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ABSTRACT 
 
 
 The energy storage properties of vinylidene fluoride based fluoropolymers were 
explored.  Energy density is a function of a materials permittivity and electrical 
breakdown strength.  High values of each of these parameters are desirable for a high 
energy density and were explored in various fluoropolymer systems.  Copolymers 
containing vinylidene fluoride (VDF), chlorofluoroethylene (CTFE), and 
trifluoroethylene (TrFE) were synthesized by a two-step approach beginning with the 
copolymerization of VDF and CTFE and the subsequent hydrogenation of the CTFE 
units to TrFE to create the terpolymer P(VDF-CTFE-TrFE).  By changing the chemical 
composition of the fluoropolymers, the permittivity was varied from 12 to 50 due to 
changes in the crystal phase that converted the polymers from paraelectric to ferroelectric 
materials. 
 The electrical breakdown mechanisms of a single copolymer composition of 
P(VDF-CTFE) was studied as a function of molecular weight and temperature.  Energy 
density and breakdown strength increased as molecular weight increased and temperature 
decreased.  An electromechanical breakdown mechanism was responsible for failure at 
25°C while a thermal breakdown mechanism operated at -35°C which was below the 
glass transition of the material.  In between at -15°C, a combination of the two 
mechanisms was found to operate. 
 Electromechanical breakdown was also found to operate in a copolymer system 
with a fixed amount of VDF and varying amounts of TrFE and CTFE.  The molecular 
weights were identical for all the polymers.  Maxwell stress is the primary contributor to 
the electromechanical stress in polymers with a high amount the CTFE.  Electrostrictive 
stress due to a crystal phase change at high electric fields is a major contributor to the 
electromechanical stress in polymers containing a high amount of TrFE.  Energy density 
and electrical breakdown strength increased with increasing amounts of TrFE. 
 Nanometer sized silica particles were incorporated into a P(VDF-CTFE) matrix 
using an in-situ sol-gel process.  Electrical breakdown strengths and energy densities 
were maximized in hybrids containing an optimized amount of silica due to the creation 
of new charge trap sites.  These sites reduced space charge and electric loss delaying 
thermal breakdown in the hybrids.  For optimized composites, high energy densities over 
20 J/cm3 were achieved.  
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CHAPTER 1 - INTRODUCTION 
 
 

Historical Background 
 
 
 The history of the capacitor began in the 18th century with the discovery of the 

first devices capable of storing electric charge.  Two men are associated with this 

discovery. 1,2  The first was E. Georg von Kleist, a Bishop of Pomerania who was seeking 

a way to trap and store electrical charge.  He developed a device in 1745 and performed 

many experiments to verify the device’s charge storing capabilities.  Von Kleist shared 

his experiments with several colleagues of the era, but did not receive much attention for 

his discovery due his low stature in the scientific community and the difficulty in others 

repeating his results.3  A few months after Von Kleist, a similar charge storing device was 

developed independently by Pieter van Musschenbroek, a known physicist and 

mathematician who lived in Leyden, Netherlands and is generally recognized as the 

inventor of the first capacitor.  The device was called an electrical condenser and later 

became known as the Leyden jar named after the place of its invention.  In its first form, 

the condenser consisted of a corked glass bottle partially filled with water and a metal 

wire.4,5  The metal wire was partially immersed in the water and passed through the cork 

at the top of the bottle.  The device was charged by holding it in one hand and touching 

the metal wire to a charge source, typically a friction machine of the time.  After 

removing the wire from the charge source and touching it with the other free hand, the 

device was discharged through the body often catching the recipient by surprise.  In 1747, 

an improved version of a Leyden jar, shown in Figure 1, was developed by an English 

physician and scientist named William Watson.  Watson removed the water from the 
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earlier designs and instead wrapped the inside and outside of the bottle with separate 

pieces of metal foil that didn’t connect.  This design greatly enhanced the charge storing 

properties of the Leyden jar and most closely resembles the construction of modern day 

capacitors. 

 

Figure 1 - Leyden jar.  Note the foil covering and chain electrode inside the jar.  Source: 
Reference 4. 
 
 
 The Leyden jar was a huge advancement in the study of electricity.  Previous to 

its invention, small sparks a few centimeters long could be generated by friction 

machines of the time.  By using a Leyden jar to capture and store the charge generated by 

a friction machine, it was possible to significantly increase the length of sparks from 

centimeters to tens of centimeters long.  Where a friction machine could send a small jolt 

through a person, the incorporation of Leyden jars allowed scientists to kill small 

animals.  Additionally, Leyden jars where connected in parallel creating what was called 

Leyden jar batteries to further increase the devices charge storage.  The jars were 

instrumental in many experiments of the time such as establishing the electrical 

properties of conductors and insulators, and were used in Benjamin Franklin’s famous 

kite flying experiment.  They were also used as effective fundraising sources for 

experiments by entertaining nobility and other people of power.6  In one particular 
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demonstration, a Leyden jar was discharged in a demonstration to King Louis XV of 

France sending a shock through a chain of 180 soldiers. 

 In the years after its discovery, the scientists of the day began to have insight into 

the fundamental operating principles of the Leyden jars and laid the foundation for 

understanding capacitors.  Early designers of Leyden jar batteries recognized the effect of 

surface area on charge storage preferring to use many small jars instead of fewer large 

jars to increase capacity.  They recognized the use of thinner glass increased capacity 

over thick glass and improved reliability.  In a capacitor designed by Æpinus, he 

demonstrated inductive charging and its relation to gap distance.  Benjamin Franklin 

demonstrated that the charge in a Leyden jar was not stored in the metal foil, but in fact 

stored in the glass illustrating the effect of the dielectric material.  He accomplished this 

by carefully removing the metal foil from a charged Leyden jar and observing that the 

built-up charge was not removed with the foil.  Each of these observations was the basis 

of a sub-area in capacitor research and since has blossomed in the huge field that we have 

today. 

