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This research was designed to form a better dielectric composite material using one 

stable state dielectric matrix material and a good dielectric material as filler powder. 

The hypothesis is that the encapsulation of the filler powder by the matrix material, 

thus providing a bridge between the net polarizations of the composites. There are 

some limitations to the hypothesis, namely in the reactions and the limited control of 

the encapsulation process.   

 

Distinct dielectric composites were successfully produced using locally sourced 

kaolinite clay and chemically produced alkaline titanates for example, Barium 

Titanate (BT) and Strontium Titanate (ST). The samples were made using kaolinite 

as the base matrix and alkaline titanate added in varying ratios. The alkaline titanate 

were synthesized via solid-state reaction using a carbonate derivative of the alkaline 
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cation and rutile titanium (IV) oxide sintered at 1200°C to 1300°C. White kaolinite 

was used to fuse the alkaline titanate material in varying weight ratios. The powders 

were dry-mixed and made into pellets for calcination at 1000°C.  

 

The XRD data of BT-kaolinite type composites revealed a chemical reaction between 

the matrix and the filler powder at various combinations. Thus, BT additives reacted 

with the mullite and silica components and produced celsian feldspar in the 

composite system. This suggests that the system polarization contains the sum of 

four interfacial polarization processes at different temperatures. ST-mullite 

composites showed distinct varying interfacial cladding and dipolar relaxation for all 

composites. 

 

SEM micrographs revealed fused and flaky parts formed in the BT composite 

samples whereby the powders were melted together. ST composite samples only 

showed inter-grain formation of the filler and matrix material. EDX, however, 

showed that there was some contamination in the matrix powder with potassium and 

carbon elements in the system. 

 

Dielectric properties for both BT and ST composites exhibited low dielectric 

constant values ranging from 10 to 20 in the frequency range 10 Hz to 1 MHz. 

Dielectric modelling showed that the BT composite samples displayed single 

relaxation processes for the sample series whereas the ST composite samples 

exhibited multiple thermally activated dielectric relaxations. The modelling of the 
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dielectric data was done using the Havriliak-Negami equation to show two distinct 

dielectric processes occurring within the same framework. 

 

Impedance plots showed significant varied impedance based on the measured 

temperatures with both composite series exhibiting high resistance. DC conductivity 

measurements were carried out on the samples, yielding very high activation 

exothermic and endothermic activation of energy of reactions in the medium. 

Dielectric modulus plots, however showed varied dispersion due to deformations in 

dielectric stresses in the composite series. Microwave frequency measurements 

showed dielectric properties of the medium without the interfacial polarization.   
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Kajian ini telah direka untuk membentuk bahan komposit dielektrik yang lebih baik 

dengan menggunakan bahan matriks bersifat dielektrik stabil dan bahan dielektrik 

yang tinggi sebagai serbuk pengisi. Hipotesis adalah bahawa penglitupan serbuk 

pengisi oleh bahan matriks membentuk jambatan di antara jumlah pengutuban dalam 

komposit tersebut. Terdapat beberapa had dari kajian ini, antaranya dalam 

tindakbalas-tindakbalas dan kekurangan kawalan dalam proses pelitupan.    

 

Komposit dielektrik tertentu telah berjaya dihasilkan daripada kaolinit tempatan and 

titanat beralkali yang dibuat secara kimia, iaitu, barium titanat dan strontium titanat. 

Sampel telah dibentuk mengunakan kaolinite sebagai matriks asas and titanat 

beralkali dicampur dalam nisbah tertentu. Titanat beralkali telah disintesis 

menggunakan bahan karbonat berkation alkali dan titanium (IV) oksida yang 

dipanaskan pada suhu 1200°C hingga 1300°C. Kaolinit tempatan yang putih telah 
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digunakan untuk menggabungkan bahan titanat beralkali yang nisbah berat tertentu. 

Bahan serbuk telah dicampur secara kering dan dibentukkan kepada cakera kecil 

untuk dipanaskan pada suhu 1000°C.  

 

Data XRD bagi komposit jenis BT-kaolinit telah menunjukkan tindakbalas kimia 

antara bahan matriks dan bahan pencampur dalam beberapa sampel yang 

digabungkan. Ini menunjukkan bahawa bahan pencampur BT telah bertindakabalas 

dengan mullit dan seterusnya membentuk ‘celsian felspar’ dalam sistem komposit 

tersebut.  Oleh yang demikian, pengutuban sistem ini mungkin 4 jenis pengutuban 

sifat antaramukaan pada suhu berlainan. Komposit ST-mullit menunjukkan sifat 

pelitupan antaramukaan yang berlainan dan santaian dielektrik jenis dwikutub untuk 

semua sampel kompositnya.  

