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In this research work, the goal is to establish the parallel evolution stages of
microstructure development and properties development and their relationship. This
kind of observation is absent in the literature since for several past decades, studies
of the relationship between morphological properties and ferroelectric and dielectric
properties of multiferroic materials have been focusing only on the product of the
final sintering temperature, largely neglecting the parallel evolutions of
morphological and properties and their relationship at various sintering temperatures.
Erbium manganese oxide was prepared via high-energy ball milling (HEBM) in a
hardened steel vial for 12 hours using a SPEX8000D mill. To get the evolving series
of temperature, the pellet samples went through multi-sample sintering, where the
samples were sintered from 600°C to 1200°C with 50°C increments, for any one
sample being subjected to only one sintering temperature. The x-ray diffraction
(XRD) results confirm the formation of the crystalline sample in an evolution series
of ErMnOs;. The evolution of microstructural properties was studied using FEI
NovaNano 230 FeSEM. The dielectric studies were carried out by using an Agilent
Impedance Analyzer Model 4291B. For ferroelectric transition temperature and P-E
hysteresis loop was measured using a typical LCR meter induced 4284A with
VECSTAR furnace and a Precision LC from Radiant Technologies respectively. The
XRD patterns showed an improvement of crystallinity with increasing sintering
temperature. At 700°C sintering temperature, single phase material (ErMnOs)
starting to appear until 950°C and as at 950°C sintering temperature was known as
the optimum crystallization temperature for ErMnO;. As degree of crystallinity
increase with increasing sintering temperature, at final sintering temperature 1200°C,
ErMnO; peaks were the only observed with no other second phase peaks. SEM
micrographs showed larger grain size as the sintering temperature increased,
consequently increasing the multi-domain grains. For Polarization-Electric field (P-
E) plot reveals ErMnO; is highly leaky ferroelectrics with P-E curve shape
drastically different from the normal shape of highly insulating ferroelectrics. It
shows the remanent polarization, the coercive field and dielectric constant generally
decreased with increasing grain size. The dielectric studies on evolution



microstructure for ErMnO; showed that the resonant frequency increasing with grain
size. However the ferroelectric transition temperature (Tgg) which is intrinsic
properties did not change during microstructure evolution. The value estimates by
experimentally is ~ 580°C.
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Dalam kerja-kerja penyelidikan ini, matlamatnya adalah untuk mewujudkan tahap
evolusi yang selari dengan pembentukan mikrostruktur dan perkembangan sifat dan
hubungan yang wujud diantara mereka. Pemerhatian jenis ini tidak hadir dalam
literatur kerana selama beberapa dekad yang lalu, kajian tentang hubungan antara
ciri-ciri morfologi dan sifat feroelektrik dan dielektrik bahan multiferoik memberi
tumpuan hanya pada produk suhu pensinteran akhir, dengan mengabaikan evolusi
sifat-sifat mikrostruktur dan multiferoik yang selari pada pelbagai suhu pensinteran
yang rendah. Mangan erbium oksida telah disediakan melalui pengisar bebola
berkuasa tinggi (HEBM) di dalam bekas keluli keras selama 12 jam menggunakan
pengisar SPEX8000D. Untuk mendapatkan siri evolusi yang berubah dengan
kenaikan suhu, sampel berbentuk pelet telah melalui proses pensinteran iaitu
pensinteran pelbagai sampel, di mana sampel disinter dari 600°C hingga 1200°C
dengan kenaikan 50°C, dengan menggunakan sampel berlainan bagi setiap suhu.
Data daripada pembelauan sinar-x (XRD) mengesahkan pembentukan sampel kristal
dalam siri evolusi ErMnOs. Sifat mikrostruktur evolusi dikaji menggunakan FEI
NovaNano 230 FeSEM. Kajian sifat-sifat dielecktrik telah dijalankan dengan
menggunakan Penganalisis Impedan/Bahan model Agilent 4291B. Pengukuran untuk
suhu peralihan sifat feroelektrik dan P-E gelung histeresis telah dibuat dengan
menggunakan meter LCR biasa teraruh 4284A dengan relau VECSTAR dan
Precision LC masing-masing daripada Radiant Technologies. Corak-corak
pembelauan sinar-x menunjukkan peningkatan kehabluran dengan meningkatnya
suhu pensinteran. Pensinteran pada suhu 700°C, fasa tunggal bahan manganit erbium
mula muncul sehingga 950°C, dan pada suhu pensinteran 950°C dikenali sebagai
suhu optimum bagi penghabluran untuk manganit erbium. Apabila suhu pensinteran
meningkat tahap kehabluran akan meningkat, pada suhu akhir pensiteran, 1200°C,
hanya fasa ErMnO; dilihat dan tiada kehadiran fasa lain. Gambar SEM
menunjukkan, butiran saiz meningkat dengan peningkatan suhu pensinteran,
menyebabkan butiran pelbagai-domain meningkat. Bagi graf pengutuban-medan
elektrik (P-E) mendedahkan ErMnOs; adalah bahan feroelektrik yang mempunyai
kebocoran tinggi dengan perubahan bentuk lengkung P-E berbeza daripada bahan
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penebat feroelektri biasa. Ia menunjukkan pengutuban kekal, medan paksa dan
pemalar dielektrik umumnya akan menurun dengan peningkatan saiz butiran. Kajian
dielektrik dengan evolusi mikrostruktur bagi ErMnO; menunjukkan bahawa
frekuensi resonan meningkat dengan saiz butiran. Walau bagaimanapun suhu
peralihan feroelektrik (Tgg) adalah merupakan sifat intrinsik yang tidak berubah
dengan evolusi mikrostruktur. Nilai anggaran secara uji kaji adalah ~ 580 ° C.