 
Capacitor Fundamentals 
 
 
 Capacitors are simple electronic devices typically consisting of two, non-

contacting metal electrodes separated by an insulating material.  By applying a voltage 

bias to the electrodes, an electrical field is applied across the insulating material.  Charge 

accumulates on the metal electrodes until the voltage across the gap balances the applied 

bias.  The capacitance of a capacitor is defined as  
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V
qC =  

Equation 1 - Definition of capacitance. 
 
 
where C is the capacitance, q is the total charge, and V is the voltage.  In the absence of a 

dielectric material with a vacuum between the electrodes, the capacitance of a capacitor 

with parallel electrodes is  

 

d
AC oε=  

Equation 2 - Capacitance of a parallel plate capacitor with a vacuum for the dielectric. 
 
 
where εo is the permittivity of free space, A is the area of the electrodes, and d is the 

distance between the electrodes.  If an insulating dielectric material is placed between the 

electrodes, an increase in capacitance is observed over an empty capacitor under the same 

voltage bias and is represented by  

 

d
AC oεε=  

Equation 3 - Capacitance of a parallel plate capacitor filled with an insulating material. 
 
 
where ε is the permittivity of the dielectric material.  Figure 2 illustrates the difference 

between an empty and filled capacitor.  The higher capacitance stems from an increase in 

charge, q, on the electrodes that originates with the dielectric material.  Under a bias, the 

dielectric experiences a polarization that attempts to decrease the applied electric field 

passing through the material by setting up an opposing one.  To compensate for the 

polarization, more charge accumulates on the electrodes until the circuit is balanced.  The 
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polarization vector has the opposite sign convention for electric field that emerges from 

negative charges and terminates on positive ones.  The polarization is defined by  

 
)1( −= εε EP o  

Equation 4 - Polarization response of a material. 
 
 
where P is the polarization and E is the electric field.7  Equation 4 can be rearranged to 

create a new term called the electric displacement 

 
PED o += ε  

Equation 5 - Electric displacement of a material. 
 
 
where D is the electric displacement.  The electric displacement is simply the sum of the 

polarization obtained from an empty capacitor plus the dielectric material and represents 

the total charge on the electrodes. 

 

Fill with dielectric
V

+  +  + +  +  +

‐ ‐ ‐‐ ‐ ‐
E V

++++++++++++++

‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐
E-+

Empty capacitor Capacitor with increased 
energy density

-+-+-+-+-+-+-+P

Figure 2 - Increase in capacitance upon filling a capacitor with a dielectric. 
 
 

The origins of the polarization responses varies between materials.  There are five 

polarization responses:  electronic, ionic, dipolar, ferroelectric, and interfacial.7,8  

Electronic polarization is present in all materials and originates from the relative 

displacement of the electron cloud and nucleus on the atomic level.  Under an applied 

electric field, the electron cloud and nucleus are displaced from their equilibrium position 

creating the polarization.  Ionic polarization is present in ionic materials like salts and 
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ceramics.  This polarization mechanism originates from the displacement of positive and 

negative ions from their equilibrium positions under bias.  Dipolar polarization originates 

from the rotation of permanent dipoles usually present in organic materials under 

electrical bias.  Ferroelectric polarization is unique to ferroelectric materials which have 

crystals with permanent dipoles.  Under bias, polarization can originate from either 

ferroelectric domain wall motion in the crystals or rotation of the crystals themselves 

depending on the material.  Finally, interfacial polarization originates from the long range 

motion of charged species that accumulate at interfaces in the materials such as 

crystalline-amorphous, grain, and phase boundaries.  These individual contributions are 

all additive to the permittivity and can be represented by  

 

χ
ε

ε +=+= 11
E

P

o

 

Equation 6 - Relation of permittivity to dielectric susceptibility. 
 
 
where χ is the dielectric susceptibility.  The dielectric susceptibility contains all of the 

contributing polarization mechanisms which can be separated through appropriate 

experimentation. 

The permittivity of a material is a function of frequency of the applied electric 

field and the electric field strength.  Each polarization mechanism has its own individual 

frequency response that is additive to the overall permittivity.  As the frequency of the 

field is increased, each polarization mechanism drops out as the frequency passes the 

response time of that mechanism.  Eventually at high enough frequencies, all of the 

polarization mechanisms drop out and have no contribution to the permittivity with the 

capacitor behaving as though it was empty. 
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Under alternating current (AC) conditions, the complex permittivity is defined as  

 
"' εεε ic −=  

Equation 7 - Complex permittivity. 
 
 
where εc is the complex permittivity, ε’ is the real part of the complex permittivity, and ε” 

is the imaginary part of the complex permittivity.  The real part, or ε’, is what is 

traditionally referred to as the dielectric constant and has been defined as the permittivity 

(ε) so far and will continue to be referred to as such.  The dielectric constant is defined by 

the real part of the permittivity measured at low frequency and electric field where this 

quantity has little variation.  The imaginary part of the permittivity, ε”, is related to the 

loss in the dielectric and will be discussed later.  In a perfect capacitor where the 

polarization responds in phase to the applied electric field, the current density can be 

defined as 

 
ti

oeEi
dt
dPJ ωεωε −−−== )1(0 where the applied field is ti

oeEE ω−=  

Equation 8 - Current density in an ideal capacitor under AC conditions. 
 
  
where J is the current density, ω is the frequency, ε is the material permittivity, and t is 

time.  Dividing the current density by the electric field produces the equation 

 

)1( −−= εωε oi
E
J  

Equation 9 - Conductivity of an ideal capacitor. 
 
 
which defines the conductivity of the capacitor.  For a perfect capacitor, there is no power 

loss in the dielectric since the integration of the product J and E over one period is always 



 

8 
 

zero.  This is due to fact that the current and electric field are always π/2 out of phase 

from each other. 

In a real dielectric, the current and electric field are almost never π/2 out of phase 

resulting in a power loss in the dielectric.  In this case, the current density of the capacitor 

is  

 
)(

0 )1( δωεωε −−−−== ti
oeEi

dt
dPJ where the applied field is ti

oeEE ω−=  

Equation 10 - Current density in a real capacitor under AC conditions. 
 
 
where δ is a time delay.9  The delay in the current response originates from the response 

times for the individual polarization mechanisms.  Interfacial and dipolar polarization 

both usually have long response times.  For interfacial polarization the long times are 

usually due to the size of the charged species and the large distances they move.   The 

long times for dipolar polarization are due to the slow orientation of large dipoles.  

Response times for interfacial and dipolar polarization in general can extend to the hertz 

and megahertz range respectively.  Ionic and electronic polarization mechanisms both 

have smaller response times due to the small ions, electrons, and atomic nuclei being 

displaced and their small displacements.  Response times for ionic and electronics 

polarization mechanisms approximately extend to 1012 Hz and 1016 Hz respectively.  The 

loss in capacitor is usually reported as the loss tangent defined as 

 

'
"tan

ε
εδ =  

Equation 11 - Loss tangent. 
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and usually reaches a local maximum near the maximum response times of the 

polarization mechanisms.  Figure 3 illustrates the frequency response of the various 

polarization mechanisms for both ε’ and ε”.  The loss of a capacitor plays a tremendous 

role is judging a dielectric’s worthiness.  A dielectric with a high loss leads to a large 

conductivity which is not desirable.   

