or bidendate metal complexes [13Khawn in Figuretl.14. In addition,

it prevents both metal cations from undesired speius condensation reactions.

84



/
O—¢ 7 M

/ o RN
M 0 0O

\ @ \*C*/

O\ c ‘ (b)
/2
O

Figure 4.14Metal complexes, (a) is monodendate, and (b) iertzdte

From a structural point of view, it has been clheaieémonstrated that citric acid
enables cobalt ferrite powders to be prepared uthdesame conditions as those when
using the crosslinker. Indeed, comparisons of sasplwith 10, and 4 with 12 show a
decrease in the impurities’ concentration from 386 léss than 1% respectively.
Furthermore, the increase in the heat treatmenpdesture to 1000 °C, which was
carried out when making sample 13, resulted insthgle phase of cobalt ferrite being
obtained, without impurities, whereas the same éghperature did not produce the
same level of purity even when 300% of DEGDA wasdughen making sample 9. In
fact, increasing the molar ratio of citric acid 200% with respect to the metal ions
seems to have been sufficient to ensure adequetaticim of the mineral ions forming
both types of complex. It is suggested that onee tgp complex forms with the
cobaltous ion and both types with the ferric iorshewn in Figuret.15. If this is true,
this, and other factors seem to combine to causeog homogeneous mixture as

explained below.

It would seem that the inter-diffusion process dgrthe heat treatment was
made more efficient due to the greater homogeneitych had been achieved by that
stage, and this enabled the development of the qoivalt ferrite material in sample 14,
when applying a heat treatment temperature of 6Aly °C. This can be explained by
two factors: the first one is intimately associateith the molecular structure of the
hybrid organic-inorganic complexes of both cobalt &on ions, where, in contrast with
the crosslinker, the chelating agent prevented iaijal condensation or any cross-
linking during the selgel synthesis. It causes the molecular structurthefsol to be
composed of 2 hybrid complexes assigned by tha&lirstoichiometry as illustrated in

Figure4.15. Although the complexes have been formedivtleespecies of complex are
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still free to diffuse throughout the solution. B iquite probable that the greater
homogeneity is caused by an electrochemical efidut;h would occur as follows: The
initially strongly charged ferric ions would be gnpartially neutralised by the citric
acid anions, and would continue to diffuse causinggh probability that they would
become surrounded evenly by the initially lessrgilp charged cobaltous ions also only
partially neutralised by the chelating agent. Thecpss of diffusion would operate to
ensure that the energy of the system would appreachinimum with no location
having a higher or lower electrical charge, thay atiner location. Therefore, because
of the initial stoichiometry, one ion of cobalt wdunevitably enter an environment
where it is close to two ions of iron. This doed happen when using the crosslinker,
because once one of the reactions (a), (b) ofll(gtrated in Figuret.12, has occurred,
there is no mechanism for a rearrangement to tiee po allow one ion of cobalt to be
linked with two ions of iron. The second factottl&t the oxidation of the organic part
of the hybrid complex during the heat treatmentsedua further chemical reaction at
this molecular unit level with the formation of tle®balt ferrite structure, from a
previously existing environment where the cobatt aon ions were close to each other
in the correct ratio. The critical difference beémethis and the crosslinker seems
clearly to reside in the greater homogeneity at nim@ecular level which was not

achieved to the same extent when using the cr&sslin

Figure 4.150rganic-inorganic hybrids formed when using 200%lating agent

In all cases during the heat treatment, nanopestitdtnded to agglomerate and
form larger particles and this resulted in polydise powders as illustrated, for
instance in Figurel.11. This particular image also seems to inditiaa¢ using larger
quantities of the chelating agent while maintaining same heat treatment temperature
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tends to produce larger particles. This effect lsarseen by comparing some of these
particles with those in the powder illustrated igufe 4.10 in which a smaller amount

of citric acid was used. These patrticles in FigluEl are larger than those in Figure
4.10. Larger quantities of the chelating agentrargiired because if this is not done a
small quantity of impurities is formed, but it seethat when larger quantities are used
it may be important to lower the heat treatmentperature because even at 600 ° C,
there seems to be agglomeration forming largerigkest There is a window of

opportunity for improvement because the DTA/TGAadatdicates that citric acid

decomposes at about 190°C. This suggests thatraagecin the temperature and the
time of heat treatment would result in smaller igles, with a smaller size range, and

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

4.4.3 Calculating the crystal size of sample (14)

The crystal size of sample (14) was estimated usiagebye Scherrer equation

[132] as follows:

$% &'
(& )+,

Where. is the wavelength of the light used in the XRDipqent. It was 1.540598 A
(=0.1540598 nm)./ is the Bragg's angle, the angles of incidence eaftection
producing the greatest intensity in the diffractpattern. For cobalt ferrite, it is 35.348
degrees0 is the width of the peak measured at half the marm height of the peak
(FWHM), which was measured using the XRD pattersahple 14 at =35.438°. At
that point, the height of the peak is 1390 andkaekground is 620. The intensity at
which the FWHM is measured is, therefore [(1390)620+620 = 1005. This results in
a value for0 of 0.216° (= 0.00377 radians). Cads is Cos (35.348) =0.8147.

Substituting with respective values gives an ave@agstal size of 45 nm.

2& 345426

2 6357 89 nm as the crystal size

An estimate of the sizes of these particles udiegiE-SEM image in Figure 11
gave values in the range from 20 nm to 250 nm. Hdkates some particles in sample
14 are composed of a number of crystals i.e. theyalycrystalline, and some patrticles

consist of individual crystals. The reason behiht tis attributed to the high heat
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treatment temperature and the long dwelling timeaclHacilitated the process of
forming the larger particles at the expense ofstinaller ones. The analysis of the XRD
pattern of sample 14 by the EVA software progranprevided with the instrument
shows that the powder is composed of a single kphmese of cobalt ferrite with lattice

parameter (a) equal to 8.3919 A.

4.5 Summary

Cobalt ferrite powders have been synthesised enmgiahe solgel technique.
A particular focus was given to the investigatioh tbe fundamental role of the
crosslinker and chelating agent on the structuceraarphology of the materials being
synthesised. The results clearly indicate thatcciéicid enables cobalt ferrite to be
obtained with a higher purity than could be obtdinging the crosslinker. This
difference has been correlated with the differentetular unit structures formed when
using each of the two organic molecules. The cirdssi allows the formation of three
different structural units which produces a mixtaféhe oxides (cobalt oxide with iron
oxide, iron oxide on its own, and cobalt oxide & awn). On the other hand, the
chelating agent permits the formation of individumablecular units that are free to
diffuse, so that the initial stoichiometry can baintained. In addition, the crosslinker
and chelating agent were found to have a crucfacebn the particle size and on the
range of different sizes of particles, under thmeaonditions. These results can be
considered as part of a preliminary study of theettgment of methods to prepare
cobalt ferrite nano materials, and it is intendeat they can be implemented in specific

magnetic applications.
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Chapter 5

The structural and magnetic

analyses of nanoparticles
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5 The structural and magnetic

analyses of the nanoparticles

5.1 Introduction

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

operation.

In the phase of the study reported in this chaptex, solgel technique was
followed in the preparation of cobalt ferrite amlops powder following the same

procedure which was selected as the best appreaddsaribed in the previous chapter.

It was assumed that there must be a correlatiowdsst the heat treatment
operational parameters (the temperature and the) @md the structural properties (the
crystallinity and the freedom from unwanted oxidet}he material being synthesised.
Similarly, it was understood that some heat treatnise necessary to completely

decompose the organic and nitrate contents presémt amorphous powder and finally
90



to form the spinel structure without these kindsiropurities also. It was therefore
important when attempting to change these operatipgrameters of the heat treatment
that this would not result in a material with pagpeoperties.

Having ensured that the heat treatment parametersl ©e changed without
producing a material with poorer properties, it wWlasn possible to produce batches of
powders using milder conditions in the heat treattm@peration. The particle size
distributions of these new batches of nanoparticlese estimated and since the results
showed promise, their magnetic properties were dé&termined. The significance of
these results is discussed in detail.

5.2 Experimental procedure

5.2.1 Material development

The solgel synthesis was based on the formation of aestabl homogenous
solution made by dissolving a mixture of Cobalt) (Ihitrate hexahydrate
(Co(NGy)2.6H,0, 99%, Fluka) and Iron (lll) nitrate nonahydrate (§€%)s.9H,0,

98%, Sigma-Aldrich) in de-ionised water, which igyarolysis reaction. The solution
was transformed into a sol and then a gel by ewioor of the water, and during this
time condensation reactions took place. Detailshef whole preparation process are
sketched in Figur8.1.

The precursors were used as received without amlyeiupurification. In order
to maintain the homogeneity in both the sol andglkeduring the condensation and
other reactions, avoiding any precipitation or seghitation of the products of these
reactions, citric acid (CA, Sigma-Aldrich) was ewy#d as a chelating agent. Both
precursors were initially separately dispersed erAahised water for half an hour by
stirring. Following this dispersion, the chelatiagent was added and the mixture was
left reacting under vigorous stirring for 2 houBoth solutions were then mixed
together and left stirring for 24 hours and aftas the condensation reactions of both
metal nitrates were allowed to take place. The fityanf each metal precursor was
calculated so that the ratio of the two metalshm final material would be Co:Fe = 1:2

and the quantity of citric acid was estimated assgrthat each ferric ion would require
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two molecules of citric acid and each cobaltousviauld require two molecules of the

chelating agent as well, so that the metal ionsldvba adequately chelated.

5.2.2 Methodology

It is understood that most of the oxidation reawdiavhich occur during the heat
treatment operation take place above a temperafu200 °C. This follows as a result
of the DTA/TGA curves for the amorphous powder vahare shown in Figuré.2.
Therefore, in the initial investigation to determiwhether the temperature used in the
heat treatment operation could be reduced, thedrmtyre range of 200-600 °C was
selected for the initial trials and the 10 h dwwgjlitime was maintained for each trial.
The period of 10 h was selected because originialvad been found in the previous
study that it had made it possible for the spitreicture to be formed.

The methodology of this initial study consistedaiseries of trials. In each trial
the temperature of the heat treatment was differ€he selected temperature was
decreased for each member of the series from &al iv@lue of 600 °C for the first trial
in intervals of about 50 °C to a temperature of°’ZQ)(being the lowest temperature of
interest, while the dwelling time was maintained.@thours. It was then planned that a
second series of trials would be carried out incltthis minimum temperature for the
heat treatment would be maintained, while the dwagltime would be progressively
decreased from an initial value of 10 hours innveés of 2 hours, down to a final value

of 2 hours.

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

structure.

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

dwelling time of the heat treatment, and this wiaent studied. It could be safely
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assumed that investigations studying different Iimgetimes (10, 8, 6, 4 and 2 hours)
at temperatures which are much higher than thenmim temperature, e.g. 500 or 600
°C, would result in products with the spinel sturet and without impurities. As the
research interest is to determine the critical @gnk, it was thought there would be no
point in including these extra conditions in thikudy as they are not of great
importance. These other trials would have had mlask significance in this study,
being examples which might have produced the saoadity of product, but the
conditions required to do so would be ruled outbaghg of no economic benefit,
because similar results can be obtained at muchdest. If they had been included,
there would have been about 40 samples instedebdf2 already mentioned. It is better
to focus the interest on studying the morphology aragnetic properties in the much
smaller number of samples of nanoparticles whaggfgiance lies in the fact that they
are much more likely to be produced on a largelesdde list of samples investigated

in this study and their conditions of preparatioa iadicated inrable5-1.

Figure 5.1 Materials preparation
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5.3 Results and discussion

5.3.1 Structural and thermal analyses

The XRD patterns of the products prepared withitbat treatment operational
parameters defined in Talelare presented in Figuse3. One can observe that all the
peaks related to cobalt ferrite spinel structueeidentifiable in all the materials with no
additional peaks and all patterns match with theS-ICDD file number of 22-1086.