v



ACKNOWLEDGEMENTS

Firstly, all praises are due to Allah SWT who had given blessing, strength and
knowledge in finishing this thesis. Salawat and Salam also propose to the Prophet
Muhammad SAW.

Secondly, I would like to express my sincere gratitude to my supervisor Associate
Professor Dr. Mansor Hashim for his continuous support n my Master program.
Thank you providing me a platform to carry out this research. He is the person who
is most responsible for helping me complete the writing of this thesis as well as the
challenging research that lies behind it. Without his encouragement and constant
guidance, I could not have finished this thesis. Besides my supervisor, I would like to
thank the rest of my supervisor committee: Assoc. Prof. Dr. Jumiah Hassan and Dr.
Ismayadi Ismail for their encouragement and insightful comments. Thank you also to
Dr. Kannagesan, Dr. Md. Shuhazlly Mamat@Mat Nazir, Dr. Norlaily Mohd Saiden
and Dr. Raba' ah Syahidah Azis for being very helpful.

I am exceedingly grateful to my parents, Hajjah Norlia Binti Mohd Sidin and Haji
Noor Ismail Bin Haji Mohd Noor, for giving me life in the first place and thanks for
the loves and encouragement they provides and for always being there for me.
Alongside my parents there are my siblings, thank you for being in my life.

My thanks will not be complete until I acknowledge group members Fadzidah,
Hapishah, Norailiana, Dayang Nur Fazliana, Mutia Suhaibah, Idza Riati, Rodziah,
Che Sulaiman, Yusnita, Ghazaleh, Ariffudin, Rahim, Abdollah, Ikhwan, Shamsul,
Syazwan, and Misbah. Special thanks for their timely help and cooperation during
this study. I highly appreciate the memorable interactions that we had. To my
numerous friends around me, postgraduate foreign students, ITMA and faculty
science staffs, thanks for everything.