 

Figure 3 - Frequency response of the various polarization mechanisms.  Source: 
Reference 8. 
 
 

Along with the loss, the energy stored in a capacitor is another important metric 

for performance and is defined as 

 
Vdqdu =  

Equation 12 - Energy stored in a capacitor. 
 
 
where u is the energy stored in the dielectric.10  For a linear dielectric material, or a 

material whose permittivity is constant at all electric field strengths, the energy in a 

capacitor is  
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2

2
1 CVu =  

Equation 13 - Energy stored in a capacitor with a linear dielectric. 
 
 
where it is a function of both the capacitance and the voltage.  Energy can be increased 

by increasing capacitance through a higher permittivity material.  Energy can also be 

increased by applying a higher voltage giving each individual charge the ability to do 

more work. 

 
Review of Capacitor Technology  
 
 
Electrical Double Layer Capacitors 
 

Electrical double layer (EDL) capacitors go by several different names such as 

ultracapacitors and supercapacitors, but all refer to capacitors that use an EDL as an 

energy storage mechanism.11,12,13  The name EDL capacitors are also used to define hybrid 

EDL capacitors that use an EDL along with a redox process to store energy, but still 

display a linear dependence of charge on voltage characteristic of a capacitor.  The 

structure of this family of capacitors relies on the use of high surface area, conductive 

electrodes immersed in an electrolyte media.  Upon the application of a bias between the 

electrodes, the respective counter ions in the electrolyte diffuse to the appropriate 

electrode creating an EDL on each electrode.  Strictly speaking, there is no flow of 

charge between the electrodes and electrolyte, but this rule is bent in some hybrid EDL 

capacitors.  The dielectric in these capacitors is the thin, atomic monolayer of ions that is 

adsorbed to the electrode surface while the diffuse electrolyte layer outside of the 

monolayer is the counter electrode as shown in Figure 4.  The voltage drop across the 

diffuse layer is very small compared to the EDL.  Figure 4 also shows the geometry of a 
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typical EDL capacitor.  The conductive electrodes are attached to metallic current 

collectors which are used for the application of voltage.  A porous separator is used to 

prevent short circuiting between the electrodes while permitting the diffusion of 

electrolyte. 

 

+
+
+
+
+
+
+
+
+
+
+
+
+
+

‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐

+

‐

+

+

+

+

+

‐

‐

‐

‐

‐

‐

+‐

‐

‐

‐

‐
‐

‐

‐

‐
‐

+

+
+

+

+

+

+

+

+

+

EDL Diffuse layer EDL

        

‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐

+
+
+
+
+
+
+
+
+
+
+
+
+
+

Electrode immersed in electrolyte

Current collector

- --
- -

-
-
+

++

+

+

Separator

Figure 4 - Left: Schematic of EDL and diffuse layers.  Right:  Geometry of EDL 
capacitor. 
 
 

In terms of energy density, EDL capacitors are unrivaled by the other capacitor 

technologies.  This originates from the large surface areas that are available from the 

electrode materials.  Typically, porous carbons are used which have surface areas up to 

2500 m2/g making devices with high capacitances in the hundreds and thousands of 

farads accessible.11  However, EDL capacitors also suffer from several drawbacks that 

have limited their wide spread adoption.  The first is that they have limited operating 

voltages.  Aqueous based electrolytes will dissociate at voltages above one volt while 

most organic based solvents are limited to two or three volts before dissociation.  As 

shown in Equation 13, the low voltage limits the energy stored.  The second drawback is 

the limited power density.  While energy density can be very high, the power density or 
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the rate at which the energy can be stored and extracted is limited due the slow response 

times associated with the combined dipolar and interfacial polarization mechanisms.  The 

maximum frequency response of EDL capacitors is usually below the kilohertz range.  

Third, loss in the capacitors can be significant due to an equivalent series resistance 

(ESR).  EDL capacitors can be modeled according to the circuit diagram shown in Figure 

5 as two capacitors in series with a resistor between them.12  The capacitors in series 

reduces the overall capacitance of the device while the resistor represents the resistance 

of the electrolyte.  Aqueous electrolytes have an order of magnitude lower resistivities 

than organic electrolytes.11  The ESR plays an important role when assembling high 

voltage devices which requires many capacitors to be wired in series.  In this 

configuration, abnormal behavior from one capacitor will disrupt the performance of  the 

entire device. 

 

CEDL CEDL

Relectrolyte  
Figure 5 - Equivalent circuit of EDL capacitor. 
 
 

The EDL is basis of the charge storage and has a complicated and not completely 

understood structure.  The most basic model of the EDL is based on Helmholtz’s model, 

similar to Figure 4, and consists of an adsorption of ions to the electrode surface creating 

a two dimensional monolayer.  A more complex model that approaches reality proposed 

by Grahame and shown in Figure 6 shows the several layers of ions that make of the 
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EDL.13  Grahame’s model incorporates the volume effects associated with hydrated ions 

and their packing density on a charged surface as well as an outer diffuse layer of ions 

that are weakly associated with the surface.  Figure 6 specifically shows a monolayer of 

hydrated cations adsorbed to the anode.  This three dimensional model of the EDL 

incorporates the capacitive contributions from various layers.  A simple calculation of the 

permittivity of the double layer at the anode electrode in aqueous solution yields value of 

~6 which is well below the bulk permittivity value of water at 78.  The low permittivity 

calculated implies a saturation before maximum polarization is achieved in the 

monolayer possibly associated with the bulk of hydrated cations and imperfect layer 

packing despite the high electric fields of ~106 V/m across the layer.  On the cathode 

side, a permittivity value of roughly double the anode is calculated due to better packing 

of smaller anions.  Pore size and shape on the electrodes also plays a role in EDL packing 

by restricting large ions from accessing some surfaces. 