Figure 5.2 DTA/TGA curves of amorphous powder

Although each sample in the series was prepareddifferent heat treatment
temperature, in the range from 600 °C down to tiremum temperature of interest, i.e.
200 °C, in each case the only phase observableeiXXRD patterns is that of the cobalt
ferrite spinel phase as indicated by the XRD pasteaf samples A, B, C, D, E, F, G,
and H. At that stage, it was thought that there ld/dae no point in operating the
equipment with a dwell time of 10 h if reducing tti@e could also result in reducing
the particle sizes. Therefore, in a further sedegrials the 10 hour dwell time was
reduced to 8, 6, 4, and then finally to 2 hourslevthie temperature was maintained at
200 °C. Again in each case the only phase observalihe XRD patterns is that of the
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spinel structure as indicated by the XRD patterhsamples |, J, K, and L shown in

Figure5.3.

Table 5-1 The heat treatment conditions of prepared samples

Heat Treatment , .

Sample Temperature in thelllng lni's
degree Celsius (e,

A 600 10

B 500 10

C 450 10

D 400 10

E 350 10

F 300 10

G 250 10

H 200 10

| 200 8

J 200 6

K 200 4

L 200 2

These results indicate the success of the partifolan and arrangement of the
sokgel technique, described in chapter 4 in developimgaterial with the cobalt ferrite
spinel structure. It can be assumed that with phisicular choice of starting materials
and procedures, the cobalt ferrite structure wdwddle been obtained with a heat
treatment temperature anywhere within the rangedst 200 and 600 °C. However, as
XRD patterns can only be used to identify crystallstructures present in a material
they do not give any information about the purityle materials, if these materials also
contain substances which are not crystalline, sashorganic constituents. It was
therefore decided to perform thermal analyses siscBTA/TGA to identify the purity
of the prepared materials taking into account mystalline substances. These other
techniques would identify the minimum temperatund ime required to complete the
decomposition of the nitrates and the decomposmionxidation of organic moieties,
initially present in the precursors and in the atiay agent or having been produced in

reactions during the sol-gel processing.

To pursue this approach further, the dwelling tiraed temperatures of the heat
treatment operation, which were designated aboveA aand L were selected for

comparison, because they represent the two extrerhélse parameters, being the
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strongest 600 °C, for 10 h and the mildest 200 f4€,2 h respectively. The heat
treatment operations were then carried out, buhenDTA/TGA equipment using the
same starting material, the amorphous powder pemtiloy the sol—gel process, and
using the equipment’'s programmable ramp rates abhdesnperatures to repeat, as
closely as possible, the operation of the horidanitae furnace, normally used for the
heat treatment operation. According to the worlorggal in the previous chapter, the
heat treatment conditions designated as A wereiedammut already, in both the
horizontal tube furnace, and in the DTA/TGA equipméample 14 and Figure 4.7).
The analyses suggest that the product, identifsecbaalt ferrite with a spinel structure,
at 350°C, became free of any organic or unstalaegamic impurities, because the solid
became stable with no further oxidation or decontjmwsreactions to form gases about
and above 350°C. These results can therefore ki as@ reference for comparison

with the heat treatment parameters designated as L.

Figure 5.3 XRD patterns of samples (A-L)

96



The thermal analysis following the heat treatmemtditions designated by A is
shown in Figures.2. In the results one can observe that withirréimge of temperatures
between room temperature and 600 °C, the DTA carlebits two exothermic peaks
or bands centred at 150 °C and 300 °C. The banuleckat 300 °C is actually spread
out over a range of temperatures from 205 °C up4te °C. This band seems to result
from the superimposition of several overlappingdsarn fact, it is well known that the
oxidation of various, similar organic compounds etaglace in this domain of
temperatures. In this case, it is very likely ttted width of the band results from both
the decomposition of the nitrate ions, which wengionally linked to both the Co and
the Fe ions and the oxidation and decompositiothefcitric acid, which have become
linked to both the Co and the Fe ions. Furthermitre TGA curve shows that the initial
weight of material reduces to 16% of its originalue during the treatment. The

additional components contribute 84% to the totailgivt of the amorphous powder.

The results of the DTA/TGA following the heat tnegint conditions designated
by L are shown in FigurB.4. It has already been shown using differentggent that
the heat treatment conditions of 200°C for 2 hgunsduces cobalt ferrite with the
correct spinel structure with no other oxides. Hegve one can observe in the TGA
curve that the initial weight of the starting ma&éreduces to only 29% of its original
value. This is 13% higher than the final value witempared with the corresponding
result for the heat treatment procedure designiayed. This must be attributed to the
incomplete oxidation and decomposition of the orgamnd nitrate components. This
result indicated the need to investigate the egfetthe different parameters in the heat
treatment operation more thoroughly and to identifg optimum set points which

would produce the cobalt ferrite free of all adalial components.

To identify the optimum heat treatment conditiotisgre were initially two
alternative strategies which could be adoptedeeifh) gradually to increase the dwell
time while maintaining the heat treatment tempeeatat 200 °C; or (2) gradually to
increase the heat treatment temperature up towedas°C, keeping the dwell time
constant at 2 hours. However, it was consideredt riilcedy that increasing the heat
treatment temperature would generally have a greéfiect on the particle size, than an
increase in the dwell time, and a growth in pagtiikze is most undesirable in this study.
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Therefore, increasing the dwell time at a lower gemature was considered to be a

better strategy than increasing the temperatuite avighort dwell time.

This investigation started, therefore with 200 °G #he heat treatment
temperature, and the dwell time was gradually a®ee in a series of trials using the
DTA/TGA equipment. However, even when the dwellditmad been extended to 10
hours, the TGA curve showed that the initial weighthe starting material was reduced
only to 24% of the original value. This indicatdgtt there was insufficient thermal

energy to oxidise or decompose the organic andtaitomponents completely.

Figure 5.4 DTA/TGA curves of sample (L)

A temperature of 250 °C was then selected andaime sapproach was repeated
by gradually increasing the dwell time. Eventually, was found that with the
parameters of 250 °C and 10 hours as the heatmeeattemperature and time
respectively, the desired result was achieved. fiire point on the TGA curve at
250°C was 16%.These parameters had already beecteskiin earlier trials, and had
been designated as G. They represent the loweshdheconditions for the heat

treatment which will ensure the complete eliminatiof all impurities. The heat
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treatment operation with these settings would mtethe smallest possible opportunity
for the particle size to increase because the teatye would be kept to the minimum.
In other words, the heat treatment conditions dedeg by G can be considered to be
sufficient to oxidise the organic compounds in saenples, to eliminate all impurities
and at the same time to provide the smallest oppityt for any undesired growth in
particle size to take place. The DTA/TGA curves tbhese heat treatment settings
designated by G are shown in Figbr&. The final percentage point weight of the TGA
curve is found to be equal to the equivalent fipalcentage point weight of the TGA
curve following the heat treatment parameters deseyl by A (16% of its initial
weight). This demonstrates the complete eliminatiball impurities and the attainment
of cobalt ferrite as a single phase.

Figure 5.5 DTA/TGA curves of sample (G)

5.3.2 FTIR analysis

FTIR spectroscopic analyses were carried out onpkmmof the same
amorphous powder, the product of the sol-gel psicgsdescribed above, after they

had been heat treated in the horizontal tube fern@ibe parameters used in the heat
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treatment operation were different for each sangié, these parameters were the same
as those designated as A, G, H and L in FiguBe

. The results are shown in Figute6. One can observe that the spectra of
samples A and G are identical demonstrating theemee of the same chemical bonds
and molecular structure in both samples. Thesetrgpace clearly different from the
spectra of samples H and L, which are identicaltlogir own, demonstrating the

presence of organic residues beside the cobailiefémrboth samples.

Figure 5.6 FTIR spectra of samples (A, G, H, L)

5.3.3 Morphology and patrticle size

As stated above in this chapter, the particle sizerrite powders is crucially
dependent on the temperature during the heat tesaitf?l, 77, 78]. The observed
increase in the size at higher temperatures coeldalresult of the formation of
crystalline clusters, clusters of crystals whichvédhabecome cemented together.
However, normally when particles come into contadth each other and under
favourable energetic conditions, some of them gnehile others decrease in size and
disappear altogether, and so the result is usaallynaller number of larger particles
[59].
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An FE-SEM image of particlemade duringhie heat treatment carried out us
the parameters indicated by G is showrFigure 5.7. This image has been used
estimate the particle size distribution. The sanmpleomposed of nanoparticles in
size range between 7 and 28 nm. The particles aralles than those in tt
corresponding FESEM image, after the heat treatment parars indicated by A were
followed (Figure 4.11). It is evident that the iease in particle size visible in Figt
4.11 resulted because the heat treatment temperaias allowed to reach a mL
higher value, 600°C, in comparison with the tempegeaindicted by G, 250°C. A
histogram of the particle size distribution of s#n@ is shown irFigure5.8. As can be
seen, the sizes of about 70% of theicles (The percentage refers to the total nur
of particles) are smaller than 15 nm. The asymmethape of the histogram m
indicate that some agglomeration had n place, with the formation of particles w

larger sizes, e.g. around 25 |

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

5.34 Magnetic properties

The magnetic properties of the nanoparticles inpgar® were investigated in
order to determine their magnetic state and to igrettheir behaviour in various
circumstances. The hysteresis loop at room temyreras shown in Figur®.9. The
saturation magnetisation, the remnant magnetisanehthe coercivity are found to be
as follows 62emu/g, 22.5emu/g and 12500erstedpectsely (The magnetisation
indicated in the figure refers to “mass magnetisg)i These results are in good
agreement with one reference [74] but in obviosaglieement with another reference
[65]. In this last reference the saturation mag@ion of particles with a size of 25 nm
was estimated to be only 19emu/g. However, it ghbel noted that in this case no heat
treatment was carried out at the end of the syrghpmecess. This omission could have
had the effect that the particles might have badg partially crystalline and, in turn,
this factor may have contributed to a reductiorthef effective size of the particles.
Particle size has an important role in decreashw gaturation magnetisation and

therefore the omission of the heat treatment astse doubt on the very low value for
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the saturation magnetisation quoted in this refmeMhe low result for saturation
magnetisation might be as well due to the presehoeganic materials in the sample. If
organics were present in large quantities, the mt@agproperties would be poor when
compared with pure cobalt ferrite, and therefore thagnetic saturation would be
smaller. Furthermore, another reference can beequshich gives support to the above
conclusions is as follows: measurements on pastiwi¢th a size of about 36 nm provide
an estimate for a saturation magnetisation of 64@iar].

Assuming that the above experimental results anech it is now necessary to
investigate their significance. Firstly, drawingeation to the value of the saturation
magnetisation, 62emu/g, this must be compared thighaccepted bulk value of the
saturation magnetisation of 80 emu/g [87, 133].tHsre any significance in the
difference between these two results?
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Figure 5.9 Hysteresis loop of sample (G) at 300 K

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

This allows the particle to have a complete magneticuit within itself, with the
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magnetic field flowing along one side and back gltire other side. However in single-
domain nanoparticles, where the particle size dumsexceed this critical diameter,
there can be no internal magnetic circuitry. Beeanfsthis, in these small particles the
spins of electrons near the particle surface aserdered compared with those near the
centre of the particle. Therefore the electrong tiea surfaces of these particles do not
contribute to the magnetic properties of the mateThe smaller the particle, the
greater will be the proportion of its atoms whiale alose to the surface. Therefore in
very small particles these surface effects are miagnand in this case this surface
effect contributes to lower the saturation magaéts, Ms. The phenomenon may also
be referred to as the influence of core-shell molgdy and the finite-size effect [80,
81, 93, 95, 96].

Evidence points to the fact that the particlesamples A, B, C, D, E and F were
larger than those in sample G. This is becausegltine preparation of each member of
the series, different temperature set points welected in the heat treatment operation
and this resulted in different levels of thermatigy. Since the greater the temperature,
the greater is the opportunity for particle growthis concluded that sample G, with
particles in the size range between 7 and 28 nmthdmallest particles and that the
sizes of the particles gradually increased in #rees from sample F to sample A, which
had the largest sizes, being in the range betw8ean@ 250 nm. It also follows that if
the saturation magnetisation had been measureédcn member of the series, the
results would have indicated a gradual increasthis property following this series
from sample G to sample A, with increasing partgife, approaching the bulk value of

80emul/qg.

At this point the magnetic property which is beistgidied changes from the
saturation magnetisation to the Coercivity, Hc. Tésult for sample G has already been

given. It is 12500ersteds, which is equivalent3dbRA/m.

