
 

 

 

HIGH TEMPERATURE COMPOSITE MATERIALS AND 
MAGNETODIELECTRIC COMPOSITES FOR MICROWAVE 

APPLICATION 

 

by 

 

Thanh Ba Do  

 

 

       A dissertation submitted in partial fulfillment  
of the requirement for the degree of  

Doctor of Philosophy 
(Materials Science and Engineering) 

In the University of Michigan 
2010 

 

 

 

 

Doctoral committee: 

Professor John W. Halloran, Chair 
Professor Richard W. Robertson 
Professor Margaret S.Wooldridge 
Assistant Professor Anton Van der Ven 

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“Science, my lad, is made up of mistakes, but they are mistakes which it is useful to make, because they 

lead little by little to the truth”- Jules Verne 
 

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Thanh Ba Do 
All right reserved 

2010 



ii 
 

Dedication 
 

 

 

 

 

 

 

To my parents, my brothers and sisters 

To Do Ba Quoc Anh, my son 

  



iii 
 

 

 

 

 

 

 

 

Acknowledgements 
 

 

First of all, I must express my deepest gratitude to my advisor, Prof. John W. Halloran for 
the opportunity to work for him. His charismatic advice, support and encouragement 
fueled this journey. Everything is not easy to me and he has always provided me a belief 
that mistakes will lead me to the truth and he has always given me a second chance. It 
was my honor to work in his lab. 

Thank you to my committee members - Professor Richard Robertson, Professor Margaret 
Wooldridge, and Professor Anton Van der Ven for their service. 

Friendship, help and share with Zach N. Wing, Sigrun N. Karlsdottir, Chang Jun Bae, 
Claudia Torres, Vladka Tomeckova, Sindhura Gangireddy, and Susan Gentry are 
valuable part of my support. 

 

 

 

 

 

 



iv 
 

 

Table of Contents 

 

Dedication ........................................................................................................................... ii 

Acknowledgements ............................................................................................................ iii 

List of Figures .................................................................................................................. viii 

List of Tables ................................................................................................................... xiii 

 
Part I: Properties and Oxidation Behavior of Boron Nitride ....................................... 1 

 

Chapter 1: Introduction ................................................................................................... 1 

Chapter 2: Experimental Procedures ............................................................................. 6 

2.1. Samples processing ...................................................................................................... 6 

2.1.1. Raw materials............................................................................................................ 6 

2.1.2. BN ribbon extrusion .................................................................................................. 7 

2.1.3. Binder burn out (BBO) ............................................................................................. 8 

2.1.4. Hot pressing .............................................................................................................. 9 

2.2. Preparation of samples for mechanical testing .......................................................... 10 

2.2.1. Grinding and polishing ........................................................................................... 10 

2.2.2. Relative density and porosity measurement ........................................................... 11 

2.2.3. Flexural strength measurement ............................................................................... 12 

2.2.4. Elastic modulus ....................................................................................................... 12 

2.3. Oxidation test and characterizations .......................................................................... 12 

2.3.1. Oxidation procedures and new oxidation testing equipment .................................. 13 

2.3.2. Optical microscope procedures ............................................................................... 14 

2.3.3. Scanning Electron Microscope (SEM) and Electron Microprobe MicroAnalysis 
(EPMA) procedures .......................................................................................................... 15 

Chapter 3: Results and Discussions .............................................................................. 21 

3.1. Microstructures of BN after hot pressing................................................................... 21 

3.2. The mechanical properties of BN .............................................................................. 26 



v 
 

3.3. The oxidation behavior of BN with the addition of additives ................................... 27 

3.3.1. The oxidation behavior of BNY ............................................................................. 28 

3.3.1.1. The growth of glass droplets and “Breath figure” ............................................... 29 

3.3.1.2. Substructures inside borate glass droplets ........................................................... 32 

3.3.2. The oxidation of SiO2-contained samples BNYS2 and BNYS6 ............................ 34 

3.3.2.1. The glass droplets and glass layer on the oxidized SiO2-contained samples 
BNYS2 and BNYS6 ......................................................................................................... 34 

3.3.2.2. Composition of oxides on BNYS2 and BNYS6 .................................................. 37 

3.3.3. Weight loss during oxidation .................................................................................. 40 

 

Part II: Dielectromagnetic Composites for Microwave Applications ........................ 61 

 

Chapter 4: Introduction ................................................................................................. 61 

4.1. Motivation of the research ......................................................................................... 61 

4.2. Ceramics-polymer composites ................................................................................... 64 

4.3. Outline of the part 2 of the thesis ............................................................................... 65 

Chapter 5: Magnetodielectric Materials ....................................................................... 70 

5.1. Spinel ......................................................................................................................... 70 

5.2. Garnet ......................................................................................................................... 71 

5.3. Hexagonal ferrites ...................................................................................................... 72 

5.4. Co2Z ........................................................................................................................... 73 

5.4.1. Crystalline structure of Co2Z .................................................................................. 73 

5.4.2. Magnetic permeability of Co2Z .............................................................................. 74 

5.4.3. Production of Co2Z ................................................................................................. 75 

Chapter 6: Isotropic Ceramics-Polymer Composites .................................................. 86 

6.1. Introduction ................................................................................................................ 86 

6.2. Experiments ............................................................................................................... 89 

6.2.1. Ceramics preparation .............................................................................................. 89 

6.2.2. Mixing procedure .................................................................................................... 90 

6.2.3. Theoretical calculations .......................................................................................... 91 

6.3. Results and discussions .............................................................................................. 95 



vi 
 

6.3.1. Measurement data ................................................................................................... 95 

6.3.2. Discussion ............................................................................................................... 98 

6.4. Summary .................................................................................................................. 100 

Chapter 7: Anisotropic Magnetodielectric - Polymer composites ............................ 114 

7.1. Introduction .............................................................................................................. 114 

Part 1: Dielectrophoresis Method ................................................................................ 116 

7.2. Introduction .............................................................................................................. 116 

7.2.1. Polarization of matter ............................................................................................ 117 

7.2.2. Influence of non-uniform field on dielectric particles .......................................... 119 

7.2.2.1. Dielectrophoretic force ...................................................................................... 119 

7.2.2.2. Threshold electric field ...................................................................................... 122 

7.2.3. Dielectrophoretic experiments .............................................................................. 124 

7.2.3.1. Choose polymer ................................................................................................. 124 

7.2.3.2. Sample preparation ............................................................................................ 126 

7.2.3.3. Experiment ......................................................................................................... 128 

7.2.4. Results and discussions ......................................................................................... 129 

7.2.4.1. Alignment efficiency ......................................................................................... 129 

7.2.4.2. Permittivity and permeability of specimens ...................................................... 133 

7.2.5. Factors influence the dielectrophoresis ................................................................. 135 

7.2.5.1. Electric field (AC or DC) ................................................................................... 135 

7.2.5.2. Effect of frequency ............................................................................................ 137 

7.2.5.3. Relative dielectric permittivity of fillers and medium ....................................... 140 

7.2.5.4. Particle size and shape of fillers ......................................................................... 142 

7.2.5.5. Design of experimental cell ............................................................................... 143 

7.2.5.6. Mixing process ................................................................................................... 144 

7.2.6. Applicability of dielectrophoresis in forming anisotropic composites ................. 145 

Part 2: Co-extrusion ..................................................................................................... 148 

7.3. Introduction .............................................................................................................. 148 

7.3.2. Experiment ............................................................................................................ 151 

7.3.2.1. Formation of feedrods ........................................................................................ 151 



vii 
 

7.3.2.2. Coextrusion and testing sample formation ........................................................ 152 

7.3.3. Results and Discussions ........................................................................................ 153 

7.3.4. Remarks on coextrusion method ........................................................................... 160 

Chapter 8: Feasibility of Composites with Equivalent Permittivity and Permeability
......................................................................................................................................... 183 

8.1. Introduction .............................................................................................................. 183 

8.2. Prediction method .................................................................................................... 184 

8.3. Results and discussions ............................................................................................ 185 

8.4. Remarks ................................................................................................................... 188 

Chapter 9: Conclusions ................................................................................................ 200 

9.1. Summaries for research topic on Boron Nitride (BN) ............................................. 200 

9.2. Summaries for research topic on magnetodielectric composite .............................. 202 

9.3. Future works for research topic on Boron Nitride (BN) .......................................... 205 

9.4. Future works for research topic on magnetodielectric composite ........................... 205 

 

  



viii 
 

List of Figures 
 

 

Part I: The properties and Oxidation Behavior of Boron Nitride 

 
Fig. 1.1: The arrangement of B and N atoms in BN crystal structure (a) and the 

similarity of BN and graphite structure (b). 
4

Fig. 2.1: Microstructure of h-BN powder used for the experiment. The crystal size 
is ~0.5μm.  

17

Fig. 2.2: Schematic illustration of four-point flexural test 18
Fig. 2.3: The schematic of conventional oxidation furnace 18
Fig. 2.4: Artifacts generated on the glass scale on BNYS2 sample’s surface 19
Fig.2.5: New oxidation test apparatus 19
Fig.3.1: The grain growth of BN platelets (a) and phase distribution in BNY 

sample (b) 
41

Fig.3.2: The BSE images of BNYS2 (a) and BNYS6 (b) showing the even 
distribution of oxide phases thoroughly in samples. 

41

Fig.3.3: Polarized microscopic image showing long features produced spherulite 
clusters on BNY surface 

42

Fig.3.4: Microstructure of the cross section of BNYS2 (a) and BNYS6 (b) 
samples, showing an internal cluster of misaligned BN particles in 
BNYS2. This phenomenon was not found in BNYS6 sample. 

42

Fig.3.5: The increase of BN particle size (a) and thickness (b) along with the 
oxides content 

43

Fig.3.6: The proportional relationship between flexural strength (a), elastic 
modulus (b) and relative density of BN. 

44

Fig.3.7: The parabolic relationship of flexural strength (a) and elastic modulus (b) 
with oxide and silica content. The pink square points are of silica content 
and the blue diamond points are of oxides content 

44

Fig.3.8: Optical microscope (a) and SEM image (b) of BNY after 0.5 hour   
oxidation showing the appearance of glass beads. 

45

Fig.3.9: The variation of sample weight with the oxidation time. 45
Fig.3.10: The increase of glass droplet’s diameters along with the oxidation time. 46
Fig.3.11: The merging of small glass drops to form a bigger one in BNY sample. 

The white features might come from the hydration reaction 
47

Fig.3.12: Schematic illustration of the evolution of the two most important steps 
of breath figure. The growth of a single drop is expressed by the stepped 
curve and the development of average drops diameter is expressed by the 
linear line.[12] 

47

Fig. 3.13: The evolution of the biggest glass drop (a) and average glass drop size 
(b) with the oxidation time. 

48

Fig. 3.14: Cross section of a glass bead produced on BNY surface after 4 hours of 
oxidation. 

49

Fig.3.15: Phase diagram of Al2O3-Y2O3-B2O3 system 50



ix 
 

Fig.3.16: Microstructure of BNYS2 after 0.5 hr oxidation 50
Fig.3.17:The increase of glass droplet’s diameters produced on BNYS2 sample 

surface with the oxidation time 
52

Fig.3.18: The increase of glass droplet’s diameters produced on BNYS6 sample 
surface with the oxidation time 

54

Fig. 3.19: Glass beads and glass scale on the surface of BNYS2 sample after 
oxidation  

54

Fig.3.20: The evolution of the maximum diameter of biggest glass drop in 
samples containing SiO2 with the oxidation time 

55

Fig.3.21: The formation of glass droplets inside the glass layer on the oxidized 
BNYS2 surface 

55

Fig. 3.22: The evolution of the average diameter of biggest glass drop in samples 
containing SiO2 with the oxidation time 

56

Fig.3.23:  Regions subjected to analyze in BNYS2 sample 56
Fig. 3.24: The variation of composition of phases formed during oxidation of 

BNYS2 sample at the times of 9 and 14 hours 
58

 
 
Part II: Dielectromagnetic Composites for Microwave Applications 
 
Fig. 4.1: Illustration of the advantage of applying dielectromagnetic material to 

generate an impedance match to minimize the dimension of the antenna 
67

Fig. 5.1: Distribution of A and B cations in tetrahedral and octahedral sites 79
Fig. 5.2a: Distortion of octahedral sites to [111] direction in garnet crystal 

structure 
79

Fig. 5.2b: Distortion of tetrahedral sites along <110> direction in garnet crystal 
structure 

80

Fig. 5.2c: Dodecahedral sites of garnet crystal structure 80
Fig. 5.3: Common diagram of hexagonal ferrites M, S, X, Y, Z, W 81
Fig. 5.4: Schematic illustration of crystal structure of Z-type ferrite 82
Fig. 5.5: Phase diagram of Co2Z (Co2Ba3Fe24O41) 83
Fig. 6.1: Magnetic constants (permeability) of Co2Z (Co2Ba3Fe24O41), provided 

by Trans-Tech Inc. 
102

Fig. 6.2: The magnetic permeability and loss component of aligned Co2Z bulk, 
provided by Trans-Tech 

102

Fig. 6.3:  XRD pattern of Co2Z (Co2Ba3Fe24O41) given by Trans-Tech Inc. 103
Fig. 6.4a: The large, rough, and irregular shape of Co2Z particles 105
Fig. 6.4b: The presence of voids inside Co2Z particles 105
Fig. 6.5: Particle distribution of Co2Z after 168 hours milling in Isotropanol 

medium, using alumina media 
106

Fig. 6.6: Microstructure of Co2Z after 168 hours milling in Isotropanol medium, 
using alumina media 

106

Fig. 6.7: Experimental procedure 107
Fig. 6.8: Pieces of Co2Z-LDPE composites and spiral wire played as an antenna 107
Fig. 6.9: The permittivity of isotropic 45 vol% Co2Z-LDPE composites in the 

range from 100 MHz to 3 GHz. The dispersion after 1 GHz was from 
108



x 
 

magnetic resonance 
Fig. 6.10: The difference between experimental measurement and Bruggeman 

prediction 
109

Fig. 6.11: Measured values of permittivity (ε’) in comparison with the theoretical 
Jayasundere -  Smith prediction 

109

Fig. 6.12: Measured values of permittivity (µ’) in comparison with the theoretical 
Jayasundere -  Smith prediction 

110

Fig. 6.13: Permittivity and permeability of Co2Z-LDPE composites with Co2Z 
percentage ranged from 0 to 45 vol% 

110

Fig. 6.14: The differentiation of permittivity and permeability values in 
comparison with those of the requirement 

111

Fig. 6.15: The improvement of antenna using Co2Z 45 vol% - PE 111
Fig. 7.1: Schematic illustration of the arrangement so that the magnetic field 

generated from the antenna senses high µ’ direction and the electric field 
generated from the antenna sense low ε’ direction 

162

Fig. 7.2: Schematic illustration the polarization regimes 162
Fig. 7.3: The deflection of electric field lines at the interface of medium and 

inclusions and the formation of induced attractive force between 
particles (a). Under the influence of the electric field, polarization 
occurred inside particles (b) 

163

Fig. 7.3: The deflection of electric field lines at the interface of medium and 
inclusions and the formation of induced attractive force between 
particles (a). Under the influence of the electric field, polarization 
occurred inside particles (b) 

163

Fig. 7.4: Comparison of forces interacted with dielectric particles in the presence 
of an electric field. The dielectrophoretic force was dominant to others. 

164

Fig. 7.5: Microstructural illustration of stages of dielectrophoresis. Before being 
solidified, particles distribute randomly in the whole volume. Under the 
electric field, they align along the field lines and retain their positions 
after polymers harden 

165

Fig. 7.6: Mixing bag. The ferrites were mixed with RTV 6166 A and B in two 
different bags after being vacuumed to vacuum degree of 10-3 tor 

166

Fig. 7.7: Schematic of experimental procedure using dielectrophoresis technique 166
Fig. 7.8: Experimental equipments and sample in sample holder after being 

solidified 
167

Fig. 7.9a: Microstructure of 10 vol% Co2Z-Silicone composite at its cross section 
after dielectrophoretic experiment showing the even distribution of 
inclusions 

167

Fig. 7.9b: Microstructure of 10 Vol% Co2Z-Silicone composite at its cross 
section afte dielectrophoretic experiment 

168

Fig. 7.10: Permittivity of samples experimented at field strength of 3kV/m, 60 Hz 168
Fig. 7.11: Permittivity of samples experimented at field strength of 3kV/m, 1 kHz 169
Fig. 7.12:Permeability of samples experimented at field strength of 3kV/m, 60 Hz 169
Fig. 7.13:Permeability of samples experimented at field strength of 3kV/m, 1 kHz 170
Fig. 7.14: The ratio between dielectric permittivity parallel to the electric field 

and that perpendicular to the electric field. B and E represent for the 
170



xi 
 

measurement magnetic and electric fields 
Fig. 7.15: The ratio of dielectric permittivity between parallel and perpendicular 

directions to the electric field, E=3kV/cm, f1 = 1 kHz (red columns) and 
f2=60 Hz (black columns), t= 80oC 

171

Fig. 7.16: The ratio of magnetic permeability between parallel and perpendicular 
directions to electric field, E=3kV/cm, f = 1 kHz, t= 80oC 

171

Fig. 7.17: The ratio of magnetic permeability between parallel and perpendicular 
directions to the electric field, E=3kV/cm, f1 = 1 kHz (green columns) 
and f2=60 Hz (yellow columns) , t= 80oC 

172

Fig. 7.18: Three observed types of alignment of piezoelectric ceramic particles 
under the effect of electric field 

172

Fig. 7.19: Improved permittivity and permeability relationship by 
dielectrophoresis alignment method in comparison with that of the 
isotropic Co2Z-LDPE 

173

Fig. 7.20: Improved permittivity and permeability relationship by 
dielectrophoresis alignment method in comparison with that of the 
isotropic Co2Z-Silicone elastomer 

173

Fig. 7.21: Schematic illustration of coextrusion techniques with details of steps 174
Fig. 7.22: Co2Z-LDPE/HDPE fibers after coextrusion to show a distorted shape 

due to the unsteady movement of materials inside the die 
175

Fig. 7.23: The distortion of PE’s interface of PEs having similar viscosity in 
different die geometries: (a) less distortion through a circular channel, 
(b) severe distortion through a square channel 

175

Fig. 7.24: The distortion of PE’s interface of PEs having different viscosities in 
different die geometries: (a) severe distortion through a circular channel, 
(b) severe distortion through a square channel 

176

Fig. 8.1: Schematic of Co2Z-PE laminate composite (a) and its predicted 
permittivity and permeability values (b) at transverse and parallel 
directions, correspondingly to the field lines of measuring fields 

190

Fig.8.2: Predicted permittivity and permeability of core-shell structure using 
100% Co2Z composite at 5 MHz 

191

Fig. 8.3: Magnetic permeability of magnesium alumina ferrite (Mg(Al,Fe)2O4) 
provided by Trans-Tech Inc. This value rapidly decreases along with 
frequency down to 1 at 200 MHz 

191

Fig. 8.4: Predicted permittivity and permeability of core-shell structure using 
100% magnesium ferrite (TT1-414) composite at 5 MHz 

192

Fig. 8.5: Predicted permittivity and permeability of core-shell structure using 
mixture of 10 vol% Calcium Magnesium Titanate (CMT-150) and 90 
vol% magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

192

Fig. 8.6: Predicted permittivity and permeability of core-shell structure using 
mixture of 20 vol% Calcium Magnesium Titanate (CMT-150) and 80 
vol% magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

193

Fig. 8.7: Predicted permittivity and permeability of core-shell structure using 
mixture of 30 vol% Calcium Magnesium Titanate (CMT-150) and 70 
vol% magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

193

Fig. 8.8: Predicted permittivity and permeability of core-shell structure using 194



xii 
 

mixture of 40 vol% Calcium Magnesium Titanate (CMT-150) and 60 
vol% magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

Fig. 8.9: Predicted permittivity and permeability of core-shell structure using 
mixture of 10 vol% Calcium Magnesium Titanate (CMT-70) and 90 
vol% magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

194

Fig. 8.10: Predicted permittivity and permeability of core-shell structure using 
mixture of 20 vol% Calcium Magnesium Titanate (CMT-70) and 80 
vol% magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

195

Fig. 8.11: Predicted permittivity and permeability of core-shell structure using 
mixture of 30 vol% Calcium Magnesium Titanate (CMT-70) and 70 
vol% magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

195

Fig. 8.12: Predicted permittivity and permeability of core-shell structure using 
mixture of 10 vol% Calcium Magnesium Titanate (CMT-40) and 90 
vol% magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

196

Fig. 8.13: Predicted permittivity and permeability of core-shell structure using 
mixture of 20 vol% Calcium Magnesium Titanate (CMT-40) and 80 
vol% magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

196

Fig. 8.14: Predicted permittivity and permeability of core-shell structure using 
mixture of 30 vol% Calcium Magnesium Titanate (CMT-40) and 70 
vol% magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

197

Fig. 8.15: Predicted permittivity and permeability of core-shell structure using 
mixture of 10 vol% Calcium Magnesium Titanate (CMT-25) and 90 
vol% magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

197

Fig. 8.16: Predicted permittivity and permeability of core-shell structure using 
mixture of 20 vol% Calcium Magnesium Titanate (CMT-25) and 80 
vol% magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

198

Fig. 8.17: Predicted permittivity and permeability of core-shell structure using 
mixture of 30 vol% Calcium Magnesium Titanate (CMT-25) and 70 
vol% magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

 

198

 
 
 
 
 

  



xiii 
 

List of Tables 
 

 

Part I: Properties and Oxidation Behavior of Boron Nitride 

Table 2.1: The compositions of ceramics powder mixtures 17
Table 2.2: Heating scheme for binder burnt out stage. The environment was 

nitrogen gas 
17

Table 2.3:Heating scheme for post-binder burnt out stage in the flowing dry air 
atmosphere 

18

Table 3.1: The crystal size and thickness of BN in the presence of oxides 41
Table 3.2: Flexural strength and elastic modulus of BN samples obtained from 

four-points bending test. 
43

Table 3.3: The comparison with results reported by R.W. Trice and J.W. Halloran 43
Table 3.4:  The weight loss of samples along with oxidation time 44
Table 3.5: The biggest and average diameters of glass droplets on BNY sample 

with the oxidation time 
48

Table3.6: Elemental composition of glass beads on BNY after 3, 9, 14 and 30 
hours of oxidation 

49

Table 3.7: The biggest and average diameters of glass beads generated on BNYS2 
surface 

51

Table 3.8: The biggest and average diameters of glass beads generated on BNYS6 
surface 

51

Table 3.9:Elemental composition (at %) of phases in BNYS2 sample after 9 hours 
oxidation 

57

Table 3.10:Elemental composition (at %) of phases in BNYS2 sample after 14 
hours oxidation 

57

Table 3.11: Elemental composition of glass beads in glass scale of BNYS2 sample 
after 30 hours of oxidation 

57

Table 3.12: Results of EPMA measurement on BNYS6 sample after 30 hours 
oxidation 

58

 
 
Part II: Magnetodielectric Composites for Microwave Applications 
 
Table 5.1: The distribution of inequivalent crystallographic sites (Wyckoff 

notation) 
81

Table 6.1: Parameters of Co2Z (Co2Ba3Fe24O41) given by Trans-Tech 103
Table 6.2: Sieve analysis of Co2Z (Co2Ba3Fe24O41) given by Trans-Tech 103
Table 6.3: Particle size distribution of Co2Z after 168 hours grinding 104
Table 6.4: Properties of Low Density PolyEthylene (LDPE) given by Sigma-

Aldrich 
104

Table 6.5: Measurement results of permittivity and permeability of Co2Z-LDPE 
with a variation of Co2Z composition 

108

Table 7.1: The dielectrophoretic force for various combinations of dielectric 163



xiv 
 

permittivity with the assumption that volume and electric field are kept 
unchanged 

Table 7.2: Calculations of forces impact on dielectric particles with the presence of 
an electric field (E = 3kV/cm, η = 750 cPs, T = 353 K) 

164

Table 7.3: Properties of uncured silicone rubber as catalyzed 1:1 by weight 165
Table 7.4: Compositions of samples for dielectrophoretic experiments 165
Table 7.5: Intended and used composition of the core material 174
Table 8.1: Compositions of core material calculated at designed core’s diameter 

and thickness 
189

Table 8.2: Predicted values of permittivity and permeability of core Co2Z-LDPE 
materials 

189

 
 



1 
 

 
 
 
 
 

Part I 

 

Properties and Oxidation Behavior of Boron Nitride 

 

 

Chapter 1 

 Introduction 

 
 

 
Boron nitride (BN) has been well known as having several crystal morphologies.[1-2] 

The morphologies Wurzite and Zinc Blende have cubic crystal structure and are hard 

materials with bulk modulus up to 400 GPa. However, in this research, we are 

interested in its hexagonal morphology because this material has been discovered to 

have unique properties which are promising for many applications. With the 

alternative arrangement of boron and nitrogen atoms in its crystal structure, 

hexagonal BN has a layered structure alike to that of graphite as shown in Fig. 1.1 [1, 

3], causing it to have many properties similar to graphite. They all have a high 

thermal conductivity and a low thermal expansion. It has low strength bonding 

between BN layers like graphite so that it has been used as a lubricant for many 

applications, especially at high temperature. While carbon only works for applications 
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at temperatures lower than 400oC, BN can be used at temperature up to 900oC in 

oxidizing atmosphere [4-6]. 

General Electric Corp. (GE) [3, 5-6] produces pyrolytic BN in the form of crucibles, 

tubes or bottles in which BN leaflets are perfectly aligned with each other and stay at 

a maximum density. These products are promising for high temperature applications 

such as working with graphite at 2200oC, molten metals and alloys, or single crystal 

growth of compound semiconductors [6]. 

Hexagonal BN (h-BN) has a low bonding strength of layer structure, together with its 

low thermal expansion coefficient; it has been used widely as a coating material for 

many fiber composites. The replacement of BN instead of using graphite [4, 7-8] as 

the coating layers for SiC [4, 9-10] and Si3N4 [11-16] increased the strength of fibrous 

monolithic composite from 350MPa to 500MPa, and the work of fracture increased 

by a factor of two [7], from 4000 J/m2 to 8000 J/m2. BN platelets align parallel with 

the longitudinal axis of fibers and helped to change the catastrophic failure 

mechanism of brittle cell ceramic fibers into ductile failure mechanism in which crack 

pathways are bifurcated. The maximum value of fracture strength is decreased, but 

the total work of fracture is increased due to this crack delamination.  