 

Mikrograf SEM menunjukkan bahagian lakur dan leper terbentuk dalam sampel 

komposit BT di mana serbuk tersebut telah tergabung. Manakala sampel komposit 

ST hanya menunjukkan perbentukan butiran antara bahan pencampur dan matriks. 

EDX telah menunjukkan bahawa terdapat sedikit pencemaran unsur kalium dan 

karbon dalam sistem bahan matriks. 

 

Sifat dielektrik untuk kedua-dua komposit BT dan ST menunjukkan nilai pemalar 

dielektrik yang rendah berukuran 10 hingga 20 pada frekuensi 10 Hz hingga 1 MHz. 

Pemodelan dielektrik telah menunjukkan bahawa sampel komposit BT munpunyai 

hanya sejenis proses santaian dielektrik manakala sampel ST menunjukan variasi 
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dalam  pengenduran dielektrik berganda teraktif secara terma. Pemodelan data 

dielektrik telah dibuat berpadukan model Havriliak-Negami untuk memperlihatkan 

dua proses dielektrik yang ketara berlaku serentak dalam sistem yang sama.  

 

Plot impedans menunjukkan nilai impedans berubah dengan ketara berlandaskan 

suhu yang diambil dengan kedua-dua kumpulan komposit tersebut menunjukkan sifat 

kerintangan yang tinggi. Kajian sampel dalam sifat konductiviti arus terus 

menunjukkan sifat tenaga pengaktifan eksotermik dan endotermik yang tinggi dalam 

bahan tersebut. Plot modulus dielektrik  telah menunjukkan bahawa terdapat sebaran 

data yang tidak konsistan disebabkan oleh kewujudan kecacatan disebabkan oleh 

tekanan dielektrik di dalam siri komposit tersebut. Kajian dalam frekuensi mikro-

gelombang hanya menunjukkan sifat dielektrik bahan medium tanpa pengutuban 

antara-mukaan di antara butiran. 

 

 

 

 

 

 

 

 

 

 

 

 

  viii



Acknowledgement 

I would like say thanks to my supervisors, Associate Professor Dr. Jumiah 

Hassan, Associate Professor Dr. Mansor Hashim and Associate Professor Dr.Wan 

Daud Wan Yusoff for their patience and assistance in guiding me throughout the 

entire research process. 

 I would also like to thank my seniors, Khe Cheng Siong, Walter Primus and  

Josephine Liew for their exchanges in information and discussions. I would like to 

thank also Wong Swee Ying, Liew Seng Choy, Mazni Mustapha, Tan Foo Khoon 

and Leow Chun Yan for their help.  

I would like express my gratitude to the undergraduate students Sin Swee 

Keng, Yap Wen Khong, Thoo Kar How, Lee Kian Keong, Cheong Wei Oeng, Goh 

Shu Yee, Chan Choo Lian, Tan Wei Soon, Chen Sze Nee, Lee Yin Cheak and  Liew 

Kjin Jau for helping me learn more about teaching and conducting research. 

 I would like to thank Professor Dr. Lisa Heller-Kallai for providing me with 

assistance and some of her articles in the heated reactions kaolinite with earth salts. 

Her kind assistance is greatly appreciated.  

 Finally, I would like to thank my father, my mother and family for their 

financial and guidance throughout the entire research period. Their understanding 

and encouragement is essential to the success of this research project.  

 

 

 

 

 

  ix



I certify that a Thesis Examination Committee has met on 24th August 2009 to 
conduct the final examination of Alex See on his master thesis entitled Development 
of Capacitive Composite Materials Using Alkaline Titanates and Kaolinite Clay 
in accordance with Universities and University Colleges Act 1971 and the 
Constitution of Universiti Putra Malaysia [P.U.(A) 106] 15 March 1998. The 
Committee recommends that the student be awarded the Masters of Science in 
Material Science. 