In order to understand the significance of thiaultest is useful to compare it
with the bulk value, and the following approach basn used in an attempt to estimate
this. Data is available showing the relationshigween flux density and applied
magnetic force for a sample of cobalt ferrite meagul cm in diameter and 10 cm

long. This is shown in Figurg.10.
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The numerical values behind this data are availabhtk have been modified to
remove the experimental fuzziness and then tram&fdrinto the same form as shown in

Figure5.9, showing the relationship between mass magtetsand applied magnetic
field. This is presented in Figugell.

Figure 5.10The relationship between flux density and appiredjnetic force for a rod of

cobalt ferrite [8]
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Figure 5.11The relationship between mass magnetisation apliedpmagnetic field for a rod
of cobalt ferrite

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

48.2emu/g, it was necessary to apply a negativenatagfield of 74.70ersteds to
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reduce the magnetisation to zero again. This dagsprovide an estimate of the
coercivity of the material directly, because thisgerty can only be measured after the
sample has been magnetised to the saturation nseiat value, which is given in the
literature as 80emu/g. However it is generally theg curves indicating the relationship
between mass magnetisation and applied field dtneage nearly parallel with each
other except in regions a long way from the origimthis case one can predict that the
curve indicating the relationship between mass mtgption and applied magnetic
field strength at saturation would have the sanapslas that shown above, except that
where the magnetisation reaches a value of 80enou/e80emu/g, the experimental
lines would be parallel to the x axis, indicatim@tt saturation magnetisation had been
achieved. If the curves are parallel closer to dhigin, one can estimate that the

coercivity of the material as about 1300ersteds.

There are therefore two values for the coercivitycabalt ferrite. One for the
nanoparticles in sample G with a value of 1250@eistand one for a rod measuring 1
cm in diameter and 10 cm long, with a rough estnwdtthe value of 1300ersteds. Is it

possible that this property can change so muchdor small particles?

The answer to that question is yes it can. In factll materials the coercivity
increases with decreasing particle size until aimam value is reached at a critical
diameter corresponding to the transition stage filoenmulti to the single domain state.
In both of these states the material is still faagnetic. However, with further
reduction in particle size, the coercivity decrsase zero, and at another critical
diameter there is a second transition stage from fdrrimagnetic state to the
superparamagnetic state [28, 59, 82, 83]. The sogrof cobalt ferrite nanoparticles
was found by some investigators to attain a maximaine at 29 nm [72]. Therefore,
according to this reference, this size should besiciered to be the critical diameter at
which particles switch from the single into the thdbmain state. It was estimated to be
around 70 nm elsewhere [134].

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

this would have established whether all the pasich sample G have only a single
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magnetic domain or not. It would also have beerfulsa determining the critical

diameter, where the change from the single to thk ehomain occurs.

There are other ways of estimating this criticadndéter. One way involves
using a technique to make the domain walls in lapgeticles visible. The sizes of the
domains in samples which are not magnetised cam lige estimated, and this size
should be the same as the critical diameter. Dasnexist because of the large amount
of energy that is required to establish a uniforragnetic field over a region in a
sample. Although some energy is required to buittb@aain wall, the energy involved
with the domain wall is much smaller than the egergnuired to establish a uniform
magnetic field for large particles. However whea particles are very small the energy
required to build the domain wall becomes relayivggeater than the energy required to
establish the uniform magnetic field. Therefore tiaimum energy solution is to form

particles where there is only one magnetic domain.

This explains why the coercivity of very small pelgs is so high in comparison
with the bulk value. It reflects the amount of eqethat is saved in the material when
there is no magnetisation, and the material is foedorm magnetic domains. This

completes the review of magnetic properties camigcat room temperature.

It is now necessary to investigate the magnetipgntees at low temperature.
Figure 5.12 shows the hysteresis loop at 10 °K. The s@bmranagnetisation, the
remnant magnetisation and the coercivity are 67u3gm 52.5emu/g and
10,0000ersteds, respectively. The coercivity isrdfoge much greater at the low
temperature. This result is in approximate agree¢méh the results of an investigation
[82], in which the magnetic properties of particleish 15 nm as the average size were
studied using a maximum applied magnetic field @kQe. The coercivity was
estimated from measurements of the hysteresis lemosded both at room temperature

and at 77 °K. The value at 77 °K was higher tha # room temperature.

The remnant magnetisation, Mr, is defined as thgnatisation left in a sample
after removing the applied magnetic field. Simijathe coercivity, Hc, is defined as the
applied magnetic field necessary to bring the maggion of a sample to zero. As a
comparison between the two loops, Fighr@ and Figuré.12, recorded at 300°K and

at 10°K, reveals, some magnetic properties (Mr, &te)found to have higher values at
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the lower temperature. This could be understoobe@ result of energy barriers in
nanoparticles becoming more apparent at lower testyores. It is suggested that these
barriers always exist, but they become more obvaiusw temperatures, and they are
barriers which retard magnetic moments from aligniowards the applied magnetic
field. In this case, more time is required for thagnetic moments to relax resulting in
higher values of Mr and Hc. Their existence mayp &#lscome more noticeable because

a stronger applied magnetic field is required t@ralthe magnetic moments in
nanoparticles.
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Figure 5.12Hysteresis loop of sample (G) at 10 K

The corollary to the above explanation is that wheating up, the magnetic
characteristics (Mr, and Hc) decrease in valuetdwenergy barriers being overcome by
thermal activation energy. Continuing along the samend, the nanoparticles at a
certain temperature enter into the superparamaygsigtie where all magnetic moments

fluctuate arbitrarily along the easy axes of maigaébn, and the same magnetic
properties Mr and Hc, have zero values.

Cobalt ferrite single-domain nanoparticles cantexiher in the ferrimagnetic or
the superparamagnetic state. At room temperathee,stiperparamagnetic threshold
estimated using the Néel theory, is reported to dmwut 10 nm [135]. In
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superparamagnetic particles, magnetisation canréliplomly in direction under the
influence of thermal agitation. The temperature d¢fe transition from

superparamagnetism to ferrimagnetism is callecbtbeking temperature, TB. It is the
temperature at which both Hc and Mr decrease to [&#]. It can also be regarded as
the temperature at which the magnetic anisotromrggnbarrier of a nano magnet is
overcome by thermal activation, being equal todterage level of thermal energy in
the material. This results in the fluctuation (trendom flip in direction) of its

magnetisation.

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

state. To investigate this more thoroughly anoie¢of properties was measured.

In most of the work on these aspects of magnetispresent, investigators are
concerned to measure the properties of particlesate much smaller than 10 nm, and
therefore the temperature of the transition frome tifierrimagnetic to the
superparamagnetic state occurs at temperature$ araovell below room temperature.
Investigators have found that the properties ofe¢hmaterials are different depending
on certain features which were or were not pregérn the samples were cooled down
as they passed through the transition from therpap@magnetic to the ferrimagnetic
state. In particular they depend on whether theas &w magnetic field during this
cooling period. The two conditions are referreédsd'field cooled”, that is, there was an
applied magnetic field at the time of the coolirfiglee sample, or “zero field cooled”,
that is, there was no applied magnetic field at tihree that the sample was cooled
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through the transition temperature and changed tr@rsuperparamagnetic state to the

ferromagnetic state.

The temperature dependence of magnetisation ureterfield cooled (ZFC)
conditions for sample G is shown as a curve in lEdgul3. The Figure shows that
magnetisation increases with temperature. For @aehsurement the magnetisation
was determined at the same applied magnetic figkehgth of 5000ersteds. This
magnetic field must have been switched off while gample was cooled through the
transition temperature and then switched on agate @ low temperature had been
achieved. In other investigations, while the samplen the ferrimagnetic state, the
magnetisation increases with temperature, thereathes a maximum value at the
transition temperature between the ferrimagnetitesind the superparamagnetic state,
and then it decreases as the temperature conttougse. The curve in Figurb.13
therefore seems to indicate that the majority atigas in sample G are still in the
ferrimagnetic state at 300°K or room temperatureweler it should be noted that the
investigations mentioned above were carried outgusamples of magnetic particles
which had a very small range of sizes, whereas k@ gontains particles with a larger
range of sizes. Now it is probable that the maxinuaiue of the magnetisation would
be more difficult to identify in a sample composgfdparticles with a large range of
sizes, because the change from one state to ther etbuld be more gradual.
Nevertheless the evidence from Figr&3 seems to be decisive, because there is no
indication of an interruption away from the upwarehd in the values of magnetisation

as the temperature increased.

Due to the noticeable difference between valuedhercoercivity measured at
10 °K and 300 °K, it is still possible that the wrdty of particles in sample G are close
to the transition point of entry into the superpaagnetic state. This is considered a
possibility because of the suggestion that thearagy might be the result of energy
barriers which must be overcome by an increasemperature, in a similar way to that
of reactions requiring activation energy. This ploiisy is strengthened if the words
above “aboutl0 nm” are applied to indicate thatdimaller particles in sample G have
already passed into the superparamagnetic stataude the transition temperature or
blocking temperature for particles with a size 0frim is estimated to be 300 °K.
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Figure 5.13Temperature dependence of magnetisation in ZF&mple (G)

Ferrimagnetic behaviour is generally observed ie of the following two
alternative sets of circumstances. Firstly, for ampgle of nanoparticles with a
monodisperse distribution of particle size, fermmeatic behaviour is detected at
relatively low temperatures as it is essential toss the blocking temperature by
cooling down to transfer from the superparamagnéticthe ferrimagnetic state.
Secondly, for a sample of nanoparticles that hasrege of particle sizes, i.e. a
polydisperse distribution, some nanopatrticles aittelatively larger size have a higher
blocking temperature than those particles with alnsize. It is also possible that the
blocking temperature for the larger particles cdogdhigher than room temperature. It
is believed that the latter set of circumstancesase applicable to this study as sample
G contains nanoparticles in the size range of ™28 The hysteresis loop formed by
measuring the properties of sample G at room temtyer is significantly narrower than

the corresponding hysteresis loop of propertiessonea at 10 °K.

The magnetic properties of the nanoparticles ingar® were investigated in
order to determine their magnetic state. Using ffat@ other sources, if the particles
are larger than 29 nm, (or possibly 70 nm) theyehawere than one magnetic domain. If
they are smaller than 29nm but larger than 10 hey &re ferrimagnetic, but have only

one magnetic domain. If they are smaller than 1Qthey are not ferrimagnetic at room
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temperature but are superparamagnetic. The partinlssample G had a size range
between 7 and 28 nm., and this suggests that Wexeeno particles with more than one
magnetic domain, and while most of the particlesewierrimagnetic and had only one

domain, a minority had superparamagnetic charatiesi

The magnetic properties that were measured confinat ferrimagnetic
characteristics are present when measurementsaatiedc out at room temperature.
However it is not possible to be more definite dkibhe magnetic state of the particles
than this. It would have been valuable to have l##a to measure the coercivities of
samples A to F at room temperature. This shoulde hiamdicated that there is a
maximum coercivity for one of the members of theesefrom sample A to sample G,
and in turn this would have provided a new indmatiof the particle size at the
transition between the single domain state andrtbii-domain state. It would in turn
have indicated that no particles in sample G hackrtitan one domain.

It might also have been valuable to have extendediita on the magnetisation
of sample G under an applied magnetic field of 58@@ds. Measurements have been
made in the temperature range between 10°K andK3dit this did not extend to
temperatures between 300 °K and 525 °K. (Above &Jd&%®versible changes would
occur in the sample) It would have been valuablegtablish whether the graph of
magnetisation against temperature has a maximuoe \&lsome point in the extended
temperature range. If this maximum could be fourpeementally, it would confirm
that there is a transition at room temperaturgoéoticles with a size of 10 nm between
the ferrimagnetic state and the superparamagrietie. SThis would also confirm that a

minority of the particles in sample G have supapagnetic characteristics.