This thesis was submitted to the Senate of Universiti Putra Malaysia and has been
accepted as fulfillment of the requirement for the degree of Master of Science. The
members of the Supervisory Committee were as follows:

Mansor Hashim, PhD

Associate Professor

Institute of Advanced Technology
Universiti Putra Malaysia
(Chairman)

Jumiah Hassan, PhD
Associate Professor
Faculty of Science
Universiti Putra Malaysia
(Member)

Ismayadi Ismail, PhD

Lecturer

Institute of Advanced Technology
Universiti Putra Malaysia
(Member)

BUJANG BIN KIM HUAT, PhD
Professor and Dean

School of Graduate Studies
Universiti Putra Malaysia

Date:

vii



DECLARATION

Declaration by graduate student

I hereby confirm that:

Signature: Date:

This thesis is my original work;

Quotations, illustrations and citations have been duly referenced;

This thesis has not been submitted previously or concurrently for any other
degree at any other institutions;

Intellectual property from the thesis and copyright of thesis are fully-owned by
Universiti Putra Malaysia, as according to Universiti Putra Malaysia (Research)
Rules 2012;

Written permission must be obtained from supervisor and the office of Deputy
Vice-Chancellor (Research and Innovation) before thesis is published (in the
form of written, printed or in electronic form) including books, journals,
modules, proceedings, popular wrintings, seminar papers, manuscripts, posters,
reports, lecture notes, learning modules or any other materials as stated in the
Universiti Putra Malaysia (Research) Rules 2012;

There is no plagiarism or data falsification/fabrication in the thesis, and scholarly
integrity is upheld as according to the Universiti Putra Malaysia (Graduate
Studies) Rules 2003 (Revision 2012-2013) and the Universiti Putra Malaysia
(Research) Rules 2012. The thesis has undergone plagiarism detection software.

Name and Matric No.: Muhammad Aizat Bin Noor Ismail GS32254

viii



Declaration by Members of Supervisory Committee

This is to confirm that:

e The research conducted and the writing of this thesis was under our supervision;

e Supervision responsibilities as stated in the Universiti Putra Malaysia (Graduate
Studies) Rules 2003 (Revision 2012-2013) are adhered to.

Signature:

Name of

Chairman of

Supervisory

Committee: Mansor Hashim, PhD

Signature:

Name of

Member of

Supervisory

Committee: Ismavadi Ismail, PhD

X

Signature:
Name of
Member of
Superviosry
Committee: Jumiah Hassan, PhD




TABLE OF CONTENTS

Page
ABSTRACT i
ABSTRAK il
ACKNOWLEDGEMENTS \4
APPROVAL vi
DECLARATION viii
LIST OF TABLES xii
LIST OF FIGURES Xiii
LIST OF ABBREVIATIONS AND SYMBOLS XVvii
CHAPTER
1 INTRODUCTION
1.1 General introduction 1
1.2 Problem statements |
1.3  Project objective and workstep objectives 2
1.4  Thesis outline 2
2 LITERATURE REVIEW
2.1  Evolution and microstructure study 4
2.2 Multiferroic 6
2.3  Erbium manganese oxide (ErMnQO3) study 7
2.4 Mechanical alloying 10
2.5  Ferroelectric and dielectric study 11
3 THEORY
3.1  Introduction 12
3.2  Mechanical alloying 12
3.2.1 Introduction 12
3.2.2 Ball to powder ratio (BPR) 13
3.2.3 Milling time 13
3.2.4 Milling speed 13
3.3  Sintering 13
3.3.1 Driving forces of solid state sintering 14
3.3.2 Stages of sintering 15
3.3.3 Mechanism of sintering 15
3.3.4 Grain growth coarsening 16
3.4  Polycrystalline microstructure 17
3.5  Multiferroic 17
3.5.1 Crystal structure and ferroelectric properties 19
3.6 Dielectric 21
3.6.1 Introduction 21
3.7  Ferroelectric 22
3.7.1 Curie temperature/ Ferroelectric transition 26