BN significantly improves the mechanical properties of fibrous monolithic 

composites. However, its application is limited due to its easy oxidation in oxidizing 

working environments to form nitrogen gas and boron oxide, a volatile liquid 

compound at high temperature. Research of N. Jacobson et al. [16-17] expressed that 

the oxidation of BN is dependent upon its crystallographic orientation, porosity and 
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impurity levels. The oxidation rate along the BN edge is more aggressive than that 

along its basal surface. Practically, BN has usually been used with several sintering 

aids to facilitate the manufacturing process as well as to improve the mechanical 

strength of materials [6, 12-16, 18]. The oxidation behavior of BN in the presence of 

these sintering additives has not been discussed elsewhere. 

Therefore, the purpose of this study is to investigate the mechanical properties of BN 

with the addition of sintering aids Al2O3, Y2O3 and SiO2, the oxidation behaviors and 

oxidation resistance of BN in the presence of these oxides. The preliminary research 

of R.W. Trice and J.W. Halloran [19] indicated that a highly aligned structure of BN 

produced better compactness and higher flexural strength than that of its poorly 

aligned structure. In our research, the extrusion technique will be applied to obtain 

this highly ordered arrangement of BN platelets. The hot-press technique will be used 

to sinter and provide the compactness of the ceramics system. The four-point bending 

test will be applied to measure the flexural strength and elastic modulus. The 

oxidation test will be conducted at 1200oC in flowing dry air. 
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(a)       (b) 
 
Fig. 1.1: The arrangement of B and N atoms in BN crystal structure (a) and the 

similarity of BN and graphite structure (b) [1, 3]. 
 
 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
  

6.66 6.70A

2.47Ao 2.47Ao



5 
 

 
References 
 

1. http://www.webelements.com/boron/boron_nitride.html.   [cited 2005 Nov. 
12]; Available. 

2. http://www.ioffe.rssi.ru/sva/nsm/semicond/BN/basic.html.   [cited 2005 
Nov.12]; Available. 

3. http://www.alustop.com/cms/index.php.   [cited 2006 Jan. 07]; Available. 
4. S. Baskaran, J.W.Halloran, Fibrous Monolithic Ceramics: III, Mechanical 

Properties and Oxidation Behavior of the Silicon Carbide/Boron Nitride 
System. Journal of American Ceramics Society, 1994. 77(5): p. 1249-1255. 

5. http://www.advceramics.com/geac/products/bn_powder/powder_ac6003.html.   
[cited 2006 May 10]; Available. 

6. http://www.advceramics.com/geac/products/pyrolytic_bn/.   [cited 2006 May 
10]; Available. 

7. R.W.Trice, PhD Thesis, in Materials Science and Engineering. 1998, 
University of Michigan: Ann Arbor. p. 215. 

8. S.Li, Y.Huang, Y.M.Luo, C.Wang, C.Li, Materials Letters, 2003. 57: p. 1670-
1674. 

9. E.Y.Sun, S.R.Nutt, J.J.Brennan, Journal of American Ceramics Society, 1997. 
80(1): p. 261-266. 

10. L.U.J.T. Ogbuji, D.R.Wheeler, T.R.McCue. 2001, NASA. 
11. S.Y.Lienard, D.Kovar, R.J.Moon, K.J.Owman, J.W.Halloran, Journal of 

Materials Science, 2000. 35: p. 3365-3371. 
12. D.Kovar, M.D.Thouless, J.W.Halloran, Journal of American Ceramics 

Society, 1998. 81(4): p. 1004-1012. 
13. R.W.Trice, J.W.Halloran, Journal of American Ceramics Society, 1999. 82(9): 

p. 2502-2508. 
14. R.W.Trice, J.W.Halloran, Journal of American Ceramics Society, 1999. 

82(11): p. 2943-2947. 
15. D.Kovar, B.King, R.W.Trice, J.W.Halloran, Journal of American Ceramics 

Society, 1997. 80(10): p. 2471-2487. 
16. N.Jacobson, S.Farmer, A.Moore, H.Sayir, Journal of American Ceramics 

Society, 1999. 82(2): p. 393-398. 
17. N.Jacobson, G.N.Morscher, D.R.Bryant, R.E.Tressler, Journal of American 

Ceramics Society, 1999. 82(6): p. 1473-1478. 
18. K.E.Drina, PhD Thesis, in Materials Science and Engineering. 1997, 

University of Michigan Ann Arbor. 
19. R.W.Trice, J.W.Halloran, Journal of American Ceramics Society, 1999. 82(6): 

p. 2563-2565. 
 
 
 



6 
 

 

 

Chapter 2 

 Experimental Procedures 

 

This chapter details the experimental procedures used to prepare and characterize 

samples after sintering and oxidation test. It is organized into three main sections. The 

first section describes the preparation techniques used to produce highly aligned BN 

billets with the addition of additives. The second section describes the mechanical 

testing used to characterize these fabricated specimens at 25oC. The final section 

provides details of the oxidation procedures and the techniques to prepare samples for 

phase and microstructural analysis. 

 

2.1. Samples processing 

2.1.1. Raw materials 

The materials used to produce sample billets were hexagonal boron nitride (h-BN) 

powder (AC 6003) with purity >95% from GE advanced ceramics group, Al2O3 (Alfa 

Aesar, 99.99% pure), Y2O3 (99.9% pure, Reaction, Johnson Matthey, Ceramics, 

Downingtown, PA), amorphous SiO2 from Degussa Corp/Pigment group. Fig. 2.1 is a 
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microstructural view of BN powder from GE Corp. [1], showing the crystal size is 

around 0.5 μm and thickness is between 0.07 and 0.1 μm. BN contains 2 wt% of 

oxygen and 0.2 wt% of soluble borate and 0.2 wt% of moisture as delivered from the 

company. The surface area of BN powder was 29 m2/g. Three different compositions 

of BN were prepared, with their details given in Table 2.1. All these components 

were added to a polypropylene jar and mixed for 24 hrs using Si3N4 media in ethanol. 

To help mixing and dispersing these ingredients evenly into each other, a dispersant 

agent (Span 85, ICI Americas, Wilmington, DE) was used with 2 wt% [2-4]. After 

milling, the mixtures were dried in an oven at 70oC. 

Two polymers PolyEthylene-Ethyl Acrylate 20 (EEA 20) and EEA 1.5 obtained from 

Advanced Ceramics Reseach (ACR) from Tucson, Arizona, were used as the resin for 

extruding the ceramic powders. After extrusioin, BN flakes were arranged in a highly 

aligned order. Heavy Mineral Oil (HMO) and Poly Ethylene Glycol 1000 (PEG-

1000) were added into the system during hot mixing as dispersant agents [5]. 

 

2.1.2. BN ribbon extrusion 

The hot mixing process was conducted in a high shear mixer (Plasti-Corder PL2100 

from C.W.Brabender) at 115oC which is hot enough for EEA to melt. The ceramic 

powder and polymers ratio is 50:50 by volume. The procedure of this preparation step 

was described elsewhere [5-6] in which ceramics powders were gradually added into 

a melted mixture of polymers. The dispersant agents were added alternatively to 
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ceramics powder to ensure the even distribution of the powders mixture. The torque 

value of the mixture was around 3000 Pa-1 at the end of the mixing process. 

Pieces of ceramics-polymers were taken out of the mixing machine and pressed with 

each other in a prism die using a Bradford pressing machine at a temperature of 

130oC and a pressure up to 1 MPa. These prisms were used for the extrusion of 

ribbons 26mm wide and 1mm thick. The extrusion was carried out using the same 

pressing machine. The pressure was 0.5 MPa. By this process of extrusion, the BN 

flakes were aligned as they flowed out of the extrusion die through a small slot. Nine 

small pieces of 26×52 mm that were fit with hot pressing mold were cut and stacked 

on each other into a metal die. They were all pressed under a pressure of 12 MPa after 

heated up to 130oC and retained for 15 minutes at this loading. The heating softened 

thermoplastic polymers, allowing stacked pieces of BN-polymer to attach with each 

other under the load. A physical bond was formed between the sample’s layers to 

keep them in one block. After being taken out and shaped up, these blocks were ready 

for the binder burn out step. 

 

2.1.3. Binder burn out (BBO) 

The purpose of this step was to remove the polymers and organic compounds from 

ceramic powders by decomposing and expelling them with the aid of a carrying gas at 

high temperature [5-7]. This step consisted of binder burn out and post-binder burn 

out sub-steps whose gas medium and heating schedules were different. In the first 

sub-step, nitrogen gas was used for the organic compound decomposition reactions at 
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temperature up to 600oC. These reactions did not occur aggressively in the flowing 

nitrogen atmosphere. The pellets still retained their shapes after this burning stage. 

Since polymers and dispersant agents are compounds of C, H and O, the decomposed 

products were water vapor and volatile low molecular weight organic fragments, and 

solid carbon residue. This BBO process took 3 days. The subsequent post-binder burn 

out stage was aimed to remove all remaining carbon from the decomposition of 

polymers and organic compound. From the calculation of weight change before and 

after BBO, this carbon amount was from 0.8 to 1.3 wt% [5, 7]. The medium for this 

stage was the dry flowing air. The heating schedules for these two stages are given in 

Table 2.1 and 2.2. While the low molecular weight organic fragments and water were 

released by their evaporation, carbon was retained inside the sample as small black 

particles. They are only burnt off in the air flow in the post-burnt out stage. In this 

stage, carbon was released from the sample by the oxidation reaction to produce 

carbon dioxide gas at temperature of 400oC.  

The ceramic powders after this step were free from the organic compounds. The 

evaporation of organic compounds and polymers changes the height of sample’s 

pellets with poorer attachment between stacks. They must be handled very gently 

when placed into the hot pressing mold. 

 

2.1.4. Hot pressing 

Samples were gently placed into the graphite mold for hot pressing. All graphite parts 

that contacted the sample were coated with a thin layer of rough particle size h-BN 
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that was also obtained from the GE Advanced Ceramics group. The hot pressings 

were conducted in a 50 ton hot press furnace HP50-7010G from Thermal Technology 

Corp. The sintering was held at a temperature of 1740oC and at a pressure of 25 MPa. 

However, the load was only applied when the temperature was over 1200oC, as 

measured at the surface of mold by a pyrometer. The temperature 1740oC was held 

for 2 hours before being cooled down. Samples were released from the mold when 

the temperature was quenched to below 100oC. The sintered specimens had 

dimensions of 26 mm in width, 52 mm in length and 5mm in height. They were 

subjected to grinding and polishing before mechanical and oxidation tests. 

 

2.2. Preparation of samples for mechanical testing 

2.2.1. Grinding and polishing 

The samples needed to be machined on all their faces until they meet the fineness 

requirement for the mechanical and oxidation tests. First, they were evenly ground on 

the two hot pressing surfaces to remove the embedded supported boron nitride from 

the hot pressing by using 240 grits SiC paper. The depth of sample removed was 0.5 

mm on both sides. The further outer layers removal was carried out with the use of 

600 grit SiC paper. The depth of sample removed was 0.3 mm on two sides. The 

refinement stage after rough grinding was on 800 grit and 1200 grit SiC papers. Other 

edge surfaces of samples were all processed in the same order of grinding but with 

different amounts of sample being removed. By the end of this step, the samples were 
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20 mm wide, 48 mm long and 3.2 mm height. The grinding was conducted on 

Buehler grinder/polisher Automet 3.  

For mechanical test, the samples were cut into small pieces with length 48 mm, height 

3 mm and width 4 mm. The large hot pressed samples were cut by Buehler wheel 

cutter into designed pieces and re-machined until they met fineness requirement. 

Since BN is a soft material with its graphite structure, the bonding strength between 

BN flakes was very weak and a roughness of 6 μm finish was the finest level we 

could attain. 

 

2.2.2. Relative density and porosity measurement 

The relative density and porosity of samples after hot pressing were measured using 

Archimedes’ principle [8], in which weights of samples in dry state, water soaked 

state and immersed in water were measured. The relative density of samples was 

calculated according to the equation: 

31

21.1
2 WW

WWd OH −
−

−= ρ ,   (Eq. 2.1) 

where W1 is sample’s weight of soaked state in air, W2 is the sample’s weight at dry 

state and W3 is sample’s weight in water. 

The porosity of sample was calculated by the use of equation: 

Porosity =
31

21

WW
WW

−
−

    (Eq. 2.2) 
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2.2.3. Flexural strength measurement 

Four-point flexural testing was performed on BN samples with the set-up is 

schematically indicated in Fig. 2.2. The outer and inner spans were fixed at 40 mm 

and 20 mm, respectively. Three samples were tested to obtain average values as well 

as error bars. With this design, the results were not affected by shear stress which 

happens in three-point bending. All the tests were conducted at a rate of 0.5 mm/min. 

The experiments were performed on a screw-driven load frame (Instron 4483, Instron 

Corp.) equipped with a 5 kN load cell. The load frame was driven by the computer 

through an IEEE interface.  

 

2.2.4. Elastic modulus 

It is typical that the elastic modulus of materials will be determined by acoustic 

resonance method [5-6]. However, since BN is a weak material, the application of 

this technique would not be successful due to the excessive damping of BN. The 

elastic modulus of BN was extrapolated from the measurement of its flexure strength. 

 

2.3. Oxidation test and characterizations 

The oxidation tests were conducted at a temperature of 1200oC in flowing dried air. 

This dried air was supplied by the Detroit Cryogen Gas Company that contained 10-5 

torr water vapor at the atmospheric pressure 750 torr. The resistance of BN to 

oxidation was investigated through its weight loss and its appearance after exposure 
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at this severe condition for a variety of time from 0.5 hr to 30 hrs. Preliminary results 

indicated that the application of a conventional testing furnace was not appropriate 

and that a new apparatus for this purpose need to be invented. Samples after oxidation 

tests were maintained and processed in such a way that eliminated their exposure to 

humidity in air. Microscopic changes and the formation of new features on sample 

surfaces were studied by the optical and backscattered electron microscope. X-ray 

Diffraction was used to detect phases and Electron Probe Microanalysis (EPMA) was 

used to quantitatively measure their compositions. 

 

2.3.1. Oxidation procedures and new oxidation testing equipment 

Specimens used for this test were prepared similar to those for mechanical tests. They 

were all ground and polished until there were no scratches on their surfaces. The 

oxidation test is usually performed in a conventional tube furnace that is illustrated in 

Fig. 2.3. A flux of oxidizing gas is allowed to flow inside the reaction tube where 

samples are held. The samples are placed in the hottest region of the reaction tube.  

This design has the advantages that samples are easy to handle and multiple samples 

can be tested at the same time. However, this instrument has a significant 

disadvantage for BN oxidation test because the samples are always exposed to moist 

air. Since boron oxide is very sensitive to humidity [9-10], artifacts can be produced 

with various appearances. The features produced after the oxidation changed with 

time, so it would be unreliable to determine the real behavior of oxidized samples. 

The SEM image in Fig. 2.4 shows flakes of boric acid generated from this hydration 
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reaction on a glass scale on the surface of a BNYS2 sample after 30 hours of 

oxidation.  

 

The new oxidation experiment apparatus is depicted in Fig. 2.5. It has a silica glass 

reaction tube connected to glass-tight sample’s container. We designed this apparatus 

in the tied structure so that the atmosphere inside the reaction tube can be easily 

controlled.  The samples are placed on a sample holder attached on a glass rod which 

is hanged in the center of the reaction tube. Apart from these advantages, the reaction 

tube is very easily inserted into and to withdraw from the hot region which is valuable 

to experiments requiring sudden heat supply. In our research, BN was delivered into 

the hot zone by using the glass rod and removed from there to the cold end of the 

reaction tube. Oxidized samples were stored inside the glass-tight sample’s container 

and being isolated from the humidity in the air. 

 

2.3.2. Optical microscope procedures  

The purpose of this procedure was to observe the appearance of features on the 

surface of BN samples after oxidation. As will be detailed in the result and discussion 

section, the oxidation generated glass droplets and a glass layer on the surface of the 

boron nitride samples. Optical microscopy was very effective to show the appearance 

of these glass droplets as well as to measure their diameters. The measurements were 

conducted with the aid of a Nikon optical microscope. The images were taken at 1, 

1.5, 3, and 6.3 magnifications.  
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2.3.3. Scanning Electron Microscope (SEM) and Electron Microprobe 

MicroAnalysis (EPMA) procedures  

The SEM analysis was aimed to detecting the features on the sample surface and their 

quantitative elemental compositions. This technique has the advantage of not 

requiring a very complicated sample preparation. The quantitative analysis can be 

done on a surface that is not very flat. However, this method does not produce very 

accurate results and is not a reliable method to detect boron. The EPMA technique 

can make up for the disadvantages of SEM since the accuracy is up to 99%. Boron is 

in the range of detectable elements with the deflection of about 2%.  

Samples were processed by a typical manner as for SEM analysis. The only thing that 

we needed to take care of was trying to preserve samples in a moisture free 

environment as best as we can. For this reason, they were handled inside a glove box 

using extra-dry nitrogen gas as the working medium. When still inside the container, 

samples were put into the glove box, processed and seized inside dry vials again until 

analysis. However, we could not avoid exposing samples to the air when coating 

them or putting into the SEM machine. With this great care of not exposing samples 

into the moist air, we eliminated a major part of hydration reaction of oxidation 

products. 

 The preparation of samples for EPMA was slightly more challenging. The technique 

required the measured surface to be flat and very fine polished. For this reason, 

samples needed to be mounted into epoxies and in turn, the epoxies and samples were 

ground and polished. As mentioned above, since the oxidation product is sensitive to 
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water, the conventional media like isopropanol or ethylene glycol were not 

appropriate because these agents absorb water from the air which may affect the 

oxidation product from its hydration reaction. Light mineral oil from Alfa Aesar 

(d=0.827 g/cm3, viscosity= 29 Pa-1) was used for this purpose. With the nature of low 

molecular weight saturated hydro carbon, its hydrophobia prevents the dissolution of 

water and is good for protecting oxidation features of BN. However, cleaning the 

mineral oil chemical from sample surfaces after polishing was an annoyance with 

similar problem of using isopropanol and drying it. A preliminary experiment to dry 

samples by heating showed the evidence of hydration of generated borate during this 

heating stage. Using vacuum to dry samples after quickly soaking them in a beaker 

containing isopropanol was better. However, hydration was still unavoidable during 

processing time and conductive layer coating procedure.  
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Fig. 2.1: Microstructure of h-BN powder used for the experiment. The crystal size is 

~0.5μm.[1] 

Table 2.1: The compositions of ceramics powder mixtures 

 

Table 2.2: Heating scheme for binder burnt out stage. The environment was nitrogen 

gas 

Steps Heating rate (oC/hr) Target temperature (oC) Dwelling time (hrs) 

1 30 300 6 
2 10 350 6 
3 10 400 6 
4 30 600 2 
5 20 25 - 

 

 BN (wt%) Al2O3 (wt%) Y2O3 (wt%) SiO2 (wt%) 
BNY 92 2 6 0 
BNYS2 90 2 6 2 
BNYS6 86 2 6 6 
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Table 2.3: Heating scheme for post-binder burnt out stage in the flowing dry air 

atmosphere 

Steps Heating rate (oC/hr) Target temperature (oC) Dwelling time (hrs) 

1 60 400 24 

2 60 25 - 

 

 

 

 

 

Fig. 2.2: Schematic illustration of four-point flexural test 

 

 

 

 

 

 

Fig. 2.3: The schematic of conventional oxidation furnace 
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Fig. 2.4: Artifacts generated on the glass scale on BNYS2 sample’s surface 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5: New oxidation test apparatus 
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Chapter 3 

 Results and Discussions 

 

3.1. Microstructures of BN after hot pressing 

 

In this section, we will discuss the alignment of BN platelets, the distribution of oxide 

phases, and the formation of phases after hot pressing. The appearance of 

microstructure was investigated by SEM and Backscattered Electron Microscope 

(BSE). The phase formed after sintering was detected by X-ray Diffraction (XRD) 

machine from Rigaku Corp, Japan, using Cu cathode, λ = 1.5405Ao, scanning speed 

was 3o/min, scanning step was 0.03o. The range of diffraction was from 10o to 90o 2θ. 

The microscope investigations showed a grain growth of BN from the reaction of 

oxides with residual boron oxide (B2O3) in BN. The XRD measurement demonstrated 

the domination of BN phase. 

The most interesting influence of sintering aids on the microstructure of BN is their 

influences on grain growth of BN and on BN alignment. Images of this phenomenon 

are given in Fig. 3.1 for BNY (92BN:2Al2O3:6Y2O3) and in Fig. 3.2 for BNYS2 

(90BN:2Al2O3:6Y2O3:2SiO2) and BNYS6 (84BN:2Al2O3:6Y2O3:6SiO2) samples. The 

grain growth was more apparent in the BNY samples than observed in BNYS2 and 

BNYS6 samples. The dark gray regions in Fig. 3.1 (a) are BN and the bright 
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surrounding areas are oxide phases. BSE pictures in Fig. 3.2 (b) proved this 

suggestion. Oxides that consist of heavy elements are more reflective under the 

electron beam than BN consisting light elements.  

S.L.Hwang et al. [1], C. Wang et al. [2], L.S. Sigl et al. [3] reported the grain growth 

of Si3N4 and SiC when they added up to 10 wt% mixture of Al2O3+Y2O3. B. Ertug et 

al. [4] also discussed the grain growth of BN in their research using B2O3 as the 

sintering additive. According to Hwang, Wang and Sigl, the mechanism for this 

phenomenon is the dissolution and reprecipitation of Si3N4 and SiC on undissolved 

particles.  Our microscopic observations indicated that the mechanism of grain 

growth in our research is not the same as in the research of B. Ertug and colleagues. 

BN is very poorly dissolved into liquid borate at high temperatures, though its 

solubility is increased [5-6] in the presence of other oxides like Al2O3, Y2O3 or SiO2. 

Therefore, even if we used 8 wt% of Al2O3+Y2O3, the white border of BN particles 

would contain only the reaction product of these two oxides with borate. It appeared 

as a liquid phase at high temperature and pressure sintering condition. This reaction 

product acts as a bonding agent to connect BN plates with each other, making them 

increase in size. The coalescence of BN particles results in the appearance of triple 

points amongst BN particles as observed in Fig. 3.1 (a). Similar to results reported by 

B.Ertug et al. [4, 7] and M. Hubaecek et al.[8], this glass formation in BNYS2 and 

BNYS6 increased the density of BN. The addition of 8 wt% of oxides in the BNY 

samples would not generate enough liquid to bond BN particles, producing a highly 

dense structure of BN as seen in Fig. 3.1 (a). 
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The grain growth phenomenon in BNYS2 and BNYS6 samples were not obviously 

observed since the oxides and BN phases seemed to mix with each other better. BSE 

images of these two compositions are given in Fig. 3.2 (a) and (b), respectively, 

showing that the further supplementation of SiO2 helped to distribute the oxides more 

uniformly through the BN samples or, in other words, SiO2 improved the reaction 

between sintering aids with residual B2O3 on BN plates.  

If considering BN arranged as clusters and every cluster is separated from others by a 

white border of oxides, then we can see various clusters with different size as in Fig. 

3.2. Crystals of BN particles are not obviously observed in these two images. They 

linked with each other with the assistance of a melted oxide phase to form a 

continuous net of BN particles. Some of them were surrounded by a glass pocket as 

spot (1) in Fig. 3.2 a, b and most of them have a rounded morphology. The 

dissolution of BN into oxides was more obvious in these two circumstances than that 

of BNY. Diameter and thickness of grown BN crystals in BNY sample and clusters in 

BNYS2 and BNYS6 samples were measured and compared with those obtained from 

bare BN crystals. These data are shown in Table 3.1. 

In comparison with the original crystal size of h-BN, the addition of Al2O3 and Y2O3 

increased the crystal size of BN to be 25 to 35 times larger than that of the starting 

powder while the further addition of SiO2 increased this value only 3 to 7 times. The 

thickness of BN grains were looked the same with BN grains of the original powder. 

The addition of SiO2 has less effect on the growth of BN flakes that resulted in the 

formation of a continuous net of better aligned BN flakes. These results were 

consistent with the relative density values that are also given in Table 3.1. This high 
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density of BN particles resulted in almost complete density in BNYS2 and BNYS6 

samples. Meanwhile, due to the excessive grain growth that limited bonding between 

BN particles, BNY samples turned into a highly porous structure even after being 

processed under the high temperature and pressure of hot sintering. 

The polarized microscope image of BNY (2Al:6Y) sample given in Fig. 3.3 depicts 

the presence of long features randomly arranged with each other in the form of 

spherulite clusters. XRD measurement did not show an obvious appearance of any 

new phase in the BNY samples after the hot pressing stage. Electron Diffraction 

Spectroscopy analysis with spot’s diameters of 200×200 µm and 5×5 µm did not 

show any abnormal high concentration of oxides, the evidence of the formation of 

new phases in and at the neighborhood of these spherulite features. Referred to Fig. 

3.1a, these features would be assumed as the consequence of the growth of BN 

platelets in which BN platelets’ edges aligned to form higher porosity areas. This 

assumption is more evidenced from the observation of the back scattered electron 

microscopy image of this sample in Fig. 3.1b. In this figure, there is an area that looks 

like a spherulite cluster formed from a higher porosity. These spherical clusters were 

not found in BNYS2 and BNYS6 samples those had higher density and lower 

porosity than that of BNY samples as given in Table 3.1. Nevertheless, a better 

understand of this phenomenon requires a further investigation.  

The misalignment of BN platelets implied that the addition of only Al2O3 and Y2O3 

were not effective enough to produce a highly aligned structure at a microscopic 

level. These features are not found in the BNYS2 and BNYS6 surfaces. However, 

SEM pictures of the cross sections of these two specimens in Fig. 3.4 (a) and (b), 
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respectively, show a misalignment in BNYS2 sample by some degree. This cluster of 

misaligned BN grains was not apparent in BNYS6 sample as seen in Fig. 3.4 (b).  

The relationship between BN grain’s diameter and thickness and its oxide contents is 

depicted in Fig. 3.5. While the diameter of BN in the BNY sample is much larger 

than that of the bare h-BN sample, the diameter of BN in BNYS2 and BNYS6 is 

several times larger. The presence of SiO2 had a strong effect to suppress this 

phenomenon. While the use of Al2O3 and Y2O3 increased BN grain size, the further 

addition of SiO2 increased BN thickness. This may be a consequence of the different 

amounts of liquid formed from the sintering process.  

In summary, we applied SEM, optical microscopy and XRD methods to investigate 

the influence of additive oxides on the microstructure of BN after the hot pressing 

process. Al2O3 and Y2O3 were responsible for the dramatically change of BN grain 

size, while the additional use of SiO2 mitigated the grain growth of BN platelets. 