5.4 Summary

Variations of the parameters of the heat treatnopetration, the final stage in
the preparation of cobalt ferrite nanoparticles evewvestigated. The spinel structure
was formed in all the products, but in some casbksrghases were also present. The
impurities in the products were identified. The &sttemperature and shortest dwell
time required to prepare cobalt ferrite nanopaticlwith a single phase were
determined, using techniques involving DTA/TGA gmuent and FTIR spectra. The

heat treatment parameters of 250 °C and 10 h, whésle the set points chosen for the
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production of sample G, were selected becauseethgyred the complete elimination of
impurities in the product, while also providing thimallest opportunity for the particles
to grow to larger sizes. An FE-SEM image of sam@ledemonstrated that it was
composed of nanoparticles in the size range betweammd 28 nm. Relevant magnetic
properties demonstrated the ferrimagnetic behavabupom temperature of sample G
with a saturation mass magnetisation of 62emu/gh\Weat treatment parameters as
low as 250 °C and 10 h, the method of preparatiesciibed in this thesis is a
significant improvement over the methods reportgather investigators in the state of

the art literature.
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Chapter 6

The modelling and
optimisation of the heat

treatment operation
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6 The modelling and optimisation of

the heat treatment operation

6.1 Introduction

The main challenge, at this point, for the persdm \prepares a powder, is to
choose the heat treatment parameters that wilititei the attainment of cobalt ferrite
powder with the required specifications. It is Ugua time consuming trial and error
procedure even when there are inputs chosen wiithbgkthat person. Eventually, the
chosen inputs result in the production of a sangflgpowder close to the required
specifications. Interestingly, there are oftenralsive ideal heat treatment parameters
that can be adopted, once they have been deterntioedever, there are now various
methods for obtaining the desired output variablesaccurately predict the heat
treatment ideal parameters without consuming largeunts of materials, time, labour
effort and money. These methods use models’ dewetap Recently, DoE has been

employed for many applications in different areb3q, 137].

This chapter contains a report of treatments ahroat on the amorphous
powder which had been prepared employing thegsebltechnique, using the same
procedures as those given in the previous chafersng the heat treatment operation,
nanoparticles tend, not only to agglomerate, bad &9 grow and form undesirable large
particles and this is due to the thermal energy enadailable because of the high

temperatures. Furthermore, employing high tempezatand prolonged dwelling times
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results in high electrical operating costs. Themfd is usually favourable to lower the
heat treatment temperature and shorten the dwea# to reduce the cost but not to the
limit where the conditions become insufficient tause the oxidation of the organic

contents in the amorphous powder.

Response surface methodology (RSM) was used tblisstahe mathematical
relationships between the two heat treatment ippurameters (the temperature and the
dwell time) and the two responses (the purity ef powder and the electrical operating
cost of the operation). The resulting mathematicaddels were experimentally
validated. The optimisation capabilities in DeskExpert 7.0 were used to improve the
heat treatment operation. Optimal heat treatmemditons were determined.
Employing the optimum set of conditions, an expenirwas carried out on a sample of
the amorphous powder, and a structural charactemsaf the sample was performed

subsequently.

6.2 Methodology

6.2.1 Response surface methodology

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

maximum of a particular function in terms of thegess input parameters.

Response surface methodology (RSM) is one of thenggation techniques
currently in widespread use which analyses the tijasiie data collected from the
experiment and describes the performance of thierdiit processes, predicts the
responses of interest affected by the input vaemlolf the experiment and finds their
optimum values [138]. In other words, RSM is a skimathematical and statistical
techniques that are useful for modelling and ptedicthe response of interest affected
by a number of input variables with the aim of opsing this response [139]. RSM
also specifies the relationships among one or mmasured responses and the essential

controllable input factors [140].

When all independent variables are measurableraitaiile and continuous in
the experiments, with negligible error, the resgosisrface can be expressed by Eq. 1.
y = f(% X2, ...Xq) 1)

116



Where: k is the number of independent variables.
To optimise the response “y”, it is necessary tal fan appropriate approximation for
the true functional relationship between the indeleat variables and the response

surface. Usually a second order polynomial is usd®iSM as shown in Eq. 2.

y=b,+ bec+ Db+ bc+e @

Where: by, b, bi andb; are the coefficients for the independent variabldsey are
constants that are multiplied by the factors in @hematical model. They are often

referred to as "b-coefficients" in DoE. Moreovers the error term.
6.2.2 Experimental design

The design is based on a two-factor, face-cenwaiposite design, with full
replication [139]. In order to find the range oftkgrocess input parameter, trial runs
are usually performed by changing one of the p@asameters at a time. The same
procedure was followed in this study. The procegaii variables are the temperature
and the dwell time. Increasing the heat treatmemiperature, up to 600 °C, results in
the complete oxidation of the organic content adiceted in the previous chapter.
However, one can observe that most of the oxidatawtions occur in the temperature
range between 200 and 300 °C as shown in FigureFurther trials showed that by
adopting different dwell times, between 2 and 10rbhpit became possible to narrow
the range of temperatures of interest down to betva25 and 275 °C. Tabel shows
the process variables, with their coded and actalales. Statistical software in Design-
Expert 7.0 was used to code the variables andtablesh the design matrix shown in
Table 6-2. RSM was applied to the experimental data usireg same software; a
polynomial, Eq. 2, was fitted to the experimentaiadto obtain the regression equations
for all responses. The statistical significancehe terms in each regression equation
was examined using the sequential F-test, the -tddk” test and other adequacy
measures. Finally the same software was used tonaibie best fit.

The run order specified in Table 6.2 was carriet] @od the results are shown in
the column headed by “Purity [%]”. This heading lcbbe more accurately called the
“Level of Impurity”, because it gives an indicatiohthe concentration of impurities in
the sample after the heat treatment. The values wktained from the experimental

data as follows. The weight of each sample of tm@rahous powder was recorded
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before each trial run. Then after the heat treatnha weight was recorded again. The
final weight divided by the initial weight expresisas a percentage is the value given in
Table 6-2 under the Purity column. The level of impunsygiven approximately by

subtracting 16% from this value (as explained iapthr 5, section 5.3.1).

Figure 6.1 DTA/TGA curves of amorphous powder

Table 6-1 Independent variables and experimental desigridesseed

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

6.2.3 Desirability approach

There are many statistical techniques for solvingtiple response problems
such as overlaying the contours plot for each nespoconstrained optimisation and
desirability approach. The desirability methodasammended due to its simplicity and
availability in the software. It provides flexilyi in weighting and giving importance

for each response individually. The method of swvisuch multiple response
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optimisation problems employing this technique @8sin using a technique for
combining multiple responses into a dimensionlesasurement of performance known
as the overall desirability function. The desirapiapproach consists in transforming
each estimated response, Mto a unitless utilities function bounded by Od<< 1,
where a higher;dralue indicates that the response valués¥nore desirable. Ific: 0,
this means that there is a completely undesirgporese and, vice versa, when=dl,
the response is totally desired, in the sensettiea¢ is no undesirable aspects involved
in it [141].

In the current study the individual desirability feach response @ calculated
using Egs. 3 to 6, where; Ts the target value of"iresponse. The shape of the
desirability function can be changed for each dyathe weight field ‘wt. Weights are
used to give more emphasis to the upper/lower boondo emphasise the target value.
Weights could be ranged between 0.1 and 10; a Wwegdater than one gives more
emphasis to the goal, while weights less than ave Igss emphasis. When the weight
value is equal to one, this will cause théudctions to vary from zero to one in a linear
mode. In the desirability objective function (D)ach response can be assigned an
importance factor (r), relative to the other resgmm Importance varies from the least
important, a value of 1(+), to the most importaatyalue of 5(+++++). If varying
degrees of importance are assigned to differeporeses, the overall objective function
is shown in equation 7 below. Where n is the nundferesponses to be considered
[142].

For a goal of a maximum, the desirability will befided by:

0 , Y, £Low
Y- Low "
d= —— , Low Y, High, (3)
High, - Low
1 , Y, ® High

For a goal of a minimum, the desirability will befohed by:
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1 , Y, £ Low
= High - Y, ., Low Y, High
High - Low
0 .Y, 2 High

For a goal as a target, the desirability will bérgsd by:

Wiy

Y, - Low

| . Low Y, T,
T - Low
d = Y- High ™
Y, - High, . T Y, High
T, - High
0 . Otherwise

For a goal within a range, the desirability will thefined by:

1 , Low Y, High

o , Otherwise

6.2.4 Optimisation

(4)

(5)

(6)

(7)

The optimisation part in Design-Expert 7.0 seardbes combination of factor

levels that simultaneously satisfies the requiremptaced (i.e. optimisation criteria) on

each one of the responses and process factoramiuktiple response optimisation).

Numerical and graphical optimisation methods weseduin this work by selecting the

desired goals for each factor and response. As iom&at above the numerical

optimisation process involves combining the goats ian overall desirability function

(D). The numerical optimisation feature in the esExpert package finds one point or

more in the factors domain that would maximise tbgective function. In a graphical

optimisation with multiple responses, the softwdeéines regions where requirements

simultaneously meet the proposed criteria. Als@esimposing or overlaying critical
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response contours can be defined on a contour e, a visual search for the best
compromise becomes possible. In the case of dealtly many responses, it is
recommended to run numerical optimisation firsheotvise it could be impossible to
find a feasible region. The graphical optimisatibsplays the area of feasible response
values in the factor space [142]. Fig@é.@ shows the flow chart of optimisation steps in

Design-Expert 7.0 [136].

Figure 6.2 Optimisation Steps [136]

6.3 Experimental work

6.3.1 Material development

Heat treatment experiments were carried out on kmmpf the amorphous
powder prepared employing the sgél technique. The method is based on the
formation of a stable and homogenous sol obtaineth® hydrolysis and condensation
reactions of a blend of Cobalt (I) nitrate hexatagd, (Co(NQ)..6H,O, 99%, Fluka)
and Iron (lll) nitrate nonahydrate, (Fe(A)&9H.O, 98%, Sigma-Aldrich) as shown in
Figure6.3. The precursors were used without any furtheifipation with a molecular
ratio, Co to Fe, equal to 1:2. The quantity oficiacid was stoichiometrically double

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

Parameters Responses

Run
No _ Operating

order A B Purity [%]

cost[]
1 12 2 225 27.426 0.11232
2 9 10 225 20.763 0.5616
3 10 2 275 16.17 0.13728
4 1 10 275 16.055 0.6864
5 2 250 21.61 0.1248
6 6 10 250 16.087 0.624
7 11 6 225 23.849 0.33696
8 4 6 275 16.034 0.41184
9 2 6 250 16.45 0.3744
10 8 6 250 16.525 0.3744
11 7 6 250 16.667 0.3744
12 | 13 6 250 16.732 0.3744
13 5 6 250 16.523 0.3744
6.3.2 Electrical operating cost estimation

The electrical operating cost was calculated usiegollowing equation:
Electrical operating cost ] = (0.12/1000)*A*V*(T-T/Tmax Tr)*t
This was simplified slightly to:
Electrical operating cost] = (0.12/1000)*A*V*(T/T may*t
= 0.0002496*(T*t) (8)

Where: The cost of 1 kWh of electricity is taken 8s12 , A is the average current used
by the furnace when set to reach the maximum testyer over the duration of the total
time spent in operating the equipment, it is 13 smpis the Nominal voltage of the
furnace [240 V], T is the Heat treatment tempemt[fiC], Tmax IS the Maximum
temperature of the equipment [1500 °C],i§ the room temperature [°C] and t is the

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

6.4.1 The development of mathematical models

The *“fit summary” tab in Design-Expert 7.0 suggeske highest order
polynomial where the additional terms are signiiicand the model is not aliased.
Selecting the step-wise regression method elimn#éite insignificant model terms
automatically. The sequential F-test for significarof both the regression model and
the individual model terms along with the lack-tftést were carried out using Design-
Expert 7.0. The Analysis of Variance (ANOVA) foretlreduced quadratic models
summarises the analyses of both responses and shewgnificant model termSable
6-3 andTable 6-4 show the ANOVA results for the purity and eledtioperating cost
respectively. The same tables show also the othequacy measures’ RAdjusted B
and predicted R All the adequacy measures are in reasonable ragree They indicate
significant relationships. The adequate precisi@tios in all cases are greater than 4
which indicate that the models are adequate. Tlaysis of variance results for the
purity and electrical operating cost models show thain effect of the two heat
treatment parameters and their quadratic effedtsigawith the interaction effect of
these two parameters. They are all shown to befisigmt model terms. Nevertheless,
the temperature is the factor most associated twéhpurity of the final product and the
dwell time is the factor most associated with tleeteical operating cost. According to
these software results, the models that have bexsriaped are statistically accurate and
can be used for further analysis. The final model®rms of coded and actual factors

are shown below in EQs.9 tol2.