 

Figure 6 - Grahame’s model of the EDL interface.  Source: Reference 13. 
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Applications for EDL capacitors reside in areas where they can be used in 

conjunction with or as replacements for batteries.11  While EDL capacitors don’t have the 

energy density of batteries, they have superior power densities and cycle lifetimes.  The 

high power densities make them attractive for energy re-capture applications such as 

regenerative braking systems and certain pulse power applications such as engine 

starting.  The high cycle lifetimes, typically on the order of 105 to 106, make them 

attractive for solar energy storage applications where energy captured during daylight can 

be stored for later use.  Efforts are ongoing at increasing the energy density of EDL 

capacitors by exploring pseudo-capacitance phenomenon in electrodes made from 

Ruthenium and conjugated polymers that combine the EDL effects with redox reactions.  

Devices based on this phenomenon combine the fundamental behavior of both capacitors 

and batteries to create a hybrid device that still retain capacitor-like behavior. 

 
Electrolytic Capacitors 
 
 Electrolytic capacitors offer a good combination of energy and power densities.  

The first patent issued for electrolytic capacitors was in 1897 by Pollack for use with 

aluminum followed by a patent for tantalum in 1949.14  The dielectrics in these capacitors 

are a thin, electrolytically grown metal-oxide film.  Construction of these capacitors 

typically begins with two metal foils which are etched to increase their surface area.15  A 

metal-oxide film is grown on one of the foils while the other is left bare.  Alternatively 

wire electrodes and porous, sintered powder electrodes are also used for metal oxide 

formation.  The etching and use of powders can increase the surface area of the electrodes 

by a factor of 20 for higher capacitances.16  The two foils are then laid on top of one 

another and filled with an electrolyte as shown in Figure 7.  The thickness of the 
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electrolytic metal oxide is about 100 nanometers.  In these devices, the electrolyte can be 

thought of as the counter electrode as oppose to the bare metal foil.  Aluminum and 

tantalum are the most popular choices for growing the metal oxide films, though other 

metals and their oxides such as niobium, zirconium, tungsten, and titanium have been 

investigated for electrolytic capacitors.  Aluminum oxide has a permittivity of ~8.5 while 

tantalum pentoxide’s permittivity is higher at ~28.  Aluminum capacitors contain a liquid 

electrolyte while tantalum capacitors can contain either a liquid or solid electrolyte.  The 

solid electrolyte is typically the n-type semiconductor manganese dioxide that is 

deposited through a pyrolysis process.17 

 

Metal Oxide Electrolyte

Metal Electrodes

+ -

Figure 7 - Construction of an electrolytic capacitor. 
 
 
 Within the metal oxide dielectric, polarization is due to ionic and electronic 

mechanisms.  Outside the metal oxide, an electrostatic and EDL contribute to the 

polarization.  The presence of the EDL limits the frequency response of these capacitors 

to below ten kilohertz, roughly a decade of response better than just an EDL capacitor 

because of the added electrostatic polarization.8  Unique to electrolytic capacitors is that 
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they must be used in a certain polarity due to the possibility of degradation of the metal-

oxide film to the original metal under a sufficiently high reverse bias.  This limits some 

high field AC applications since the high voltage swings would cause the capacitor to 

leak on each half cycle.  But this damage, if minor, can be repaired through a sufficiently 

high forward bias to re-grow the weak points in the oxide.  Electrolytic capacitors also 

have some retifying properties because of the metal to metal-oxide interface.  The metal 

oxide formed in the electrolysis reaction is high quality and purity and in the case of 

aluminum oxide can withstand electric fields on the order of 109 V/m.8  High purity metal 

foils greater than 99.99% are required to grow metal-oxide film with these properties. 

 Applications for electrolytic capacitors are widespread due to their low-cost and 

reasonable energy and power densities.  Aluminum devices represent the bulk of the 

market while tantalum devices are restricted to applications where high capacitance, 

temperature stability, reliability, and/or longevity are required.  While aluminum is a 

widely available metal, tantalum is rare in comparison making these capacitors more 

expensive.  Additionally, tantalum devices are preferred for use with solid electrolytes for 

applications where electrolyte leakage may be an issue.  Low voltage examples where 

electrolytic capacitors are used are in printed circuits and other micro electronics.  High 

voltage examples requiring high power delivery include audio equipment and camera 

flashes. 

 
Ceramic Capacitors 
 
 Ceramic capacitors can be split into two categories of low and high permittivity 

dielectrics.  Low permittivity ceramics range from 15-500 with high permittivity 

materials ranging from 2000 to 20000.16  Examples of low and high permittivity ceramics 
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are titania and barium titanate respectiviely.16,18 The construction of a ceramic capacitor is 

typically in a parallel plate configuration with electrodes attached directly to the 

dielectric.  In order to improve the capacitance density, ceramic capacitors are sometimes 

formed into multilayers with alternating dielectric and electrode layers.  Hollow tubular 

shapes are also produced with electrodes on the inner and outer surfaces.  Figure 8 

illustrates the different geometries used.  The dielectrics are produced starting with 

powders of the dielectric materials which are mixed with 5 -10 % by volume of an 

organic binder, typically a polymer.  The starting powers are made from milled, pure 

dielectric materials or particles made from a synthetic chemical route.  Once combined 

with the binder, the resulting slurry can be extruded to the various shapes.  The organic 

binder material is burned out at a high temperature above the decomposition temperature 

of the binder followed by a sintering step at even higher temperature to reduce the 

porosity of the final piece and increase its density.  Isostatic pressure at high temperature 

may also be used to this purpose.  The final capacitor is encapsulated in a polymer, 

usually an epoxy resin, to prevent the infiltration of water into the device.8 
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Electrodes

Ceramic                                  

Electrodes

Ceramic
 

 

Electrodes

Ceramic

 
Figure 8 - Top left: Disk capacitor.  Top right: Tube capacitor.  Bottom: Multilayer 
capacitor. 
 
 
 Polarization in ceramic capacitors can originate from three sources and is solely 

an electrostatic device.  In all ceramic dielectric materials, polarization comes from ionic 

and electronic mechanisms.  In high permittivity materials, the polarization also has a 

ferroelectric contribution which increases the permittivity up to three orders of 

magnitude.  Low permittivity ceramics have frequency responses into the gigahertz range 

while high permittivity materials only go up to the megahertz range before the 

ferroelectric contribution falls off.  Most ceramic dielectrics have low losses due to their 

polarization mechanisms.  These losses can increase as the ceramic degrades by water 

contamination, and the migration of oxygen vacancies and metal ion contaminants from 

electrodes through grains and grain boundaries.  Degradation can be reduced by the 

incorporation of dopants that reduce oxygen vacancies and by proper encapsulation to 

prevent water based side reactions.  Most ceramics capacitors have a wide operating 

temperature region due to the stability of the ceramic dielectric and its electrical 
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properties.  This is not the case for high permittivity materials where the ferroelectric 

materials experience a Curie transition above which the material becomes paraelectric 

and the permittivity drops significantly.  Ferroelectric materials also suffer from an aging 

effect where the permittivity will drift due to restrictions on the ferroelectric domain wall 

motion from defect build up at the boundaries.19  Heating above the Curie temperature 

usually reverses this phenomenon. 