Amorphous silica reacted with B2O3 to form a glassy liquid medium to help evenly 

distribute sintering additives in the bulk of BN particles. As a result, SiO2 improved 

the density of the hot-pressed BN samples by decreasing their porosity. The poor 

distribution of oxides phase in BN in BNY samples caused the stacking of BN flakes 

which formed misaligned BN clusters after hot pressing. XRD measurements 

indicated the presence of a predominant BN phase in these regions. Other phases that 

were possibly formed were still less than the detectable limit 0.5 vol% of the XRD 

equipment.  
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3.2. The mechanical properties of BN 

Flexural strength and elastic modulus were two mechanical properties investigated in 

this research. They were obtained by a four-point bending test in which the loading 

was applied on the hot pressing surfaces of the samples. Results are given in Table 

3.2. 

A comparison is made in Table 3.3 with those reported by R.W. Trice and J.W. 

Halloran [9]. In their research, they applied a same ratio of 1.00 g of SiO2: 1.34 g of 

Y2O3:0.18g of Al2O3 for two circumstances of high and low alignment of BN flakes. 

The sintering conditions were similar with hot pressing at 1740oC for about 2 hrs 

under the pressure of 25 MPa. Results of samples containing 22 wt% of oxides and 

BNYS2 were comparable. The low alignment of BN platelets was compensated by 

the high amount of oxides which caused their flexural strength to be higher than those 

in our research. 

The plots of these data in Fig. 3.6 (a) and (b) show the linear relationship between 

either flexural strength or elastic modulus and the relative density of BN. The higher 

the density of BN, the higher its flexural strength and modulus are. Though the trend 

lines in these two graphs indicate a linear relationship, they are not necessary to imply 

a true behavior of samples of this research. Results given by B. Ertug et al. [7] 

showed that BN with the addition of borate, hot-pressed at 1900oC and pressure of 50 

MPa for 1 hour, had a flexural strength of 140 MPa. The low mechanical properties 

of BNY samples can also be a consequence of aggressive grain growth and poor 

attachment between BN platelets. 
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Fig. 3.7 depicts the relationship between oxide content (diamond points) and silica 

content (square points) on the flexural strength (a) and elastic modulus (b) of BN. 

There was a big gap between the flexural strength of the sample does not contain 

SiO2 (BNY) and of the sample contains 2 wt% SiO2. Meanwhile, the discrepancy 

among results of samples containing SiO2 was not extensive. This mechanical 

property’s variation of BN was consistent with the variation of BN density or its 

porosity. It implies that the presence of SiO2 is relevant because it improved the 

microstructure of BN which, in turn, strengthened the sintered BNs.  

With all this evidence, the mechanical properties of BN were more related to the 

density of sintered BN specimens. However, additive oxides and SiO2 are significant 

for these properties because they improved the microstructure of BN which, in turn, 

increased BN’s strength and elastic modulus. 

 

3.3. The oxidation behavior of BN with the addition of additives 

In this part of the experiment, BN was oxidized at 1200oC in a flowing dry air. 

Samples after oxidation were subjected to optical microscope analysis to investigate 

the appearance of features on the sample surfaces. SEM was used analyze the 

microscopy of these features and EPMA was used to quantitatively determine their 

elemental compositions.  
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3.3.1. The oxidation behavior of BNY 

Fig. 3.8 (a) shows the appearance of light reflective dots on the BNY sample surface, 

implying that the BN oxidation reaction: 

4BN + 3O2 = 2B2O3 + 2N2↑    (1) 

occured, resulting in the appearance of some features that could be products of this 

oxidation reaction. They looked round optically. The higher magnification 

observation by SEM showed those light reflective spots are glass droplets as seen in 

Fig. 3.8 (b). 

These glass droplets are quenched liquid borate formed from BN’s oxidation as seen 

in the reaction (1). The formed borate glass did not cover the sample surface but 

isolated and appeared in irregular shapes. At this very early oxidation stage, due to a 

very short dwelling time and fast cooling step, the produced borate did not have 

enough time to evaporate and stayed on the sample surface. The weight measurement 

of the sample after oxidation indicated a slight weight increase (Table 3.4 and Fig. 

3.9). The formation of glass droplets was also reported by C.L. Yeh et al. [10] when 

they applied the Environmental Scanning Electron Microscope (ESEM) to study the 

oxidation behavior of BN at 1100oC. Meanwhile, according to W.R. Witzke [11], 

liquid borate very poorly wets the boron nitride substrate. The lowest solid-liquid 

contacting angle he measured was 40o at temperatures as high as 1200oC. This value 

increased very fast when the sample was cooled and became larger than 90o at 

temperatures below 600oC. By this argument, the glass droplets in this case should 

appear as half spherical beads. However, as seen in Fig. 3.8 (b), the oxidation 
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exposed a rough bare BN surface that would prevent the movement of borate glass 

liquid. The appearance of these glass droplets became spherical when the oxidation 

time was lengthened as seen in Fig. 3.10a. They scattered all over the surface of the 

sample with varied diameters.  

The diameters of glass drops increased along with the oxidation time. After two hours 

of oxidation, there were several glass droplets which looked exceptionally larger than 

the rest of them. The area surrounding these big glass droplets was occupied by tiny 

glass droplets. Similar behavior was also observed at longer oxidation times as shown 

in Fig. 3.10. There was a question raised as to how were these big glass droplets 

appeared. The absence of small glass droplets in the area around the big ones would 

suggest that they moved and were eaten up by big liquid glass particles. ESEM 

observation of C.L. Yeah et al. [10] confirmed the movement of borate when their 

sizes were big enough. SEM observation of BNY at 8 hours oxidation in Fig. 3.11 

depicted the coalescent phenomenon of small neighboring glass particles to form a 

bigger one. 

 

3.3.1.1. The growth of glass droplets and “Breath figure” patterns 

We observed that the formation and growth of the glass droplet’s diameter is 

analogue to those of water droplets during their condensation from vapor. Beysen and 

Knobler conducted a study on the growth mechanism of these water droplets and 

named it as the “Breath figure pattern” [12-14]. It is interesting to determine whether 

the reaction-formed liquid droplets would display the breath figure pattern. 



30 
 

According to Beysen and Knobler, when meeting a cold surface, water in a saturated 

vapor air deposits to form an array of randomly distributed water droplets. The 

evolution of these droplets can be divided into four stages in which the second and 

third stages are most significant [15-21]. The first stage is characterized by the 

formation of water nuclei on the flat surface. These water nuclei develop in size in the 

stage continuously until their particles cover ~75% of the surface area [15, 21-22]. 

The third stage occurs when two or more surrounding water droplets coalesce with 

each other to form a bigger water droplet which leaves vacant spaces around them.  

This stage is represented by a sudden increase of drop’s diameter in the graph. The 

formation of these tiny water droplets keeps average diameter value slowly but 

continuously increased as depicted in Fig. 3.12. New small droplets nucleate and 

develop on the induced vacant areas. With the continuously appearing small particles, 

the average size of a water drops would increase constantly [15, 21-22]. The 

expression of these two stages is given in the Fig.3.12. Data of the biggest and 

average diameters of glass beads along with the oxidation time is indicated in Table 

3.5 and depicted in Fig. 3.13, correspondingly. 

Fig. 3.13 (a) shows two sudden jumps at the oxidation times of 2 hours and 12 hours. 

They present the second stage in the Breath figure pattern, when small glass droplets 

met and merged with each other. The diameter of merged glass droplets at later 

oxidation times is larger than that of earlier oxidation times. The continuity of stage 

two and three results in the appearance of several jumping steps along with the 

oxidation time. In this circumstance, it was two jumping steps.  
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Fig. 3.13 (b) shows the evolution of average glass drop size. Data plotted with normal 

scale were scattered and linear with logarithmic scale which was consistent with the 

plot illustrated in the paper of Beysen and Knobler [12]. There would be a similarity 

of appearance between two models though their mechanisms were different from 

each other. Breath figure theory addresses continuous condensation of water. For our 

research, liquid B2O3 is continuously formed by the oxidation, but also evaporating. 

The appearance of borate droplets was the result of the dominance of the oxidation 

rate over the evaporation rate. 

While C.L. Yeah et al. [10] heated pellets of BN and B2O3 at 1000oC to observe the 

fluidity of liquid B2O3 on BN surface, our research indicated that liquid B2O3 was 

formed on the BN surface from its oxidation. Liquid B2O3 presented as a pattern of 

isolated droplets on BN as the consequence of the poor wet of liquid B2O3 on the BN 

surface and as the result of the competition between the formation of liquid B2O3 and 

its evaporation at high temperature. Though this mechanism was different from the 

condensation of water droplets on a flat surface from vapor, the borate glass droplet 

size evolution was similar to that of water droplets. Both of them can also be 

described by the Breadth figure pattern as we explained in previous paragraphs. This 

result would be relevant to explain not only the oxidation behavior of BN, but also the 

oxidation behavior of other boron-containing materials because the formed liquid 

B2O3 is not present as a layer but an array of scattered droplets [23]. 
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3.3.1.2. Substructures inside borate glass droplets 

Liquid B2O3 did not dissolve and wetted the BN, but it dissolved sintering aid oxides 

Al2O3, Y2O3, and SiO2. To investigate the nature of these glass droplets, SEM and 

EPMA analysis methods were used to detect features at the microstructural level. We 

purposely embedded oxidized specimens into epoxy and machined them until the 

cross sections of glass droplets appeared. Fig. 3.14 shows the cross section of a glass 

droplet after 4 hours of oxidation. White circular substructures were observed on the 

cross section of glass droplets which were caused by the liquid-liquid phase 

separation. The shape of this glass droplet was consistent with the observation 

reported by T. Wakasugi et al.[24-25] and W.R. Witzkev [11], indicating that B2O3 

very poorly wets BN substrate. The contacting angle, as shown in the image, was 

larger than 90o. There was a small amount of glass liquid staying at the edge of the 

glass droplets. This portion of glass seemed to keep the whole glass droplet on the 

specimen surface. It was obvious that the bond between the glass droplet and BN 

substrate was so weak that some of them still fell off during our observation. There 

was not any chemical linkage between these two components with the same reason 

that BN was poorly dissolved in liquid B2O3 at high temperature.  

White circular substructures were found isolated from their surrounding glass matrix. 

The preliminary semi-quantitative analysis carried out on an SEM machine (Philips 

XL 30 FEG SEM) indicated a higher Al and Y content on white circular features in 

comparison with those in the surrounding glass matrix. However, as mentioned in the 

experimental section, data provided by EDX in SEM was not highly accurate to help 

detect quantitatively elemental compositions of formed phases and boron.  
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Samples at oxidation times of 3, 9, 14 and 30 hours were subjected to EPMA 

measurement.  Fig. 3.14 was the microstructure of cross section of the polished BNY 

specimen after 4 hours of oxidation. Elemental compositions of glass droplets are 

given in Table 3.6. Nitrogen was undetectable from this glass phases, neither in glass 

matrix nor in white circular features. The high Al and Y contents implied that they 

were dissolved in the generated borate. It was very interesting that these oxides were 

present at a relative similar ratio, roughly 5 to 7 atomic percentage, regardless of the 

oxidation time length.  

Borate had a higher evaporation rate on the boundary of a glass droplet [26]. Thus, 

Al2O3 and Y2O3 would be expected to accumulate during the oxidation, resulting in 

the formation of a separate phase with a varied composition along the oxidation time. 

However, this was not true for this circumstance. The average ratio of oxide 

Al2O3:Y2O3:B2O3 = 1:1.35:5.54 was calculated from the data and it was found stable. 

The location of this composition is depicted in the ternary system Al2O3-Y2O3-B2O3 

as in Fig. 3.15. 

A hypothesis for this phase formation is that when first formed, borate easily 

dissolved the additive oxides to generate alumina and yttria borate. The evaporation 

of borate at a longer oxidation time causes the accumulation of alumina and yttria in 

the borates. The evaporation rate appeared to be faster on the boundary of glass 

droplets so that circular features formed at these areas first before being circulated to 

other deeper areas inside glass droplets. The competition between oxidation reaction 

of BN to form B2O3 and the evaporation of this B2O3 would end up into a steady state 

in which its chemical compositions were unchanged. 
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In summary, the oxidation test of BNY samples showed an interesting appearance of 

glass droplets. Optical microscopy was a simple but helpful technique to investigate 

the evolution of glass droplets along with the oxidation time. This mechanism is 

comparable to the theory of Breath figure. There were two stages of diameter 

development for a single droplet, in which the first stage related to the formation of 

glass droplets and the second stage related to the coalescence of small droplets to 

form bigger ones. The presence of substructure inside the glass droplets was caused 

by the liquid-liquid phase separation. Their higher and more reliable amount of Al2O3 

and Y2O3 isolated them from the low Al and Y liquid borate matrix.  

 

3.3.2. The oxidation of SiO2-contained samples BNYS2 and BNYS6 

The previous section 3.3.1 mentioned the oxidation behavior of samples containing 

sintering additives Al2O3 and Y2O3 but not SiO2. In this section, we provide in detail 

the influence of these oxides in the presence of SiO2 on the oxidation behavior of BN. 

As reported, the addition of SiO2 critically improved the density and prevented the 

grain growth of BN compared to those samples did not contain silica. Therefore, the 

addition of SiO2 was expected to help improving the oxidation resistance of BN. 

 

3.3.2.1. The glass droplets and glass layer on the oxidized SiO2-contained 

samples BNYS2 and BNYS6 

Similar to the oxidation procedures conducted on BNY, oxidation tests were also 
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pursued on BNYS2 and BNYS6 samples. After the oxidation experiment at 1200oC 

in the flowing dry air at various time scales, samples were stored in humidity-free 

containers before being processed for the SEM and EPMA tests.  

Specimens were handled in an extra dry nitrogen gas environment inside a glove box. 

The microstructure of a BNYS2 sample after very fast oxidation time of 0.5 hr is 

shown in Fig. 3.16. Different from what observed on a BNY sample, glass droplets 

were not seen, but an array of 0.2 μm white particles were observed. EDX analysis 

showed that these white features contain high Y content. The exposed surface showed 

a high alignment of BN flakes. 

With the assistance of optical microscope, we discovered that the glass droplets also 

appeared on the BN surface. However, they were hardly observed at early oxidation 

times while a glass layer on every BN samples containing SiO2 was apparently seen. 

The microscopic investigation at the cross section of the glass layer showed the 

appearance of glass droplets dispersed inside the glass scale. It meant that glass 

droplets were also formed during the oxidation of BN samples containing amorphous 

silica. However, the presence of the glass layer hindered their appearance.  

Optical images of this glass droplet’s diameter evolution are given in Table 3.7, Table 

3.8, Fig. 3.17, and Fig. 3.18, correspondingly. The cross section of BN sample 

containing 2 wt% of SiO2 after 4 hours of oxidation was given in Fig. 3.19. 

Optical images of BNYS2 and BNYS6 in Fig. 3.17 (a) and Fig. 3.18 (a) all show the 

formation of a glass layer from a very early oxidation time, even before the 

emergence of glass droplets. Fig. 3.19 further illustrates the presence of the glass 
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layer on samples containing SiO2. This was a critical different point from the 

oxidation behavior of BN samples not containing SiO2 in which glass droplets 

appeared before the glass layer was formed. 

The evolution of the maximum glass droplets size in BNYS2 and BNYS6 samples 

behaved analogously with that of BNY samples. They also displayed the breath figure 

pattern as depicted in Fig. 3.20. The difference between samples containing SiO2 and 

not containing SiO2 is manifested at the length of the plateaus and the height of 

jumping steps. The plateau in the cases of BNYS2 and BNYS6 samples is longer but 

their jumping step is shorter than those of BNY samples.  

The formation of the glass layer on BNYS2 and BNYS6 surfaces as shown in Fig. 

3.17 and Fig. 3.18 made the observation of glass droplets at early oxidation times 

more difficult though their formations were apparent as depicted in Fig. 3.21. The 

presence of this glass layer was also a cause to delay the coalescence of glass droplets 

and lower their maximum sizes. The biggest glass droplets in these two circumstances 

have smaller sizes than those of BNY samples. The plateau regions were prolonged 

and the jumping steps were shortened. Furthermore, the presence of this glass layer 

should also be a reason for a more scattering fluctuation of BNYS2 and BNYS6’s 

glass droplets average diameters as seen in Fig. 3.22. 

Data in Table 3.4 and Fig. 3.9 shows that weight loss of BNYS2 and BNYS6 samples 

were in the range, regardless of their different silica composition. This similarity may 

imply that the oxidation resistance of BN did not critically change with the addition 

of SiO2 though its density is very much improved. Measurements on the weight 
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change of samples after oxidation also indicated the same tendency for all samples.  

 

3.3.2.2. Composition of oxides on BNYS2 and BNYS6 

While the glass droplets looked homogeneoudly through optical microscopy, electron 

microscopy showed them to have a sub-structure as observed in Fig. 3.23, which is 

similar to those observed in Fig. 3.14. EPMA measurements were conducted on the 

cross sections of BNYS2 samples at 9 hrs, 14 hrs and 30 hrs oxidation and for 

BNYS6 sample at 30 hrs of oxidation. The BNYS2 sample had a weight loss equal to 

3.22 wt% at 9 hrs, 5.89 wt% at 14 hrs and 10.02 wt% at 30 hrs. Though the weight 

loss was considerable, what appeared on this image are the residues after the 

evaporation of B2O3.  

We divided the cross section of the glass droplet shown in Fig. 3.23 into internal, 

external glass regions. We also examined chemical compositions of substructures in 

the internal and external regions. To better differentiate them, we called the internal 

glass region as internal glass matrix; the external glass region as external glass 

matrix; internal glass spheres and external glass spheres as seen in Fig. 3.23. Results 

obtained from these measurements at these three periods of time are shown in Tables 

3.9, 3.10 and 3.11.  

Assume that the evaporation of B2O3 was dominant on the surface of glass droplets, 

the spherical sub-structures would dominantly distribute in the external glass matrix. 

However, as shown in Fig. 3.23, they distributed in the internal glass matrix also. 

This phenomenon can be explained by the application of the “coffee-drop effect” 
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[21]. It is the fact that the evaporation of B2O3 was not isotropic across glass droplet’s 

surface, but a higher rate at their edges. This anisotropic evaporation generated an 

intrinsic capillary flow to circulate spherical sub-structures into the internal regions of 

the glass droplet. 

The circulation of spherical sub-structures may accompanied by the variation of their 

chemical compositions. As given in Table 3.9 and Table 3.10, internal glass spheres 

contain high B and Si contents (32 at% - 35 at%, 2.5 at% - 4.2 at%, correspondingly), 

while external glass spheres contain low B and Si contents (27 at% and ~1 at%). The 

variation of B content can be explained from its evaporation, which is consistent with 

its atomic percentage in the internal and external glass matrices. The evaporation of B 

not only increased the composition of Al and Y in these glass sub-structures, but also 

released Si into the glass matrix to increase its content in this region (22 at% - 25 

at%).  

Hypothetically, it is considered that these glass sub-structures absorbed SiO2 when 

they were circulated inward the glass droplets together with some portions of B2O3. 

When they were exposed to the external regions of the glass droplet, these two 

components were released to bring its compositions to its steady state. 

The different compositions of B, N and O between theoretical calculation and 

measurement in the region of the unoxidized BN may be caused by the higher borate 

content and lower sensitivity of B with this technique.  

It was surprisingly that the Al and Y compositions in the external glass spheres are 

similar to those of glass substructures in the BNY samples. Compositions of these 



39 
 

two elements did not change also along with the oxidation time. The products of the 

oxidation reaction of BN are the same for all samples regardless of the usage of SiO2.  

Together with above explanation of the circulation of the glass sub-structures, it 

seemed to us that the oxidation mechanism of BN did not change within three 

samples BNY, BNYS2, and BNYS6. The most effective additives to improve the 

oxidation resistance of BN are Al2O3 and Y2O3 as they absorbed and released B2O3 

and SiO2 in their circulation loops. This would be an explanation for the slight 

difference of weight loss of all samples.  

Fig. 3.24 illustrates the composition of all phases produced during oxidation of 

BNYS2 samples at 9 and 14 hours in which R2O3 indicates the total amount of Al2O3 

and Y2O3. It is a clearer expression of the composition transformation along with the 

oxidation time. The longer the oxidation time was, the richer of R2O3 (Al2O3+Y2O3) 

in most of phases. The excessive evaporation of borate pushed the composition of the 

glass matrix closer to the SiO2 corner. 

The measurement of elemental compositions on BNYS6 samples at 30 hours of 

oxidation were conducted on glass droplets and results are given in Table 3.12. These 

data is another strong demonstration of the assumption about the role of Al2O3 and 

Y2O3 on the oxidation behavior of BN.  

In summary, optical microscopy, SEM and EPMA methods were applied to 

investigate the oxidation behavior and quantitatively analyze the element distribution 

in phases formed from the BN oxidation. Glass droplets were formed on the surface 

of all samples, regardless of the use of SiO2. The addition of silica would change the 
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order of appearance of these features. For samples not containing SiO2, the glass 

droplets were seen at early oxidation times. Meanwhile, for samples containing SiO2, 

the glass droplets appearance was hided inside the glass layer until they got large 

enough. The elemental composition varied systematically for all samples and for all 

oxidation times, implying a unique oxidation mechanism of BN. The addition of 

Al2O3 and Y2O3 was more effective to improve the oxidation resistance of BN from 

their stimulation with B2O3 evaporation. The microstructure and the presence of SiO2 

would not have a significant effect on this property of BN. 

 

3.3.3. Weight loss during oxidation  

Results of weight loss of BNYS2 and BNYS6 samples are the same, as depicted in 

Fig. 3.9. The weight change in BNY sample was slightly higher by about 2% at 30 

hours of oxidation. The addition of SiO2 seemed to decreasing the weight loss of BN 

which would be caused by the formation of the glass layer on BNYS2 and BNYS6 

surfaces. This glass layer hindered the evaporation of B2O3, and may also the release 

of generated nitrogen gas. It is more evident from the slightly higher weight loss of 

BNY samples, where the glass layer did not form from early oxidation stages as seen 

in Fig. 3.14. Together with average particle size data; this experimental result 

supported the hypothesis that SiO2 does not significantly influence the oxidation 

resistance of BN. However, a thorough understanding of this behavior is still needed 

and requires further experiments.  
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      (a)           (b) 
 
Fig. 3.1: The grain growth of BN platelets (a) and phase distribution in BNY sample (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

         (a)                     (b) 
 
Fig. 3.2: The BSE images of BNYS2 (a) and BNYS6 (b) showing the even 

distribution of oxide phases thoroughly in samples. 
 
 
Table 3.1: The crystal size and thickness of BN in the presence of oxides 
 
 BNY BNYS2  BNYS6  
Crystal diameter (μm) 12-17 1.52-3.48 1.52-3.48 
Crystal thickness (μm) 0.08-0.13 0.10-0.20 0.10-0.20 
Relative density (%) 89.70 98.37 99.24 
Porosity (%) 10.93 1.70 0.74 
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Fig. 3.3: Polarized microscopic image showing long features produced spherulite 

clusters on BNY surface 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
        (a)          (b) 

 
Fig. 3.4: Microstructure of the cross section of BNYS2 (a) and BNYS6 (b) samples, 

showing an internal cluster of misaligned BN particles in BNYS2. This 
phenomenon was not found in BNYS6 sample. 
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(a)        (b) 
 
Fig. 3.5: The increase of BN particle size (a) and thickness (b) along with the oxides 

content. 
 
 
Table 3.2: Flexural strength and elastic modulus of BN samples obtained from four-

points bending test. 
 
Sample Oxide contents 

(wt%) 
SiO2 content 

(wt%) 
Strength (MPa) Modulus (GPa) 

BNY 9.84 0 40.79 36.55 
BNYS2 11.80 2 138.86 157.7 
BNYS6 15.72 6 154.33 165.65 

 
 
Table 3.3: The comparison with results reported by R.W. Trice and J.W. Halloran[9] 

Samples Oxides ratio Flexural strength (MPa) 

BNY Al2O3: Y2O3:SiO2= 1:3 40.79 ± 2 

BNYS2 Al2O3: Y2O3:SiO2= 1:3:1 138.86 ± 7 

BNYS6 Al2O3: Y2O3:SiO2= 1:3:3 154.33 ± 9 

BN-22HA Al2O3: Y2O3:SiO2=1:7.44:5.56 117 ± 14 

BN-22LA Al2O3: Y2O3:SiO2= 1:7.44:5.56 74 ± 4 

BN-31LA Al2O3: Y2O3:SiO2= 1:7.44:5.56 105 ± 6 

(*). Results from R.W. Trice and J.W. Halloran paper. HA and LA are the 
abbreviation of High Alignment and Low Alignment, respectively. 
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Table 3.4:  The weight loss of samples along with oxidation time 
 
 0.5h 1h 2h 3h 4h 5h 6h 7h 8h 
BNY -0.03 0.32 0.42 0.96 1.28 1.91 1.16 2.11 3.54 
BNYS2 -0.01 0.14 0.25 0.52 1.27 1.52 1.69 1.87 2.12 
BNYS6 -0.01 0.19 0.36 0.68 0.88 1.05 1.73 1.84 2.14 
 9h 10h 11h 12h 14h 16h 18h 20h 30h 
BNY 4.74 5.68 6.26 7.93 9.78 9.92 10.67 10.98 12.65 
BNYS2 3.22 3.88 4.46 4.85 5.89 6.59 7.33 8.39 10.02 
BNYS6 3.22 3.94 4.76 5.45 5.99 6.76 7.43 8.49 10.41 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   (a)               (b) 
Fig. 3.6: The proportional relationship between flexural strength (a), elastic modulus 

(b) and relative density of BN. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)        (b) 
Fig. 3.7: The parabolic relationship of flexural strength (a) and elastic modulus (b) 

with oxide and silica content. The pink square points are of silica content 
and the blue diamond points are of oxides content.  
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     (a)        (b) 
 

Fig. 3.8: Optical microscope (a) and SEM image (b) of BNY after 0.5 hour oxidation 
showing the appearance of glass beads. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.9: The variation of sample weight with the oxidation time. 
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Fig. 3.10: The increase of glass droplet’s diameters along with the oxidation time. 
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Fig. 3.11: The merging of small glass drops to form a bigger one in BNY sample. 