Purity= 16.87 - 2.05* A-3.96 * B + 1.64 * AB + 1.25A2 + 2.34 * B2 9
Electrical operating cost 0.37 + 0.25* A + 0.037 * B + 0.025 * AB (20)

Purity = 321.43661 - 5.54395 * Time - 2.13265 * Temp..#1®370 * Time * Temp. +
0.078242 * Timé& + 3.75181E-003 * Temp. (11)

Electrical operating cost 6.15841E-017 - 9.34976E-017 * Time + 4.915408-61
Temp. + 2.49600E-004 * Time * Temp. (12)
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It was noticed the anomaly between run 8 and rumhgre the purity is seen to
become poorer when the dwell time is increased ftr 10 hours. This is experimental
error. However, the last 5 runs are done to esfalfie experimental accuracy.

Figure 6.3 Material preparations

6.4.2 Confirmation experiments

In order to validate the developed models, thradicoation experiments were
carried out with heat treatment conditions chosemdomly. From the experimental
responses, the average of three measured resulteafth set of heat treatment
conditions was calculated. Tab85 summarises the sets of conditions for the three
experiments, the averages of actual experimentaksathe predicted values and the
percentages of error. The validation results demnatezl that the models developed are
quite accurate as the percentages of the erronsebnt the predictions and the

experimental results were small.
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# # #
Table 6-3 ANOVA for the purity model
Source SS DOF| MS F value| Prob>F
Model 160.2317 5 | 32.0463] 48.31 | <0.0001| significant
A-Time 25.2191 1 | 25.2191 38.02 0.0005
B-Temp. | 94.2401 1| 94.2401142.08| <0.0001
AB 10.7191 1 | 10.7191 16.16 0.0051
AN2 4.3285 1 4.3285 6.53 0.0379
B"2 15.1862 1 | 15.1862 22.89 0.0020
Residual 4.6431 7 0.6638
Lack of Fit| 4.5893 3 1.5298 113.64 0.0003  significant
Pure Error| 0.0538 4 0.013b
Cor Total | 164.8748 12
R°=0.9718 Adj-R = 0.9517
Pre-R = 0.7786 Adeq Precision = 23.252

6.4.3 The effect of heat treatment parameters on the regmses

During the heat treatment operation, the powderghtedecreases and at a
certain point it starts to have a constant valushasvn in Figures.4. However, the
“purity” in this chapter refers to the remaining terdal in a sample expressed as a
percentage of the initial weight of the samplepobethe heat treatment. This percentage
must approach towards a minimum because therdawex limit to the weight of the
sample and no experimental results can go beyoisd Thhe minimum value of the
“purity” is the sample weight expressed as a pdeggnof the initial weight, when the
sample is composed entirely of cobalt ferrite frele any organic or inorganic

components.

In Figure6.4 it can be seen that the purity is more respersi the temperature,
line B than to the dwell time, line A. In other wisr increasing the heat treatment
temperature results in a larger enhancement ipuhgy than when increasing the dwell
time although the effect at higher temperaturegry small. This is of course due to the
initial choice of the range of the parameters. Beftects can be attributed to the greater
amount of thermal energy received by the samplbereat the higher temperatures or
for the longer period, and it is the thermedergy which facilitates the oxidation

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

Source SS DOF| MS F value Prob > F

Model 0.3847) 3 | 0.1282| 63660000 < 0.0001 | significan
A-Time | 0.3738| 1 0.3738| 63660000, < 0.0001
B-Temp. | 0.0084 1 0.0084| 63660000] < 0.0001
AB 0.0025| 1 0.0025| 63660000] < 0.0001
Residual | 0.0000 9 0.0000
Lack of Fit| 0.0000| 5 0.0000
Pure Error| 0.0000 4 | 0.0000
Cor Total | 0.3847 12
R? = 0.9999 Adj-R = 0.9999
Pre-R = 0.9999
Table 6-5 Validation test results
Exp. No. | Temp., °C| Time, h Purity, %
Actual 19.492
1 240 5 Predicted| 19.585
Error % -0.477
Actual 17.373
2 260 2 Predicted 18.307
Error % -5.376
Actual 16.25
3 250 9 Predicted| 16.034
Error % 1.329

Figure6.5 shows the relationship between the “purity'tio@ one hand, and the
heat treatment input parameters (temperautre awtl ime) on the other. It is apparent
from the results that both of the operational inpatameters have significant effects on
the purity of the resulting powder. If the heatatreent temperature is set to a certain
value, following the solid lines in the Figure, th@lue shown in the Figure as “purity”
decreases. This indicates that the impurity leeereélases, and the real purity increases,
as the dwell time is extended. If the heat treatndevell time is set to a certain value,
an invisible vertical line from one of the solichdis to the other must be followed. At

high temperatures the value shown in the Figur§asty” is lower, which indicates
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that the impurity level is smaller, and the reakigyuis found to improve as the
temperature is increased.

Perturbatio
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Figure 6.4 Perturbation plot shows the purity [%] as a funictof A: dwelling time, and B:

temperature

Referring to Figuré.5 again, the interactive relationship betweenpiléty and
the heat treatment input parameters can be seigrevident that at higher temperatures,
the effect of the dwell time on the purity tendsb®relatively insignificant. Figuré.6

shows the contours plot which illustrates the caorabieffect of temperature and dwell
time on the purity.

It is shown in equation 8 that both of the procegsut parameters have a
significant effect on the electrical operating cokthe heat treatment operation. Figure
6.7 shows the electrical operating cost inas a function of the dwell time and
temperature. As Table-2 and Figurés.7 show, the electrical operating cost is found to
increase to a greater extent when extending thdl tiwee, line A, in comparison with
the increase which occurs when raising the tempexatine B, during the heat
treatment operation. In other words, extendinghiat treatment dwell time at a certain

temperature results in relatively higher electricasts than when increasing the heat
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treatment temperature during a short dwell timgufé 6.8 shows the contours plot

which illustrates the combined effect of temperatand dwell time on the electrical
operating cost.

Interactiol
0B Temp. at 225, B+: Temp. at 275, |

24.8—

21.5—

Purity, [%0]

18.3—

15.0—

2.00 4.00 6.00 8.00 10.00

Dwelling Time, [h

Figure 6.5 Interaction relationship between the purity arelhlat treatment input parameters

During the heat treatment operation, decomposiiod oxidation reactions of
the organic component generally occur. In additibwe, crystalline spinel structure of
cobalt ferrite is also formed by means of an inliéiusional migration. Therefore, it is
also necessary to select a dwell time for the treatment which is sufficient to allow
the inter-diffusional migration to take place amdts ensure the formation of the spinel
structure as a single phase without any other exidmaining. On the other hand, heat

treatment at high temperatures for long periodslt®sn growth in the sizes of the
particles [58, 143].

As these results indicate, the formation of theaslpstructure as a single phase
without impurities can occur under a number ofealight sets of conditions. However,
to reduce the electrical operating cost of the lesttment operation and to avoid as

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

heat treatment conditions.

Purity, [%]

Temperature, [(

Dwelling Time, [h

Figure 6.6 Contours plot shows the effect of temperaturedmelling time on the purity
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Figure 6.7 Perturbation plot shows the electrical operatiost ¢ ] as a function of A: dwelling

time, and B: temperature

129



Electrical Cost, []

0.590

250.00 0.303 0.399 0.495

Temperature, [(

N
N
3
o
o

2.00 4.00 6.00 8.00 10.00

Dwelling Time, [h

Figure 6.8 Contours plot shows the effect of temperaturedmelling time on the electrical

operating cost

6.4.4 Optimisation

The possibility of combining the requirements fbe tpurity, for the spinel
crystalline structure, for the minimum growth inrgiee size and for the minimum the
electrical operating cost must be considered dinlcas been shown that the purity can
be achieved under a number of different sets oflitmms. Achieving some of these
requirements may have a negative effect on otligrirements. For instance, raising the
temperature is needed to oxidise the chelating tagempletely and to achieve the
purity, but it also, inevitably, accelerates thewth rate of particle size, particularly
with prolonged dwell times. Also, time is importantorder to form the spinel structure,
but it also results in more electrical consump@ma consequently in an increase in the
electrical operating cost. On balance, and baseth@rabove discussion, it is vital to
carry out a further optimisation technique to diszothe heat treatment condition at

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

In practice, using the software, once the mathemalatmodels have been
developed and checked for adequacy, the optimisatiberia can be set to determine

the optimum heat treatment conditions. In this pathe investigation two criteria were
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selected for implementation to achieve high putiéking into consideration the
formation of the spinel structure and the avoidanteany unnecessary growth in
particle size in addition to the reduction in efeal consumption. Table6-6

summarises the optimisation criteria used at thiatpn the study.

Table 6-6 Optimisation criteria used in this study

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

The first criterion was selected to achieve theimimm “purity” (that is the
minimum level of impurities, which is the highesal purity) employing the minimum
temperature needed for the chemical reactions, mathimitation on either the dwell
time or the electrical operating cost. In the seconterion, the goal was to achieve the
minimum “purity” at the minimum electrical operagirtost with no limitation on either
the temperature or dwell time of the heat treatm€able6-7 and Tablé-8 present the
optimal solutions based on the two optimisatiotecia as determined by Design-Expert
V7.

Table 6-7 Optimal solution as obtained by Design-Expert Hamethe first criterion

Number| Time, h
1 9.28

Temp., °C
249.97

Purity, %
16.034

Electricity operating cost,
0.579

Desirability
0.771

Table 6-8 Optimal solution as obtained by Design-Expert Hamethe second criterion

Time, h
1 3.43

Number Temp., °C

275

Purity, %
16.034

Electricity operating cost,
0.235

Desirability
0.913

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

to fully oxidise the organic contents. However, daethe prolonged dwell time, the
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electrical operating cost is considered to be haglgbout 0.58, for an operation on a
small batch of powder. On the other hand, if thecteical operating cost is to be
reduced much further with the same level of putityg temperature has to be increased
to its highest value within the range, as the tesul Table6-8 show. In this case, the
electrical operating cost has a value of about 0.p&r batch. Thus, by adopting the
second criterion, the required purity can stilldmhieved, with a 60% reduction in the
electrical operating cost when compared with thetsoassociated with the first

criterion.

Under certain circumstances, a visual approachhi® tiype of optimisation
problem may be useful. It is achieved by usingagdim called an overlay plot. This
type of plot is immensely practical, and can bedugereach an immediate technical
assessment, to explore the results of choosingesdhlr process parameters that would
achieve certain responses. Fig6r@ and Figuré.10 show the overlay plots based on
the optimal solutions stated in Tale/ and Table-8. The green region on the plot

refers to the area which is close to the solutiocl@se to meeting the proposed criteria.

Overlay Plo
251.46
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250.63—
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249.80—

\

Electrcity cost: 0.570

Purity: 161

Temperature, [(
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I I I
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Figure 6.9 Overlay plot shows the region of optimal heatttrent condition based on the first

criterion
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Figure 6.100verlay plot shows the region of optimal heattireant condition based on the

second criterion

6.4.5 The structural characterisation of the optimised sanple

A new experimental trial was then carried out orsamnple of the same
amorphous powder, adopting the optimum heat tredtpparameters shown in Table
6-8. Afterwards, the purity of the cobalt ferritanoparticles produced in this trial was
estimated and it was found to match the predictalliev This indicates that the
elimination of the organic contents and other intpeg was achieved by oxidation
and/or decomposition. To investigate the structaneXRD pattern was obtained, and to

illustrate the particle size distribution, an FENbEnage was taken.

The XRD pattern of cobalt ferrite nanoparticlesi®wn in Figures.11. All the
peaks related to the Cofe phase are visible providing evidence for the fdromaof
the spinel structure. No additional peaks are iasifhis indicates that the only
crystalline phase present is the cobalt ferriteelpstructure. The XRD pattern matches
the JCPDS-ICDD file number 22-1086.