 

Members of the Examination Committee were as follows: 

Dr. Mohd. Maarof H. A. Moksin, Phd 
Professor 
Faculty of Science   
Universiti Putra Malaysia 
(Chairman) 
 
Dr. Azmi Zakaria, Phd 
Professor 
Faculty of Science 
Universiti Putra Malaysia 
(Internal Examiner) 
 
Dr. Zaidan Abdul Wahab, Phd 
Associate Professor 
Faculty of Science 
Universiti Putra Malaysia 
(Internal Examiner) 
 
Dr. Ibrahim Abu Talib, Phd 
Professor 
Faculty of Science and Technology 
Universiti Kebangsaan Malaysia 
(External Examiner)                            
                            

                       __________________________ 
                                                         BUJANG BIN KIM HUAT, PhD 
                Professor and Deputy Dean  
                                                   School of Graduate Studies 
                                       Universiti Putra Malaysia 
 
                                     Date: 15 October 2009 
 
 
 
 
 
 
 

  x



This thesis was submitted to the Senate of Universiti Putra Malaysia and has been 
accepted as fulfillment of the requirement for the degree of Master of Science. The 
members of the Supervisory Committee were as follows: 
 
  
 
Jumiah Hassan, Phd  
Associate Professor 
Faculty of Science 
Universiti Putra Malaysia 
(Chairman) 
 
Mansor Hashim, Phd  
Associate Professor 
Faculty of Science 
Universiti Putra Malaysia 
(Member) 
 
Wan Daud Wan Yusoff, Phd  
Associate Professor 
Faculty of Science 
Universiti Putra Malaysia 
(Member) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      _______________________________
      HASANAH MOHD GHAZALI, PhD
      Professor and Dean 
      School of Graduate Studies  
      Universiti Putra Malaysia 
 
      Date: 16 November 2009 

 
 

 

  xi



DECLARATION 
 
 
 

I declare that the thesis is my original work except for quotations and citations which 
have been duly acknowledged. I also declare that it has not been previously, and is 
not concurrently, submitted for any other degree at Universiti Putra Malaysia or at 
any other institution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       (Signature) 
        
       ALEX SEE 
  
       Date:  

  xii



I certify that a Thesis Examination Committee has met on 24th August 2009 to conduct 
the final examination of Alex See on his master thesis entitled Development of 
Capacitive Composite Materials Using Alkaline Titanates and Kaolinite Clay in 
accordance with Universities and University Colleges Act 1971 and the Constitution of 
Universiti Putra Malaysia [P.U.(A) 106] 15 March 1998. The Committee recommends 
that the student be awarded the Masters of Science in Material Science. 
 
Members of the Examination Committee were as follows: 
 
Dr. Mohd. Maarof H. A. Moksin, Phd 
Title: Professor 
Name of Faculty: Faculty of Science, Physics Department   
Universiti Putra Malaysia 
(Chairman) 
 
Dr. Azmi Zakaria, Phd 
Title: Professor 
Name of Faculty: Faculty of Science, Physics Department 
Universiti Putra Malaysia 
(Internal Examiner) 
 
Dr. Zaidan Abdul Wahab, Phd 
Title: Associate Professor 
Name of Faculty: Faculty of Science, Physics Department 
Universiti Putra Malaysia 
(Internal Examiner) 
 
Dr. Ibrahim Abu Talib, Phd 
Title : Professor 
Name of Department and/or Faculty  
Universiti Kebangsaan Malaysia 
(External Examiner)                            
                              __________________________ 
                                                         BUJANG BIN KIM HUAT, PhD 
                Professor and Deputy Dean  
                                                   School of Graduate Studies 
                                       Universiti Putra Malaysia 
 
                                     Date: 
 
 
 
 
 
 
 

 x



This thesis was submitted to the Senate of Universiti Putra Malaysia and has been 
accepted as fulfillment of the requirement for the degree of Master of Science In 
Material Science. The members of the Supervisory Committee were as follows: 
 
  
 
Dr. Jumiah Hassan, Phd  
Title: Associate Professor 
Name of Faculty: Faculty of Science, Physics Department  
Universiti Putra Malaysia 
(Chairman) 
 
Dr. Mansor Hashim, Phd  
Title: Associate Professor 
Name of Faculty: Faculty of Science, Physics Department 
Universiti Putra Malaysia 
(Member) 
 
Dr. Wan Daud Wan Yusoff, Phd  
Title: Associate Professor 
Name of Faculty: Faculty of Science, Physics Department  
Universiti Putra Malaysia 
(Member) 
 
 

 
             

                                    HASANAH MOHD GHAZALI, PhD
  

      Professor and Dean 
      School of Graduate Studies  
      Universiti Putra Malaysia 
 
      Date :  

 
 

 xi



TABLE OF CONTENTS 
 

                   Page 
 

DEDICATION                             ii 
ABSTRACT                  iii 
ABSTRAK                  vi 
ACKNOWLEDGEMENT                ix 
APPROVAL                   x 
DECLARATION                            xii 
LIST OF TABLES                            xvi 
LIST OF FIGURES                 xvii 
LIST OF ABBREVIATION               xxiii 
 