The white features might come from the hydration reaction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.12: Schematic illustration of the evolution of the two most important steps of 

breath figure. The growth of a single drop is expressed by the stepped 
curve and the development of average drops diameter is expressed by the 
linear line.[12] 
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Fig. 3.14: Cross section of a glass bead produced on BNY surface after 4 hours of 

oxidation. 
 
 
 
 
 
Table 3.6: Elemental composition of glass beads on BNY after 3, 9, 14 and 30 hours 

of oxidation 
 

Time (hours) B (at %) N (at %) O (at %) Al (at %) Y (at %) 
3 29.96 - 58.75 5.10 6.54 
9 28.54 - 58.69 5.23 7.54 
14 29.34 - 58.39 5.55 7.38 
30 29.20 - 59.49 5.23 6.93 
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Circular feature 



50 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.15: Phase diagram of Al2O3-Y2O3-B2O3 system 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.16: Microstructure of BNYS2 after 0.5 hr oxidation 
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Table 3.7: The biggest and average diameters of glass beads generated on BNYS2 
surface 

 
 
Table 3.8: The biggest and average diameters of glass beads generated on BNYS6 

surface 
 
 1h 2h 3h 4h 5h 6h 8h 9h 
Biggest 
diameter 40.29 262.48 280.54 325.82 307.72 366.54 411.49 344.38 

Average 
Diameter 22.07 56.78 87.03 62.11 91.92 71.62 - 66.86 

 10h 11h 12h 14h 16h 18h 20h 30h 
Biggest 
diameter 380.11 407.23 425.33 411.75 607.14 696.84 739.04 754.21 

Average 
Diameter 82.55 74.61 69.1 71.15 75.19 74.61 82.51 91.18 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

      (a-1h)       (b-2h) 
 

 1h 2h 3h 4h 5h 6h 8h 9h 
Biggest 
diameter 45.24 278.56 312.34 371.03 367.39 429.88 380.45 380.08 

Average 
Diameter 33.3 65.05 83.6 92.13 70.82 64.12 - 92.31 

 10h 11h 12h 14h 16h 18h 20h 30h 
Biggest 
diameter 398.21 425.36 429.88 402.81 751.14 855.21 891.71 843.23 

Average 
Diameter 72.24 84.71 85.21 97.64 82.07 84.72 90.42 101.44 

1000 µm 1000 µm
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Fig. 3.17: The advancement of glass droplet’s diameters produced on BNYS2 sample 

surface with the oxidation time 
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Fig. 3.18:
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Table 3.9: Elemental composition (at%) of phases in BNYS2 sample after 9 hours 

oxidation 
 
 B (at%) N (at%) O (at%) Al (at%) Y (at%) Si (at%) 
Theoretical 47.78 47.78 2.76 0.53 0.71 0.45 
Unoxidized 52.027 38.641 6.743 0.606 0.702 1.280 
Internal glass 
matrix 

32.72 - 67.557 0.141 0.018 2.778 

External glass 
matrix  

9.742 - 68.649 0.109 0.001 22.091 

Internal glass 
sphere 

31.71 - 65.076 0.274 0.038 4.249 

External glass 
sphere  

27.486 - 59.775 5.612 6.553 0.973 

  
 
 
 
Table 3.10: Elemental composition (at %) of phases in BNYS2 sample after 14 hours 

oxidation 
 
 B (at%) N (at%) O (at%) Al (at%) Y (at%) Si (at%) 
Theoretical 47.78 47.78 2.76 0.53 0.71 0.45 
Unoxidized 52.027 38.641 6.743 0.606 0.702 1.280 
Internal glass 
matrix 

33.291 - 64.5 0.111 0.055 2.419 

External glass 
matrix  

19.407 - 56.67 0.165 0.008 24.835 

Internal glass 
sphere 

35.133 - 63.193 2.206 1.018 2.499 

External glass 
sphere  

27.028 - 59.813 5.174 7.361 0.624 

 
 
 
Table 3.11: Elemental composition of glass beads in glass scale of BNYS2 sample 

after 30 hours of oxidation 
 
 B N O Al Y Si 
Glass sphere (at%) 30.01 - 59.06 4.38 6.40 0.41 
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Fig. 3.24: The variation of composition of phases formed after 9 and 14 hours 
oxidation of BNYS2 sample 

 
 
 
Table 3.12: Results of EPMA measurement on BNYS6 sample after 30 hours 

oxidation 
 
 B (at%) N (at%) O (at%) Al (at%) Y (at%) Si (at%) 
Theoretical (at%) 46.36 46.36 4.64 0.53 0.71 1.37 
Glass matrix (at%) 33.62 - 64.07 0.764 0.053 4.46 
Glass sphere (at%) 25.67 - 60.52 5.48 7.50 1.28 
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Part II 

 

Dielectromagnetic Composites for Microwave Applications 

 

Chapter 4: Introduction 

 

4.1. Motivation of the research 

This research is a continuation of the research conducted by Z.Wing [1] as a part of a 

joint project between the Department of Materials Science and Engineering, the 

University of Michigan and the ElectroScience Laboratory, the Ohio State University 

[2]. The portion that we contributed in this project was the formulation materials for 

Ultra Wide Bandwidth (UWB) conformal antennas. Wing, in his research was 

succeeded in forming various types of composites containing high permittivity 

dielectrics TiO2/air, TiO2/CMT (Calcium Magnesium Titanate) and textures of CMT 

with various dielectric permittivities. His materials assisted in reducing the 

dimensions of antennas to 40%. This dimension reduction was significant, but still far 

from required. Further reduction of antenna’s dimensions caused decreasing the 
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performance of antennas. Limits of using dielectrics have been found as the reason of 

the impedance mismatch and field confinement [3]. These conclusions were 

comparable with the reports of others [4-7]. 

The impedance mismatch is a term to express the difference of resistance between the 

antenna, an electrical device to receive or send electromagnetic signal, and the air. All 

of electronic devices are working with 50 ohms resistance, while that value of the air 

is 377 ohms. Due to this reason, the metallic antenna requires a big and complicated 

appearance to compensate this discrepancy. It has been known that to minimize the 

size of antenna, a layer of magnetodielectric material should be applied on top of the 

metal antenna [8]. At the surface of this magnetodielectric material, the impedance 

can be expressed: 

     . . tanh .    (Eq. 4.1) 

.

.
/  

  . . . /  

Where ZM is the wave impedance of the material and β is the propagation constant 

inside the material, ω is the angle frequency of the alternating field, and h is the 

thickness of the magnetodielectric material. 

Electromagnetic waves, when meeting the surface of material, will lose some of its 

energy caused by a reflection: 

            (Eq.4.2) 
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  377   

To cancel the reflection, impedance of the material should be made equal to that of 

impedance of the air Zo.  

Assuming that βh <<π/2, then the expression of Z can be approximated as: 

     . . . .     (Eq.4.3) 

In this equation, the dielectric permittivity is cancelled. It implies that the material 

having only dielectric property is not able to provide the impedance match with the 

surrounding medium because it cannot interfere with the value of Z or the reflection 

coefficient [8-10]. The illustration of this explanation is given in Fig. 4.1. 

Therefore, in the  second stage of the project [2], magnetodielectric materials have 

been chosen. Theoretical calculations and simulations conducted by our partners from 

OSU showed that the dimension of antenna can be reduced by 10 times while still 

retaining its performance with the application of magnetodielectric materials which 

have equivalent permittivity and permeability. However, this is a very difficult task 

because there is not any ferrite powder which has high permeability at microwave 

frequencies. Research of Mosallaei and Sarabandi [3] applied axially ordered 

Co2Ba3Fe24O41 (Co2Z) sintered plates those had both permittivity and permeability 

equal 16. They reported a very promising result in minimizing microwave absorber 

devices by applying plates of that sintered ferrite.  
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The use of rigid sintered ceramic plates was not appropriate to meet the requirements 

of flexibility, castability and/or moldability of the materials used in our project. There 

only one opportunity to meet all of the demands was to combine ceramic powders 

with a thermoplastic or an elastomer.  

As Co2Z (Co2Ba3Fe24O41) has high permeability at the microwave frequencies, it was 

used as a magnetodielectric powder. However, both of its permittivity and 

permeability magnitudes are decreased when it is in the powder form. Its permittivity 

magnitude was 12 and its permeability magnitude was 8.  

 

4.2. Ceramics-polymer composites 

The combination of a ceramics with a polymer has been of much interest because it 

provides a flexibility to control physical, dielectric, and magnetic properties of 

formulated composites.  Advantages of this combination are lower costs, more facile 

processing, and low temperature production. Ceramics-polymer composites also 

contain properties that may not be present in their individual components [11-14]. 

Depending upon the distribution and the connectivity of filler particles inside the 

polymer/elastomer/epoxy matrix, composites can be categorized as 0-3, 1-3, and 2-3 

types. In 0-3 composite, fillers are in the particulate form and they are uniformly 

distributed in the polymer matrix in the way so that they do not contact with each 

other [12, 15-16]. Similarly, the 1-3 or 2-3 composites contain the contact of filler 

ingredients along one direction (fiber) or two directions (laminar). 
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The application of 0-3 composite is more widely spread because the availability of 

powder ingredients. Almost all materials can be produced in powder form. Apart 

from it, the synthesis process is very much easier than those of 1-3 composites. 

However, the 1-3 or fiber composites consist of many characteristics such as 

mechanical strength those are very much better than those of particular composites 

due to the continuity of their components. Terminology 1-3 composites has also been 

used to describe anisotropic particular composites in which, particulates are in contact 

with each other and aligned uniaxially along one specific direction [15, 17-18].  

In this research, we tried to formulate both 0-3 and 1-3 composites of Co2Z with 

polymers. The 1-3 texture in this sense was not real fibers, but lines of 

magnetodielectric particles connected with each other along one direction. The 

tailoring 1-3 texture was an attempt to control the magnetodielectric properties of 

formed composites along a desired direction. 

 

4.3. Outline of the part 2 of the thesis 

Chapter 5 of the part 2 of this thesis will present an overview the magnetodielectric 

properties of magnetic materials: ferrites and garnets and relating them to material 

applications as well as material crystalline structure. This chapter will also describe in 

detail properties of (Co2Ba3Fe24O41) Co2Z hexagonal ferrite and its synthesis 

techniques. 

Chapter 6 presents the work on formulating and measuring data of flexible isotropic 

Co2Z-PE composites with a variety of Co2Z compositions, ranging from 10 to 45 
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vol%. Details of permittivity and permeability measurements will be described in this 

chapter.  

The work in chapter 7 consists of two parts in which, the first mentions about 

formulation of anisotropic Co2Z-Silicone elastomer composites via the application of 

the dieletrophoresis method. The second part mentions about the formulation of 

flexible Co2Z-LDPE/HDPE materials with the application of coextrusion technique. 

Theoretical calculations of the distribution of permittivity and permeability of 

magnetodielectrics - PE composites based on a classical Jayasandere-Smith model 

will be described in Chapter 8.  
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Chapter 5 

Magnetodielectric Materials 

 

 

Magnetodielectric materials consist of several families such as (i) spinel, (ii) garnet, 

and (iii) hexagonal ferrites. These materials have a lot of advantages in resonators, 

microwave absorber devices, magnetooptical, and memory applications, etc. [1] 

based on their magnetic and dielectric properties. However, their properties will 

decline at high frequency ranges, majority beyond 10 MHz. Hexagonal ferrites 

containing a very complicated crystalline structure are magnetodielectric materials 

which are able to work in this microwave frequency range.  

This chapter will explain some aspects of crystalline structures, the synthesis process 

and their effect on the properties of magnetic materials. 

 

5.1. Spinel 

Spinel is a common name for a crystalline structure of a number of compounds, 

which have different atom arrangements such as AB2O4, A2BO4, and ABCO4, where 

A, B, and C represent cations. The cations appearing in these compounds must obey 

the condition that their total charge must be eight to balance the charge of oxygen. 
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Amongst those, AB2O4 is the most common formula because it is able to combine 

many elements to form different ferrites with a typical magnetic property. AB2O4 has 

a stable crystal structure in which A and B cations can flexibly occupy either 

tetrahedral or octahedral sites. Depending on the prior location of them, spinel is 

named as normal (all of A cations located in tetrahedral sites, all of B cations located 

in octahedral sites) or inverse spinel (half of B cations located in tetrahedral sites and 

all of A cations located in octahedral sites). This phenomenon occurs mostly on spinel 

ferrites whose Fe3+ cations do not have the crystal field stabilization energy [2-4]. The 

schematic illustration of the distribution of A and B in a normal spinel is given in Fig. 

5.1. The magnetic properties of a spinel depend mostly on the distribution of d 

electrons of the trivalent cation, which in this case is Fe3+. At a high-spin state, six d 

electrons of Fe distribute in a way so that the number of spin electron is maximum. 

Two ferrites with the abbreviations of Ni-Zn and Mn-Zn are among the spinels which 

have found many applications in the radio frequency range (less than 100 MHz). The 

abbreviations stand for NixZn1-xFe2O4 and MnxZn1-xFe2O4, correspondingly. The 

permeability of Ni-Zn is lower than that of Mn-Zn, but Ni-Zn can work in the whole 

range of frequencies up to 100 MHz. Mn-Zn ferrites can only be used in a moderate 

and low frequency range less than 10 MHz. The permeability of both Ni-Zn and Mn-

Zn is also sensitive to the composition, especially to the oxygen stoichiometry. 

5.2. Garnet 

Garnet is the name of a group of natural minerals those have a common chemical 

composition A3B2Si3O12, in which A2+ is either Ca2+, Mg2+, Mn2+, or Fe2+ and B3+ ion 
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can be Al3+, Fe3+, or Cr3+. The natural garnet minerals do not have a magnetic 

property. If A2+ is replaced by Y3+ and B3+, Si2+ are substituted by Fe3+, the 

compound is called by another name as Yttrium Iron Garnet (YIG). This compound 

consists of the magnetism and it is categorized as ferromagnetism. Yttrium can be 

substituted by a variety of other rare-earth elements such as Lu, Yb, Ho, Tb, and Sm 

[3-4]. Garnet has a complicated crystal structure. Its unit cell contains eight formula 

units to show three kinds of cation sites: dodecahedral, octahedral and tetrahedral and 

these cation sites are usually distorted (Fig. 5.2 a-c).  

The initial permeability of garnets ranges from the tens to hundreds. However, most 

of garnets can only retain their permeability magnitude to the frequency of few tens 

MHz. 

 

5.3. Hexagonal ferrites 

Hexagonal ferrite was first synthesized in 1952 [5], but it only gained the interest 

from researchers by the year of 1970s [6] due to the demand of materials which work 

at microwave and millimeter frequency ranges.  It has a very complicated crystalline 

structure which is built from stacking of hexagonal and rhombohedral symmetries.  

Typical hexagonal ferrite crystalline structures are M, S, X, Y, Z, and W [2-3, 7]. 

These letters usually stay after the symbol of the first cation in their formulas such as 

BaM (BaFe12O19), Co2Y (Co2BaFe12O22) or Co2Z (Co2Ba3Fe24O41). The common 

phase diagram of these compounds is shown in Fig. 5.3. All of these compounds have 

been extensively investigated to improve their magnetic permeability magnitude [7-
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8]. Though their magnetic property can be retained in the microwave frequency 

range, even in the range of a few GHz, their permeabilities are usually small. For 

example, the permeabilities of BaM and Co2Y are around 4. This value is about a half 

of their dielectric permittivities which prevents their wider use in microwave absorber 

devices. Recently, Trans-Tech has succeeded in increasing the permeability of Co2Z 

to a magnitude of 16 [9], equivalent to its permittivity in an ordered uniaxial 

alignment of hexagonal particles. In the powder form, this permeability deteriorates 

to obtain a lower magnitude of 8, which is smaller than its corresponding permittivity 

of 12. 

 

5.4. Co2Z  

5.4.1. Crystalline structure of Co2Z 

This is a magnetic ceramic with hexagonal complex crystalline structure. It is the 

superposition of three types of blocks Spinel (S), ferromagnetic hexagonal (R), and 

antiferromagnetic hexagonal (T) in the order R.S.T.S.R*.S*.T*.S*. The Spinel S 

block is a two-layer building unit (Fe6O8)2+ that does not include Ba2+ ions, the 

hexagonal R block is a block consisting three layers of (BaFe6O11)2-, and the T blocks 

are those consisting of a four layer unit of Ba2Fe8O14 [7, 10-12]. Starred blocks are 

those of the same type with their original forms, but rotated 180o around the c-axis. 

Fig. 5.4 is an illustration of the arrangement of cations in the Co2Z crystalline 

structure.  
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Further research on the Co2Z crystalline structure has shown that Co2Z consists of 

many inequivalent crystallographic sites (Wyckoff notations) which included 12kvi, 

2dv, 4fvi, 4evi, 4fiv, 12k*vi, 2avi, 4evi, and 4f*vi [10-12]. The characteristics of these 

sites are described in the Table 5.1, in which the orientation of spin is given in 

accordance to appropriate sites. This distribution explains the nature of the magnetic 

properties of Co2Z. 

 

5.4.2. Magnetic permeability of Co2Z 

As stated in the above section, the magnetic properties of most magnetic materials 

come from the presence of highly magnetic elements like Co and Fe. The presence of 

Co and Fe in the Co2Z formula indicates its magnetization. However, given this 

complicated crystalline structure, ferromagnetic properties of Co2Z are easily affected 

by the imposed environment, especially at elevated temperatures. As described in 

[13], Co2Z contains three types of magnetic structures that differs by the orientation 

of their  moments with respect to the hexagonal axis. At room temperature, the 

magnetic property is generated from the Cone of Easy Magnetization (CEM), at 

temperature range from 230 to 515 K, it is the Plane of Easy Magnetization (PEM) 

and the least symmetric magnetization appears when Co2Z is exposed to temperatures 

higher than 515 K. The spins magnetic moment orient along the axis of easy 

magnetization (AEM). 

In comparison to other ferrites in the same class, Co2Z contains the highest magnetic 

permeability. Its initial permeability can reach 20 [14-15], depending on the synthesis 
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method, while that value of other compounds in the same class is less than 10. At 

frequencies higher than 10 MHz, Co2Z’s permeability is stable at 15 up to the 

frequency 1 GHz. Several researchers stated that this ceramics can be used at 

frequencies of 2 GHz [8, 16]. Meanwhile, the permeability of other structures remains 

high up to 300 MHz to 400 MHz.  

Considering the chemical compositions, BaM (BaFe12O19) is the combination of RS 

blocks and Co2Y (Ba2Co2Fe12O22) has structure of TS blocks.  Co2Z has 

superpositional structure of BaM and Co2Y in order of RSTS and their reversion. 

Based on this understanding, many studies have tried to follow this route for the 

production of pure and high magnetic permeability Co2Z [6, 13, 17-18]. 

 

5.4.3. Production of Co2Z 

The synthesis of Co2Z is complicated and usually difficult. With its most complex 

crystalline structure, Co2Z requires a long sintering time at high temperature [15]. It 

has been acknowledged that Co2Z cannot be synthesized at temperatures equal and 

below 1100oC. At 1250oC, it is only partially formed. At temperature of 1350oC, 

synthesized Co2Z still contains a recognizable amount of impurities, either 

intermediate compounds BaM and Co2Y or the ingredient oxides. The phase diagram 

of Co2Z is given in Fig. 5.5. S. Kracunovska and J. Topfer [19] found that from 

1000oC to 1100oC, BaM was a majority phase. Co2Y is dominantly formed in the 

temperature range from 1100oC to 1230oC.  Co2Z is first formed at 1250oC and is 

stable in the interval between 1300 and 1350oC. The reaction consists of several 
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consecutive steps in which the compound formed in one reaction is the reactant of the 

following one. Each reaction involves a different reaction mechanism. Since reactions 

happen in the solid state, high temperatures and times are required to manifest the 

transportation of ions through layers of product. According to the calculation of 

Kingery D.W. [20], the conventional solid state reaction is never fully completed. It 

means that a certain amount of reactants are left as impurities. This is the reason why 

Co2Z synthesized by the conventional solid state sintering method always contains an 

amount of oxides and intermediate compounds [8, 11, 15-16, 19, 21-22]. The high 

vaporization rate of cobalt oxide and especially barium oxide at high temperature also 

contributes to this challenge [16]. The phase diagram of Co2Z is in Fig. 5.5. 

There have been some efforts to eliminate this deficiency by applying different 

techniques. J. Jeong et al. [8] applied a two step method in which reactants were 

primarily heated at temperatures in the range of 900oC and 1350oC and the second 

step was conducted in the temperature range from 1250oC to 1350oC. Reactants of 

every step were ground and mixed by a planetary mixer. Authors showed a successful 

formation of single Co2Z phase when reactants were first treated at 900 and 1100oC 

and followed by the sintering at 1350oC. Other batches of different primary and 

secondary heat treatments were mixtures of either two or three phases. They argued 

that intermediate compounds found at 900 and 1100oC were facile to ground so that 

their surface areas are substantially higher than those pretreated at higher 

temperatures. This property, in turn, facilitated the transportation of ions for the 

formation of Co2Z. Dong.H and Young H [16] tried to approach the even dispersion 

of cations from beginning by a sol-gel technique in which salts of Ba, Co and Fe were 
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hydrolyzed in a mixed medium of ethylene glycol, citric acid and water. Formed 

mixtures were colloidal and were then dehydrated by a heat treatment. When 

calcined, organic compounds either decomposed or evaporated to leave a solid of 

oxides. The high reactivity of cations at nano scaled distribution resulted in the 

complete reaction to form a single Co2Z phase. 

Researchers have tried to decrease the synthesis temperature to below 1300oC, and 

some of them succeeded. D.W.Hahn and Y.H.Hahn [16] added Bi2O3 and CuO into 

the mixtures of oxides that were prepared by the sol-gel method. Components were 

used in the form of metalorganic salts. When hydrolyzed, their hydroxides formed, in 

which cations are evenly distributed into each other. Bi2O3 and CuO acted as sintering 

aids to form the liquid medium for the reaction; the break of old atomic-atomic bonds 

were easier as well as the formation of new bonds. Co2Z was found to be completely 

formed at temperature of 1250oC, which is 100oC lower than that of the conventional 

method (1350oC). This was a big step in eliminating the evaporation of cations. In 

comparison with the mechanism of the solid state reaction, the reaction to produce 

Co2Z in a liquid medium follows a different direction, by which the contribution of 

intermediates was less significant. However, there has not been any report that 

explains it in detail. 

S. Kracumovska and J. Topfer [19] did not success in reducing the sintering 

temperature by applying a co-precipitation method. The hydroxides of Ba, Co and Fe 

were made from their acetate solution by the gradually addition of citric acid. They 

found that the optimal synthesis temperature for Co2Z is at 1330oC. The elevation of 
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this value above 1350oC cause the melting of produced Co2Z and this liquid did not 

return to its crystalline Co2Z solid.  

However, these techniques faced a challenge of low permeability of synthesized 

Co2Z. As discussed above, the permeability of Co2Z is very dependent upon the 

orientation of single crystals. The above described methods resulted in a randomly 

oriented crystallographic structure Co2Z, together with the dilution from the presence 

of sintering aids, so that its permeability was lower than that of the optimal value of 

16. 

None of the research reporting high permeability of Co2Z has been widely applied to 

manufacturing this ferrite at industrial scales. Trans-Tech Skyworks, Inc. is the only 

company that succeeded in renovating the synthesis method, in which reactants were 

intermediates BaM and Co2Y for the synthesis of Co2Z. The dielectric permittivity 

and magnetic permeability together with their losses of Co2Z from Trans-Tech are 

depicted in Fig. 6.1 and Fig. 6.2 of Chapter 6. These data were obtained from 

measurements of randomly distributed Co2Z powder. The magnetic permeability of 

uniaxial Co2Z was measured as of 16, similar to those reported by other researchers 

above. This ferrite has the best quality currently on the market. Therefore, we applied 

it for our research in producing ferrite-polymer composites for microwave 

applications. 
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Fig. 5.1: Distribution of A and B cations in tetrahedral and octahedral sites [3] 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.2a: Distortion of octahedral sites to [111] direction in garnet crystal 
structure[3] 
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Fig. 5.2b: Distortion of tetrahedral sites along <110> direction in garnet crystal 
structure [3] 

 

 

 

 

 

 

 

 

 

 

Fig. 5.2c: Dodecahedral sites of garnet crystal structure [3] 
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Fig. 5.3: Common phase diagram of hexagonal ferrites M, S, X, Y, Z, W [3] 

 

Table 5.1: The distribution of inequivalent crystallographic sites (Wyckoff notation) 
[18, 23] 

Site Coordination Block Number of 
ions Spin Component 

12kvi Octa R-S 6 ↑ 
I 2dv Fivefold R 1 ↑ 

4fvi Octa R 2 ↓ 
4evi Octa T 2 ↓ 

II+IV 4eiv Tetra S 2 ↓ 
4fiv Tetra S 2 ↓ 
4f*iv Tetra T 2 ↓ 
4f*vi Octa S 2 ↑ 

III 12kvi Octa T-S 6 ↑ 
2avi Octa T 1 ↑ 
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Fig. 5.4: Schematic illustration of crystal structure of Z-type ferrite [11-12] 
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Fig. 5.5: Phase diagram of Co2Z (Ba3Co2Fe24O41) [24] 
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Chapter 6 

Isotropic Ceramics  Polymer Composites 

 

6.1. Introduction 
 

As mentioned in the Introduction section of Chapter 4, a simple dielectric is not an 

optimal candidate to minimize antenna’s dimensions. The presence of only dielectric 

property of this type of materials does not provide the similarity of refractive index of 

material to its surrounding medium. Specialists in Electrical Engineering overcome 

this challenge by varying the thickness of material applied on top of the antenna [1]. 

However, this method is still not an optimal solution as it accumulates more materials 

to compensate this refraction index mismatch, which in turn reduces the performance 

of the antenna. We will not focus in interpreting this method in detail because it is 

beyond the scope of this research. 

From this point of view, materials to have both dielectric permittivity and magnetic 

permeability would be more beneficial to overcome or at least mitigate the difference 

of refractive index between material and its surrounding medium. Ferrite is a material 

which meets this requirement and its refractive index is given in the form of n= / . 

If its permittivity and permeability are equivalent to each other, then its refractive 

index becomes equal or comparable to that of air. There will not any incompatibility 
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between the device and its surrounding medium so that the incident electromagnetic 

wave is fully absorbed and retained inside the materials. The performance of the 

antenna can be retained with the reduction of its size into a minimum dimension [2].  