 Applications for ceramic capacitors span a wide range.  While energy densities of 

the capacitors may not be very high being limited by the breakdown field, ceramics do 

have very high power densities.  Ceramic capacitors find use in high power transmitter 

capacitors and are especially useful for their low losses and negative temperature 

coefficients of permittivity which limit thermal runaway.  They also find a lot of use in 

microelectronics where low loss, temperature stability, and withstanding high voltages 

are important design features. 

 
Polymer Capacitors 
 
 Polymer capacitors are all based on thin films of polymer dielectrics usually less 

than 10 microns thick.  Films are created from extrusion, solution casting, or evaporation 

deposition.20  The permittivity of most polymers used in capacitor applications are small 

compared to the previously mentioned dielectrics ranging from 2.2 to 3.5.21,22,23,24  The 

most common polymers are listed in Table 1.  Polymer capacitors are constructed in a 

parallel plate configuration with metal electrodes in contact with the dielectric.  

Evaporated aluminum is often the metal of choice, though metal foils or other evaporated 

or sputtered metals are also used.  Occasionally, a double metalized polymer is used as an 

electrode where the polymer is not active in the actual capacitor.  An example of this is 
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shown in Figure 9.25  The application of the capacitor usually dictates the type of 

electrode.  Since polymers are very flexible, they are typically rolled into cylinder 

configurations in actual devices.  The rolled, metalized polymer films are inserted in 

cylindrical containers which are occasionally backfilled with insulating oils to reduce 

electrical discharge and improve heat dissipation. 

 
Polymer ε' tan δ Tmax (°C)

Polystyrene 2.8 0.00026 85
Polyimide 3.6 0.00200 200

Polypropylene 2.2 0.00042 105
Polyester 3.5 0.00170 125

Polycarbonate 2.9 0.00097 125
Polyphenylene-sulfide 3.0 0.00030 200
Polyphenylene oxide 2.6 0.00030

Polyether etherketone 3.0 0.00350 240
Polytetrafluoroethylene 2.1 0.00020 260

Poly ethylene 2,6 naphthalate 3.2 0.00300 140  
Table 1 - Permittivity, losses, and maximum operating temperatures of common polymer 
capacitor dielectrics.  Permittivity and losses are measured at room temperature. 
 
 
 Polarization in polymers typically results from electronic and dipolar 

mechanisms.  Ferroelectric polarization is also possible for some polymers which can 

increase the permittivity an order of magnitude.  Outside of the ferroelectric polymers, 

the frequency responses of the dielectrics usually extend to the gigahertz range with low 

losses.  Ferroelectric polymers have higher losses and only have frequency responses into 

the megahertz region.  Permittivity and losses can be stable with temperature as long as 

no thermal transitions are approached.  This is not the case for ferroelectric polymers 

which experience fluctuations around the Curie transition.  The operating temperature 

range of polymers is fairly low compared to some ceramics due to low temperature 

thermal transitions.26  The maximum operating temperatures are often around 100°C with 
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specialty polymers going to 200°C.  One unique feature of metalized polymer films is a 

self-healing mechanism that occurs during electrical breakdown.  In other capacitors 

electrical breakdown usually results in a short, or the creation of a conducting path 

between the electrodes, in the capacitor rendering the device useless.  The self-healing 

mechanism during electrical breakdown causes a portion of the metalized film to 

evaporate around the failure point from the heat generated during breakdown.  While a 

short may exist across the dielectric, it doesn’t affect the rest of the device since it is 

isolated electrically.  Many different factors affect self-healing such as polymer 

chemistry, applied voltage, electrode thickness, and pressure.22  Self-healing provides a 

mechanism for monitoring the lifetime of the capacitor through the capacitance decay 

with every event.  Self-healing also reduces the need for extremely high quality films 

since defects are automatically cleared, though fewer defects would increase the lifetime 

of the devices.  Power densities are very high in polymers, but energy densities are fairly 

low.  The energy density values are similar to ceramic capacitors though ceramics rely on 

high permittivites or capacitances while polymers high voltages and dielectric strengths 

to achieve these values. 

 

Active Dielectric
Electrode

Double Metalized Film

+ -

 
 

Figure 9 - Double metalized polymer layer structure. 
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The application of the polymer capacitor dictates the choice of the dielectric.23  

Polyester is used in applications where high capacitance densities are needed and loss 

drift with temperature and frequency is not an issue.  Polycarbonate is used for higher 

temperature applications where higher losses are tolerable.  Polypropylene, the most 

popular polymer due to excellent properties and low cost, has a reasonable upper 

temperature limit of 90°C and flat permittivity and loss with varying temperature and 

frequency.  Specialty polymer dielectrics include polystyrene for its low loss and 

poly(phenylene sulfide), polyimide, and poly(tetra fluoride) for their high operating 

temperatures.  Polymer capacitors find much use in pulse power applications since large 

capacitors can be fabricated with ease and the self-healing mechanism give long 

lifetimes. 

 
Research Goals 
 
 
 Polymers are important capacitor dielectric materials and will continue to be so 

well into the future.  In power applications, polymers are often the materials of choice for 

many reasons including low cost and ease of manufacturing.  However, the demands for 

increased performance from polymer dielectrics have prompted recent research into 

searching for new polymers.  For power applications, the ideal dielectric material must 

have a high power and energy density, low electrical loss, and good reliability.  A Ragone 

plot illustrating the various energy storage technologies is shown in Figure 10.27  The 

performance of ‘Film Caps’ in the figure can describe both ceramic and polymer 

dielectrics.  No single storage technology covers the entire energy and power ranges 

necessitating careful selection for the application.  The greatest limiting factor to polymer 
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capacitors is their low energy density which currently tops out at about 1 J/cm3 for most 

of the commercially available polymers listed in Table 1.22  The theme to the research 

presented here is to explore new polymer dielectrics with potential energy densities an 

order of magnitude higher than the current state of the art.  Such an increase in energy 

density would make polymers competitive with electrolytic and EDL capacitors for some 

applications. 