The particle size distribution is illustrated irgkre6.12. The particles exhibit a
polydisperse distribution with the particle sizemnging from 5 to 25 nm. The

nanoparticles appear to be almost spherical. Ntoagggations are visible. As a result,
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a significant lowering in the sizes of the partictean be seen when compared with the

results reported in previous chapters in this study

Figure 6.11XRD pattern of cobalt ferrite nanoparticles obégiremploying the optimal

solution

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

solution
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6.5 Summary

The solgel technique was adopted again to prepare frestplsa of cobalt
ferrite, CoFgO,, nanoparticles using cobalt and iron nitrates @eyrsors and citric
acid as the chelating agent. The heat treatmentbpe was repeated experimentally
following a planned arrangement of different paranesettings. The results of this
series of trials enabled the heat treatment omerdt be modelled using mathematical
equations. The operation was then optimised by me&iRSM in order to obtain the
cobalt ferrite structure without any residual impas. The temperature was found to be
a parameter with the greatest influence with ressfmeboth the purity and the electrical
cost, and its interaction with the dwell time wasastigated. An experimental trial was
then conducted, for verification purposes, usingapeeters selected at random and the
trial results matched the predictions given by design software. It was discovered
that a number of different sets of conditions, deieed by the software programme,
can be adopted to make the cobalt ferrite nanapestifree of impurities. It was then
possible to use the software programme to achienes tdistinct aims simultaneously.
These were to obtain the cobalt ferrite structutbout any residual impurities, to avoid
any unnecessary growth in the sizes of the pastieled to reduce the electrical
operating cost of the operation. The set of coodgithat was finally selected, was the
set in which the temperature was 275 °C and thdldinee was 3.4 h. Data was also
made available in the form of charts which can bedufor an immediate search about
the optimal heat treatment settings and provideo@dgvisual understanding of the
optimisation. An experimental trial was then cortédcusing these parameters and it
resulted in the formation of the spinel structurghwio impurities. This was deduced
firstly because the “purity” variable was foundnatch the predicted value of 16.034%
referred to in Tabl&-8 which indicates that all impurities had beemaged. Secondly
evidence that the spinel structure was that of ikdbaite and that there were no other
phases present, was made available using XRD eeguiprimihe particle size distribution
was measured by SEM and was found to be in theerbegveen 5 and 25 nm. The
electrical operating cost was calculated to 824 for the heat treatment operation on a
small batch of powder and the parameters were teeléo minimise this cost. The
required purity can be obtained by employing eitbfehe two solutions shown in Table

6-7 and Table6-8. However, when the optimal solution indicated Tiable 6-8 is
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adopted, the heat treatment electrical operatiistjwould be reduced by approximately
60% in comparison with the costs associated wheptad) the optimal solution shown
in Table6-7.
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Chapter 7

The sintering behaviour of

the nanoparticles
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7/ The sintering behaviour of the

nanoparticles

7.1 Introduction

Cobalt ferrite powder was prepared using a stansalid-state reaction route by
Rafferty et al. [6]. This original powder was iilly sieved to produce a quantity of
particles whose diameters were all smaller than 160The average patrticle size of the
sieved powder was measured and it was found tatld& 1m. This sieved powder was
then uniaxially pressed into disc samples and thesdvere sintered under conditions
with a single, continuous, ramp rate, bringing tdmperature from room temperature to
the sintering temperature and then with a singleldiime at the sintering temperature.
The green density of the discs was measured, apeEsing the result as a relative
density with respect to the theoretical densitgalbalt ferrite, it was found to be about
56%. A series of experimental trials was carried by varying the sintering
temperature in the range between 1200 and 150@\ft€. each trial the density of the
discs was measured, and the maximum value of thsitgevas found to be 87.51%,
occurring in a disc which had been sintered at I45With a dwell time of 3 h. Further
quantities of the sieved cobalt ferrite powderjvanh average particle size of 14.1m,
were then placed in an attrition mill, to produceadier particles. The resulting powder,
with 5.34 m as the average particle size, had a specifiaserréirea of 0.7381%gy

measured using the BET method. Using a dilatométeguld be seen that the rate of
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shrinkage was faster than that of the powder witiZ m as the average particle size.
In this case the total linear shrinkage was appnakely 15%. The attrition mill was
used again to prepare another small sample ofdbaltcferrite powder. This time the
action of the mill was continued for much longerdao the particle size of the powder
was reduced more. When it was completed the parsize distribution was measured
and the average particle size was found to be | 2037It was now possible to perform a
comparative experiment. Three disc samples wereemaach from a powder with a
different particle size distribution, giving aveeagatrticle sizes of 14.17, 5.34 and 2.37
m. They were each sintered at 1450 °C for 3 h.nAdeds, the densities of the discs
were measured. This was done using the “geomeaiggaioach” in which the thickness
and diameters of each disc was measured to pravigsstimate of the volume and then
by weighing each disc an estimate of the densitydcbe made. The density of the disc
made from the 5.34 um powder was found to be grélade that made from the 14.17
m powder by 4%. No further increase in density wiserved when the particle size

was further reduced to 2.3™.

After the comparative experiment described aboedittal densities of the discs
were also measured by a different technique usyomdmetry. Because this technique
uses helium gas which is able to penetrate intcesointhe pores in the discs, it provides
a different value for the density. The reason wihyh@se samples have densities which
are less than the theoretical density of cobalttéeis because they contain pores which
may be filled with air, but may also contain thsideies left behind by organic binders
and other chemicals, which have not been completebpmposed or oxidised. When
pores exist in a sample, the density is less thantheoretical value and the relative
density is less than 100%. Some of the pores aga,ap which case they are close to
the surface of the sample, or they are connecteoabgageways to the outside surface
of the sample. Other pores are closed becausestigtybelow the surface of the sample
and there are no passageways connecting them toutB&le surface. The materials
inside them have become trapped inside the saffijgliéthe pores in a sample are open
pores, the helium pycnometer density measuremeness ghe same value as the true
density of the material. This occurs in a sample@oivder before it is pressed into a
shape such as a disc. However, during the sinteopgration, some of the
interconnecting passageways become blocked andosedcpores are created. When
this happens the Pycnometry results give valueshirelative density which are less
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than 100%. The pycnometer therefore provides a mneaent for the closed porosity
on its own. The method of measuring the densitggidie geometrical approach gives a
value which provides information on all pores, wiegtopen or closed. Therefore an
estimate for the amount of open pores can be madsubtracting one density value

from the other.

With this alternative method for measuring dengitwas possible to provide
estimates for the open porosity and the closedsiyréor the disc made from cobalt
ferrite with an average particle size of 14.17 phmese are 2.94% and 9.95%
respectively. The last result provides a reason thbysintering operation carried out on
discs made using this powder was unable to achdemsities close to the theoretical
value. Once the pores have changed from open $ed)dt is not possible to reverse the
change and so the gases or other materials trappke pores are trapped permanently.
It is thought that a phenomenon must have occumediting in rapid grain growth,
which surrounded the pores, causing them to becolmsed and leading to pore
entrapment. It is also possible that the tempeganside the discs was lower than the
temperature on the disc surface during sinterirfgs Ts because of the poor thermal
conductivity of the material, and the fact that mok the heat is transferred to the
surfaces of the disc by conduction and convectiimerefore the sintering activity
would occur earlier at the surfaces of the disothhavould towards the centre of the
disc. During the sintering most of the pores ammiehted, and therefore passageways
connecting the pores deep inside the sample wehsthface would become blocked
near the surfaces, causing the pores deeper itised@isc to become closed. It is
therefore important to control the sintering coiis so that the interconnecting
passageways in the material do not become blodkaaging the pores which are a long
way from the surface from being open to closedil imbst of the sintering has been

completed throughout the whole of the sample.

The situation was different when working with tr@aglers with smaller particle
sizes. For instance, the open porosity of the 2/@7sample was found to be 5.27%
while the closed porosity was 3.32%. Because thenhaof pores in this last sample
were still open during, and after, the sinterirtgsipossible to conclude that the low
density result after sintering could not be duehi® fact that the open, interconnected
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pores had already been eliminated. In fact, in¢hi&e, decreasing the particle size does

not confer any advantage in causing an increadensity.

After pressing the powder to form discs, and betbee sintering operation, it
was possible to cut these discs with a knife irhsaievay that a sample could be made
which could fit into the dilatometer. In this wayformation about the shrinkage of the
material could be generated. The differential & shrinkage data can be calculated to
indicate the rate of shrinkage, and when theseesuior each of the powders are plotted
from dilatometer data, it can be seen that the ileaison rate peak for the powders
occurs at different temperatures. It is 1260 °Cther 2.37 m powder. It increases to
1310 °C for the 5.34m powder. This is théemperature when the gases in the open
pores are being expelled at the greatest ratewialipthe solid to contract under the
influence of surface tension. However, when theesing was carried out at higher
temperatures e.g. 1450 °C which was the temperagirduring the dwell time in these
experimental trials, the temperature is alreadyhigh and there is a danger that some
of the pores may become blocked at a stage whictodsearly in the operation.
Therefore the higher temperature is not optimaérms of achieving a maximum value

of density. The critical densification stage wagffect being bypassed.

Therefore a two-step sintering profile was devikedhe 5.34 m powder based
on data from the differential shrinkage curve. dinsisted in an initial ramp to a
temperature of 1310 °C, then a dwell time of 3 thet temperature, then a second ramp
rate of 20 °C/min to 1450 °C, followed by a secalvekll of 30 min hold at 1450 °C.
This was followed by cooling at 5 °C/min to roonmigerature. During the final stage
of sintering, it was hoped that all of the porosiguld be eliminated. However this
could only occur if all pores were connected td,fakort diffusion paths which would
be located presumably along grain boundaries. lkertd happen, the contents of any
pores would have to follow the passageways alomingooundaries. If exaggerated
grain growth occurs, grain boundaries can quickbappear, and then pores become
trapped inside large grains. If this happens thegwould be very difficult to remove

because the paths would be long and slow.

In order to test this sintering profile, discs wemeessed using the 5.34m
powder and sintered following the optimised profibefinal relative density of about
95% was achieved. This value was a significant aw@ment in comparison with the
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value of 91.62% recorded for the equivalent simtetiéscs employing the one-step
sintering profile. It was considered that this imy@ment was sufficient to justify the

two-step profile approach to sintering and the amption about open pores becoming
closed because the temperature was raised to avhigh at a stage in the operation

which was too early.

As a result of this success the same sinteringlprofas selected for sintering
rods of cobalt ferrite. These rods measured 1 ameier by 10 cm long. They were
therefore very much larger than the discs which lbeeh used previously. They were
required for testing the magnetic properties ofatbterrite, but being so much larger it
was recognised that all the problems involved ie Hintering activity would be
magnified. For instance the low thermal conductiwtould cause a much larger
difference in temperature between different parfsttee sample, the connecting
pathways from deep inside the sample to the surieedd be muchonger, it would be
more difficult to remove the organic agents usediaslers, and finally being much
larger there would be a tendency for cracking touocAlso because of the size of the
rod, it was considered impractical to attempt te as attrition mill to generate the
powder with an average particle size of 2.37 ume Thds were cold isostatically
pressed using the 5.34 u m powder at a pressur@oMPa. After sintering the density
was measured using the geometrical approach, ancetlult was a relative density of
91.16%. In view of the extra difficulties in theagring of so large a sample, this result
was considered as very satisfactory. One explamé&tiothe fact that the relative density
was not as high as that obtained when working digls was the less efficient removal
of the PVA binder from the larger sample, leadiograpped pores. Of concern was the
high percentage of closed pores 8.13%. This wasbuatéed to trapped binder,
exaggerated grain growth, or a combination of ¥ t

The aim of the experimental work reported in thimmter was to study the
behaviour of cobalt ferrite nanoparticles duringtaiing in order to eliminate the open
porosity and produce samples with a density clésethe theoretical density value.
Cobalt ferrite nanoparticles were prepared emplpyihe solgel technique. The
structure and morphology of these nanoparticles leeh already investigated. The
density of the nanoparticles was measured usingcagmeter. These nanoparticles

were uniaxially pressed into disc samples and @dteinder conditions involving a
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single, continuous ramp rate and a single dweletithwas proposed that a correlation
would be investigated between the sintering temperaand the densities of the
resulting sintered disc samples. The density of deEmples was measured employing
the geometrical method, a method using ArchimedesciBle and a helium

Pycnometer. The difference between the various ogstitan be used to quantify the

percentages of open and closed pores inside tteresincompacts.