This theory of using equivalent permittivity and permeability has been verified with 

applications at low frequency ranges less than 5 MHz, where ferrites with high 

permeability and low permittivity are available. This phenomenon will also be 

illustrated in later chapters of this dissertation. However, it is challenging for 

applications at microwave frequencies from 300 MHz and beyond, because most 

conventional ferrites such as spinel and garnet lose their permeability in this 

frequency range. As a result, there has not been much research on formulation of 

materials to achieve the compatibility of refractive index of material and its 

surrounding medium for microwave frequencies. Given the increasing demand for a 

small, portable and high performance antenna at microwave working utilities, as well 

as the appearance of special type of ferrite Ba3Co2Fe24O41 (Co2Z), interest on 

formulating material to have equal permittivity and permeability at microwave 

frequencies has risen.  

In this chapter, we will describe our research to formulate the material for an antenna 

which works in the high frequency range, which is at least 300 MHz. It is not 

available a single material to have comparable permeability and permittivity. 

Furthermore, materials used in the antenna usually are required to possess other 

properties such as flexibility or plasticity. As a result, the final material is a composite 

formulated by a ceramic powder and a polymer. In our research, Co2Z powder was 

combined with several polymers to formulate equivalent permittivity and 
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permeability materials whose magnitude being expected to be controlled by varying 

ferrite compositions.  

As described in Chapter 5, Section 5.3-5.4, Co2Z is one of the complex ferrites, in the 

same group with Ba2Co2Fe12O22 (Co2Y) and BaFe12O19 (BaM). All of these retain 

their high magnetic property at very high frequencies. Data provided by Trans-Tech 

showed that this material can work up to a frequency of 1 GHz as seen in Fig. 5.1 and 

Fig. 5.2. Note that those values are of highly ordered materials. Other researches 

stated that Co2Z retains its property up to a frequency of 1.5 GHz [3-6]. However, 

magnetic permeability of this material was only in order of 3 to 4, which was a 

consequence from synthesis technique. Therefore, Co2Z from Trans-Tech was applied 

for this research. Parameters of this ferrite were given in Table 6.1 and its crystalline 

phases were indicated in XRD pattern in Fig. 6.3. Since the synthesis of Co2Z is a 

multiple step solid solution sintering process, it always includes some portions of 

impurities, which are either initial oxides or intermediate compounds. 

Given the requirement of our partner at Department of Electrical Engineering, Ohio 

State University (OSU), to produce either a flexible moldable or castable material, 

there are two classes of matrix materials that can meet this demand. The first is 

polyethylene (PE), a thermoplastic material that will solidify after being melted, but 

not degrade if heated below its decomposition temperature. This constituent is 

appropriate to form a flexible castable material. The second material is a silicone 

based elastomer, which is a liquid that solidifies as a result of a hardening process. 

Depending upon the nature of initial raw materials, the byproduct of this 

polymerization is water, small organic compounds like acetic acid, or nothing [7]. 
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Silicone elastomer solidifies to form a flexible shape which fits the needs of 

producing irregularly shaped devices. Both PE and silicone elastomer contain small 

dielectric permittivity and magnetic permeability and low dissipation factor.  

In this chapter, we will describe the formulation and properties of Co2Z-PE isotropic 

composite with Co2Z fraction up to 45 vol%. Details of the Co2Z-silicone composite 

will be described in Chapter 7 because it relates to a different experimental technique. 

 

6.2. Experiments 

6.2.1. Ceramics preparation 
 

Co2Z provided from the Trans-Tech Inc. had very large particle size distribution as 

being seen in Table 6.2. Its average particle size diameter obtained from our 

measurement was 27 µm and the diameter at 90 vol% was 45 µm. At this large 

particle size, the dielectric permittivity and magnetic permeability were retained [8] to 

its initial magnitudes. However, they were not beneficial to our research’s aim of 

producing an evenly distributed polymer matrix composite. Co2Z’s particles are in 

irregular shape and porous. The presence of voids can be observed from its 

microstructural images in Fig. 6.4a and 6.4b. When mixed with polymers in the liquid 

state, the high molecular weight, steric hindrance and high viscosity of polymers will 

prevent polymers from penetrating into the voids and completely expelling adsorbed 

air bubbles on the walls of the voids. The presence of air with permittivity and 

permeability equal to 1 will decrease the overall values of formulated materials. Zach 
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Wing [9] used the combination of air and dielectrics in his effort to reduce the 

dielectric permittivity of materials for applications at microwave frequencies.  

Co2Z was ball milled in a polyethylene jar, using iso-propanol as the milling medium 

and alumina media for about 7 days. The average particle size at 50 vol% reduced to 

3.4 µm and at 90 vol% to 6 µm as being given in Table 6.3 and depicted in Fig. 6.5. 

The microstructural observation showed well separated particles (Fig. 6.6) without 

void captured inside them. Co2Z particles were still in irregular shapes. 

6.2.2. Mixing procedure 
 

Low Density PolyEthylene (LDPE) (sigma-alpha, Melt Index = 25g/10 min) was 

used as the matrix material in which Co2Z was distributed. The properties of this 

LDPE are given in Table 6.4. The dielectric permittivity of LDPE is 2.8 with a 

dissipation factor is 10-3; magnetic permeability equals to 1. The melting point of 

LDPE provided by the manufacturer was 121oC. 

Co2Z-LDPE mixtures were prepared with 10 to 45 vol% Co2Z powder. Co2Z powder 

was dispersed into the PE matrix using a Brabender Plasti-Corder PL2100 at 130oC, 

and rotating speed 50 rpm. Two thirds of the PE was added into the operating heated 

chamber of the hot mixer to produce a dispersion medium. Small amounts of Co2Z 

were gradually added into the melted PE with careful observation for the variation of 

torque value, shearing stress produced on surface of blades. Heavy mineral oil was 

added into mixtures continually as a lubricant with the aim to facilitate the dispersion 

of powder in PE [10]. The remaining PE was added into the mixer when two third 
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volume of powder was used. The mixer was kept running for at least 15 minutes after 

all the Co2Z powder was added. The mixing step completed when the torque had 

stabilized. The mixture of Co2Z-LDPE was pushed out of the mixing chamber by 

reversing the blade’s rotation and cut into small pieces while still hot before being 

used for the shape formation. 

Samples for dielectric permittivity and magnetic permeability measurements were 

made by warm molding. A specific die with diameter of 20 mm, plunger and support 

heights was made to shape samples. The error of the measurement was less than 10%. 

Samples were heated up to 130oC inside the die by the use of a controllable hot plate. 

During melting, they were pressed under a mechanical pressure of 390 MPa for 10 

minutes, using a mechanical hydraulic press. The schematic illustration of this 

experimental procedure is depicted in Fig. 6.7. The molded samples had brown color 

as the result of the combination of red black color of Co2Z powder and colorless PE 

as being seen in Fig. 6.8. The measurement data at 300 MHz of all samples 

containing Co2Z from 10 vol% to 45 vol% were collected to investigate the influence 

of sample’s compositions on its permittivity and permeability. Those data were 

compared with theoretical calculations using theoretical models. 

6.2.3. Theoretical calculations 
 

The Co2Z-LDPE composites were considered as particulate composites, in which the 

Co2Z particles were evenly distributed in the PE polymer matrix. Theoretical 

calculations of dielectric permittivity and magnetic permeability applied the same 
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principle. The variation of permittivity and permeability along with ceramic 

concentration has been assumed to follow the simple rule of mixture (Eq. 6.1), in 

which ceramics particles are considered isotropic and non interactive with each other.  

Parallel :     .      (Eq. 6.1) 

Perpendicular:    

Where εeff, ε’1, ε’2 are dielectric permittivity of composite, inclusion, and medium 

correspondingly; υ1 and υ2 are volume percent of inclusion and medium. 

The more accepted version of this simple rule was derived by Clausius and 

Mossotti[11]: 

    1 3 .       (Eq. 6.2) 

Where  is the inclusions volume and 
 

 

This method was found not very consistent with majority of experimental data of 

various material systems because particle shape is usually much more complex, not 

simply round with a smooth surface. Furthermore, the assumption of non interaction 

among particles is true only in very dilute specimens [11], in the range of few volume 

percent which would lead to a large difference between theoretical and measured 

values [12] if it is applied for a medium or high concentration solution. 
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Rayleigh developed another equation for diluted dispersions in which the inclusions 

volume is small, from 1 to 3 vol%. This satisfies the condition of non-interactiing 

between dielectric particles. 

    
. .

      (Eq. 6.3) 

Bruggeman applied this approach to develop a new model for higher inclusions 

volume loading and published the so called one-third power equation as followed: 

    / . 1     (Eq. 6.4) 

At high concentration, Botcher derived a formula in the form: 

    
.

      (Eq. 6.5) 

Fricke included shape parameter into his calculations. He considered all particles 

have spheroidal geometry for that, the formula deducted has a complete form either of 

dielectric permittivity, inclusions volume percent or the shape-factor x’. However, for 

most of the case, the shapes of dielectric particle are more or less rounded with 

spherical geometry, so the formula of Fricke has not been widely applied.  

Looyenga considered the case of system in which the dielectric permittivity of 

components is not very different from each other. His equation was written on the 

basis of Rayleigh’s equation as: 

   / / /     (Eq. 6.6) 
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The Brugemann model was found to fit with a number of material systems in which 

air-ceramics composites in the research of Zach Wing [9] was one example. He made 

high dielectric permittivity ceramics TiO2 and air composites by burning off carbon 

black after producing TiO2-C mixtures. The dielectric permittivity of Titania (TiO2) is 

higher than 100 while that of air is 1. This model was also found valid for high and 

low permittivity components containing composites in which MnZn-silicone systems 

in research of D.Y. Kim et al [13] are one example. Magnetic permeability of MnZn 

ferrite was 300 while that of silicone was 2.8.  

L.F.Chen et al. [14] emphasized that Rayleigh’s equation (Eq. 6.3) was in good 

agreement with isotropic BaTiO3-PVDF composites but it provided values two times 

lower than that from experiment when BaTiO3 was in whisker form.  

In 1993, Jayasundere and Smith [12] further developed Kerner’s equation: 

    
. .

   (Eq. 6.7) 

Where ,  ,   are the dielectric permittivities of composite, matrix and inclusions, 

correspondingly. E1z and E2z are the average electric fields in the matrix and inclusion 

along z direction. They applied a finite element model for two spheres having the 

same radius, according to the relationship between polarization P, dipole moment m 

and surface energy σ to derive the final expression of  to  and . 

                                       ε
ε .ϑ ε .ϑ ε

ε ε ϑ ε ε
ε ε

ϑ ϑ ε
ε ε ϑ ε ε

ε ε
        (Eq. 6.8) 
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Carpi F. and Rossi D. D. [15] and Anjana P.S. et al. [16] applied and compared a 

series of simulation methods for their composites systems, in which Jayasandre-Smith 

equation was introduced. In their research, they investigated Titania-rubber systems 

in which the dielectric permittivity of rubber was 12, close to that of composite was 8. 

Their diluted materials systems contain TiO2 compositions from 5.1 to 9.7 vol%. The 

calculation from Jayasandre-Smith model gave closest prediction to the measurement 

value. Anjana et al. studied on ZnAl2O4-TiO2/PTFE [17] materials whose 

components’ dielectric permittivity was 12 and that of PTFE was 2.1. The inclusions 

were used in the range from 10 to 60 volume percent. Prediction using Jayasandre-

Smith equation showed results that were very consistent with those measured as being 

seen in Fig. 6.11. Jayasundere-Smith model was used to calculate the theoretical 

values of dielectric and magnetic constants of composites produced.  

6.3. Results and discussions 

From the experimental procedure, the isotropic samples of Co2Z-LDPE were formed 

and used to evaluate the dielectric permittivity, magnetic permeability and their 

derived loss tangents. In this part, we will describe results and their consistencies with 

theoretical calculations. 

6.3.1. Measurement data 

The permittivity and permeability of samples were measured by the impedance 

contacting method, using Agilent E4991A equipment that is able to operate in the 

range from 1 MHz to 3 GHz. For the dielectric permittivity measurements, samples 
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were put into the sample chamber of test fixture 16453A. This fixture consists of two 

electrode surfaces which the lower one has smaller surface which was used as one 

parameter for the calculation. The upper electrode was supported by a spring to 

produce pressure on top electrode. This design was very efficient in minimizing the 

air gap between the surfaces of electrodes and sample. The principle of this method is 

to measure the capacitance of the material from which to derive values of real relative 

permittivity and its imaginary value. 

The dielectric material is considered as a capacitor that under alternating electric 

field, acts as a circuit with a capacitor and a resistor arranged in parallel. The complex 

admittance of circuit is expressed as: 

                                                (Eq. 6.9) 

Where Cp is the capacitance of capacitor, Co is the capacitance of free space and G is 

the reciprocal of resistance of resistor (1/Rp). The complex relative permittivity ( ) 

and its real ( ) and imaginary ( ") components of a dielectric material are derived as: 

                                                                     (Eq.6.10) 

          .
.

   (Eq.6.11) 

                                                                  "
. . .

    (Eq.6.12) 

Applying pressure significantly reduces the measurement errors by maintaining 

contact between ramp surface and specimen’s surface. We duplicated our 

measurements several times to make sure that the error of the measurement was in the 
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acceptable range. Fig. 6.9 depicts permittivity of specimen containing 45 vol% Co2Z 

varying along with measuring frequency. The resonance happened at frequency 

beyond 1 GHz region was due to the magnetic loss of Co2Z.  

Similarly to the permittivity measurement, the permeability measurement was 

conducted by using permeability test fixture Agilent 1645A. In this case, the material 

was considered as a circuit containing one resistor and an inductor. The complex 

impedance of the circuit is expressed as follows: 

      (Eq. 6.13) 

                                               
. .

1    (Eq. 6.14) 

   Where : relative permeability 

: measured impedance with toroidal core 

: measured impedance without toroidal 
core 

: permeability of free space 

h: height of material under test 

c, b: outer and inner diameters of material 
under test  

Values of  and  are included in this calculation to compensate for the loss from 

the remaining impedance after the material is exposed to the magnetic field. 

For the permeability measurement, the sample’s dimensions are significant. 

Experimental data was also given in Table 6.5 and depicted in Fig. 6.12. 
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6.3.2. Discussion 

Our primary investigation showed that most of models described in 6.2.3 do not 

correctly represent our measured data. Fig. 6.10 which shows the calculated values 

using Bruggeman equation in comparison with our measured ones is one example. In 

this case, it is reasonable because Bruggeman built his equation for dielectrics 

composite systems in which the magnitudes of both dielectric permittivity and 

magnetic permeability of components [11] far from each other or from that of 

formulated composites. Meanwhile, the permittivity of Co2Z and LDPE was 12 and 

2.8; correspondingly, those were very close to that of the composite, especially at low 

volume composition samples such as 10 or 20 vol%.  

Models of Rayleigh, Botcher, and Looyenga also assumed a big difference between 

permittivity of fillers and matrix which is not applicable to our material system. 

Furthermore, other factors of high Co2Z volume fractions together with its irregular 

shape would violate their simulation conditions in which inclusions should have 

spherical shape and inert to each other.  

As shown in Fig. 6.11, the dielectric permittivity of produced composites was almost 

stable in the frequency range lower than 400 MHz and slightly increased to their 

resonance frequency of 1 GHz. Under the request of our project partner, Ohio State 

University, we investigated properties of materials at the frequency of 300 MHz. 

Comparisons of magnitude of relative permittivity and permeability as a function of 

composition was depicted on Fig. 6.13 and Fig. 6.14. Dielectric permittivity was 

always larger than magnetic permeability. Since the original values of Co2Z (ε’=12, 
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μ’=8) are not very different, its mixing with PE strongly affected the overall 

magnitude of formulated composites. The low permeability of PE (equals to 1) also 

contributed into bringing the magnitude of permeability of the composite further 

lower than its value of permittivity.  

The difference of permittivity and permeability of the Co2Z-LDPE composites 

established a boundary as depicted on Fig. 6.14. The shape of this ε’-µ’ curve showed 

that by using isotropic Co2Z-PE, permittivity increased faster than permeability along 

the filler volume percentage. The shortest gap between these two parameters is within 

20 vol% of Co2Z. The curve established an unreachable region, which unfortunately 

was the region we want to approach. 

Though the target of obtaining equivalent dielectric permittivity and magnetic 

permeability was not met by formulating an isotropic material, its test result on real 

antenna showed an encouraging outcome. Blocks of the isotropic Co2Z-LDPE with 

dimensions of 3×3×1 inches were made for the test conducted at OSU. Their image is 

given in Fig. 6.8. The test result was depicted in Fig. 6.15 together with that of a bare 

metallic spiral antenna, and that of the simulation. Consistent with theoretical 

assumptions, the presence of both dielectric and magnetic properties of Co2Z had a 

positive contribution into the performance of antenna at smaller dimensions. It has 

been well known that the dimension of an antenna should be proportional to reversal 

of the frequency of the incident electromagnetic wave to obtain the maximum 

performance. For conventional antenna, in order for an antenna to work at a low 

frequency, its dimension needs to be big and vice versa. In this case, the application 

of our material kept the antenna achieved the same gain at a low frequency range 
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without the need to increase the antenna’s dimension. Nevertheless, there was still a 

big gap between our material and the ideal condition. 

The simple mixing methodology can only form an isotropic system whose properties 

are the combination of those of its components. It is obvious that these properties are 

isotropic to each direction so that permittivity was always higher than permeability. A 

textured material is needed to tailor its properties in a way that its magnetic property 

can surge over the magnitude of its dielectric property.  Therefore, we thought of 

another methodology in which electromagnetic properties of materials will polarize in 

some ways to give a magnetic permeability equal to dielectric permittivity. 

6.4. Summary 
 

In this chapter, we introduced the significance of electromagnetic materials for 

microwave applications and focused on the formation of isotropic composites in 

which Co2Z hexagonal ferrite was evenly distributed in LDPE medium. The target of 

this work was to investigate the ability of making an equivalent dielectric permittivity 

and magnetic permeability and flexible material for microwave applications. In term 

of being able to melt at elevated temperature, PE offered a flexible production method 

so that the formed materials were castable into complex shapes. However, it’s low 

and uneven dielectric permittivity (ε’ = 2.8) and magnetic permeability (µ’ = 1) 

results in low and unequal magnitudes of the magnetodielectric parameters for the 

formulated composites.  
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The demand of equal electromagnetic properties was not achievable from the simple 

mixing. A novel methodology was needed to divide those properties so that they 

match with each other.  
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Fig. 6.1: Magnetic constants (permeability) of Co2Z (Ba3Co2Fe24O41), provided by 
Trans-Tech Inc. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.2: The magnetic permeability and loss component of aligned Co2Z bulk, 
provided by Trans-Tech Inc.  
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Fig. 6.3: XRD pattern of Co2Z (Ba3Co2Fe24O41) given by Trans-Tech Inc. 
 
 
 
Table 6.1: Parameters of Co2Z (Ba3Co2Fe24O41) given by Trans-Tech  

 Melting 
point 

Density  Purity Dielectric 
constant 
(1 GHz) 

Loss 
tangent 
(1 GHz) 

Magnetic 
constant 
(1 GHz) 

Loss 
tangent 
(1 
GHz) 

Co2Z >1500oC 5.35 
g/cm3 

99% 12 10-3 10 10-3 

 

 

Table 6.2: Sieve analysis of Co2Z (Ba3Co2Fe24O41) given by Trans-Tech  

Fraction + 100 100-140 140-170 170-200 200-325 >325 
Weight % 0.08 33.07 14.72 21.81 28.82 1.51 
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Table 6.3: Particle size distribution of Co2Z after 168 hours grinding 

PS 0 µm 1.1 
µm 

1.8 
µm 

2.5 
µm 

3.2 
µm 

3.9 
µm 

4.6 
µm 

5.3 
µm 

6.0 
µm 

Percentage 
(%) 0.0 14.3 7.2 9.8 15.5 14.0 10.9 11.2 9.7 

Accumulative 
percentage 
(%) 

0.0 14.3 21.5 31.3 46.8 60.8 71.7 82.9 92.6 

PS 6.7 
µm 

7.4 
µm 

8.1 
µm 

8.8 
µm      

Percentage 
(%) 3.9 3.5 0.0 0.0      

Accumulative 
percentage 
(%) 

92.6 96.5 100.0 100.0      

 

 

Table 6.4: Properties of Low Density PolyEthylene (LDPE) given by Sigma-Aldrich 
(*) 

 Melting 
point 

Density Dielectric 
constant (1 
GHz) 

Loss 
tangent (1 
GHz) 

Melting 
index 

LDPE 121oC 0.98 g/cm3 2.8 10-3 25 
g/10min 

(*) Company was not able to provide information of molecular weight 
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Fig. 6.4a: The large, rough, and irregular shape of Co2Z particles  
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.4b: The presence of voids inside Co2Z particles 



106 
 

 

Fig. 6.5: Particle distribution of Co2Z after 168 hours milling in Isopropanol medium, 
using alumina media. 

 
 

 

 

 

 

 

 

 

 
 
 
 
Fig. 6.6: Microstructure of Co2Z after 168 hours of milling in Isopropanol medium, 

using alumina media 
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Fig. 6.8: P
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Fig. 6.10: The difference between experimental measurement and Bruggeman 
prediction 

 

 

Fig. 6.11: Measured values of permittivity (ε’) in comparison with the theoretical 
Jayasundere - Smith prediction 
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Fig. 6.12: Measured values of permeability (µ’) in comparison with the theoretical 
Jayasandre - Smith prediction 

 

 

Fig. 6.13: Permittivity and permeability of Co2Z-LDPE composites with Co2Z 
percentage ranged from 0 to 45 Vol% 
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Chapter 7 

Anisotropic Magnetodielectric – Polymer Composites 

 

7.1. Introduction 

 

Experimental data of isotropic composites indicated difficulties of meeting the 

demand of equivalent permittivity and permeability at 300MHz because at 

frequencies above 10 MHz, the permeability of the ferrite itself is always lower than 

its permittivity. This means that for all possible composites, the permittivity of the 

composite is always larger than its permeability. As stated in Chapters 4 and 5, the 

miniaturization of antenna is optimized when permittivity and permeability of the 

ceramics are equal. Given the knowledge that the magnetic and electric fields are 

perpendicular to each other, we came up with an idea to formulate ferrite-polymer 

composites in such a way so that their dielectric and magnetic magnitudes divided 

into a higher and a lower value. This arrangement may be achievable by forcing 

ceramic particles to align along one direction to form uniaxial texture, with which the 

isotropic permittivity and permeability values split into two components of parallel 

and perpendicular, corresponding to the alignment directions. The longitudinal 

component of both permittivity and permeability is higher than that of perpendicular 

component. Since the longitudinal components of both dielectric and magnetic 
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properties along the same direction as well as their perpendicular components, there 

is an opportunity that the permeability magnitude at the parallel direction (stronger 

one) will be equal to the permittivity magnitude at the perpendicular direction.  

The formed materials are called anisotropic or uniaxial from their texture. By 

arranging these anisotropic magnetodielectric materials appropriately on top of 

metallic antenna platform, the electric field of the antenna will sense the low 

permittivity direction of the material while its magnetic field will sense the high 

permeability direction of the material. The equivalent permittivity and permeability 

materials can be achievable. Schematic illustration of this expression is depicted in 

Fig. 7.1.  

In this chapter, we describe two methods of making anisotropic composites, in which 

the first is dielectrophoresis and the second is coextrusion. Dielectrophoresis uses an 

electric field to produce an electric force on dielectric particles to arrange them 

aligned along the electric field lines. The coextrusion method applies a mechanical 

force on one head of a heat-softened rod of materials inside a specific die and drives 

them out through a die’s orifice in the shape of fiber or filament, depending on the 

diameter of die’s opening. By multiplication of this step, ceramic particles are driven 

to align along the length of fiber that consequence into an anisotropically textured 

material. 
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Part 1: Dielectrophoresis Method 

 

7.2. Introduction 

Dielectrophoresis is a term used to describe the translational motion of neutral matter 

which is driven by nonuniform electric field [1-3]. This motion is the result of the 

internal polarization of neutral matter in the nonuniform electric field. Different from 

a charged body, neutral matter does not accumulate charges on its surface as 

conductive materials do, but forms a separation of negative and positive centers 

inside its body instead. For this reason, charged bodies move along the electrical field 

line from a weaker field point to a stronger field point as a consequence of a statically 

attractive electric force. This movement is not affected by the uniformity of the field. 

Meanwhile, neutral bodies can only move in the nonuniform electric field from the 

effect of field gradient. 

There has been number of researchers applying the dielectrophoretic technique to 

form fiber-like composites from particulates to increase mechanical properties [4-6], 

as well as to form semiconducting nanocomposites [7-9]. Another use is in 

biotechnology to separate bacteria, cytoplast, yeast cell, DNA, protein [1, 10-15]. 

Recent emerged research was conducted on nanometer size objects so that many 

scientists have believed that this technique is more advantageous for the development 

of nanotechnology [16-19]. It has also been tried for the synthesis of nano device 

from its easiness in controlling the movement of objects in a dielectric medium [9].  
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There have been two ways to access to dielectrophoretic phenomena: experimental 

and simulation. The experimental method deals with empirical observations while the 

simulation method approaches with considerations of interactions between inclusion 

particles and between inclusions with matrix at molecular level. 

As mentioned above, the dielectrophoresis occurs when the polarization of neutral 

particles appears under the external electric field. We will start from the introduction 

of polarization modes as a background to go into detail of required electric field and 

force placed on particles as well as experimental parameters affecting the result of 

dielectrophoresis. 

 

7.2.1. Polarization of matter 

Polarization is the phenomenon in which there is an uneven distribution of charges 

inside a body due to their blocked or restricted movements. Difference of distribution 

mode and difference of charge magnitude divide polarization into types of (i) 

electronic, (ii) atomic, (III) dipolar, (iv) nomadic and (v) interfacial [1] as being 

illustrated in Fig. 7.2 [20]. Amongst them, the first four are believed to occur at a 

molecular micro scale while the last one occurs at the macro scale [1, 21]. 

Electronic polarization is a term to describe the distortion of positive and negative 

centers when matter is imposed in an electric field. However, this type of polarization 

is negligible for being considered in dielectrophoretic experiments as the exposed 

field is much weaker than the internal field of a matter (1011 V/m) [1, 21].  
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Atomic polarization is attributed to the wide difference of electron affinity of 

elements in maters. The combination of a very strong electron affinitive atom like 

chlorine with a weak electron affinitive atom like sodium is an example. Positive and 

negative charge centers locate separately on Na and Cl atoms. This polarization mode 

is generally moderated in inorganic solids, but not in organic compounds where ionic 

groups are missing. 