 

 
Figure 10 - Ragone plot of energy storage technologies.  Source: Reference 27. 
 
 
 This research has three focus points which all revolve around creating new 

polymer dielectric materials and evaluating their properties.  The first point is the 

synthesis of novel fluoropolymers based on vinylidene fluoride (VDF) as candidate 

dielectric with high power and energy densities.  Copolymers containing VDF were made 

using a unique synthetic approach allowing for polymers with new compositions and 

properties to be created.  Poly(vinylidene fluoride) (P(VDF)) has been the subject of 

research for use as a capacitor dielectric due to its high permittivity as shown in Table 

2.21,22  Contrasted to the polymers shown in Table 1, P(VDF) has a significantly higher 



 

24 
 

permittivity.  As shown in Equation 13, a high capacitance is essential for a high stored 

energy from the dielectric.  The resulting electrical properties such as permittivity, as 

well as their various thermal and structural characteristics of these novel polymers were 

characterized in this work. 

 
Polymer ε' tan δ Tmax (°C)

Poly(vinylidne fluoride) 11 0.011 125  
Table 2 - Permittivity, losses, and maximum operating temperatures of P(VDF). 
 
 

The second focus point of the research here is to study the electrical breakdown 

properties of the synthesized polymers.  The energy density of a linear dielectric material 

can be calculated according to  

 
2

2
1 EU oεε=  

Equation 14 - Energy density for a linear dielectric material. 
 
 
where U is the energy density per volume of the dielectric.  The energy density is 

dependent on the permittivity of the dielectric and the applied electric field to the 

material.  The applied electric field is limited by the electrical breakdown strength of the 

dielectric or the maximum field that can be applied before catastrophic degradation 

occurs.  Since the energy density is proportional to the square of the electric field, any 

increase in this value leads to substantial increases in the energy density more so than an 

increase in permittivity.  The electrical breakdown mechanisms of the novel 

fluoropolymers were studied and related to their thermal, mechanical, electrical, and 

microstructural properties.  
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 Finally, the third focus point of this research combines the knowledge from the 

first two points to create a hybrid material of fluoropolymer and silicon dioxide.  The 

hybrid material takes advantage of the properties of the inorganic and organic materials 

to create a well dispersed composite with promising energy storage results.  In the 

following chapters, each of these focus points will be discussed in more detail and the 

collected results will be presented for the new polymeric materials. 
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CHAPTER 2 - SYNTHESIS AND CHARACTERIZATION OF P(VDF) BASED 
COPOLYMERS 

 
 
Ferroelectric Fluoropolymer Review 
 
 
 Since the discovery of its piezoelectricity in 1969, poly(vinylidene fluoride) 

(P(VDF)) has been the subject of intense research to exploit this and its other unique 

electrical properties.28  Of particular interest to capacitor applications is the high 

permittivity of P(VDF) which has a value of approximately 11, significantly higher than 

most polymeric dielectric materials.21  The high permittivity of P(VDF) originates from 

the strong dipole present in the polymer’s backbone from the alternating carbon-fluorine 

and carbon-hydrogen bonds.  The dipole moment of this repeat unit is 7.6 × 10-30 Cm or 

2.3 Debye.29   

The presence of strong intramolecular forces gives P(VDF) its unique crystal 

structure which features one paraelectric phase and three ferroelectric phases.30,31  The 

presence of ferroelectricity also gives rise to piezoelectricity and pyroelectricity in the 

polymer.  The paraelectric phase of P(VDF) is called the α phase and features alternating 

trans (T) and gauche (G) bonds, specifically TG+TG- where + and - signify left and right 

twists.  The chain conformation and unit cell are presented in Figure 11.  This form of 

P(VDF) is the most common and easily produced through most processing methods.  

While the overall chain conformation is polar, the arrangement of the dipoles facing each 

other in the unit cell cancels the overall polarization making it paraelectric. 
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a=4.96 Å
b=9.64 Å
c=4.62 Å

Figure 11 - The α crystal phase of P(VDF).  Left:  Chain conformation.  Right:  Unit cell.  
Source:  Reference 30. 
 
 
 The highest polarity unit cell of P(VDF) is the β phase which is shown in Figure 

12.  The polarity of this unit cell is about twice that of the subsequent polar unit cells.32  

The polymer chains are all in the extended, all-trans conformation so that they produce 

the highest overall chain dipole.  The chains are arranged in the unit cell so that the dipole 

moments all point in the same direction giving rise to a high polarization and its 

ferroelectricity.  The β phase is obtained through mechanical stretching of films 

containing the α phase, which elongates the polymer chains. 

 

         

a=8.58 Å
b=4.91 Å
c=2.56 Å

Figure 12 - The strongly polar β crystal phase of P(VDF).  Left:  Chain conformation.  
Right:  Unit cell.  Source:  Reference 30. 
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 The γ phase of P(VDF) is also a ferroelectric phase of P(VDF) whose 

conformation and unit cell are shown in Figure 13.  The γ phase features a TTTG+TTTG- 

chain conformation resulting in a weaker dipole than the β phase.  The chains are 

arranged with the dipoles pointing in the same direction also giving a ferroelectric unit 

cell.  While the α and β phases of P(VDF) were discovered fairly quickly, it took over a 

decade of debate before the structure of the γ phase was settled on.  The difficulty in 

identifying the γ phase stemmed from two sources.  The first source was the difficulty in 

producing a sample with a high amount of the crystal phase.  The γ phase in P(VDF) is 

typically made from solution casting from specific organic solvents or crystallizing a melt 

at high pressure or temperature.  However, the γ phase readily transforms to the β phase 

under mechanical stress necessitating careful handling of the sample.  Pure samples of the 

gamma phase were produced by solution casting onto specific substrates.33  The second 

reason for the difficulty in identifying the γ phase lies in its similar x-ray diffraction 

peaks to the α and β phases.  Early reports of the γ were sometimes dismissed as mixtures 

of the α and β phases.  Careful processing and collection of diffraction patterns 

eventually lead to the confirmation of the γ phase. 