7.2 Experimental procedure

7.2.1 Nanopatrticles preparation

Cobalt ferrite nanoparticles were uniaxially presseto disc samples. These
nanoparticles had been prepared beforehand emplalgan solgel technique. This is
based on the formation of a stable and homogermausbsained through the hydrolysis
and condensation reactions. The reactions takes flatveen water, citric acid and a
mixture of Cobalt (I) nitrate hexahydrate, (Co(NQ®H20, 99%, Fluka) and Iron
(111 nitrate nonahydrate, (Fe(NO3)3.9H2(8%, Sigma-Aldrich) as shown in Figure
7.1. The precursors were used without any furteBnement with a molecular ratio of
Co to Fe equal to 1:2.The amount of citric acid w&schiometrically double with
respect to the sum of the two metal ions.

The sol was then dried, placed in alumina crucil{isnath Ltd., UK) and
exposed to a heat treatment operation in a hoatdmbe furnace (Carbolite, Sheffield,
UK) at 275 °C for 3.4 h in flowing dry air to fornthe crystalline CoF®,
nanoparticles. Using a mixer and hotplate, a smtutiontaining 3wt% of PVA and
3wt% of glycerine was formed by dissolving thendistilled water. The cobalt ferrite
nanoparticles were then blended into this soludod mixed thoroughly. The mixture

was placed on evaporating dishes, dried at 1058 yeound using a mortar and pestle.

7.2.2 Disc samples forming and sintering

Disc samples were formed by uniaxially pressing@d&f nanoparticles in a 20
mm diameter steel die. A load of 20 kgfcrmpproximately equal to 20 bar, was applied
for a duration of 20 s. These disc samples, whiehewhen loaded on to alumina tiles,
were sintered under conditions involving a singlentinuous, ramp rate and a single

dwell time. The binder burnout was carried outtfivgith a heating up ramp rate of 0.2
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°C/min to 550 °C. The temperature was then maiethat 550°C for 1 h, and then the
furnace was cooled to room temperature, initiallg gate of 5 °C/min. A dwell time for
the sintering of 3 h was employed. The heatingaip was 10 °C/min while the initial

cooling down rate was controlled at 5 °C/min.

De- De-
water water

S oo
\/

Figure 7.1 Nanoparticles preparation
7.2.3 Density measurements

The density of each sintered disc sample was esdnhy the geometric
method. The discs being cylindrical, the densitys walculated on the basis of length
and mass measurements, using vernier calipers @mitaccuracy of 0.01 mm) and a
precision balance (with an accuracy of 0.0001 e@3pectively. An average thickness
was determined from four measurements. Values Her diameter were calculated,
being also the average of four measurements. Aodetising Archimedes’ Principle

was also employed to measure the density of thesdisiples and a helium Pycnometer
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was used to provide information on the closed pddssng all these methods, it was

possible to determine the percentages of openlasddporosity.

7.3 Results and discussion

7.3.1 Morphology of nanoparticles

The preparation of cobalt ferrite nanoparticles kyipg the solgel technique
has been described in the previous chapters. The K&tern of the nanoparticles
prepared for this study is shown in Figat@. All the peaks relating to the cobalt ferrite
structure are visible. No additional peaks can bensproviding evidence for the
formation of pure cobalt ferrite without any impies. This pattern matcheseth
JCPDS-ICDD file number 22-1086.

Figure 7.2 XRD pattern of obtained nanoparticles

The particle sizes are illustrated in Figur@. These nanoparticles have a size

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

A density of 5.24 g/lcthwas measured by Rafferty et al. for cobalt ferrite

powder using a helium gas Pycnometer [6] and this been used as the basis for
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calculating the relative densities of samples iae fhiesent investigation. The cobalt
ferrite nanoparticles prepared for this study wenexially pressed and sintered under
conditions involving a single continuous ramp ratel a single dwell time. The green
density of the pressed discs was calculated to8@731.88%. A series of sintering
trials was conducted on these discs. The sinteengperature was varied for each
member of the series from 1200 to 1500 °C withriraks of 50 °C. Details of the
different sintering conditions with the final detss of the samples are presented in
Table7-1. For each set of conditions, three disc sampbae sintered. This resulted in
three measurements being made for each of the Wage of estimating the density for
each set of conditions. Each density value predantéhis table for the disc samples is

the arithmetic mean of three measurements anddhdard deviations are also given.

Figure 7.3 Particle size and its distribution

The density is found generally to be higher whea ¢intering temperature is
higher until a maximum value is reached. After thisth further increases in the
sintering temperatur¢ghe density becomes smaller, as shown in FiguteA maximum
value for the density using the Archimedes methb®®16+0.20% was reached at
1350 °C. The Pycnometry data yielded a value 0628).48% at the same sintering
temperature. Employing sintering dwell times whieére shorter, or longer, than the 3

hours, at 1350 °C, did not result in any increasthe final density of the disc samples,
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as shown in Figur@.5. A small number of disc samples were prepasagudifferent
applied pressures during the pressing. These eiffaaressures were 15 and 25 kglcm
one being higher, and one being lower, thanptiessure normally used in this study.
However no increase in the final density was obsgafter making these changes in the
applied pressure used when pressing, as showngureFl.6. The percentages of the
open and closed porosities of the prepared dis@lesnare shown in Tablé-2. The
data suggest that there were a small percentagsdd pores remaining in the disc
samples after sintering. The amount of closed piyreaeems to have decreased at first
as the sintering temperature increased. It thechezha minimum value at 1350 °C, and
then it started to increase again as the sintéemgerature was raised to higher values.
In contrast with this, the percentage of open ptrosas found to be very small,
especially when sintering at 1350 °C. This providagdence that the sintering

operation was successful in reducing some of tles gorosity in these disc samples.

Table 7-1 The sintered discs with their respective cond#tiand densities

Temperature  Geometrical Archimedes Pycnometer
Sample [°C] Density [%] Density [%0] Density [%0]
1 1200 94.36+0.17 94.90+0.10 95.43+0.28
2 1250 94.91+0.18 95.25+0.15 95.59+0.37
3 1300 95.24+0.21 95.67+0.20 96.10+0.50
4 1350 95.71+0.25 96.16+0.20 96.62+0.48
5 1400 94.27+0.52 95.13+0.17 96.00+0.96
6 1450 94.01+0.22 95.00+0.15 95.99+1.12
7 1500 93.19+0.50 93.97+0.23 94.75+1.52

The stages of sintering are often placed into fifferent categories according
to the microstructural changes that are takingepldte stages are (1) from contacting
particles to neck growth, (2) pore coalescence farally (3) pore shrinkage and (4)
grain growth. During each stage the microstructéeatures change progressively in
terms of neck size, pore size and grain size. [Qutine sintering process, both neck
growth and pore shrinkage reduce the distance leetwmarticles, and therefore

theoretically both should increase the sample’sitgiand shrinkage.
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Figure 7.4 Densities as function of temperature

Agglomeration often occurs where nanoparticlesteXigglomeration can be
defined as a feature which occurs when small pasticome together to form a group in
such a way that the surfaces of the particles elettbgether by a bonding which makes
the structure permanent, or semi-permanent. Duheginitial stage of sintering, the
groups of small particles demarcated by grain batied coalesce to form larger
aggregates with pore boundaries as shown in FiguteThis results in a non uniform
microstructure and may lead to non uniform denaifon during sintering. Hence, the
concept of the fastest diffusion route during ginge becomes complicated as intra
agglomerate pores may densify by grain boundafygidn while the larger pores may
require higher energies for densification. The nadm seems to be strongly
controlled by surface diffusion at low temperatukesding to neck growth and grain
rotation. At higher temperatures, rapid grain bamdiffusion by overheating along
inter particle boundaries may be a governing simgemechanism [128].
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Figure 7.6 Density at 1350 °C as a function of the appliegspure during pressing

The mass transport mechanism in the initial stageemsification of nano-
crystalline InO; was proposed to be grain boundary diffusion. ldeorfor this

mechanism to be active, grain boundaries must baes formed by necking during
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heating [144]. It cannot be true therefore thatirgdaoundary diffusion is the first
transport mechanism. It is common for many cerasy&tems to go through regimes
where surface diffusion is the most important tpams mechanism in the initial stages.
This leads to the formation of grain boundariesy dimen grain boundary diffusion
becomes the most important transport mechanisimestemperature rises. Both of these

mechanisms cause densification and the secondiemeauses grain growth [145].

Table 7-2 Open and closed porosity

Temperature Open Closed
Sample
[°C] Porosity [%] Porosity [%0]
1 1200 1.07 4.57
2 1250 0.68 4.41
3 1300 0.86 3.90
4 1350 0.91 3.38
5 1400 1.73 4.00
6 1450 1.99 4.01
7 1500 1.56 5.25

Figure 7.7 Schematic of WC microstructure during the inis&dge of sintering [128]
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As it has been observed, the density of disc samptgeased as the temperature
increased from 1200 to 1350 °C. It reached a mamnualue at 1350°C while it
decreased as the temperature was increased faotvards 1500 °C. These changes
could be due to the following factors. A signifitaamount of grain growth
accompanied by pore entrapment is believed to hmppRkigher sintering temperatures.
On the other hand, grain boundary diffusion is giduo be relatively small at lower
sintering temperatures. Therefore this mechanigimdt contribute to the densification
activity to the same extent at lower temperatuféss causedhe densification rate to

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

The results obtained when the dwell time was shedédo less than the 3 hours
are relatively easy to explain. Clearly a shorteellitime was not long enough for the
sintering to be completed, and, as a result, tmesity was not eliminated. This can be
concluded because, when the dwell time was extetal8chours, more of the porosity
was eliminated during the sintering, evidence fbrok is provided by the higher values
of the final density of the discs which were siatefor 3 hours. However, the results
obtained when the dwell time was extended beyomd3ttours are not so easy to
explain. The longer dwell times also had a negagitect on the sintering. It might have
caused a de-sintering process to take place. Asspman become smaller during the
different stages of sintering, they can also bectarger (e.g. link together) when, for
instance, the neck and grain boundary between amy drains disappear. This
phenomenon is described as de-sintering. It isrgépebut not exclusively, associated

with grain growth. This results in the pores tor@ase in size and become trapped.

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

particles were not totally spherical in shape theoelld have been a tendency for the
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stresses produced by the hydraulic equipment tmdgnified at certain points, and on
occasions this would have resulted developingawcttires in the particles. This would
happen more regularly if the particles had shalptp®r jagged edges. Because of this
feature, there would have also been a reducticdhanvolume of the compact and the
porosity would have been also reduced. On a snmedbde there would have also been a
deformation of the organic binder layers existisgaacoating on each of the surfaces of
the nanoparticles. Therefore the decrease in the yaume in the pressure compact
which would have occurred as a result of increaghgy magnitude of the applied
pressure might be significant. For the same readbtise pressure applied when the
discs were being made, was unusually low, the effectheporosity would also be
significant. Therefore, it is true that the porgsit the compact would be greater if the

applied pressure was smaller.

The above explanation, for the existence of vammiin porosity in the pressure
compacts before sintering, would be generally aeckpby other investigators.
However, the following results of experimental Igiaeported in this investigation
would not have been anticipated. This is that tragation in the magnitude of the
porosity, originating in the different pressuregdido form the discs, has discernible

results in the variations of density in samplegreafter the sintering operation.

This is all the more remarkable in view of the tesfithe experimental trial in
which a higher value of applied pressure was usedhie pressing of the discs. This
also resulted in a reduction of the density of saeples in measurements carried out
after the sintering operation. It is difficult tmdl a satisfactory explanation, particularly
for this second effect, namely, an above averagsigebefore sintering resulted in a
below average density after the treatment. Itue that the increased pressure in the die
would have created more cracks in the compacsigrigen state, but these cracks would
occur in individual particles of the microstructwag described above. This would have
produced less porosity and a greater packing dewos$ithe particles. Both of these
features would be expected to facilitate the sulesegsintering operation, even though
it also resulted in slightly more particles in tbempact. One would therefore have

expected that the sintering operation would rdsulinproved properties.

In this context it should be noted that a test wasied out using a helium gas
pycnometer, type AccuPyc 1330 V1.02, to determigettue density of a sample of the
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nanoparticles. The value obtained was 4.93+0.01d®°gwvhich is very different from
the value of 5.24 g/chireported by Rafferty et al. [6]. However, a sampig¢he same
powder was sent outside the University laboratorytiie same test to be carried out,
using a different helium gas pycnometer (type AgaiP1340 V1.05), and a value of
4.95+0.0029 g/cthwas obtained. The agreement between the two pyeteosis
impressive, although the value quoted by Raffettgleis recognised as the true value
by many other workers (SEE APPENDIX E).