temperature



4 METHODOLOGY

4.1  Introduction
4.2 Preparation of nanoparticles
4.2.1 Weighing the raw material
4.2.2 Flowchart
4.2.3 Granulated and pressing
4.2.4 Sintering
4.3  Calculating density
4.3.1 Archimedes principle
4.3.2 The XRD density
4.4  Microstructure measurement
4.5  X-ray diffraction measurement
4.6  Dielectric constant measurement
4.7  Ferroelectric properties
4.7.1 Polarization measurement
4.7.2 Ferroelectric transition temperature
5 RESULTS AND DISCUSSION
5.1  Introduction
5.2 Microstructure-related analysis
5.2.1 Phase analysis (X-ray diffraction)
5.2.2 TEM analysis
5.2.3 Density
5.2.4 Microstructural properties
5.2.5 Grain size distribution
5.3  Ferroelectric and dielectric properties
5.3.1 Polarization hyteresis loop
5.3.2 Dielectric
5.3.3 Ferroelectric transition
6 CONCLUSIONS AND SUGGESTIONS
6.1  Conclusions
6.2  Suggestions
REFERENCES
APPENDIX
BIODATA OF STUDENT
LIST OF PUBLICATIONS

xi

28
28
29
30
31
31
31
31
32
32

32
33
33

33
34

35
35
35
37
39
42
47
48
48
52
55

57
57

58
62
63
64



Table

5.1

52

53

LIST OF TABLES

The lattice parameters, X-ray density, experimental
density and pore fraction

Average grain size for different sintering temperatures
Remanent polarization, P, Coercive field, E. and

average grain size of sample sintered at various
sintering temperatures with

xii

Page

41

43

50



Figure

3.1

3.2

33

3.4

3.5

3.6

3.7

3.8

3.9

4.1

4.2

4.3

4.4

LIST OF FIGURES

Schematic of the paths for surface energy reduction in
sintering. Path 1 is (a) coarsening where small particles
combine to form larger-sized particles and 2 is (b) the
densification of particles followed by grain growth

Schematic of sintering mechanisms for a system of two
particles

Multiferroic combine the properties of ferroelectrics and
magnets.

Schematic diagram of how the B-site displacement leads
to ferroelectricity in one unit cell of a perovskite
ferroelectric compound (ABOs)

(a) The crystal structure of the hexagonal RMnOs
compounds along the ab plane. Blue circles are rare earth
atoms. Red polyhedral is the MnOjs trigonal bipyramids.
(b) Schematic illustration of the structure along the ¢
axis. The upper and lower layers of MnOs polyhedra are
represented in green and red color, respectively, which
are separated by the blur layer of rare earth ions

Bulk ceramic between parallel metallic plates

Polarization density in real situation for bulk ceramic
sample

(a) Ideal linear capacitor response (b) Ideal resistor
response (¢) Lossy capacitor response (d) Non-linear
ferroelectric response

Ferroelectric hysteresis loop

High energy ball mill (SPEX800D mill)

Flowchart for preparation and characterization of
morphological and electric properties of the ErMnO;

Polarization hysteresis loop set-up (Precision LC from
Radiant Technologies)

Ferroelectric transition temperature measurement set-up

Xiii

Page

14

16

18

20

23

24

25

26

29

30

34



5.1

5.2

53

5.4

5.5

5.6

5.7

5.8(a)
5.8(b)
5.8(c)
5.8(d)
5.8(c)
5.8(f)
5.8(g)
5.8(h)
5.8(i)
5.8())
5.8(k)
5.8(1)
5.8(m)

5.8(n)

XRD patterns for erbium manganese oxide (ErMnO3)
sintered at different sintering temperature

Transmission electron microscopy image of as-milled
raw powder

Average particle size for ErtMnOj3 as milled for 12 hours

Experimental density of sample ErMnOj sintered at
600°C until 1200°C

Approximate comparison of percentage amorphous grain
boundary volumes in materials with nanometer and
micrometer grain size where AV, is the grain boundary

volume

Lattice parameter for sample sintered at various sintering
temperatures

Average grain size evolution for ErtMnOj3 sintered from
600°C to 1200°C with increment 50°C