Dipolar polarization happens in small inorganic molecules like H2O, HF and NO or 

organic macromolecules containing functional groups like –OH, -CN, etc. In these 

compounds, the polarization is always present from the dissimilarity of electric 

affinity of bonded elements, but is not as strong as in atomic polarization. Under the 

influence of the electric field, this dipolar orients along the field direction so that it is 

called by another name as orientation polarization. Raju described the nature of this 

polarization type in detail to show that the movement of this permanent polarization 

under the electric field is also as small as that of electric polarization, which is in the 

range of 10-5 times their bonding length [21]. Therefore, this polarization mode is not 

relevant in calculating the dielectrophoretic force either.  

Nomadic polarization associates the response of thermally excited charges situated on 

long domains like in a polymer or crystal lattice. When exposed in the electric field, 

the movement of charges occurs in a distance of more than a molecular length or 

several lattice sites, which means a big dislocation. Matter consisting of this mode 

must have an appreciable number of thermally induced roving charges and have a 

suitably long domain [1, 21]. One example of this type of polarization is conjugated 

polymers in which delocalized orbital is forced to move along the molecular length. 
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Since the produced excited charges are large and movable in a wide range, the 

influence of this polarization is remarkable in the dielectrophoresis. 

Interfacial polarization occurs as the consequence of charge accumulation at 

interfaces of phases or crystals, causing a different distribution of charges from the 

center to the boundary of domains. Since this electric dislocation happens in the 

whole volume of the material, the charge distortion is produced at macroscopic scale. 

Interfacial polarization occurs rather more often than other polarization categories 

described above. For dielectric ceramics, the interfacial polarization is dominant 

while electric, orientation and nomadic polarizations are not relevant from the nature 

of electron interations. 

 

7.2.2. Influence of non-uniform field on dielectric particles 

The imposition of electric field on dielectric particles generates polarizations inside 

matter or, by the other ways, turns objects into dipolar. These internally charged 

bodies interact with each other to induce their movements to form anisotropic 

textured materials. In this section, we will describe parameters attributed to this 

movement.  

 

7.2.2.1. Dielectrophoretic force 

When dispersing dielectric particles with permittivity ε2 in a medium with 

permittivity ε1and exposing the whole mixture into a non-uniform electric field Ee, 
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there will be an interaction between field lines and particles [1, 22]. These lines are 

distorted at the interface of the medium and particle, as seen in Fig. 7.3 according to 

the relative relationship between ε1 and and ε2 [21]. If an inclusion’s permittivity is 

larger than that of the medium, then the field lines are distorted by the way that lines 

go through particles, as seen in Fig. 7.3a. The out-of-particle distorted electric field 

lines, in turn, form a new and nonuniform field between the particles. The 

enhancement of the field’s nonuniformity by particles themselves is named the 

“bunching effect” and chains of aligned particles are named “pearl chains”. 

Meanwhile, these lines are distorted to go around dielectrics if their dielectric 

permittivity is equal or smaller than that of the medium as was depicted in Fig. 7.3b. 

The enhancement of the field’s uniformity results in the formation of an attractive 

force amongst themselves that, under the presence of an external electric field, align 

particles along the field lines. The mathematical expression of these explanations is 

given in Eq. 7.5 below. 

The net electric force (Fe) the field produces on a particle [1, 22]: 

       (Eq. 7.1) 

 

Where p is the dipole moment vector,  is the del vector.  
 
       (Eq. 7.2) 

Where α is the polarizability per unit volume in unit field and V is the volume of the 

body. 

Then the net electric force is expressed as follows: 
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      (Eq. 7.3) 

On the other hand, polarization of a sphere in a uniform E-field: 

                                4 . . .  
.

. . .    (Eq. 7.4) 

  or: 

 

Hence: 

                                               3
2 . . 1. 2   1

2  2. 1
. . | |2  (Eq. 7.5) 

This equation of dielectrophoretic force was constructed based on the assumption that 

for all materials, Fe is only dependent upon the dielectric constants of fillers and the 

medium. Given this, it is apparent that the polarization of dielectrics and their 

accumulated charges at the filler-medium interface is cancelled when their dielectric 

permittivities are equal. It means that there is not any force present between particles 

[1, 21-23].  

In an attempt to study how the dielectrophoretic force depends on dielectric 

permittivity, values of ε’1 and ε’2 were varied from small to large in comparison with 

each other. It is interesting that Fe is stronger affected by medium’s permittivity than 

that of inclusions. It changed more apparently with the increase or decrease of ε’2 than 

that of ε’1 as being shown in Table 7.1.  
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7.2.2.2. Threshold electric field 

In addition to the dielectrophoretic force, filler particles in a dielectric liquid medium 

are also driven by other forces and they will be manipulated by the most dominant 

one. Assuming that the movement of particle is steady, the sum of all forces is zero 

and can be expressed in a mathematical equation as follows: 

Fe + Fj + Fos + Fη = 0    (Eq. 7.6) 

  Where Fη = -6π.a.η.v: Stoke’s drag or viscous drag force 

   Fj = q.E : Coloumbic force 

   Fos = -kT/2a 

In this equation, v is the movement speed of particle, a is the particle diameter, η is 

viscosity of medium, and q is the free charge of particle indicating a combination of 

electric field, dielectric permittivity and conductivity through the balancing of electric 

charge inside and outside of dielectric particles [1]: 

. . . .
.

.    (Eq. 7.7) 

where, θ is the angle between a vector from center of particle to a point on its surface 
and a vector of electric field.  

 

Given the presence of external forces, it is necessary to have a strong enough electric 

field to overcome those external effects. The field at which alignment starts is named 

the threshold electric field. The magnitude of this field is expressed by an equation 

derived by Pohl [1]: 
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(Eq. 7.8) 

If ε2 ≤ 10ε1, this equation can be simplified as: 

                                                
 

       (Eq. 7.9) 

Pohl obtained this expression from the consideration of the total work necessary to 

attract two dielectric spheres approaching each other and their resistance to thermal 

vibration energy (kT/2a). This work includes the work to divide charged centers 

inside particle (polarization work) U’, the work to form a dipole moment for each 

particle U1 and the work to bring two particles next to each other U2. Mathematical 

expression of these works is as below: 

U = U1 + U2 
     

 

 

In this research, we applied a modest electric field 3 kV/cm for the dielectrophoretic 

experiment. A comparison of the dielectrophoretic force with its complementary 

forces is given in Table 7.2 and Fig. 7.4, respectively. In this circumstance, the 

dielectrophoretic force was dominant over other forces on the whole range of ceramic 

particle size.  
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7.2.3. Dielectrophoretic experiments 

7.2.3.1. Choose polymer 

Polymers need to have a lower permittivity than that of Co2Z (ε’= 12) and a low 

permittivity loss, in the range of 10-4 to provide the high performance efficiency of 

material when being applied on an antenna. Furthermore, they need to be in liquid 

form during the dielectrophoretic experiment and should easily be hardened by the 

time it finishes. Low Density Polyethylene, as used in Chapter 6, was not applicable 

in this case. It can be used to make a castable material, but not feasible to produce 

moldable material, which is flexible and able to assemble on site. Park and Robertson 

[4] executed the dielectrophoretic research using Urethane dimethacrylate (UDMA) 

and 1,6-hexanediol dimethacrylate (HDDMA) as matrix in which glass beads were 

immersed. These monomers reacted with each other and polymerized under the 

radiation of blue light.  However, they were not applicable in this research because 

they contain functional groups which interfere with the high permittivity and loss of 

the dielectric material at microwave frequencies.  

Silicone elastomers RTV 6166 from GE’s silicone met all above mentioned criteria 

and were used as the distributing medium for Co2Z in this research. RTV 6166 

consists of two components which are named RTV 6166A and B, with A standing for 

elastomers and B standing for hardener. These were both present in the liquid form 

with properties given in Table 7.3. The abbreviation RTV stands for Room 

Temperature Vulcanization, meaning that silicone rubber canbe self solidified at 

room temperature. The two components A and B of silicone rubber have the same 
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main chain structures, but containing conjunctional functional groups so that when 

being mixed they react to prolong the main chain and harden the material. Though we 

did not know molecular structure of these two silicone components, its hardening is 

belonged to one of two following reaction mechanisms [24]: 

Mechanism 1: 

 

Mechanism 2: 

 

Since the cross linking reaction 2 requires a catalyst of Pt or other noble metals, then 

we presumed the cross linking reaction of silicone elastomers RTV 6166 belongs to 

mechanism 1. Given the high Si-O-Si angle (143o) and low torsion energy around the 

main chain (4 kJ/mol) in comparison to that of LDPE (15 kJ/mol), silicone elastomers 

consist of a unique flexibility. Similar to Polydimethyl siloxane (PDMS), hardened 

silicone elastomers have high dissociation energy (445 kJ/mol) and a partial 

polarization inside their molecules to make alkyl groups charged and stabilized under 

impact of heat and oxidative agents. 

The role of RTV 6166 is partly illustrated in Fig. 7.5. It retained the liquid state long 

enough and was controllable under a right curing condition for Co2Z ferrite particles 

to align along the electric field lines. After being hardened, though being soft and 

flexible, its structure was sufficient to sustain the alignment of ceramic particles. 
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7.2.3.2. Sample preparation 

As discussed in the introduction chapter, Co2Z has been found to be a promising 

candidate, which offers the most efficient miniaturization of microwave devices due 

to its high permittivity and permeability at microwave frequencies. After being ball 

milled and dried, Co2Z ferrite was scaled and divided into two parts to mix with 

elastomers and hardeners so that the powder to liquid volume ratio was equivalent in 

both mixtures. The composition of samples was given in Table 7.3.  

When preparing samples, it is important to minimize the entrapment of air or 

humidity inside the irregularly shaped solid particles. With permittivity and 

permeability equal to one, the air unpredictably entrapped in bulk material causes the 

variation of its properties [25-27]. Meanwhile, the possible adsorbed water results in 

the electrohydrodynamics [28], causing the particles being charged to move toward 

the electrodes. The assembly of inclusions in this case requires higher electric field 

strength as well as longer time and higher field frequency. It also means that the 

experiment would require more critical conditions to obtain the same alignment 

degree [25]. To prevent these phenomena, Co2Z was dried at 100oC for 24 hrs before 

use. The adsorbed air was extracted by vacuum at a pressure of 10-3 Torr for half an 

hour. The RTV 6166 liquid was contained in a syringe connected to the mixing bag 

through a needle as shown in Fig. 7.6. 

Liquid silicone elastomer components were injected into the bag to mix with the 

powder. Mixing was performed for at least half an hour before the formed slurry was 

pulled into a syringe. Two slurries from two syringes were gradually injected into a 
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static mixer. This static mixer is an equipment which consists of two tubes attached 

with other along their bodies and they share the same output orifice to connect to a 

mixing tube. Inside the mixing tube, there are many blades arranged statically in an 

order. When being driven out, two slurries met and mixed with each other with the 

help of these blades. Blades inside mixing tube do not move, so that the mixing is 

called static. The movement of slurries over specifically arranged mixing blades 

prevented the entrapment of air into slurry mixtures. After being dispersed into 

silicone elastomers, Co2Z was randomly distributed in the whole volume, but would 

sediment by gravity if the slurry was retained too long before the dielectrophoretic 

experiment. Under the imposition of the electric field, ferrite particles were polarized 

and transported to align themselves along electric field lines. Their positions were 

sustained after the silicone solidified and electric field was released. Prior to 

evaluation, the experiment consisted of three stages, as depicted in Fig. 7.7, which 

were ingredient preparation, mixing stage 1 and mixing stage 2.  

Silicone rubber consists of two components which are elastomers and hardeners. 

According to the manufacturer, the two components should mix at the ratio of 1:1 for 

fast hardening. In our primary tests, we measured the hardening time of silicone 

rubber to reveal that its solidification time was about 5 minutes at room temperature. 

This was too short for the alignment of dielectric particles under the electric field. 

When being tested at the ratio of one volume of elastomer to two volumes of hardener, 

the solidification time was prolonged up to 120 minutes and this was more than 

enough for the alignment process of Co2Z ferrite particles. However, this time frame 

was too long and would allow the sedimentation of particles from gravity. Fortunately, 
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when occuring at 80oC, this curing time reduced to 30 minutes and was apparently 

suitable for our experiment [29]. Therefore, the ratio A:B was modified to 1:2.  

 

7.2.3.3. Experiment 

After samples were carefully prepared, they were injected gradually into a sample 

chamber in which two copper electrodes stayed parallel and 22 mm in distance from 

each other. The voltage was controlled through a Trek 610C high voltage transmitter 

and the signal was generated by an oscillator (Thulby Thander TG501). The 

dielectrophoresis was conducted at an electric field of 3 kV/cm and frequencies of 60 

Hz and 1 kHz to compare the effect of frequency on the dielectrophoretic efficiency 

[30-32]. The sample chamber was immersed in an oil bath to control the temperature 

for elastomers solidification. Experimental equipments are shown in Fig.7.8. 

After the dielectrophoretic experiment, the sample was cured at 100oC for 5 hours to 

finish the cross linking process of silicone elastomers. Pieces of samples were 

prepared for dielectric permittivity and magnetic permeability with dimensions 

described in Chapter 6. In this experiment, we measured these two parameters for 

both isotropic and anisotropic samples in which the latter case included all specimens 

whose Co2Z particles aligned either parallel or perpendicular to the measuring field. 

The obtained data of isotropic samples were compared with calculated data using the 

Jayasundere-Smith equation, whilst the data of anisotropic samples were compared 

with ones calculated from parallel and transverse model [33]. We assumed that the 

experiment was successful to form a high degree of alignment so that strings of ferrite 
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particles were formed. We also assumed that these particles had strong connection 

with each other so that they behaved like continuous fibers [4, 25]. The formed 

composites, in consequence, contained properties following the simple mixing rule 

for anisotropic fiber composites. The equation for this prediction was given in 

Chapter 6, Eq. 6.1. 

There was a challenge for the permittivity’s measurement because of the softness and 

flexibility of specimens. The design of sample’s clamp intended to avoid the gap 

between equipment and sample’s surfaces generated a dramatic high pressure on the 

sample so that the actual thickness of samples varied with measuring time. 

Furthermore, this pressure would deflect the strings of filler particles, making their 

shape changed. The consequence was that the measured data were very much 

different from expected. Measurement data were unacceptable until the pressure from 

the sample’s clamps was released and a supplementary tool was used to measure the 

thickness. The measurement was taken at different locations on specimen’s surface 

and an average value was recorded. Samples after permeability and permittivity tests 

were subjected into microstructural investigation.  

 

7.2.4. Results and discussions 

7.2.4.1. Alignment efficiency  

For the microstructure investigation, there were several methods usually applied, 

those were such as polarized transmission microscope (PTM) [34] and Scanning 

Electron Microscope (SEM) [4-5]. A. Knapp and J.W. Halloran used PTM to observe 
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the formation of clusters inside a mixture of polymers due to the immiscibility. In 

order to apply this technique, the sample must be thin and transparent enough for 

polarized light to go through. They cut small pieces of thermoplastic polymer from 

their final samples and melted them between glass slides to form thin films for PTM 

observation. Thermosetting polymers are not applicable to this technique as they are 

unable to melt under the heat treatment. This technique was not suitable to observe 

our samples because the formed composite was black from the black color of Co2Z. 

Furthermore, the advantageous flexibility of silicone rubber made it difficult to cut 

samples into thin layers.  

The samples in the research of Park and Robertson [4-5] were rigid solid from the 

polymerization of urethane dimethacrylate (UDMA) and 1,6-hexanediol 

dimethacrylate (HDDMA) under the initiation of blue light. The inclusions used in 

their experiments were homogeneous size transparent glass beads which did not 

introduce any color preventing them from observation. SEM was applicable in their 

research. 

Microstructural observation of our samples’ cross sections was given in Fig. 4.10a 

and b, corresponding to two surfaces perpendicular to each other but parallel to the 

electric field lines. Images of other samples of other compositions could not obtain 

because their structures were collapsed in the high vacuum chamber of SEM machine.  

We could not see the alignment of inclusions in those two images, but rather a 

random distribution of particles. Being concerned with measuring data, it was 

apparent to us that the alignment happened at some degree. However, it did not show 
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up in these SEM images, even if we tried several times. We presumed that the 

alignment of particles was not straight along the electric field lines, i.e. perpendicular 

to two electrode surfaces so that a straight cut along alignment direction went across 

ferrite strings or columns to appear as an isotropic distribution. This phenomenon was 

observed by Randall C. A. et al. [35], Park and Robertson [6], Wilson S. A. et al. [25] 

without any explanation. Studies of Furedi and Valentine [1] on different material 

systems, different filler volume fractions, and under various frequency ranges showed 

that the deflected assembly phenomenon did not happen at very low filler volume 

fraction of 0.9 Vol% and at low frequency range of tens of Hz.  

It may be possible to apply assumptions of Fricke and Cole et al. [36-37] which says 

that there are two torques induced on the filler particles. The first torque is resulted 

from polarization and the second one is caused by charging because all dielectrics are 

partly conductive. The polarization of materials is usually along the electric field lines 

so that it drives particles to move translationally to assemble along field lines. This 

torque does not bend the alignment of filler particles. Meanwhile, due to the fact that 

the material is not completely insulation, there is a charge on particle’s surface. The 

presence of this charge forces particles to move perpendicularly to the direction of 

electric field so that the final position of the strings is deflected to the electric field 

lines. 

Another reason may come from the non-optimistic design of experiment that would 

weaken the effect of applied frequency and voltage of the electric field. These 

impacts will be discussed in more details in a later section. Hase M. et al. [2] reported 

a longest alignment of 1 mm of equal size glass spheres in their experiments using 
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accelerated anisotropic electric field with a gap between two electrodes of 1.4 mm. 

The requirement to have large enough materials for measurement keeps the design a 

large sample cell with a distance of 22 mm between two electrodes. This 

disadvantage would be one reason for a low efficiency of alignment. 

The observation of microstructure of specimens was hindered by the black 

background of matrix, which was attributed from the random distribution of sub 

micron filler particles. It means that there was a large amount of very small particles 

in the range of submicron size which were not strongly affected by the electro motive 

force (emf). As given in Table 7.2 and depicted in Fig. 7.4, the dielectrophoretic force 

is dominant over the whole range of particle sizes. However, if the dielectrophoretic 

force is strongest within a distance of 1mm from the electrode’s surface and 

decreased at farther distances, it would be possible that the drag and thermal agitation 

forces controlled dielectric particles in sub micron size range. Research results given 

by Hase et al. [38] did not have any further explanation. More study is needed to 

clarify the variation of the dielectrophoretic force along the distance from the 

electrode’s surface.  

Apart from SEM, we tried of using a direct light microscope for low filler 

composition specimens during the dielectrophoresis [29] to observe the 

microstructure of the specimens. However, this technique did not depict correctly 

behaviors of ferrites particles under an electric field with high concentration from 

interaction amongst particles. 
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7.2.4.2. Permittivity and permeability of specimens 

Results of the dielectric permittivities of samples which were conducted at 

frequencies of 60 Hz and 1 kHz were given in Fig.7.10 and Fig. 7.11, respectively. 

The magnetic permeability of samples those were prepared at the same experimental 

conditions were given in Fig. 7.12 and Fig. 7.13, correspondingly. Dielectromagnetic 

properties of composites were proportional to the increase of Co2Z ferrite 

composition though this was not a linear relationship. It is apparent that the higher the 

ceramic composition, the stronger the interaction between ceramic particles so that 

the inclusive behavior of composites was reduced. 

Evaluation of the influence of frequency on assembly’s efficiency was given in Fig. 

7.14 and Fig. 7.15; Fig. 7.16 and Fig. 7.17 for permittivity and permeability, 

correspondingly.  The cartoon given in Fig. 7.14 illustrates that the high permittivity 

and high permeability values are along alignment direction as well as along the 

measuring electric and magnetic fields. Permittivity and permeability magnitudes in 

the parallel direction to the measuring electric field lines were compared to those in 

the perpendicular direction to the measuring electric field. The better the assembly 

effect, the larger the split values of these dielectromagnetic properties. The influence 

of field frequency on assembly at low filler volume fractions seemed to be more 

apparent than at high volume fractions so that they formed a maximum point at 

20vol%. Considering that the electric field generated similar effect on all samples, 

there was a higher amount of fillers not aligned in high composition samples in 

comparison with those with low composition. Therefore, the variation of alignment 

efficiency amongst specimens is understandable. Dielectrophoresis at high frequency 
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accelerated the alignment of particles better than at low frequency. This was 

consistent with observations given by Wilson S.A. et al. [25], who elucidated three 

alignment degrees of ceramic particles on different electric field frequencies, strength 

and experimental time. Schematic illustration of these three was depicted in Fig. 7.18. 

The weakest alignment degree is characterized by short chains which consist of a few 

particles surrounded by a large number of randomly distributed particles. This type is 

formed at very low frequency ranges and low electric field strength. With the increase 

of frequency, particles build up longer chains with a reduced amount of randomly 

distributed ones to form type II. The application of both high frequency and high 

electric field would strongly promote the interaction between particles so that the 

alignment produces not strings or chains, but columns of particles. This is the 

strongest assembly they observed with their piezoelectric ceramic - epoxy systems. 

The difference of dielectric permittivity between piezoelectric ceramics and epoxy is 

in the range of thousands. Nevertheless, the permittivity and permeability difference 

in Co2Z-silicone systems was within the range of tens, with which weak interaction 

between ferrite particles resulted into short chains consisting of small number of 

particles. We can see this difference from consideration of field generated amongst 

particles. According to Pohl [1] and Randall C. A. et al. [39-40], the induced field 

between fillers under the application of external electric field is given by equation: 

                                                    . . .        (Eq. 7.10) 
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 Where, ,  are permittivities of matrix and inclusions, correspondingly,  is the 

angle made of a vector between two particles and electric field line, and  is field 

strength of electric field. 

Given the permittivity of piezoelectric was 1700 and of epoxy was 2.8; the induced 

field strength was 2.99 . Given the permittivity of Co2Z was 12 and of silicone 

elastomer was 2.8, the induced field strength was 2.04 . All particles were assumed 

in line with field lines. 

 

7.2.5. Factors influence the dielectrophoresis 

7.2.5.1. Electric field (AC or DC) 

In principle, either direct current (DC) or alternative current (AC) electric field is 

applicable to dielectrophoretic experiment [1, 41-44] because the dielectrophoretic 

force Fe is dependent mostly on the real part of the Clausius-Mossotti factor as given 

in Eq. 7.3. This factor does not change when material is exposed into either the DC or 

AC electric field. On the other hand, the E2 term in Fe equation indicates that the AC 

electric field does not impact on the behavior of mateial exposed into it. 

However, the efficiency of their applications is different with the application of DC 

field usually resulting in lower assembly yield than that of applying AC. Randall C. A 

et al. [31], Kim T. H. et al. [45], Hawkin B. G. [46] applied dielectrophoresis 

technique in their research, in which they compared using DC electric field to AC 

electric field to demonstrate that the application of DC electric field yielded low 
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alignment efficiency. In addition, DC field produced a charge layer on the surface of 

dielectrics. When electric field raises up to a critical value, particles move under the 

influence of an isostatic electric attractive force stronger than the Coulombic force 

amongst them [39]. Dielectric particles, under this attractive force, move to opposite 

charged electrodes that result in a disordered structure of composite. Some research 

reported the evidence of electrolysis on electrode surface in the case of using DC 

electric field [38, 46] with argument that this is attributed to the partial conductivity 

of the medium.  

Kim T.H. et al [9] applied either DC or AC electric field for their research in aligning 

gallium nanowires. They applied voltage values of 1, 5, 15 and 20 for DC case and 1, 

5, 10, 15, 20 for AC case. The use of AC field showed better alignment achievements 

(80%) than that of case using DC field (40%). They did not discuss this discrepancy; 

however, apart from its influence on electrolysis, the shape of nanowires also has a 

relevant contribution. As mentioned by Pethig R. [11-12] and Hui Liu [47], the 

polarization of non spherical particles usually occurs along their longer directions. 

The unavailability of frequency would make these particles not strongly attractive to 

the electric field and would weakly align along the field.  

Hase M. et al. [2] argued that the application of the DC electric field will cause 

particles to have a large amount of free charge due to the triboelectric effect that, in 

turn causing the electrophoretic force. When particles are aligned between the two 

electrodes, the conduction occurs, leading to the electrolytic phenomenon.  
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7.2.5.2. Effect of frequency 

Frequency of the external AC electric field plays an important role in regulating 

strength of the dielectrophoretic force. It also indicates that the particles will align 

along the strong or the weak electric field as well as the direction of alignment of 

particles. In the general expression of dielectrophoretic force, the frequency 

dependent term is Clausius-Mossotti factor α. In general circumstances, α is described 

by an expression of complex permittivity of both medium and fillers as follows: 

 

 

Sigma (σ) is the conductivity and ω is the angular frequency of the applied electric 

field. As conductivity of most dielectric materials is much smaller than the magnitude 

of permittivity, it is negligible and, for the sake of simplicity, this parameter is usually 

ignored [48]. Thus, the expression of α becomes: 

      (Eq. 7.11) 

where ε1 and ε2 are real parts of permittivity of the medium and inclusions, 

respectively.  

The presence of this term results in different behavior of inclusions along with 

frequency of the applied electric field. The real part of permittivity results into the 

dielectrophoresis, while the imaginary part results in the rotation of particles in the 

electric field. Hughes M.P [8] called them in one common name as electrokinetics.  
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The Clausius-Mossotti factor represents the polarization of material that changes 

under the impact of field frequency. Pethig and Markx [11] reported that the 

polarizations associated mostly with particle surface charge at frequencies below 

1kHz, but switched at high frequency ranges due the permittivity loss (ε”) and the 

electric resonance.  

Havriliak and Negami [49] derived mathematical equations to quantitatively describe 

the dependence of permittivity in all forms to frequency of electric field: 

                                ∆    (Eq. 7.12) 

                         ∆  
/   (Eq. 7.13) 

                          " ∆          (Eq. 7.14) 

Where α, β are shape parameters; ω is angular frequency, εo and ε∞ are limit of 

permittivity at low and high frequency, and φ is expressed as: 

    arctan    / ]     

Δε is the dielectric relaxation strength, representing the contribution of the orientation 

polarization 

   ∆ "    (Eq.7.15) 
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And τ0, τmax are relaxation times whose relationship is described mathematically as: 
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 τmax is the maximum relaxation time at which, the loss peak is at maximum value. 