 
CHAPTER 
 
1 INTRODUCTION 

     1.1         Introduction                    1 
     1.2         Objectives                   2 

1.3 Research Limitation         3 
1.4 Kaolinite        3 
1.5 Mullite        6 
1.6 Alkaline Titanates       6  

 
2 LITERATURE REVIEW 

2.1         History of Traditional Ceramics      8 
2.2 Recent Development of Kaolinite and  

  Mullite Composite Derivatives                                       9 
2.3         Reactions of kaolinite with alkaline cation compounds                  11                     
2.3 Recent Development of Alkaline Titanates and  

Composite Derivatives                                             12  
2.4 Composite formation involving Barium Titanate             13 
2.5 Dielectric Properties of the Materials                         14 
 

3 THEORY 
3.1         Alkaline Titanates                 16 
3.2         Kaolinite                    18 
3.3         Definition of Dielectrics                           19 
3.4         Definition of Dielectric Polarization               20 

 Dielectric Models                                                               
3.5.1     Debye Expression                                                  24 
3.5.2     Cole-Cole Expression                                     25 
3.5.3     Havriliak-Negami Expression                                    26 

            3.6         Equivalent Circuit Analysis                                                28 
 3.7         Complex Plane Analysis                                             29 
 3.8         DC Conductivity                                                    31 

 xiii



 
4 METHODOLOGY 

4.1           Introduction                                          34 
4.2 Preparation of Filler Powder via  

Conventional Solid State Reaction                   35 
  4.2.1     Weighing                                                     35 
  4.2.2     Dry Milling and Mixing                                       36 
  4.2.3     Pre-sintering                                         36 
  4.2.4     Grinding and Sieving                38                          
4.2.5     Final Sintering                        39 

4.3 Preparation of Kaolinite-Barium Titanate and  
Kaolinite-Strontium Titanate Pellets     40 

  4.3.1     Weighing                                                     40 
  4.3.2     Mixing                                         41 
  4.3.3     Pre-sintering                                         41 
  4.3.4     Crushing and Sieving                42                          
4.3.5     Addition of Binder and Molding     42 
4.3.5     Final Sintering                        42                              

4.4     Structure Analysis                                          43 
    4.4.1     X-Ray Diffraction (XRD)                                       43 

4.4.2 Scanning Electron Microscopy (SEM) and  
     Energy Dispersive X-rays (EDX) Analysis             44 

  4.4.3     Low Frequency Dielectric Measurements             44 
       4.4.4     Microwave Range Dielectric Measurement    45          
                4.4.5     DC Conductivity Measurements                    45 

 
5 RESULTS AND DISCUSSION  

PART 1: MICROSTRUCTURE, PHYSICAL AND CHEMICAL 
MEASUREMENTS 
5.1 X-Ray Diffraction (XRD) Analysis     46 

5.1.1     Rough Estimation of the Feldspar By-products   52 
5.2 Energy Dispersive X-ray (EDX) Elemental Analysis   52  
5.3     Scanning Electron Microscopy (SEM) Analysis    54    
5.4     Estimation of Crystalline Size by Scherrer’s Equation    65 

 
6 RESULTS AND DISCUSSION  

PART 2: DIELECTRIC MEASUREMENTS AND ANALYSIS 
6.1           Dielectric Properties of BT Composites      67 
6.2 Dielectric Properties of ST Composites     76 
6.3 Stability of the Dielectric Response     84 
6.4 Dielectric Modeling and Equivalent Circuit for BT Composites   105 
6.5 Dielectric Modeling and Equivalent Circuit for ST Composites    124 
6.6 Complex Plots of Z Parameter for BT Composites             140 
6.7 Complex Plots of Z Parameter for ST Composites   151 
6.8 Complex Dielectric Modulus Properties of BT Composites 161 
6.9 Complex Dielectric Modulus Properties of ST Composites 172 
6.10 Dielectric Response in The Microwave Frequency Region  

 xiv



(1MHz –1.8GHz)                             182                             
 6.11     DC Conductivity Plots for BT Composites   186 
 6.12     DC Conductivity Plots for ST Composites    192 
 
7  CONCLUSION 

7.1 Conclusion        197 
7.2 Future Research       200 
 

 REFERENCES                                         201 
 APPENDICES                              206 
 BIODATA OF STUDENT                   211 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 xv



LIST OF TABLES 
 
Table              Page 
 
 
3.1 List of Minerals Based on the ABO3 formula, with  
      varying ions configurations (Klein and Dutrow, 2008)                                 16                          
4.1      Weight of BaTiO3              36 
4.2 Weight of SrTiO3            36

