ELECTRICAL PROPERT
OF POLYMERS

CHEMICAL PRINCIPLES

by Chen C. Ku and Raimond Liepins

with 113 Figures and 47 Tables

Hanser Publishers, Munich — Vienna - New York

Distributed in the United States of America by
Macmillan Publishing Company, New York

and in Canada by
Collier Macmillan Canada, Inc., Ontario



CONTENTS

CHAPTER 1

CHAPTER 2

CHAPTER 3

CHAPTER 4

PARTI.

THE FOUR FUNDAMENTAL PARAMETERS OF ELECTRI-

CALPROPERTIESOFPOLYMERS .................... 1
1.1 Introduction . .......... ... ...y 1
1.2 Electrical Propertiesof Polymers . . . . ................. 3
1.3 Chemical Aspects of Electrical Properties of Polymers . ... ... 7
1.4 Requirements for Polymers as Electrical Insulating Materials . . . 10
1.5 Use of Polymers as Materials with Special Electrical Properties . . 12
1.6 References . . .......... ..oy 16
DIELECTRIC CONSTANTOFPOLYMERS . ... ... ........ 20
2.1 Introduction . . . ... ... ... 21
2.2 Historical Overview . .. ....... ... ... 22
2.3 BasicRelationships . . ............ ... .. ... ...... 23
2.4 Polarizationof Polymers .. ............. .. ... ...... 25
2.5 Polarization and DielectricConstant . . . . . .............. 28
2.6 Spontaneous Polarization or Ferroelectricity. . . . ... .. ... .. 31
2.7 Imterfacial Polarization . ............... ... ....... 33
2.8 Hyperelectronic Polarization — a Special Case of Interfacial

Polarization . .......... ... ... . ... .. 36
2.9 How to Keep Dielectric ConstantLow .. ............... 38
2.10 How to Keep Dielectric ConstantHigh . . ... ............ 39
2.11 Frequency Dependence of Dielectric Constant . . . ... ...... 51
2.12 Temperature Dependence of Dielectric Constant. . . . .. ... .. 53
2.13 Dielectric Constant as a Function of Frequency and Temperature 55
214 References . . . . .. .. e 56
TANGENT OF DIELECTRIC LOSS ANGLE OF POLYMERS ... 59
3.1 Introduction . . .. ... ... 60
3.2 Historical Overview . . .. ............. ... 61
3.3 BasicConsiderations. . . . ... ........... ... . ... ... 61
3.4 Influence of Plasticization on DielectricLoss .. ........... 76
3.5 Influence of Molecular weight on Dielectric Loss. Relaxation

Time, and Activation Energy . . ..................... 80
3.6 Influence of Supermolecular Structure on Dielectric Loss. . . . . . 84
3.7 Dielectric Spectroscopyof Polymers . . .. ............... 85
3.8 How to Keep the Tangent of Dielectric Loss Angle Low . ... .. 90
3.9 Polymers with High tan 0 in Dielectric Heating Applications. . . . 92
3.10 Polymers with Low Tangent of Dielectric Loss Angle but with

High DielectricConstant . . .. ...................... 93
3.11 Soliton Model of Dielectric Relaxation in Crystalline Polymers . . 96
3I2References . . . . ... 98
DIELECTRIC BREAKDOWNOFPOLYMERS . . .. ......... 102
4.1 Introduction . ............ .. ... 105
TREEING IN POLYMERS
4.2 Historical OVerview . . . ... ... ... ...y 106

4.3 BasicObservationsandTerms. . . .. ... ............... 107



VIII Contents

SECTION A.

SECTION B.

PART IIL

CHAPTER 5

PARTIL

PART IL

ELECTRICAL TREEING

4.4 Initiation of Electrical Trees . . . ... ..................
4.5 GrowthofElectrical Trees . . ... ....................
4.6 Testing . ... ..o e
4.7 Inhibition of Electrical Treeing . . ... .................
4.8 Polymer Structural Considerations . . . . ... .............
4.9 Effects of Temperature, Voltage, and Mechanical Strain . . . . . .

WATER TREEING

4.10 Introduction . . . . . ... e
4.11 Initiationof Water Trees . . . . . . . . ... v
4.12 Growthof WaterTrees . . . . . . .o oo i i it
413 Testing . . ..o oot e
4.14 Inhibition of Water Treeing . . . ... .. ................
4.15 Criteria for Tree-Resistant Insulation . .. ...............

DIELECTRIC BREAKDOWN IN POLYMERS
4.16 Introduction . . . . . .. ...

4.20 Principal Mechanisms of Dielectric Breakdown . . . . .. ... ...
4.21 Polymer Structure and Dielectric Breakdown . . . .. ... ... ..
4.22 Effect of Plasticization on Dielectric Breakdown . . . ... ... ..
4.23 Effect of Fillers on Dielectric Breakdown . . . .. .. .........
4.24 Effect of Molecular Weight on Dielectric Breakdown . . . ... ..
4.25 Effect of Morphology on Dielectric Breakdown . . . ... ... ...
4.26 Additives to Improve Dielectric Strength . . . . . ... ... ... ..
4.27 How to Keep Dielectric Strength High .. ...............
428 Electrical Aging. . . . .. ... ... ... .
4.29 Experimental Test Methods . . . ... ..................
430 References . . .. .. ...

ELECTRICAL CONDUCTIONINPOLYMERS . .. ....... ...
5.1 Introduction . . ... .. ... ..

CONDUCTION PROCESSES IN INSULATING POLYMERS

5.2 BasicConcepts . . ........ ...,
5.3 Experimental TechniqueandData . . . .................
54 Conclusions .. .......... ...

SYNTHETIC METALS

S5 Introduction . . . ... ...
5.6 BasicConsiderations. . ... ........ ... ...
5.7 ChargesinPolymers . ... ...... .. ... ... ... .....
5.8 Charge Transport in Doped Conjugated Polymers . . .. ... ...
5.9 Preparation of Conducting Polymers. . . . ...............
5.10 Conducting Polymers with Special Properties . . ...........
5.11 Superconducting Polymers . . . .. ........ .. L L L
5.12 Molecular Electronics . . . ... ... ..o
513 Bioelectronics . . . . . e
5.14 Molecular Electronics Research Groups . .. .. ...........
SA5References . . . ... ...



Contents IX

CHAPTER 6 ELECTRICAL PARAMETERS OF POLYMERS IN SUMMARY

6.1 Introduction . . ........ ... ... ... ... .. 323
6.2 Correlations of the Four Key Electrical Parameters . ........ 324
6.3 DielectricBreakdown . . .. ... ... .. ... L ... 326
6.4 Effect of Molecular Weight, Morphology, and Plasticization on
Conductivity in Insulating Polymers . .. ................ 328
6.5 Materials with Selected Values . . .. .................. 329
6.6 References . .. .. .. ..o i, 333
APPENDICES 1. DielectricConstants . . .. .............. ..., 334
2. DissipationFactor. . . . ........ ... . ... ... L. 346
3. DielectricStrength . ... ... .. ... ... .. o oL 357
4, ArcResiStance . . . . . . o oo 361
5. Electrical Conductivity . . . .. .. ... ... . ... ... 363
6. Water Vapor Permeability. . . . ... ...... ... ... ... ... 366
7. Water AbsOrption . . . . . ... ... 368
AUTHORINDEX . ... .. . e 370

SUBJECTINDEX . ... .. e 383