The combination of permittivity of all currently available electromagnetic materials 

results in values of the Clausius-Mossoti factor is in the range of +1 to -0.5 [11]. This 

value has a significant role in determining whether particles are aligned or spread 

under the influence of electric field. Positive values of alpha infer that filler particles 

will assemble because of the formation of induced attractive force amongst them. 

Negative values of alpha imply that repulsive forces are formed amongst filler 

particles [37, 50]. 

 As both the real and imaginary permittivities vary with frequency, at a very high 

frequency range which is over the cutoff frequency, the electric field causes 

resonance so that real permittivity value of fillers decreased. Furthermore, the 

frequency affected on the alignment direction of particles in the case they are non-

spherical. At low frequency, the polarization happens along the longitudinal direction 

of particles, and they align with this axis along the direction of electric field. As the 

frequency increases, the dipole along this axis reaches dispersion, but the dipole 

formed in the transversse direction does not. So, the particle will rotate 90o and align 

perpendicular to the field [47]. 

Jones described in more detailed the dependence of the dielectrophoretic force on the 

frequency [22]. He applied a simulation method named effective moment method to 
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express the forces and torques produced in the electric field. Considering particular 

dielectric particles consisting of two different layers of different materials in which 

internal layer is the isolative material while the outer layer is the conductive material, 

he introduced the generalized polarization coefficient K(n): 

  

 

This equation represents the polarization of multipolar moment in the reality 

consisting of an array of homogeneous spherical particles in the electric field. When 

n=1, this expression becomes the Clausius-Mossotti function applying for the dipole 

moment. 

In our circumstances, as the permittivity of Co2Z particles was stable up to the 

frequency of 1 GHz, the variation of the external electric field in the range of few tens 

kHz would not affect on neither the dielectrophoretic force nor attractive force among 

particles. However, as reported by Davis [36] and Bowen et al. [29], high frequency 

impacts the fluid to cause a turbulent flow in the suspension. This optimal frequency 

was not dependent on the filler composition of the suspension. There would be a 

reason for our experiments and more research has to be done for further information.  

 

7.2.5.3. Relative dielectric permittivity of fillers and medium 

The role of dielectric permittivity of fillers and medium on efficiency of 

dielectrophoretic experiment is expressed in Clausius-Mossotti equation (α).  
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Dielectrophoretic force is proportional to the difference of permittivity of fillers and 

liquid. If the permitticity of inclusions is higher than that of the medium, then 

dielectrophoretic force has a positive value and vice versa [51-52]. The higher the 

difference, the stronger the attractive force amongst particles and, in turn, the higher 

yield of assembly [1]. Pohl derived a simple equation to describe the influence of 

permittivity of fillers and medium on induced field between particles: 

        (Eq. 7.15) 

Bowen C. P. et al [29, 39] developed this equation into a more general form including 

the relative position of particles to the field lines as given in Eq. 7.10. Again, the 

calculation in the results section indicated how much influence dielectric permittivity 

of components has on dielectrophoresis efficiency. Davis [36] and Aubry [23, 37] 

agreed with this concept. 

                                                          . .
                        (Eq. 7.16) 

Where, a is particle’s average radius, R is distance between particles, E is applied 

field strength.  

If we consider parameters of a, R and E similar to all cases so that the term before the 

parentheses is a constant (k), then the attractive force in our case (ε’2 = 12, ε’1 = 2.8) 

is 0.91k. For materials having a large difference between two permittivity values, for 

instance 1700 and 5, this is 5.03k. The attractive force in this case was 5 times 

stronger than that of Co2Z –silicone elastomer system and the assembly efficiency 

would be very much better. 
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7.2.5.4. Particle size and shape of fillers 

As mentioned above, the impact of other forces apart from the dielectrophoretic force 

would result in low yield of alignment or separation. All these matters come by from 

the particle size of objects used in the experiment. According to the calculation of 

Pohl [1], the dielectrophoretic force applied on particle with diameter of 1µm is 

bigger than other side effects to manipulate. Research of Park and Robertson [4-5] on 

the alignment of glass beads by an AC electric field reported that the 

dielectrophoresis is not applicable for particles to have diameter larger than 25 µm. 

Randall and his colleagues [31] indicated that particles with the diameter larger than 

100nm can be used in dielectrophoresis research. However, efficiency of the 

assembly also depends on the viscosity of medium. A general trend is that, for a 

specific liquid medium, the larger particle size, the stronger the viscous drag force 

will be to alter the alignment of particles.  

The role of particle shape having on the efficiency of dielectrophoresis was 

considered. Liu [47, 53] and Winter [19] conducted their research, applying 

theoretical mathematical simulations on irregular particle shapes of ellipsoidal, 

cylindrical. They had the same conclusions on the variation of polarization inside 

particle under different particle’s shapes. Spherical particles are isotropic to all 

directions so that the polarization at any direction is consistent. Meanwhile, ellipsoids 

polarize along their longitudinal direction. In addition, the physical dimensions of 

ellipsoid would impose particles into different electric field strength, either to 

electrodes or neighbor particles. 
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7.2.5.5. Design of experimental cell 

The experimental cell is the cell in which the sample slurry was retained and exposed 

into an electric field. The alignment of dielectric particles and solidification of liquid 

also occurs in this cell. Therefore, the design of this cell is important for the assembly 

efficiency of particles. 

For most of cases, the cell consists of two parallel electrodes which are tightened or 

embedded into two parallel surfaces of a container, where slurry stays. Park and 

Robertson [4] designed their cells in which two aluminum electrodes were embedded 

parallel into a cuvette. The distance between these two electrodes was 0.7 cm, which 

was widest amongst those reported so far. Others [23, 29, 33, 39, 54-55] designed 

their experimental cells with electrode distance was less than 2 mm. This short gap 

between the two electrodes allowed them to control the electric field as high as 7.5 

kV/mm without going beyond the capacity of the high voltage transducer. In our 

research, since we want to investigate both permittivity and permeability of 

specimens at directions either parallel or perpendicular to the electric field lines, the 

gap between electrodes should be wide enough to provide samples with 

corresponding dimensions for the measurement. With 22 mm in distance, the electric 

field could not set too high so that it might not strong enough to produce a high 

assembly yield [1, 22]. 

All above mentioned researchers reported the application of flat electrodes with the 

assumption that the induced secondary electric field between particles would be a 

dominant factor to assemble particles in line. They have not indicated any difficulty 
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in aligning dielectrics with high permittivity and for most of their research; they 

worked with high permittivity materials. For those circumstances consisting of low 

permittivity difference between fillers and medium, there will be a weak induced field 

between particles so that the assembly efficiency would be eliminated. A strong 

anisotropic electric field would more beneficial to achieve high assembly yield. A 

novel method introduced by Hase M. et al [38] would be very effective to meet this 

demand as it formed a matrix of micro pillars on the electrode’s surface. Authors used 

laser light to locally melt the copper electrode surface to introduce holes with a 

diameter of 28 µm. The melted copper piled up on the edge of holes with a height of 

40 µm, where electric charge is accumulated which, in turn, generates higher electric 

field than that of their surroundings. 

 

7.2.5.6. Mixing process 

There have been several studies reporting the mixing process of ceramics with 

polymer by hand and aided by vacuum [27]. This technique is very simple and easy. 

However, mixing manually in the opened container would cause air to be stirred in 

and captured inside structure. The vacuuming stage was to withdraw air bubbles out 

of the liquid silicone before it solidifies. The presence of air bubbles made silicone 

rubber look like foam full of holes and open pores that again show the presence of 

porosity. 

In our research, we used two different plastic containers containing fine Co2Z powder 

and one silicone component. Air and humidity were removed by vacuuming. The 
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vacuuming of dry powder was easier than that of the slurry. Liquid silicone was 

stored in a cylinder which was connected to the plastic bag of ceramic powder, but 

isolated by a thin layer of polyfloroethylene.  

 

7.2.6. Applicability of dielectrophoresis in forming anisotropic composites 

Fig. 7.19 depicts the relationship between permittivity and permeability of anisotropic 

Co2Z-elastomer composites to that of isotropic Co2Z-LDPE. The contour of 

anisotropic curve moved further toward the equivalent permittivity-permeability 

region. It implies that there is an opportunity for anisotropic Co2Z-silicone elastomers 

to achieve equivalence status.  

The comparison of permittivity-permeability relationship between anisotropic Co2Z-

silicone elastomers and isotropic Co2Z-elastomer is also given in Fig. 7.20. A similar 

tendency is observed in this case with better approach of the permeability magnitude 

to the permittivity magnitude. Even though, there is still a big gap between 

experimental results and the expectation. 

There have been many research succeeded in aligning dielectric ceramic particles 

along an electric field. The difference between their materials and the material used in 

this research was the magnitude of material’s permittivity. While their materials’ 

permittivities are more than a 100 and some cases more than a 1000, Co2Z’s 

permittivity is 12. It is apparent that this property of Co2Z is not very much higher 

than that of the polymer and elastomers matrices. However, it does not mean that it is 

impossible to align Co2Z particles by using electric field. 
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There are many parameters of the dielectrophoretic experiment can be modified to 

improve the alignment efficiency such as (i) electric field, (ii) frequency of the 

electric field, (iii) sample chamber design, and (iv) electrode.  

The magnitude of the applied electric field should vary depending upon the 

magnitude of permittivity of the dielectric material. For those materials to have a high 

permittivity in the range of few hundreds to more than a thousand, the electric field 

can use at a moderate magnitude. For those materials to have a low permittivity in the 

range of ten or few tens, the electric field should be strong to generate enough the 

polarization inside the dielectric particles. This should be applied in our circumstance. 

The usage of a high electric field would be hindered by the large sample chamber, in 

which the gap between two electrodes is big. As mentioned in Section 7.2.5.5 above, 

this large sample chamber design aimed to collect large enough material for all 

measurements of permittivity and permeability along parallel and perpendicular 

directions to the alignment direction. However, these measurements are to compare 

with the theoretical model only, which was established in this research stage. 

Therefore, it does not need to conduct all the measurements, but some of them to 

show the compliance of experiment to the theoretical calculations and to show the 

efficiency of alignment. With this simplification, the sample chamber can be 

redesigned to narrow the gap between electrodes.  

The redesign of the sample chamber also brings more opportunity for the electrode’s 

modification to generate a stronger non-uniformity of electric field as described in the 

Section 7.2.5.5. 
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As described in Chapter 8, the equivalent permittivity-permeability composites of 

Co2Z-elastomers by using the dielectrophoresis technique are theoretically attainable. 

This depends on the alignment of Co2Z particles along the electric field lines. The 

low permittivity magnitude of Co2Z is a challenge, but there are still a lot of 

opportunities to improve and make the dielectrophoresis applicable in this case. 
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Part 2: Co-extrusion 

 

The dielectrophoresis method did not provide a long string of aligned ceramic 

particles to form anisotropic composites. As being mentioned above, the most optimal 

structure of unidirectional composite would be in the column form. Meanwhile, the 

co-extrusion technique invented by D. Popovich, J.W.Halloran et al.[56] has been 

recognized as a novel technique to manufacture fine composite textures [57-59]. Fiber 

composites with fiber diameter as thin as 60 µm can be formulated. It is a possibility 

that this method could be applicable in forming unidirectional Co2Z-polymer 

composites in which Co2Z particles align uniaxially. Therefore, this technique was 

applied in an alternative attempt to synthesize unidirectional fiber composites by the 

mechanical force, in which fibers were isotropic particulate composites embedded in 

another polymer. In order to differentiate to the dielectrophoresis, we called this 

structure as the core-shell structure.  

 

7.3. Introduction 

The co-extrusion method can be understood as the derivation of extrusion technique 

in which two or more than two components are enforced through the same die to 

manufacture a green body of uniform cross section area [60]. This method has 

advantage in reducing cost with a very much easier tactic and in reduced processing 
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steps in producing complicated structures like multilayer ceramics, tubes and some 

types of materials those are challenge to fabricate by the use of other methods like 

monolithic ceramics fibers [59, 61-63], Macrochannelled-Hydroxyapatite 

Bioceramics [64], Mircro-fabrication of fine textured ceramics [58, 65].  

The principle of coextrusion methods is simple. At first, core-shell feed rods need to 

be formed. Ceramics powders and polymers were mixed inside a hot shear mixer so 

that powders are evenly distributed into the polymer matrix. Core rods of ceramic-

polymer mixtures were made by the pressing die as described in Part 1, Chapter 2, 

Section 2.1.2. There have been several ways to produce rod’s covering materials, in 

which drilling and machining [57] and extrusion technique [66] are some of them. In 

the drilling method, the block of covering material is drilled to a diameter of rod 

material so that it can fit in. The core rod and covering sleeves were bonded with each 

other by the heat treatment. In the extrusion technique, cover materials are usually 

made up by a different step, using the extrusion method. Cover materials are hot 

mixed and extruded through a rectangular orifice to form a flat ribbon. Under a 

moderate heat treatment and a medium static press, this flat ribbon has the shape of a 

half circle which fits with a half of the feedrod circumference.   

The co-extrusion is executed in the same way with extrusion, in which fibers of core-

shell structure were driven out of the die orifice. Reduced-size core-shell structures 

will be rebundled and coextruded several times so that the number of fibers included 

in one filament is excessively increased while their diameters is dramatically 

decreased. The reduction of fiber diameter is usually in the range from 25 to 40 times 
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to its initial diameter [57]. The smallest fiber diameter of 65 μm was reported [60, 67]. 

The schematic illustration of this process is depicted in Fig. 7.18.   

This strong ability of coextrusion method provided us a hope to tailor a fine texture of 

the core-shell structure in which the core is columns of Co2Z particles aligned 

uniaxially. The target of formulating flexible anisotropic Co2Z-PE would be achieved.  

However, there are some challenges to make this technique unfeasible in synthesizing 

anisotropic dielectromagnetic Co2Z-PE composites. Ceramic powders are always 

mixed with a thermoplastic polymer to form an isotropic material for extrusion 

process and there is a composition limit in the range 45 to 75 Vol%, depending nature 

of ceramics [60, 66, 68]. In our circumstance, this value is below 50 vol%. 

Coextrusion with a different material will further dilute ceramics compositions, which 

in turn, further separate their dielectric permittivity and magnetic permeability.  

Another challenge of the coextrusion technique to our research is its ability to work 

on core-shell structure with the shell layer is a polymer. There will be a big difference 

of viscosity among core and shell layers, which would cause a mismatch or distortion 

in shape due to their different flow rates.  

Therefore, experimental study the feasibility of coextrusion method in producing the 

Co2Z-PE core-shell structure was conducted simultaneously with theoretical 

calculations to predicting the compatibility of dielectric permittivity and magnetic 

permeability of producing materials. The theoretical calculations will be described in 

Chapter 8 together with other calculations on different ferrites for the purpose of this 

research. 
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7.3.2. Experiment 

7.3.2.1. Formation of feedrods 

Low-density Polyethylene (LDPE) is used as the distributing medium for Co2Z 

ceramics to produce the core material. Heavy mineral oil was used as lubricant to 

facilitate the dispersion of Co2Z powder [69]. Polymer was firstly melted in the 

Plasti-Corder hot mixer. Ceramic powder and lubricant are gradually added while 

mixing was still in process until the torque value reaches to a stable value. In order to 

meet the intended Co2Z composition, Co2Z was used at highest amount in the core. 

Samples compositions were given in Table 4.5. Co2Z consists of high density of 5.37 

g/cm3 and high viscosity of LDPE (96400 Pa.s) obstructed the formation of high filler 

composition samples with empirical value less than 50 vol%. 

High-density Polyethylene (HDPE) was used as the covering material. In the 

preliminary experiments, we followed the extrusion technique with which, ribbons of 

HDPE were formed through extrusion. HDPE was melted at 130oC inside the die in a 

high vacuum condition before being enforced through a rectangular orifice with 

dimension of 1×25.3 mm at speed 2 mm/min and a force of 17 kPa. The intended low 

extrusion speed was aimed to provide enough time for liquid HDPE quenched and 

solidified after going out of the die’s opening. However, ribbons of HDPE were not 

able to form with the reasons from the complication of rheology of HDPE. As cooling 

rate at the edge of the ribbons faster than that in their internals, the material in the 

middle of ribbons was still flowable to form wavy shape while the material at the 

edges were solidified. Another factor was that, the shear rate at two small ends of the 
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die’s opening was higher than that at two big edges [70] so that the material at those 

two end points formed with convexo-concave appearance. The different cooling rate 

would also contribute into this process. Other faster extrusion speeds resulted in 

necking and elongation of liquid HDPE at the opening, which in turn, did not provide 

enough material to form half circle covering sleeves.  

A consistent method to make sleeves for core-shell structure was invented. HDPE 

was melted directly on reservoir of the female ram of the die which is used to form 

the concave shape of core’s shell at 130oC and a high vacuum condition. The amount 

of HDPE needed to make a complete circle core’s shell was calculated and evenly 

sprinkled along the length of the die so that, when being statically pressed, an even 

thickness sleeve was formed. The die was opened and the material was released after 

it was quenched. The formed half a circle shell had both smooth surfaces and even 

thickness. Two half a circle shells were contacted with the core material from heat 

treatment to produce a complete core-shell feedrod. 

 

7.3.2.2. Coextrusion and testing sample formation 

The core-shell structure has a cylinder shape and the coextrusion was conducted 

through a die whose one end was heated to 130oC, the temperature at which PE was 

melted. The coextrusion would be in several steps with the first reduced-size rod 

diameter was 2.5 mm. Those reduced-size rods were rebundled for the second 

coextrusion to form multiple aligned elements fibers with diameter of 1mm. The 

number of fibers at this step was twenty five. A finer structure with a larger number 
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polymer and polymer core-shell system requires more critical conditions on 

rheological behavior, strength and immiscibility of two materials. The co-extrusion 

experiments conducted in this project faced a very critical challenge. The strength and 

viscosity of the core and shell materials were not comparable to each other. Images of 

extruded fibers were given in Fig. 7.19. An even diameter of core-shell structure was 

not achievable as well as the isolation between the core and shell materials. 

For a number of researches to formulate the fibrous monolithic or core-shell structure 

composites, both the core and the shell materials were ceramics by the end of the 

process. Brady et al.[59], Popovich et al.[56], Baskaran et al. [63, 72-73] reported a 

variety of fibrous monolithic composites of oxides and non-oxides ceramics systems 

such as Al2O3/Ni-Cr alloy, Al2O3/C, Si3N4/BN, SiC/BN, and ZrO2/Al2O3/NiO 

mono/multifilament fibers. Kaya et al. [60] and Miyazaki et al. [67] reported the 

formulation of ZrO2/Al2O3 composites in which Kaya made them in a multilayer 

fibrous form whilst Miyazaki made them in an alternative structural fibers. Their 

research met the requirement of comparable viscosity of both materials. They mixed 

ceramic powders with a thermoplastic polymer, lubricants and dispersant agents so 

that they could control the viscosity of both materials. Polymers, by the end, were 

burned off to leave ceramics powders in a designed texture. The heat treatments 

afterward accompanied with high pressure produced dense materials without the 

miscibility of composite’s components. The addition of ceramic powders into the 

polymer increased its strength and viscosity [70, 74-75] to a degree so that it 

minimized the shear stress on interfaces between materials and between material and 

die’s wall to impact on the attachment of materials [76].  
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The coextrusion for a materials system in which one or both of them is/are polymers 

required a stricter conditions on strength and immiscibility, apart from others. The 

reason is that the melted polymer has lower viscosity and weaker. It is prone to be 

affected by shear stress more than ceramics-polymer systems. J. Dooley and L. 

Schkopau [77] conducted a research on coextrusion of several types of PE with 

different melting indexes, ranging from 0.5 to 8.0 g/10 min. They arranged materials 

in different orders: similar viscosity of PE and higher viscosity PE in the core. Their 

research results showed in Fig. 7.20 indicate the significance of equivalent viscosities 

to keep their interfaces not deformed. Their data shown in Fig. 7.21 show the lower 

viscosity polymer on the shell resulted in a bad interface deformation. This 

phenomenon was very similar to our case, where the low viscosity HDPE was used as 

the shell material while the high viscosity Co2Z-LDPE was used as the core material. 

In addition, those images also indicate the effect of die’s geometry on the interface 

deformation of two coextruded polymers. 

According to Dooley and Schkopau, there presents viscous and elastic flows 

corresponding to viscous and elastic forces occurred during coextrusion. The viscous 

force and viscous flow appear in radial symmetric geometry die’s opening, due to the 

difference of viscosities, which in turn, results in the encapsulation phenomenon as 

seen in Fig. 7.21a. This phenomenon happens in the case a lower viscosity fluid is a 

cap for higher viscosity fluid. This also relates to the comparative strengths of two 

fluids. They observed the interface deformation in the case using square die’s opening 

and argued that that was caused from the elastic flow when they flow through a 

nonradially symmetric geometry. This elastic flow generated a local circular 
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movement inside polymer’s body to make the deformation more critical. The research 

of Dooley and Schkopau was similar to that of Jones and colleagues [71]. 

Perez and Collier [70], and Gildengorn [78] investigated the influence of fluid’s 

strength on their shape deformations at the outlet opening. Assuming the flow of two 

different strength fluids inside the die is steady, the extrusion is through a cone die, 

and their deformations are plastic, they applied the finite element method to simulate 

the shear stress distribution at the cone die. Consider the situation in which the fluid 

in the core has a higher strength than the sleeve fluid does, the weaker material tends 

to deform first under the pressure to move toward the die outlet. The stronger fluid 

tends to prevent this movement by applying stress on the weaker to make it deformed. 

In return, the deformation of the weaker fluid generates a stress on the harder fluid 

along their interface, forcing it to deform. Authors believed that there is a critical 

strength ratio between two fluids which in any case the strength ratio stays beyond 

this value will cause the uncontrollable flow of materials. The harder material goes 

out first with a very thin layer or a softer material covering its surface. The 

accumulation of the softer material, after meeting enough stress, will burst a force 

against the harder one, resulting the thinning of the harder material, even separating 

its flow. The accumulation also breaks the steady movement of material to form 

fibers in varying thickness and shape [79-80].  

We found this argument suitable to explain our empirical results as shown in Fig. 

7.19. The fiber has a varied diameter with an odd shape: straight at some segments, 

but wavy in some other segments. Due to the accumulation of HDPE and due to the 

miscibility of PEs in the core and in the shell, they mixed with each other in a way 
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that the core and shell’s isolation was not detectable. This phenomenon did not 

happen in research of Brady et al.[59], Popovich et al. [68], Baskaran et al. [63, 72-

73], or Kaya et al. [60] and Miyazaki et al. [67] because the material in the core and 

in the shell were all mixtures of ceramic powders and a polymer. Their strengths were 

comparable or at least lower than the critical strength ratio. In order to obtain a better 

core-shell structure, the viscosity of HDPE in the shell must be improved or its 

strength must be enhanced. 

There are several options to modify viscosity of PE which are included (i) 

supplementation of high viscosity polymer or fillers [75] and (ii) keeping the working 

temperature close to glass point of polymer [81]. Jana and Nando added 

Polydimethylesilosane Rubber (PDMS) whose viscosity is 300 Pa.s into LDPE whose 

viscosity is 100 Pa.s at the same temperature 160oC and shear rate of 631.2 cm-1 to 

observe a slower flow of LDPE. This concept is theoretically applicable if two 

components can mix to form a miscible mixture. In their research, they needed to add 

a compatibilizer, named Ethyl Methacrylate (EMA) to mitigate the difference of 

molecular structures between PDMS and LDPE. EMA improved the compatibility of 

PDMS to LDPE [82]. Given the polarization and high dielectric permittivity (ε’ = 6.0) 

of EMA, the application of PDMS is not realistic in our material system because 

EMA would increase dielectric permittivity of the whole system, a matter that we had 

tried to avoid.  

After being melted, viscosity of polymers decreases exponentially with the increment 

of temperature, according to Arrhenius law: 
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Where A is the pre-exponential factor, E is the activation energy; R and T are molar 

gas constant and absolute temperature, correspondingly. 

The rheological behaviors of PE were depicted in paper of Dobrescu and Radovici 

[81] show that PE at temperature slightly contains high viscosity and it rapidly 

decreased at higher temperatures. It was shown in their reports that this property of 

LDPE was more apparent than that of HDPE.  

In the mean time, lowering down the applied pressure reduces shear rate of melted 

polymer, which in turn, increases its viscosity [83]. These techniques required the 

combination of temperature and co-extrusion speed adjustments to balance the 

viscosity of both materials in the shell and in the core. To some extent, they worked 

in our experiments to reduce the diameter variation of the formed rods. However, due 

to the low thermal conductivity of PE, the material going out of the die still retains its 

liquid state. As a consequence, material is stretched and thinned under the gravity. 

This phenomenon is serious because it does not allow producing a long and even 

core-shell structure. The slow quenching of material after going out of the die, 

together with its accumulated weight along with the extrusion time consequence in 

distortion of fiber as being depicted in Fig. 7.22. According to Timothy and White 

[84], this extrudate distortion was caused by the instability of melted polymers. 

Melted PE has been found as a non Newtonian fluid whose viscosity strongly 

dependent upon the normal stress difference measured in shear. 
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When processing temperature was set closer to melting point of polyethylene, 

viscosity of ceramic-LDPE mixtures increased so that their difference would not 

change. Furthermore, working at this temperature range made melted PE harder to 

move and required higher force load to be pushed out of the die. Shear stress applied 

on material’s system and shear rate of material extruded out of the die were all 

increased. Under high pressure, the ceramic composition at layers close to die wall 

varies unexpectedly and unpredictably. However, from capillary rheological 

investigation, they discovered the change of movement velocity of polymer going out 

of the die, not linearly dependent upon the applied pressure with the presence of this 

wall shear stress. They investigated materials inside the die to find that they isolated 

themselves in three layers and each layer moves with a different mechanism. The 

movement of closest and third layers to the wall follows the exponential mechanism, 

while that of the second layer is linearly correlated with applied stress [85]. It is 

apparent that when materials in this research moved from isotropic diameter die to 

conical collector, a detachable part to reduce diameter of fiber, the slip flow induced 

to make fractured shape of material. 

There would be another methodology to match the viscosity and strength of two 

materials, e.g. adding lubricants into Co2Z-LDPE mixtures to lower its viscosity or 

adding silica powder into HDPE to increase its viscosity. However, data from 

theoretical calculation showed that the equivalent permittivity and permeability Co2Z-

LDPE/HDPE core-shell structure is not attainable as described in Chapter 5. 