SEM micrographs of ErMnOj sintered at 600°C
EDX spectrum for ErMnOs sintered at 600°C
SEM micrographs of ErMnOj sintered at 650°C
SEM micrographs of ErMnOj sintered at 700°C
SEM micrographs of ErMnOj sintered at 750°C
SEM micrographs of ErMnOj sintered at 800°C
SEM micrographs of ErMnOj sintered at 850°C
SEM micrographs of ErMnOj sintered at 900°C
SEM micrographs of ErMnOj sintered at 950°C
SEM micrographs of ErMnOs sintered at 1000°C
SEM micrographs of ErMnOs sintered at 1050°C
SEM micrographs of ErMnOs sintered at 1100°C
SEM micrographs of ErMnOs sintered at 1150°C

SEM micrographs of ErMnOj sintered at 1200°C

X1V

36

38

38

39

40

42

44

45

45

45

45

45

45

46

46

46

46

46

46

46

46



5.9(a)
5.9(b)
5.9(c)
5.9(d)
5.9(e)
5.9(f)
5.9(8)
5.9(h)
5.9(i)
5.9())
5.9(k)
5.9(1)
5.9(m)

5.10

5.10

5.10

5.11

5.12

5.13

5.13

5.13

Grain size distribution for sample sintered at 600°C
Grain size distribution for sample sintered at 650°C
Grain size distribution for sample sintered at 700°C
Grain size distribution for sample sintered at 750°C
Grain size distribution for sample sintered at 800°C
Grain size distribution for sample sintered at 850°C
Grain size distribution for sample sintered at 900°C
Grain size distribution for sample sintered at 950°C
Grain size distribution for sample sintered at 1000°C
Grain size distribution for sample sintered at 1050°C
Grain size distribution for sample sintered at 1100°C
Grain size distribution for sample sintered at 1150°C
Grain size distribution for sample sintered at 1200°C

(a) P-E for samples sintered at 600°C, 650°C, 700°C,
750°C, 800°C and 850°C

(b) P-E for samples sintered 900°C, 950°C, 1000°C, and
19888C

(c) P-E for samples sintered 1100°C, 1150°C, and
1200°C

Remanent polarization (P;) as a function of average grain
size

Coercive field (E,) as a function of average grain size

(a) Dielectric constant for samples sintered at various
sintering temperature

(b) Dielectric constant samples sinter at 600°C, 650°C,
700°C, 750°C, 800°C,

(c) Dielectric constant samples sinter at 850°C, 900°C,
950°C, 1000°C, 1050°C, 1100°C, 1150°C and 1200°C

XV

47

47

47

47

47

47

47

47

47

47

47

47

47

49

49

51

51

52

53

53



5.14

5.15

Dielectric constant (¢;”) as a function of average grain
size at 10kHz

(a), (b) Capacitance measurement for sample various
sintering temperatures measure at various condition
temperatures

XVi

54

56



LIST OF ABBREVIATIONS AND SYMBOLS

XRD X-ray diffraction

SEM Scanning electron microscopy

FeSEM Field emission scanning electron
microscopy

HRTEM high resolution transmission electron
microscopy

EDX Energy-dispersive X-ray

TEM Transmission electron microscopy

PVA Polyvinyl alcohol

EMO/ErMnO; Erbium manganese oxide

HEBM High-energy ball milling

BPR Ball to powder weight ratio

Eq. Equation

a.u Arbitrary unit

260 2 theta degree

wt% Weight percent

hkl Miller indices

MPa Megapascal

/8 Weight of the sample in air

W, Weight of the sample in water

Pxrd X-ray diffraction density

Xvil



Px Experimental density

M Molecular weight

N Avogadro’s constant

p Percentage porosity

A Wavelength

Tre Ferroelectric transition temperature

AV Percentage of the amorphous phase

P-E Polarization-electric field

P, Polarization remanent

Qs surface bound charges

Qv bound charges

Qs free charges

& Dielectric constant

vA Total interfacial energy of a powder
compact

Y Specific surface (interface) energy

A Total surface (interface) area of the
compact

Ay The change in interfacial energy

v Diffusion potential

C Capacitance

(O Capacitance without dielectric

0 Magnitude of charge stored

xviii



voltage

permittivity

permittivity of free space
Total electric dipole
Volume

Coercive field

Curie temperature

Electrical susceptibility

X1X



CHAPTER 1

INTRODUCTION

1.1 General Introduction

Over the last few decades, studies on the relationship between morphology and
magnetic properties in polycrystalline material have become a great interest and
widely investigated. Few materials such as Nickel Zinc Ferrite (Ismail et al., 2012),
Yttrium Iron Garnet (Rodziah et al., 2012) and Cog,Nigp3ZngsFe;04 (Waje et al.,
2010) show a significant increase in magnetic response by manipulating their
microstructure growth with the influence of sintering temperature