  
4.3 Composition of Barium Titanate added to Kaolinite        40 

  4.4          Composition of Strontium Titanate added to Kaolinite                                 40 
  5.1          BT By-product Estimation                                            52  
  5.2      EDX Elemental Composition for the BT-Kaolinite Composites      53 
  5.3          EDX Elemental Composition for the ST-Kaolinite Composites                   53 
  5.4          Crystalline Size for the BT and ST Composite        65  
  6.1      Dielectric Permittivity for 1 kHz and 1 MHz Responses for BT 

     Composites           103 
  6.2          Dielectric Permittivity for 1 kHz and 1 MHz Responses for ST 
                 Composites           104 
6.3 Standard Deviation Calculation for 1 kHz and 1 MHz Responses 

for Both BT and St Composites        104 
6.4 HN Fitting Parameters for Pure Kaolinite Matrix      105 
6.5 HN Fitting Parameters for 10% BT       106 
6.6 HN Fitting Parameters for 20% BT       107 
6.7 HN Fitting Parameters for 30% BT       108 
6.8 HN Fitting Parameters for 40% BT       109 
6.9 HN Fitting Parameters for 50% BT       110 
6.10 HN Fitting Parameters for 60% BT       111 
6.11 HN Fitting Parameters for 70% BT       112 
6.12 HN Fitting Parameters for 80% BT       113 
6.13 HN Fitting Parameters for 10% ST       124 
6.14 HN Fitting Parameters for 20% ST       125 
6.15 HN Fitting Parameters for 30% ST       126 
6.16 HN Fitting Parameters for 40% ST       127 
6.17 HN Fitting Parameters for 50% ST       128 
6.18 HN Fitting Parameters for 60% ST       129 
6.19 HN Fitting Parameters for 70% ST       130 
6.20 HN Fitting Parameters for 80% ST       131 

  6.21      Calculated Activation Energies for the BT Composites     187 
  6.22      Calculated Activation Energies for the ST Composites                193  
   
 
     

 
 
 

 xvi



LIST OF FIGURES 
 
Figure             Page 
 
 
1.1 3D representation of kaolinite structure           4 
1.2 US consumption of Kaolinite in various sectors.  

     Courtesy of U.S. Geological Survey (Kelly and Matos, 2008)        5 
3.1 Typical Perovskite Structure (Kingery et al, 1971)           17 
3.2 Crystal Structure of Kaolinite          18 
3.3 Crystal Structure for Mullite          19 
3.4 Basic Capacitor Experiment Illustrating the Theory in Section 3.3 

(Grimnes and Martinsen 2008).                                           20            
3.5 Various types of polarizations (Cho et al, 2001)        23 
3.6 The probable occurrence of the various types of the polarization and  

the dependence of the permittivity with respect to frequency  
(Cho et al, 2001)            24 

3.7 The frequency dependence of the real and imaginary parts of the  
permittivity of an ideal Debye system corresponding to equation (3.4).  
The loss peak is symmetric. (Jonscher, 1983).        25 

3.8 The frequency dependence of the real and imaginary parts of the  
permittivity corresponding to the Cole-Cole expression (3.5).  
The loss peak is symmetric but is broader than Debye peak  
(Jonscher, 1983).            26 

3.9 The frequency dependence of the real and imaginary parts of the  
     permittivity corresponding to the Havriliak-Negami expression  
     (Kremer and Schönhals 2003).          27 

3.10 Comparisons of the various dielectric fitting equations and the  
     parameters involved. (Kremer and Schönhals, 2003).       27 

3.11 Equivalent dielectric circuits for 1R-2C model: a) parallel version,  
     b) serial version (Kremer and Schönhals, 2003        28 

3.12 Differences in Dielectric Fitting Response for Ohmic and Non-ohmic 
Materials (Kremer and Schönhals, 2003)            29 

3.13 Differences in Complex Plane Graphs and Their Respective Equivalent   
Modeling Circuits (Jonscher, 1983)         31 

  4.1          Preparation of Barium Titanate and Strontium Titanate Powders      35 
4.2 Pre-sintering graph of Barium Titanate and Strontium Titanate with their  

     respective heating and cooling rates         37 
4.3 Preparation of sample (Kaolinite + BT and Kaolinite + ST)      39 

  5.1          XRD Spectra for BT Samples                                                      46 
  5.2      XRD Spectra for ST Samples                                                      49 
  5.3          Cross Section SEM images of the BT Composite Samples; (a) BT 0%,      56 