Therefore, we stopped research on applying the coextrusion technique for the purpose 

of this study. 
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7.3.4. Remarks on coextrusion method 

The coextrusion of a core-shell structure in which the core material was a mixture of 

Co2Z-LDPE and the shell material was a pure HDPE polymer faced challenges of 

viscosity mismatch, too high core/shell strength ratio and miscibility of polymers 

used in the core and the shell. These challenges caused the flow of the whole system 

was not stable due to the accumulation of stress inside the shell HDPE body, which in 

turn, caused a shape variation of extruded material. Under a high stress, together with 

miscibility property, a majority of HDPE in the shell mixed with the mixture of Co2Z-

LDPE. A part of it covered and formed a smooth and transparent surface on Co2Z-PE 

fiber while the rest stayed separately.  

A number of modification techniques were applied, such as adding mineral oil into 

HDPE, lowering the processing temperature, lowering the pressure with the aim to 

improve the viscosity and strength of HDPE. However, none of them really worked. 

There would be other tactics of lowering the viscosity of core material by the addition 

of a lubricant inside core material. There would also another tactic to increase the 

viscosity of HDPE by an addition of ceramic powder into HDPE. Those chemicals 

must have similar dielectric properties to those of PE. However, due to the limit of 

Co2Z compositions and its natural dielectric and magnetic properties, the equivalent 

permittivity and permeability Co2Z-PE core-shell structures were not theoretically 

attainable.  
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Though coextrusion method is a convenient and controllable technique for the 

formation of uniaxial aligned Co2Z particles, it was postponed to look for a high 

permeability ceramic material. 
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Table 7.2: Calculations of forces impact on dielectric particles with the presence of 

an electric field (E = 3kV/cm, η = 750 cPs, T = 353 K) 
 
 
 

 

 

 

 

 

 

 

Fig. 7.4: Comparison of forces interacted with dielectric particles in the presence of 
an electric field. The dielectrophoretic force was dominant to others. 
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Fig. 7.5: Microstructural illustration of stages of dielectrophoresis. Before being 
solidified, particles distribute randomly in the whole volume. Under the 
electric field, they align along the field lines and retain their positions after 
polymers harden  

 
 
Table 7.3: Properties of uncured silicone rubber as catalyzed 1:1 by weight 
 

 Look Viscosity Specific 
gravity 

Useful 
ToF 

Reflective 
index 

Dielectric 
constant 
(1kHz) 

delta  
(1kHz) 

R 
(Ohm) 

RTV 
6166 

Clear, 
colorless 750 cps 0.98 

g/cm3 
-50 to 
204 1.41 2.8 10-3 1015 

 

Table 7.4: Compositions of samples for dielectrophoretic experiments 

 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Co2Z (Vol%) 10 20 30 40 45 

RTV6166 (Vol%) 85 75 65 55 50 

Mineral oil (Vol%) 5 5 5 5 5 
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Fig. 7.9b:  Microstructure of 10 Vol% Co2Z-Silicone composite at its cross section 
after dielectrophoretic experiment. 

 

 

Fig. 7.10: Permittivity of samples annealed at field strength of 3kV/m, 60 Hz 
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Fig. 7.11: Permittivity of samples annealed at field strength of 3kV/m, 1 kHz 
 

 

Fig. 7.12: Permeability of samples annealed at field strength of 3kV/m, 60 Hz 
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Fig. 7.13: Permeability of samples annealed at field strength of 3kV/m, 1 kHz 

 

 

 

 

 

 

 

 

 

Fig. 7.14: The ratio between dielectric permittivity parallel to the electric field and 
that perpendicular to the electric field. B and E represent for the 
measurement magnetic and electric fields. 

1

1.5

2

2.5

3

3.5

4

0 10 20 30 40 50

Pe
rm

ea
bi

lit
y

Composition (vol%)

1kHz-v
random
1kHz-p

High 
’

High ε’

Low µ’ 

Low ε’ 

B E

Parallel permittivity: εp 
Vertical permittivity: 



171 
 

 

Fig. 7.15: The ratio of dielectric permittivity between parallel and perpendicular 
directions to the electric field, E=3kV/cm, f1 = 1 kHz (red columns) and 
f2=60 Hz (black columns), t= 80oC 

 

 

Fig. 7.16: The ratio of magnetic permeability between parallel and perpendicular 
directions to electric field, E=3kV/cm, f = 1 kHz, t= 80oC 
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Fig. 7.17: The ratio of magnetic permeability between parallel and perpendicular 
directions to the electric field, E=3kV/cm, f1 = 1 kHz (green columns) and 
f2=60 Hz (yellow columns) , t= 80oC 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.18: Three observed types of alignment of piezoelectric ceramic particles under 

the effect of electric field [25] 
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Fig. 7.19: Improved permittivity and permeability relationship by dielectrophoresis 

alignment method in comparison with that of the isotropic Co2Z-LDPE  
 

 
 
 Fig. 7.20: Improved permittivity and permeability relationship by dielectrophoresis 

alignment method in comparison with that of the isotropic Co2Z-Silicone 
elastomer 
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Fig. 7.21: Schematic illustration of coextrusion techniques with details of steps [57] 
 
 
 
Table 7.5: Intended and used composition of the core material 
 

Intended vol% 10 20 30 40 45 

Used Co2Z vol% 11.92 24.49 37.06 49.63 55.91 

Used LDPE vol% 83.08 70.51 57.94 45.37 39.09 

Mineral oil 5 5 5 5 5 
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Fig. 7.22: Co2Z-LDPE/HDPE fibers after coextrusion to show a distorted shape due 

to the unsteady movement of materials inside the die 
 
 
 
 
 
 
 
 
 
 
 

(a) 
 
 
 
 
 
 
 
 
 
 

(b) 
Fig. 7.23: The distortion of PE’s interface of PEs having similar viscosity in different 

die geometries: (a) less distortion through a circular channel, (b) severe 
distortion through a square channel [77] 
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(a) 
 
 
 
 
 
 
 

(b) 
 
Fig. 7.24: The distortion of PE’s interface of PEs having different viscosities in 

different die geometries: (a) severe distortion through a circular channel, (b) 
severe distortion through a square channel [77] 
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Chapter 8 

Feasibility of Composites with Equivalent Permittivity and 

Permeability 

 

8.1. Introduction 

Composites with equal permittivity and permeability for applications at microwave 

frequency, in this case 300 MHz, are not achievable by applying dielectrophoresis 

and coextrusion techniques. It seems that this is not attributed to the deficiencies of 

methods, but might come from the availability of materials. Therefore, in this chapter, 

we describe theoretical investigation of the feasibility of this type of materials at 

different frequencies ranges and textures. 

The dielectrophoresis method could tailor material anisotropically and produce 

flexible materials due to the flexible nature of silicone elastomers. However, it may 

not be eligible to form a structure in which the permittivity and permeability are equal 

to each other as described in Chapter 7. The coextrusion technique also did not 

succeed in producing a core-shell structure with PE shell and Co2Z-PE core, because 

the dissimilarity of viscosity of PE and Co2Z-PE mixture disrupted the coextrusion 

process. Given the theoretical calculation model expressed below, we calculated the 
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relative permittivity and permeability of different composite geometries like laminate 

or unidirectional fiber at 300MHz and of those geometries at a frequency of 5 MHz. 

Co2Z was considered for different geometrical structures while other 

dielectromagnetic ceramics, magnesium calcium titanate (CMT) and magnesium 

alumina ferrite (Mg(AlFe)2O4), were considered as precursors for the simulations at 

low frequency ranges.  

 

8.2. Prediction method 

In this part, we will describe calculation methods to predict the permittivity and 

permeability of core-shell structures along parallel and transverse directions 

corresponding to measuring electric field lines. These predicted values are used to 

compare with computations of isotropically distributed materials.  

For parallel direction:  

For transverse direction:  

Where ε’eff is the real permittivity of composite, ε’1, ε’2, ν1, and ν2 are real 

permittivities and volume fractions of inclusions and matrix, correspondingly. 

These two equations are firstly applied to calculate the mechanical properties of 

laminate composites [1]. However, Randall et al. [2] considered that these equations 

are eligible to predict the permittivity and permeability of aligned composite 

materials.   
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The calculations followed two steps in which the first calculation applied the 

Jayasundere-Smith model for isotropic particulate composites and the second applied 

the model for anisotropic fiber composite. The effective permittivity and permeability 

constants obtained from the first calculation served as the initial values to calculate 

those of core-shell structures. The permittivity and permeability of the core-shell 

structure can be predicted using the rule of mixture with equations given as following. 

The predicted data are plotted in fig. 8.2. 

 

5.3. Results and discussions 

The first simulation was for laminate composites at frequency 300 MHz. We assumed 

layers of sintered dense Co2Z were intercalated by layers of PE as depicted in Fig. 

8.1a. This arrangement resulted in two alignment directions, one which was parallel 

and the other was perpendicular to field lines of measuring electric field. Fig. 8.1b 

shows the variation of both dielectric permittivity and magnetic permeability along 

with the Co2Z volume fraction.  

The difference of magnitude of these two parameters narrowed down with the 

increase of core volume fraction to 40 vol%. From this composition up to 60 vol%, 

permittivity and permeability were matched with each other. Beyond this value, 

permittivity is dominant to that of permeability. It means that we can use Co2Z to 

produce equivalent permittivity-permeability composite theoretically. However, these 

theoretical calculations do not necessarily mean that Co2Z will work in experiments, 
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since it is a very complicated material as described in Chapter 5. Its properties are 

only preserved when it is produced in the form of a particulate or laminate. 

Nevertheless, lamina of Co2Z ceramics is solid and unflexible, but we were looking 

for a practical solution for a flexible material. The formation of flexible composite 

meeting the demand of equivalent permittivity and permeability might be able with 

the use of Co2Z fibers. However, the manufacturing of Co2Z fibers would be a big 

challenge because of its fragile nature.  

The predicted values of permittivity and permeability of samples along the parallel 

and transverse directions are given in Fig. 8.2. The increase of permeability at parallel 

direction and the decrease of permittivity at transverse direction would pull them 

closer together, but not matching at any point in the range up to 100 vol%. The 

mixing of Co2Z with LDPE to form core materials would substantially decrease the 

contribution of its small permeability.  

Considering the mixture of high permeability and low permittivity powdered 

ceramics for the application of the co-extrusion technique, it is expected that the high 

permeability would compensate the loss of magnetic property so that equal 

permittivity-permeability will be obtained. In this case, we considered using calcium 

magnesium titanate (CMT), a material having high and variable permittivity and low 

permeability (µ’=1) and magnesium ferrite (TT1-414), which has high permeability 

(µ’=80) at 5 MHz and low permittivity (ε’=10). The magnetodielectric properties of 

TT1-414 are given in Fig. 8.3. We simulated specimens containing CMT with various 

permittivity values of 25, 40, 70, and 150 to mix with TT1-414 at different volume 
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ratios. Amounts of each component stimulated for the calculation are given in Table 

8.1 and 8.2. The permittivity and permeability of these mixtures served as initial data 

for calculations of core-shell structures. Results are depicted in Fig. 8.4, 8.5, 8.6 and 

8.7 for samples using CMT-150, Fig. 8.8, 8.9, and 8.10 for samples using CMT- 70, 

Fig. 8.11 to 8.13 for calculations using CMT-40, and Fig. 8.14 to 8.17 for calculations 

with CMT-25.  

The calculations were conducted for all compositions, but they are not fully shown 

here because the evolution of both permittivity and permeability split in the way that 

their low permittivity meets their high permeability at very high ceramic volume 

fractions, which is close to 100 vol%. While the solid fraction in composites was not 

able to be higher than 45 Vol% empirically, the discussion of those calculations is not 

necessary.  

The combination of two ceramics with which, one consists of high dielectric 

permittivity and the other contains high magnetic permeability, certainly overcame 

the dilution effect on permeability which strongly decreased the contribution of 

magnetic constant into that of composite. The higher the composition of magnesium 

ferrite (TT1-414), the higher the magnetic permeability of composite was as being 

depicted in all graphs. The split of calculated values are bigger in comparison with 

those textured by dielectrophoresis method to show an ability of improving the 

experiment setup to obtain higher alignment efficiency. Dielectric and magnetic 

constants increased their magnitudes along with the increment of solid volume 

percent together with wider split from the value of isotropic samples. This split 
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brought permeability of sample at parallel direction closer to its permittivity at 

perpendicular direction to the alignment direction of inclusions. They met each other 

and as being seen from graphs, meeting points were below 50 Vol%, compositions 

which are affordable by mixing method.  

Given the combination of a dielectric with a ferrite, equal permittivity-permeability 

core-shell structures can be achievable through the co-extrusion technique. This is 

comparable to previous research about the matching impedance at low frequency 

ranges. Even, at this low frequency range, it is not necessary to apply an advanced 

technique, but conventional mixing and processing is able to create equivalent 

permittivity-permeability composites as seen in Fig. 8.3. The application of single 

ferrite TT1-414 could form a composite with permittivity equal to permeability at 45 

ceramic vol%.  

 

8.4. Remarks 

Theoretical calculations combining predictions of Jayasundere - Smith model and the 

mixing rule show the ability of forming this type of material at low frequency range 

with the use of radio wave magnetodielectric ceramics powders. The application of 

Co2Z with silicone elastomers RTV 6166 to form unidirectional equal permittivity-

permeability composites is theoretically attainable. Further research is needed to 

optimize the dielectrophoretic experimental conditions, so that to maximize the 

alignment efficiency of Co2Z particles.  
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Table 8.1: Compositions of core material calculated at designed core’s diameter and 

thickness 

Intended vol% 10 20  30  40  45 

Used Co2Z vol% 11.92 24.49 37.06 49.63 55.91 

Used LDPE vol% 83.08 70.51 57.94 45.37 39.09 

Mineral oil 5 5 5 5 5 

 

Table 8.2: Predicted values of permittivity and permeability of core Co2Z-LDPE 
materials 

Intended vol% 10 20  30  40  45 

Used Co2Z vol% 11.92 24.49 37.06 49.63 55.91 

Used  LDPE vol% 83.08 70.51 57.94 45.37 39.09 

Predicted permittivity 3.57 4.75 6.27 8.00 8.91 

Predicted permeability 1.36 1.95 2.78 3.81 4.38 
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(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 

Fig. 8.1: Schematic of Co2Z-PE laminate composite (a) and its predicted permittivity 
and permeability values (b) at transverse and parallel directions, 
correspondingly to the field lines of measuring fields  
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Fig. 8.2: Predicted permittivity and permeability of core-shell structure using 100% 
Co2Z composite at 5 MHz 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.3: Magnetic permeability of magnesium alumina ferrite (Mg(Al,Fe)2O4) 
provided by Trans-Tech Inc. This value rapidly decreases along with 
frequency down to 1 at 200 MHz 
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Fig. 8.4: Predicted permittivity and permeability of core-shell structure using 100% 
magnesium ferrite (TT1-414) composite at 5 MHz 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.5: Predicted permittivity and permeability of core-shell structure using mixture 
of 10 vol% Calcium Magnesium Titanate (CMT-150) and 90 vol% 
magnesium ferrite (TT1-414) as filler in composite at 5 MHz 
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Fig. 8.6: Predicted permittivity and permeability of core-shell structure using mixture 
of 20 vol% Calcium Magnesium Titanate (CMT-150) and 80 vol% 
magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.7: Predicted permittivity and permeability of core-shell structure using mixture 
of 30 vol% Calcium Magnesium Titanate (CMT-150) and 70 vol% 
magnesium ferrite (TT1-414) as filler in composite at 5 MHz 
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Fig. 8.8: Predicted permittivity and permeability of core-shell structure using mixture 
of 40 vol% Calcium Magnesium Titanate (CMT-150) and 60 vol% 
magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.9: Predicted permittivity and permeability of core-shell structure using mixture 
of 10 vol% Calcium Magnesium Titanate (CMT-70) and 90 vol% 
magnesium ferrite (TT1-414) as filler in composite at 5 MHz 
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Fig. 8.10: Predicted permittivity and permeability of core-shell structure using 
mixture of 20 vol% Calcium Magnesium Titanate (CMT-70) and 80 vol% 
magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.11: Predicted permittivity and permeability of core-shell structure using 
mixture of 30 vol% Calcium Magnesium Titanate (CMT-70) and 70 vol% 
magnesium ferrite (TT1-414) as filler in composite at 5 MHz 
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Fig. 8.12: Predicted permittivity and permeability of core-shell structure using 
mixture of 10 vol% Calcium Magnesium Titanate (CMT-40) and 90 vol% 
magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.13: Predicted permittivity and permeability of core-shell structure using 
mixture of 20 vol% Calcium Magnesium Titanate (CMT-40) and 80 vol% 
magnesium ferrite (TT1-414) as filler in composite at 5 MHz 
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Fig. 8.14: Predicted permittivity and permeability of core-shell structure using 
mixture of 30 vol% Calcium Magnesium Titanate (CMT-40) and 70 vol% 
magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.15: Predicted permittivity and permeability of core-shell structure using 
mixture of 10 vol% Calcium Magnesium Titanate (CMT-25) and 90 vol% 
magnesium ferrite (TT1-414) as filler in composite at 5 MHz 
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Fig. 8.16: Predicted permittivity and permeability of core-shell structure using 
mixture of 20 vol% Calcium Magnesium Titanate (CMT-25) and 80 vol% 
magnesium ferrite (TT1-414) as filler in composite at 5 MHz 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.17: Predicted permittivity and permeability of core-shell structure using 
mixture of 30 vol% Calcium Magnesium Titanate (CMT-25) and 70 vol% 
magnesium ferrite (TT1-414) as filler in composite at 5 MHz 
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Chapter 9 

 Conclusions 

 

9.1. Summaries for research topic on Boron Nitride (BN) 

Hot pressed BN samples containing 2 and 6 weight percent of Al2O3 and Y2O3, 

correspondingly, and 0, 2, and 6 weight percent of amorphous SiO2 were prepared by the 

hot mixing, extrusion, and followed by hot pressing at 1740oC under a pressure of 25 

MPa. 

The influence of sintering aids Al2O3, Y2O3 and SiO2 on the microstructure, mechanical 

properties and oxidation behavior of BN was investigated. There was a significant growth 

of BN grain when it was hot pressed with Al2O3 and Y2O3 with BN platelet diameter 

increased from 0.5 µm to 14 µm with relatively little increase in grain thickness. This 

grain growth was suppressed by the addition of amorphous silica. The BN grain growth 

in this case was only from 0.5 µm to ~2.0 µm, though BN thickness increased relatively 

higher than that of those samples not using SiO2.  

The dramatic grain growth with Al2O3 and Y2O3 caused BN platelets not being able to 

stack in a high order so that they contained high porosity up to 11 %. The addition of 
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SiO2 reduced the grain growth of BN, which in turn, increased the density so that hot 

pressed BN samples contained only ~ 1% porosity. The porosity of these samples directly 

affected to the mechanical properties of sintered BN. The flexural strength of samples 

containing Al2O3 and Y2O3 was 40 MPa, while those containing 2 and 6 wt% SiO2 

increased their strengths to 140 and 155 MPa, correspondingly. Similar behavior was 

observed with the elastic modulus of BN samples with an increase from 37 GPa to 158 

and 166 GPa. Strength and modulus of BN samples were compatible with their density. 

The improvement with the addition of SiO2 can be attributed to a lower residual porosity. 

The oxidation experiments conducted in the conventional tube furnace made oxidized BN 

samples exposed to moisture in the air so that the hydration reaction of borate occurred, 

causing a formation of artifact in the oxide microstructure. New oxidation equipment and 

new experimental procedure were invented to protect oxidized BN samples exposed into 

the humid air. Microstructure of features formed from the oxidation became reliable and 

consistent. 

Oxidized BN samples containing Al2O3 and Y2O3 consisted of glass droplets. This glassy 

phase was a movable liquid at high temperature to cover the BN surface. When being 

quenched, it shrank and separated into droplets as the result of poor wet of B2O3 on BN. 

The size distribution of these glass droplets increased in a stepwise fashion consistent 

with the growth and coalescence of water droplets. The time evolution of their maximum 

droplet size can all be described analogously by the breath figure pattern.  

As B2O3 can both react with sintering aid oxides and evaporate, a high Al, Y glassy phase 

was found present inside the borate glass droplets as spherical substructures. The 
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formation of these substructures was caused by the liquid-liquid phase separation. For all 

samples oxidized up to 30 hours, the Al, Y compositions were stable at about 5 at% Al, 7 

at% Y, and 30 at% B, which formed an approximate composition Y1.35AlB5.54O11.84.   

Oxidized BN samples containing Al2O3, Y2O3, and SiO2 behaved somehow different with 

the appearance of a glass layer on BN surface before the appearance of glass droplets. 

This behavior was believed caused by the dominant reaction of SiO2 with B2O3. The 

formation of glass droplets also occurred, but hindered from the appearance by the 

presence of the glass layer. The evolution of the glass droplets in this circumstance was 

also described by the breath figure pattern. Similar to the case of not using SiO2, 

spherical substructures were observed inside the glass droplets with the same hypothesis 

of the liquid-liquid phase separation. These substructures wee also richer in Al and Y, but 

contained less Si. The atomic ratio of Al to Y was approximately 5 to 7 in all samples at 

different oxidation times, which is consistent with that observed in oxidized BN samples 

containing only Al2O3 and Y2O3. Meanwhile, the glassy matrix in the droplets contained 

relatively little Al and Y, but rich in Si. 

During the oxidation, Al2O3 and Y2O3 absorbed B2O3 in the case not using SiO2; B2O3 

and SiO2 in the case using SiO2 and released these oxides for the evaporation of B2O3. It 

is assumed that Al2O3 and Y2O3 are two dominant sintering aid oxides affect the 

oxidation behavior of BN.  

 

9.2. Summaries for research topic on magnetodielectric composite 

Several techniques were applied for the formulation of flexible isotropic Co2Z-PE, 

flexible anisotropic Co2Z-Silicone elastomer, and Co2Z-PE composites with Co2Z 
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composition was from 10 vol% to 45 vol%. In all circumstances, permittivity and 

permeability of sample increased with the increase of Co2Z volume percentage.  

The flexible isotropic Co2Z-PE composites were formed from hot mixing. Their 

permittivity varied from 3 to 8, permeability varied from 1 to 5. These experimental data 

was found better described by the Jayasundere-Smith equation than the Bruggeman’s 

model. The permeability values of all Co2Z-PE samples containing from 10 vol% to 45 

vol% were always equal to about a half of that of their permittivity. The equivalent 

permittivity and permeability composites were not able to be achieved by using an 

isotropic Co2Z-PE material. Nevertheless, the appearance of the magnetic property of 

Co2Z was advantageous to improve the performance of antenna. Composite containing 45 

vol% Co2Z used as an antenna substrate improved the antenna’s gain at the microwave 

frequency. It decreased the frequency for the antenna to attain -15 dB gains from 288 

MHz of bare spiral metallic antenna down to 230 MHz.  

Dielectrophoresis experiments were conducted to produce anisotropic Co2Z-silicone 

materials by the alignment of Co2Z particles along electric field lines. The experiments 

were pursued at a moderate electric field of 3 kV/cm and two frequencies of 60 Hz and 

1000 Hz. The alignment was caused by a nonuniformly induced electric field generated 

between dielectric particles. The alignment of Co2Z particles was elucidated by the 

separation of permittivity and permeability along parallel and perpendicular directions 

and its efficiency varied with the applied frequency. Alignment at 1 kHz produced non 

isotropy higher than the alignment at 60 Hz. The ratio of permittivity along parallel 

direction to perpendicular direction attained the maximum value of 1.26 at 20 vol% Co2Z 

composition with the applied frequency 1 kHz. The ratio of permeability along these two 
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directions also attained the maximum value of 1.46 at 20 vol% Co2Z composition with 

the same experimental conditions.  

By the application of the dielectrophoresis technique, the permeability of Co2Z-Silicone 

composites was brought closer to the magnitude of their permittivity, moving toward the 

equivalence status of these two properties. However, more improvement is needed. The 

separation of permittivity and permeability values in the Co2Z-silisone systems was 

eliminated due to the low permittivity value of Co2Z. The small gap between its 

permittivity to that of the medium resulted in a weak attractive force between particles.  

Coextrusion technique was an attempt to form anisotropic Co2Z-PE composites by a 

mechanical route. Co2Z-LDPE mixtures at various Co2Z compositions were used as the 

core and HDPE resin was used as the shell to form core-shell structures for the 

coextrusion. The movement and isolation between core and shell were maintained until it 

reached to the conical outlet opening. Due to a wide difference of viscosity, strength of 

the core and the shell materials, the shell was deformed and accumulated at this end and 

intervened the flow of the whole material structure. The flow of material was not steady 

so that out-going fibers were distorted to form either wavy or uneven diameter shapes. 

The miscibility of PEs used resulted in unclear isolation between the core and the shell in 

the core-shell structure. Theoretical calculations applying Jayasundere – Smith equation 

revealed that comparable permittivity and permeability cannot be achieved in the Co2Z-

LDPE/HDPE core-shell structure. Meanwhile, it is easily achieved in the MgFe2O4, CMT 

(calcium magnesium titanate), and silicone systems at the frequency of 5 MHz.  
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9.3. Future works for research topic on Boron Nitride (BN) 

The influence of sintering aids Al2O3, Y2O3 and SiO2 on microstructure of sintered BN 

was apparent with the grain growth of BN. Evidence of the reaction of these oxides with 

residual B2O3 in BN was depicted on SEM images. However, the composition of these 

phases had not been studied. 

The influence of added oxides on the oxidation behavior of BN could be qualitatively and 

semi-quantitatively explained. Chemical compositions of the phases formed from the 

oxidation of BN were analyzed and depicted on phase diagrams. However, as these 

phases were formed at tiny amounts, their detection was very limited. Furthermore, 

chemical compositions of the gas phase generated from the BN oxidation were not 

analyzed. 

Therefore, in order to better understand the influence of sintering aids on both 

microstructure and oxidation of BN, further research should be done on chemical 

compositions and phases formed during sintering and oxidation of BN. 

 

9.4. Future works for research topic on magnetodielectric composite 

It is apparent that the dielectrophoresis technique was the most efficient to formulate 

uniaxially aligned Co2Z-silicone elastomer composites to match its permeability with its 

permittivity. There is still a lot of room for the improvement of this research to find an 

optimal condition for the Co2Z particles alignment. The frequency of AC electric field 

was too low to affect the real and imaginary values of both permittivity and permeability. 
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However, its impact on the medium and the movement of particles needs more 

investigation. 

The applied AC electric field was at a moderate level, but might be still too weak for 

dielectrophoresis experiments on the Co2Z-silicone elastomer system because the 

dielectric permittivities of Co2Z and Silicone elastomer are close to each other. 

Experiments at higher electric fields are required.  
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