Multiferroic materials exhibit more than one primary ferroic order such as
ferromagnetic, ferroelectric and ferroelastic. They have many potential applications
in the oxide electronics, spintronics and even the green energy devices for reducing
the power consumption. Since there exists giant magneto-resistance in rare-earth
manganese oxide REMnOs, it has attracted special attention due to the coexistence of
ferroelectric and magnetic orders. For rare-earth elements with a small ionic radius,
RE= Ho, Er, Tm, Yb, and Lu, they exhibit ferroelectromagnets’ properties where
these hexagonal manganese oxides have a ferroelectric transition at high temperature
and an antiferromagnetic transition at low temperature (Park et al., 2002). Thus, it is
important to correlate the microstructure and multiferroic properties of ErMnO;
relating them from nanometer grain-size microstructure until they have evolved to
their final forms at their last evolution stage.

1.2 Problem Statement

Researchers nowadays and in the past have neglected a fundamental line of
scientific enquiry: What would be the composition-microstructure relationships at
various intermediate sintering conditions during the parallel evolutions of the
morphology and the properties of a sintered ferroelectric material? Do the changes
of microstructure affect the dielectric and ferroelectric properties of the materials?
How do dielectric and ferroelectric properties evolve with the microstructure
changes? What would happen to the ions of the materials parallel to the
microstructure changes, do they also contribute to polarization of the materials?
Thus this work intends to observe carefully and the fundamental evolutions and
their relationships.



1.3 Project objective and workstep objectives

The main goal of this research is to critically track the evolution of the ferroelectric
and dielectric properties parallel to the microstructural changes. Previous literature
has shown little evidence of synthesis work via high energy ball milling to reach
nanometer grain-size region and critically track the microstructural grain growth to
micron size. Thus due to the significant amount of material required mechanical
alloying seems to be the only practical technique in studies involving the evolution of
the microstructure of the material. Thus this research embarks on the following
objectives: to study the evolution of dielectric and ferroelectric properties with
microstructure changes.

The work steps of the project are to ensure the successful attainment of the project
objective. These are:

1) To prepare ErMnOj3 using mechanically alloyed nanoparticles

2) To study the phase formation and crystallite size evolution using XRD.

3) To study the effect of the sintering temperature on the microstructural
evolution for dielectric and ferroelectric properties of erbium manganite.

1.4 Thesis Outline

This thesis comprises 6 chapters. In the introduction, general introduction of
evolution and material study, microstructural- dielectric and ferroelectric properties
and some research questions are discussed.

The second chapter deals with literatures of the synthesis methods, mechanical
alloying and important material properties, multiferroic theory and material
properties, some microstructural consideration on ferroelectric and dielectric
properties and some overview about material evolution studies.

The third chapter presents the basic theories on manganites and sintered materials. In
some aspects of the theory, the chapter describes the basic crystal structure that
controls the ferroelectric behavior of the multiferroic material.

Experimental and measurement techniques which include sample preparation and the
apparatus used for both microstructural-ferroelectric and dielectric analysis will be
discussed in the fourth chapter.

The fifth chapter presents the results of microstructural-ferroelectric and dielectric
analysis. The ceramics analysed using XRD, SEM, EDX, and TEM will lead to the
understanding of the microstructure evolution observed. Data obtained from dielectric
and ferroelectric measurements are also discussed.



The sixth or final chapter summarizes and concludes the research findings and
comments on the ErMnQO; ceramics in relation to microstructural-ferroelectric and
dielectric properties. Recommendations for further work are also given. The author’s
biography, appendices and references/bibliographies are on the last part of this thesis.
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