     (b) BT 10%, (c) BT 20%, (d) BT 30%, (e) BT 40%, (f) BT 50%,  
     (g) BT 60%, (h) BT 70%, and (i) BT 80%          60  

  5.4          Cross Section SEM images of the BT Composite Samples; (a) ST 10%,     61 
     (b) ST 20%, (c) ST 30%, (d) ST 40%, (e) ST 50%, (f) ST 60%,  

                 (g) ST 70%, and (h) ST 80%            65 

 xvii



6.1 Dielectric Permittivity of Pure Kaolinite Matrix        67 
6.2 Dielectric Permittivity of 10% BT          68 
6.3 Dielectric Permittivity of 20% BT          69 
6.4 Dielectric Permittivity of 30% BT          70 
6.5 Dielectric Permittivity of 40% BT          71 
6.6 Dielectric Permittivity of 50% BT          72 
6.7 Dielectric Permittivity of 60% BT          73 
6.8 Dielectric Permittivity of 70% BT          74 
6.9 Dielectric Permittivity of 80% BT          75 
6.10 Dielectric Permittivity of 10% ST          76 
6.11 Dielectric Permittivity of 20% ST          77  
6.12 Dielectric Permittivity of 30% ST          78 
6.13 Dielectric Permittivity of 40% ST          79 
6.14 Dielectric Permittivity of 50% ST                     80 
6.15 Dielectric Permittivity of 60% ST          81 
6.16 Dielectric Permittivity of 70% ST          82 
6.17 Dielectric Permittivity of 80% ST          83 
6.18 Temperature Variations of Relative Dielectric Permittivity for pure  

Kaolinite at 1 kHz and 1MHz           84 
6.19 Temperature Variations of Relative Dielectric Permittivity for 10% BT 

at 1 kHz and 1MHz            85 
6.20 Temperature Variations of Relative Dielectric Permittivity for 20% BT 

at 1 kHz and 1MHz            86 
6.21 Temperature Variations of Relative Dielectric Permittivity for 30% BT 

at 1 kHz and 1MHz            87 
6.22 Temperature Variations of Relative Dielectric Permittivity for 40% BT 

at 1 kHz and 1MHz            88 
6.23 Temperature Variations of Relative Dielectric Permittivity for 50% BT 

at 1 kHz and 1MHz            89 
6.24 Temperature Variations of Relative Dielectric Permittivity for 60% BT 

at 1 kHz and 1MHz            90 
6.25 Temperature Variations of Relative Dielectric Permittivity for 70% BT 

at 1 kHz and 1MHz            91 
6.26 Temperature Variations of Relative Dielectric Permittivity for 80% BT 

at 1 kHz and 1MHz            92 
6.27 Temperature Variations of Relative Dielectric Permittivity for 10% ST 

at 1 kHz and 1MHz            93 
6.28 Temperature Variations of Relative Dielectric Permittivity for 20% ST 

at 1 kHz and 1MHz            94 
6.29 Temperature Variations of Relative Dielectric Permittivity for 30% ST 

at 1 kHz and 1MHz (Response for 30°C is reduced to fit the graph)     95 
6.30 Temperature Variations of Relative Dielectric Permittivity for 40% ST 

at 1 kHz and 1MHz            96 
6.31 Temperature Variations of Relative Dielectric Permittivity for 50% ST 

at 1 kHz and 1MHz            97 
6.32 Temperature Variations of Relative Dielectric Permittivity for 60% ST 

at 1 kHz and 1MHz            98 

 xviii



6.33 Temperature Variations of Relative Dielectric Permittivity for 70% ST 
at 1 kHz and 1MHz            99 

6.34 Temperature Variations of Relative Dielectric Permittivity for 80% ST 
at 1 kHz and 1MHz          100 

6.35 Standard Deviations of Temperature Dependency for BT samples 
at 1 kHz and 1MHz (Maximum ratio = 1)       101 

6.36 Standard Deviations of Temperature Dependency for ST samples 
     at 1 kHz and 1MHz (Maximum ratio = 1)       102 

6.37 Equivalent Circuit for pure Kaolinite Matrix      106 
6.38 Equivalent Circuit for 10% BT        107 
6.39 Equivalent Circuit for 20% BT        108 
6.40 Equivalent Circuit for 30% BT        109 
6.41 Equivalent Circuit for 40% BT        110 
6.42 Equivalent Circuit for 50% BT        111 
6.43 Equivalent Circuit for 60% BT        112 
6.44 Equivalent Circuit for 70% BT        113 
6.45 Equivalent Circuit for 80% BT        114 
6.46 Fitted Dielectric Models and Experimental Data for Pure Kaolinite  