 

         

a=4.96 Å
b=9.67 Å
c=9.20 Å
β=92.9°

Figure 13 - The γ crystal phase of P(VDF).  Left:  Chain conformation.  Right:  Unit cell.  
Source:  Reference 31. 
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 The final phase of P(VDF) is the δ phase.  This phase also takes on the TG+TG- 

chain conformation similar to the α phase as shown in Figure 14.  In fact, the δ phase has 

identical diffraction peaks to the α phase, though differing in intensity.31  However, the 

chains in the unit cell of the δ form are arranged with the chain dipoles pointed in the 

same direction leading to a ferroelectric phase also shown in Figure 14.  The δ phase is 

produced by poling the α phase in a high electric field. 

 

         

a=4.96 Å
b=9.64 Å
c=4.62 Å

Figure 14 - The δ crystal phase of P(VDF).  Left:  Chain conformation.  Right:  Unit cell.  
Source:  Reference 30. 
 
 
 All the interesting electrical properties of P(VDF) arise from its crystal phases and 

overall crystallinity.  The dipoles and ferroelectric phases give it the potential to have a 

high permittivity from the combined polarization mechanisms.  The challenge with 

P(VDF) is to crystallize the film with the ferroelectric phases and to keep those phases 

stable.  Figure 15 illustrates the phases obtained in P(VDF) from various processing 

routes.30  When changing between phases, it is often difficult to get a complete 

conversion resulting in a mixture of phases and resulting properties.   
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Figure 15 - P(VDF) crystal phases processing routes.  Source:  Reference 31. 
 
 
 To overcome the conversion limitation, copolymers containing trifluoroethylene 

(TrFE) were synthesized to examine their spontaneous crystal phases and electrical 

properties.34  TrFE is virtually identical to VDF except for the substitution of a fluorine 

for a hydrogen.  All ferroelectric materials experience a ferroelectric to paraelectric phase 

transition at the Curie temperature (Tc) where the material experiences a maximum in 

permittivity.35  In P(VDF), the Tc occurs above the melting temperature of the polymer so 

this maximum is never reached.  However, the copolymer poly(vinylidene fluoride-

trifluoroethylene) (P(VDF-TrFE)) displays a ferroelectric to paraelectric transition at a 

temperature below the melt depending on the amount of TrFE.  The addition of TrFE to 

the copolymer changes the electrostatic interaction between the monomer units and 

converts what would normally be an α phase material to one that spontaneously 
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crystallizes in the ferroelectric β phase.  The smallest amount of TrFE needed for this to 

occur is roughly 22 mol%.  At Tc, the phase change converts all the ferroelectric β phase 

to the paraelectric α phase over a small temperature range.  In this temperature window, a 

large increase in permittivity is observed during the phase switch.  Increasing the amount 

of TrFE in the copolymer above 22 mol% produces a material with a pseudo β phase that 

is arranged in a hexagonal structure, but still retains ferroelectric properties.36  At a TrFE 

composition above 48 mol%, the copolymer loses it ferroelectric character and instead 

crystallizes in a mixture of disordered trans-planar and 3/1 helical phases arranged in a 

pseudo-hexagonal lattice.37  However as more TrFE is added to the copolymer, a slight 

Curie transition is still observed in dielectric data down to about 87 mol% TrFE.  

Diffraction data does not observe this Curie transition behavior of the copolymers 

containing less than 48 mol% TrFE where below this threshold, the specific β to α phase 

peaks are not observed.  The phase diagram for the ferroelectric-paraelectric transition in 

P(VDF-TrFE) is shown in Figure 16.38  The observed Tc of the polymers ranges from 70-

130°C and the maximum permittivity at Tc ranges from 10-100 depending on 

composition.  The collective research showed that in order to get a high permittivity from 

P(VDF-TrFE), it is necessary to be around the Tc of the copolymer. 
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Figure 16 - P(VDF-TrFE) paraelectric-ferroelectric phase diagram.  Source:  Reference 
38. 
 
 
 The next breakthrough in fluoropolymers came in the form of the demonstration 

of a relaxor ferroelectric in a P(VDF-TrFE) copolymer.  P(VDF-TrFE) copolymers 

display normal ferroelectric behavior featuring large hysteresis loops in electric 

displacement measurements associated with ferroelectric domain switching.39  Through 

electron irradiation, the copolymer is transformed into a relaxor ferroelectric material 

featuring a much slimmer hysteresis loop.40  As an additional feature, the irradiation 

significantly increases the room temperature permittivity of the copolymer from 20 at 1 

kHz to over 40 at the same frequency.34,40 

Seemingly the Tc of the irradiated copolymer is lowered to around room 

temperature, but the nature of the Curie transition seen in the irradiated copolymer 

changes.  On a plot of permittivity versus temperature, the irradiated copolymer at first 

shows a wide range of Tc values as the frequency of the measurement is changed.  This is 

in contrast to the non-irradiated copolymer which shows a narrow range of Tc values 

associated with a sharp phase transition.  Strictly speaking, the relaxor materials do not 

have a Curie transition like the non-irradiated copolymers.  Instead, the Tc for these 

materials used here refers loosely to the temperature where a maximum in permittivity is 
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observed.  Microstructurally, the irradiation at moderate doses transforms the β phase of 

the copolymer into a paraelectric-like α phase material.41  Research performed on relaxor 

ferroelectric ceramics applied to the irradiated copolymers suggests that the irradiation 

creates nanosized domains of polar β phase in an α phase like matrix.18,40  The β domains 

are too small to be observed with the x-ray radiation leading to the solely observed α 

phase.  However, upon application of an electric field, this α phase material can be 

readily transformed back to the β phase suggesting a mechanism for the high dielectric 

response of the material.42   

Interestingly, only ferroelectric P(VDF-TrFE) copolymers experience this change 

upon irradiation and not the ferroelectric β phase of the homopolymer P(VDF).  This is 

due to the lattice spacing difference between β phase present in the homo and copolymer 

where the copolymer has a less dense packing between the chains as a result of the steric 

effects from the additional fluorine.  This tighter packing in the homopolymer prevents 

the solid phase transition from the β to α phase.  At high irradiation doses, the 

copolymers become amorphous due to high levels of crosslinking and chain scission.  

The irradiation work on the copolymers showed that the introduction of small defects in 

the polymer crystals changes their morphology and the resulting electrical properties 

making high permittivities accessible at lower temperatures than the non-irradiated 

copolymer. 