The reason for this disparity could be relatedhe bature of this particular
sample of cobalt ferrite nanoparticles. This issuse these particles are known to have
been magnetically active, and there is evidence ttiea majority of them were small
enough to have had only one magnetic domain. Undemal conditions, that is, at
room temperature and at atmospheric pressure, thentd have been a tendency for
these particles to arrange themselves in such aasap minimise the magnetostatic
energy of the sample. This could be done, for m#aby allowing the particles to form
large rings or hoops, with the particles joinedotee another end to end around an
empty space inside the ring. If temporary strudusach as this formed frequently
enough throughout the sample, it is possible tlm# tesult would be that the
nanoparticles would tend to occupy a larger voluhen if they were not magnetic.
This might explain why some techniques designedhéasure density might provide
values which are too low. However, when the insgotrmeasuring the density is the
helium gas pycnometer, it is expected that thevgadd be able to penetrate through
such loose structures to the empty space insidewanld therefore provide a value for
the density which would agree with the known degnsit the individual particles. If
these ideas provide a true explanation for theadigpin the density results, it is not
known why the pycnometer should not be able to pateeto the centres of these
structures. However when measuring the density @iider samples with larger
particles, each particle would have many magnetimalns and consequently there
would be no reason for the ring or hoop like stoes to form. It follows in turn that

the density measuring equipment would provide tbheenmormal, higher, value.

A similar phenomenon was observed after the prgssiage. The calculated
value of 38.97£1.88% as the green density, regartehis study for compacts made
using magnetic nanoparticles, indicates that alaimneffect may have occurred causing
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a decrease in the density. This value is much sm#ibn the average value of 56%
reported for compacts made from micro-sized cofsatite powder. Perhaps the two
effects are related, and perhaps the disparityemmsitly observed before the powders

were pressed, is preserved even after the prestigg.

Rafferty et al. reported a smaller value of densityen preparing rods which
were cold isostatically pressed at 185 MPa. A valu@l.16% was reported. Rafferty et
al. related the reason of this result to the |gfisient removal of binder leading to
trapped pores. However, it is also possible thatdtitical densification stage was in
effect being bypassed. The data, which were usedetign the two-step sintering
profile, was taken from differential shrinkage cesvin a test using a compact disc
which had been made at a pressure of 20 Kg/Elowever, this pressure is far smaller
than the pressure used when preparing the rodshwias 185 MPa. Furthermore, it
seems that powders pressed under different presstehave differently during
sintering, and the experimental work reported is thapter suggests strongly that this
is true. If so, a disc sample compressed at 20nKgéannot be expected to predict the
behaviour of a rod compressed at 185MPa. It folldlaat the differential shrinking
curve cannot reliably indicathe temperature where there is a peak in the destsiin
rate in the rod sample. Therefore, the temperatetected in the two-step sintering
profile as the temperature for the first dwell timméght not be the correct value. It
follows that a critical densification stage duritfge sintering of the rod might have
occurred at a temperature which was different ftbenfirst dwell time of the two-step
sintering programme. Therefore perhaps the sirggrsiogramme did not give sufficient
time for the densification to occur at the correshperature and this could explain the

poor result of the sintering operation on that saoa

7.4 Summary

The sintering behaviour of cobalt ferrite nanomdes was investigated. Cobalt
ferrite nanoparticles were successfully preparegleying the solgel technique. These
nanoparticles were without any impurities. The ipbatsize was found to be in the
range between 5 and 25 nm. Disc samples were memanploying a uniaxial press
using a pressure of 20 kg/&mSintering trails were then conducted. A maximum
density of 96.16+0.20% was reached at 1350 °C. Vhise was obtained by an

instrument based on Archimedes principle. Helium Bgcnometry data yielded a value
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of 96.62+0.48%, for the same conditions. The dgrBd not increase to a higher value,
although a number of changes were made to thedpefithe dwell time. Similarly no

higher values of the density were obtained whenpitessure used to form the disc
samples was varied. The maximum density, obtaineithis study, was found to be a
higher value when compared with the results founthe literature when employing a

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

8.1 Conclusions

It is proposed in this study that cobalt ferritevoler with particles that are small
enough to have only one magnetic domain could bedut improve the
magnetostrictive coefficient of cobalt ferrite. $hs because these particles have the
potential to resolve the problem that, in multi-dom particles, the easy axes of
magnetisation are normally arranged in all direwtiolhe particles could also have the
potential to resolve the problem of reducing theopity which remains after sintering

to even lower levels.

Cobalt ferrite powders were synthesised and cheniaetl employing the sajel
technique.

A particular focus was given in the investigationthhe fundamental roles of the
crosslinker and the chelating agent in creating fheal structure and
morphology of the powders that were produced.

The effects of the heat treatment operational patars on the final properties
of the cobalt ferrite nanoparticles were invesegat

The minimum temperature required to prepare cdealite nanoparticles as a
single phase was determined to be 250 °C, andwled time required at this

temperature was determined to be 10 hours.
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The magnetic properties of samples of the powderewmeasured and
demonstrated that the particles followed ferrimagnéehaviour at room
temperature, with a saturation mass magnetisafi6@emu/g.

The heat treatment operation was simulated, anichizetd, by means of RSM,
in order to obtain the cobalt ferrite structurehsiiit any residual impurities, to
avoid any unnecessary growth in the sizes of tmecpes, and to minimise the
electrical operating cost of the operation.

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

The electrical operating cost of the heat treatmeotild be reduced by
approximately 60% when the optimal set of paransaseemployed.

The sintering behaviour of the cobalt ferrite naamtiples was investigated.

A maximum density of 95.71+0.25% was reached aDT& Pycnometry data
yielded a value of 96.62+0.48% for the same comiakti

This first value for the density is an improvemewer the value of 91.62%
reported by other investigators, for cobalt fergtavder with an average particle
size of 5.34 um using conditions involving a singmtinuous ramp rate and a

single dwell time.

The following summarises these conclusions. Cobattite (single-domain)
nanoparticles were successfully prepared. They vsgmecturally and magnetically
characterised. The operation of the heat treatnvastsimulated and optimised in order
to reduce the cost of the operation. The densita aintered disc made from these
nanoparticles indicates that a noticeable improvemeas achieved. This improvement
is considered to contribute in the enhancemertehtagnetostrictive coefficient.

8.2 Future work

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

cobalt ferrite could be improved with an increas¢hie magnetostriction. The magnetic
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factor is related to the fact that the easy axemajnetisation are arranged in different
directions in each magnetic domain. The preparatiosingle-domain particles, which

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

The next step in this approach would be the deveéop of a method to control
the alignment of these particles during the pressind sintering operations, that is to
cause the alignment of the easy axes of magnetisatithese particles, so that they are
parallel to each other and then, maintaining thggeent, to press these particles into a
compact and sinter that compact at an elevatedeenpe employing the methodology
presented in this study. Introducing the sinterethgact afterwards into an adequate
magnetic field, which must be perpendicular to aigned easy axes of magnetisation,
would deviate the magnetic moments of all the gramom the easy to the hard

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

Scientific

Achievements



Peer Reviewed Journal Articles:

M. Sajjia, M. Oubaha, T. Prescott, A.G. Olabi, Developmentabalt ferrite
powder preparation employing the sol-gel technicaed its structural
characterisation, Journal of Alloys and Compour@® &2010) 400-406

M. Sajjia, K.Y. Benyounis, A.G. Olabi, The simulation andiopsation of heat
treatment of cobalt ferrite nanoparticles prepabgdthe sol-gel technique,
Powder Technology 222 (2012) 143-151

M. HasanuzzmanM. Sajjia, A. G. Olabi, Thermal behaviour of Zircon/
Zirconia added chemically durable borosilicate psralass, Thermochimica
Acta, 2012, accepted

Peer Reviewed Journal Articles under Progress:

M. Sajjia, M. Oubaha, M. Hasanuzzaman, A.G. Ol&biuctural and magnetic
analyses of developed cobalt ferrite nanopartiggespared by the sol-gel
process, 2013, under review

M. Sajjia, M. Hasanuzzaman, A.G. Olabi, Review pageobalt ferrite, the
magnetostrictive material; the preparation by clvammethods; the structural
and magnetic characterisations, 2013, submitted

M. Sajjia, A.G. Olabi, The sintering behaviour afbalt ferrite nanoparticles,
2013, being written

Conference Proceedings:

Structural characterisation of cobalt ferrite natiples, Workshop &
International Conference on Smart Materials “WICSXIQ" 22/09/2010 until

24/09/2010 in Ireland

Cobalt ferrite nanoparticles, the mutual relatioatween morphology and
synthesis parameters, Powder Metallurgy World Cesgr& Exhibition

“PM2010” 10/10/2010 until 14/10/2010 in Italy

Heat treatment of cobalt ferrite powder preparedhieysol-gel method, The 15
European Conference on Composite Materials “ECCM28/06/2012 until

28/06/2012 in Italy
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Symposiums:

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

Symposium for mechanical engineering research aacktipe 2009 held at the
School of Mechanical and Manufacturing Engineerb@U in 28/05/2009

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

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

Involvements:

Attended Powder Metallurgy training course fromQ&I2008 until 29/06/2008
in Italy

Participated in preparation of th& 3nternational Conference on Sustainable
Energy & Environmental Protection (SEEP 2009) whics held at the School
of Mechanical and Manufacturing Engineering, DClnir 12/8/2009 until
15/8/2009

Was assigned as a member in the organising conenfittethe Workshop &
International Conference on Smart Materials “WIC3MQ’ which was held at
the School of Mechanical and Manufacturing Engimggr DCU from
22/09/2010 until 24/09/2010

One of his research papers got the second beshatgvEngineers Paper Prize
Competition, Engineers Ireland. It was presented jaint meeting of members
of Engineers Ireland and Institution of Mechani€abineers in 07/06/2011

Was assigned as a member in the organising conemftéhe &' International
Conference on Sustainable Energy & Environmentalteetion (SEEP 2012)
which was held at the School of Mechanical and Macturing Engineering,
DCU from 05/06/2012 until 08/06/2012
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Appendix B

Density of water as a

function of temperature
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When measuring density of sintered disc samplesiammg Archimedes
Method Kit, the temperature of water was measuneithé beginning and in the end of
the experiment. The mean temperature was calcutatddthe respective density was
taken from the following table. This density wasded to calculate the density of disc
samples using the equation stated in Chapter 3fdllwsving table includes density of

water at a range of different temperatures (10t63).
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Appendix C

The preparation of cobalt
ferrite employing oxides,

validation of results



Cobalt ferrite was prepared by firing mixed (Cob@&kide, CoO, Sigma-
Aldrich) and (Iron(lll) Oxides, F€s3, Sigma-Aldrich) powders in air at 1000 °C. Both
precursors were initially dispersed in de-ioniseater as an interface. Using a magnetic
stirrer, resultant reactant was left constantlyristy for 24 hours to allow for a very
homogeneous mixture. The colour of the mixture wegia. The mixture was dried
afterwards at 110 °C for 8 hours and ground lateusing a mortar and pestle. The
resultant sample of powder was subjected to a tneatment in a Horizontal Tube

Furnace (Carbolite Ltd., Sheffield, UK) at 1000fdC 72 hours.

This experiment was done to validate the resultainbd from the literature [6]
and to approve the legitimacy of the XRD resultdaoted from other chemical
experiments. The XRD pattern of the resultant povalt®wed a complete conversion

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

Energy dispersive X-ray

analysis



Cobalt ferrite powder EDX Analysis

Element Weight% Atomic%

Spectrum processing:

No peaks omitted

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

Comment: No other elements were detected.
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Appendix E

Density of cobalt ferrite
nanoparticles measured
using two different helium

gas Pycnometer
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The density of cobalt ferrite nanoparticles was saead using (AccuPyc 1330
V1.02) helium gas pycnometer at the University Lrabary. The density value of 4.93
glcnt was recorded. The following two Figures show ttadibcation report and

obtained results:

The same sample of nanoparticles was sent outsedgniversity Laboratory in
order to measure its density. The density was medsusing (AccuPycll 1340 V1.05)
helium gas pycnometer. A value of 4.95 glowas recorded. The following Figures

show the calibration report and the obtained result
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