     Matrix. a) 30°C, b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C,  
g) 300°C, h) 350°C, I) 400°C         115 

6.47 Fitted Dielectric Models and Experimental Data for 10% BT Sample  
a) 30°C, b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C,  
g) 300°C, h) 350°C, I) 400°C         116 

6.48 Fitted Dielectric Models and Experimental Data for 20% BT Sample  
a) 30°C, b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C,  
g) 300°C, h) 350°C, I) 400°C         117 

6.49 Fitted Dielectric Models and Experimental Data for 30% BT Sample  
a) 30°C, b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C,  
g) 300°C, h) 350°C, I) 400°C         118 

6.50 Fitted Dielectric Models and Experimental Data for 40% BT Sample  
a) 30°C, b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C,  
g) 300°C, h) 350°C, I) 400°C         119 

6.51 Fitted Dielectric Models and Experimental Data for 50% BT Sample  
a) 30°C, b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C,  
g) 300°C, h) 350°C, I) 400°C         120 

6.52 Fitted Dielectric Models and Experimental Data for 60% BT Sample  
a) 30°C, b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C,  
g) 300°C, h) 350°C, I) 400°C         121 

6.53 Fitted Dielectric Models and Experimental Data for 70% BT Sample  
a) 30°C, b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C,  
g) 300°C, h) 350°C, I) 400°C         122 

6.54 Fitted Dielectric Models and Experimental Data for 80% BT Sample  
a) 30°C, b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C,  
g) 300°C, h) 350°C, I) 400°C         123 

6.55 Equivalent Circuit for 10% ST Sample       124 
6.56 Equivalent Circuit for 20% ST Sample       125 
6.57 Equivalent Circuit for 30% ST Sample       126 

 xix



6.58 Equivalent Circuit for 40% ST Sample       127 
6.59 Equivalent Circuit for 50% ST Sample       128 
6.60 Equivalent Circuit for 60% ST Sample       129 
6.61 Equivalent Circuit for 70% ST Sample       130 
6.62 Equivalent Circuit for 80% ST Sample       131 
6.63 Fitted Dielectric Models and Experimental Data for 10% ST Sample  

a) 30°C, b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C,  
g) 300°C, h) 350°C, I) 400°C         132 

6.64 Fitted Dielectric Models and Experimental Data for 20% ST Sample  
a) 30°C, b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C,  
g) 300°C, h) 350°C, I) 400°C         133 

6.65 Fitted Dielectric Models and Experimental Data for 30% ST Sample  
a) 30°C, b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C,  
g) 300°C, h) 350°C, I) 400°C         134 

6.66 Fitted Dielectric Models and Experimental Data for 40% ST Sample  
a) 30°C, b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C,  
g) 300°C, h) 350°C, I) 400°C         135 

6.67 Fitted Dielectric Models and Experimental Data for 50% ST Sample  
a) 30°C, b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C,  
g) 300°C, h) 350°C, I) 400°C         136 

6.68 Fitted Dielectric Models and Experimental Data for 60% ST Sample  
a) 30°C, b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C,  
g) 300°C, h) 350°C, I) 400°C         137 

6.69 Fitted Dielectric Models and Experimental Data for 70% ST Sample  
a) 30°C, b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C,  
g) 300°C, h) 350°C, I) 400°C         138 

6.70 Fitted Dielectric Models and Experimental Data for 80% ST Sample  
a) 30°C, b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C,  
g) 300°C, h) 350°C, I) 400°C         139 

6.71 Impedance Plots for Pure Kaolinite Matrix. a) 30°C, b) 50°C, 
     c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   142  

6.72 Impedance Plots for 10% BT. a) 30°C, b) 50°C, 
     c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   143  

6.73 Impedance Plots for 20% BT. a) 30°C, b) 50°C, 
     c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   144  

6.74 Impedance Plots for 30% BT. a) 30°C, b) 50°C, 
     c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   145  

6.75 Impedance Plots for 40% BT. a) 30°C, b) 50°C, 
     c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   146  

6.76 Impedance Plots for 50% BT. a) 30°C, b) 50°C, 
     c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   147  

6.77 Impedance Plots for 60% BT. a) 30°C, b) 50°C, 
     c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   148  

6.78 Impedance Plots for 70% BT. a) 30°C, b) 50°C, 
     c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   149  

6.79 Impedance Plots for 80% BT. a) 30°C, b) 50°C, 
     c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   150  

 xx



6.80 Impedance Plots for 10% ST. a) 30°C, b) 50°C, 
     c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   153  

6.81 Impedance Plots for 20% ST. a) 30°C, b) 50°C, 
     c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   154  

6.82 Impedance Plots for 30% ST. a) 30°C, b) 50°C, 
     c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   155  

6.83 Impedance Plots for 40% ST. a) 30°C, b) 50°C, 
     c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   156  

6.84 Impedance Plots for 50% ST. a) 30°C, b) 50°C, 
     c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   157  

6.85 Impedance Plots for 60% ST. a) 30°C, b) 50°C, 
     c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   158  

6.86 Impedance Plots for 70% ST. a) 30°C, b) 50°C, 
     c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   159  

6.87 Impedance Plots for 80% ST. a) 30°C, b) 50°C, 
     c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   160  

6.88 Complex Dielectric Modulus Plot for Pure Kaolinite Matrix. a) 30°C,  
b) 50°C, c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C,  
i) 400°C             163  

6.89 Complex Dielectric Modulus Plot for 10% BT. a) 30°C, b) 50°C,  
c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   164  

6.90 Complex Dielectric Modulus Plot for 20% BT. a) 30°C, b) 50°C,  
c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   165  

6.91 Complex Dielectric Modulus Plot for 30% BT. a) 30°C, b) 50°C,  
c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   166  

6.92 Complex Dielectric Modulus Plot for 40% BT. a) 30°C, b) 50°C,  
c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   167  

6.93 Complex Dielectric Modulus Plot for 50% BT. a) 30°C, b) 50°C,  
c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   168  

6.94 Complex Dielectric Modulus Plot for 60% BT. a) 30°C, b) 50°C,  
c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   169  

6.95 Complex Dielectric Modulus Plot for 70% BT. a) 30°C, b) 50°C,  
c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   170  

6.96 Complex Dielectric Modulus Plot for 80% BT. a) 30°C, b) 50°C,  
c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   171  

6.97 Complex Dielectric Modulus Plot for 10% ST. a) 30°C, b) 50°C,  
c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   174 

6.98 Complex Dielectric Modulus Plot for 20% ST. a) 30°C, b) 50°C,  
c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   175 

6.99 Complex Dielectric Modulus Plot for 30% ST. a) 30°C, b) 50°C,  
c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   176 

6.100 Complex Dielectric Modulus Plot for 40% ST. a) 30°C, b) 50°C,  
c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   177 

6.101 Complex Dielectric Modulus Plot for 50% ST. a) 30°C, b) 50°C,  
c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   178 

6.102 Complex Dielectric Modulus Plot for 60% ST. a) 30°C, b) 50°C,  
c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   179 

 xxi



6.103 Complex Dielectric Modulus Plot for 70% ST. a) 30°C, b) 50°C,  
c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   180 

6.104 Complex Dielectric Modulus Plot for 80% ST. a) 30°C, b) 50°C,  
c) 100°C, d) 150°C, e) 200°C, f) 250°C, g) 300°C, h) 350°C, i) 400°C   181 

6.105 Relative Dielectric Permittivity εr’ for BT Composites in  
     Microwave Frequency         182 

6.106 Relative Dielectric Loss εr” for BT Composites in  
Microwave Frequency         183 

6.107 Relative Dielectric Permittivity εr’ for ST Composites in  
     Microwave Frequency         183 

6.108 Relative Dielectric Loss εr” for ST Composites in  
Microwave Frequency         185 

  6.109      Ln DC Conductivity against 100/T for Pure Kaolinite Matrix      188 
6.110      Ln DC Conductivity against 100/T for 10% BT        188  
6.111      Ln DC Conductivity against 100/T for 20% BT        189 
6.112      Ln DC Conductivity against 100/T for 30% BT                   189    
6.113      Ln DC Conductivity against 100/T for 40% BT      190  
6.114      Ln DC Conductivity against 100/T for 50% BT      190  
6.115      Ln DC Conductivity against 100/T for 60% BT      191 
6.116      Ln DC Conductivity against 100/T for 70% BT      191 
6.117      Ln DC Conductivity against 100/T for 80% BT      192 
6.118      Ln DC Conductivity against 100/T for 10% ST      194 
6.119      Ln DC Conductivity against 100/T for 20% ST      194 
6.120      Ln DC Conductivity against 100/T for 30% ST      195 
6.121      Ln DC Conductivity against 100/T for 40% ST      195 
6.122      Ln DC Conductivity against 100/T for 50% ST      196 
6.123      Ln DC Conductivity against 100/T for 60% ST      196 
6.124      Ln DC Conductivity against 100/T for 70% ST      197 
6.125      Ln DC Conductivity against 100/T for 80% ST      197 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 xxii