 The most recent work in modified P(VDF-TrFE) copolymers is based on 

introducing defects by chemical means instead of irradiation.  This is accomplished 

through polymer synthesis by the addition of a third monomer to the polymerization 

resulting in a copolymer containing three monomer units.  This is typically referred to as 
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a terpolymer and will be referred to as such in this dissertation.  Several defect monomers 

have been used, but the most effective have been either chlorofluoroethylene (CFE) or 

chlorotrifluoroethylene (CTFE).43  All the defects work by introducing bulky atoms to the 

polymer backbone that hinder the crystal packing.  For the monomers mentioned, 

chlorine is the bulky unit having an atomic radius 170% and 40% bigger than hydrogen 

and fluorine respectively.44  The chemical defect method is superior to the irradiation 

method in that is does not degrade the polymer by reducing the molecular weight by 

chain scission helping to maintain the overall mechanical properties.  Similarly at high 

defect concentrations, the terpolymers become amorphous like the high radiation dose 

irradiated copolymers.  In poly(vinylidene fluoride-chlorotrifluoroethylene-

trifluoroethylene) (P(VDF-CTFE-TrFE)), high permittivites of 50 have been obtained at 

room temperature at 1 kHz.43  The crystal structure of the terpolymers is complicated, 

containing a mixture of the α, β, and now γ crystal phases.43  The γ phase is a signature 

phase present in most terpolymers.  As with the irradiation method, controlling the defect 

levels in the terpolymers is the key towards optimizing the electrical properties.  

Additionally, the chemical defect method gives additional parameters for tuning the 

properties by controlling the amount and type of the defect monomer. 

 This chapter will focus on the electrical and structural characterization of 

copolymers created using a unique synthetic procedure.  Typically, the ferroelectric 

copolymers based on VDF are synthesized using a direct method where all the monomers 

are reacted together.43  While this produces high quality polymers, several difficulties 

exist with this method that makes it difficult control the final electrical properties as well 
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as systematically control the composition.  The new procedure described here solves 

these problems through a two step synthetic process. 

 
Experimental Procedure 
 
 
Materials 
 

All chemicals were used as purchased without purification unless otherwise 

noted.  Benzoyl peroxide (BPO), 2, 2′-azobis (2-methylpropionitrile) (AIBN), methanol, 

acetone, N, N-dimethylformamide (DMF), tetrahydrofuran (THF), acetonitrile, hexane, 

potassium fluoride, and tri-n-butyltin hydride were purchased from Aldrich.  Benzoyl 

peroxide (BPO) was purified by recrystallization from methanol and acetone.  

Tetrahydrofuran (THF) was dried and distilled over sodium benzophenone ketyl under 

nitrogen.  Vinylidene fluoride (VDF) and chlorotrifluoroethylene (CTFE) were purchased 

from SynQuest Laboratory Inc. and purified by a freeze-thaw process. 

 
Solution Polymerization of P(VDF-CTFE) Copolymer (Representative Experiment) 
 

All manipulations of gas-condense transfer were carried out with rigorous 

exclusion of oxygen and moisture under 10-6 Torr high vacuum.  A stainless steel 

autoclave with a magnetic stir bar was charged with 0.12 g of BPO and 30 ml of 

acetonitrile.  The autoclave was cooled in liquid nitrogen and degassed on a vacuum line.  

18.4 g of VDF and 7.3 g of CTFE were condensed in the autoclave at liquid nitrogen 

temperature before being warmed to ambient temperature.  The autoclave was then 

heated for 6 hours at 80°C.  After the reaction, the volatiles were vented and the polymer 

was precipitated in methanol and washed by hexane.  After drying under vacuum, 9.4 g 
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of white powder identified as poly(vinylidene fluoride-chlorotrifluoroethylene) (P(VDF-

CTFE)) was obtained. 

 
Hydrogenation Reaction of P(VDF-CTFE) Copolymer (Representative Experiment) 

 
3.0 g of P(VDF-CTFE) copolymer and 171 mg of AIBN were mixed in a 250 mL 

flask.  The flask was attached to a high vacuum line, degassed with argon, and 170 mL of 

THF was added.  After the mixture was stirred at 60°C for 30 min, 1.0 mL of tri-n-

butyltin hydride was added by syringe.  The solution was kept stirring for 24 hours at 

60°C before it was terminated with methanol.  The resulting terpolymer of P(VDF-

CTFE-TrFE) was washed with hexane and dried in vacuum to get a white powder.  Tin 

byproducts were removed by dissolving the polymers in THF and stirring the solution 

with aqueous potassium fluoride.  

 
Film Preparation 
 

All polymer films were prepared by solution casting from DMF onto glass slides.  

Polymers were dissolved overnight in DMF by gentle stirring.  The polymer solutions 

were filtered through 0.45 μm poly(tetrafluoroethylene) syringe filters before casting to 

remove any particulates.  The films were dried at 60°C overnight followed by heating at 

the same temperature under vacuum for 24 hours for complete solvent removal.  Free-

standing films were created by soaking coated glass slides in distilled water and carefully 

peeling off the films.  The free-standing films were dried under vacuum for an additional 

24 hours to remove any water.  The final films were all approximately 20 μm thick.   
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Characterization 
 

1H and 19F nuclear magnetic resonance (NMR) spectra were collected on a Bruker 

AM-300 spectrometer instrument for polymer chemical composition and chain tacticity.  

Molecular weight relative to a polystyrene standard was measured by size exclusion 

chromatography (SEC) using THF as the mobile phase with a Waters 1515 isocratic 

pump.  Thermal property measurements by differential scanning calorimetry (DSC) were 

carried out with a TA Q100 instrument at a heating rate of 10°C/min using data from 

second repeats scans.  Wide-angle x-ray diffraction (WAXD) studies were performed 

using a Scintag Cu-Kα diffractometer with a x-ray wavelength of 1.54 Å.  Peak 

deconvulution was performed using a peak fitting program Pearson VII peaks.  Infrared 

spectra (FTIR) were recorded using a Varian Digilab FTS-800 spectrometer from room 

temperature to 135°C.  Sixty nanometer thick gold electrodes were sputtered onto the 

films for electrical testing.  Dielectric testing was performed using a Hewlett Packard 

LCR meter (HP 4284A) at room temperature with a 1 V bias.  For temperature varying 

dielectric measurements, the temperature was controlled with a Delta Design Oven model 

2300 with liquid nitrogen cooling. 

 
Results and Discussion 
 
 
Chemical Synthesis of Polymers 
 
 The synthetic scheme for the producing the terpolymers is shown in Figure 17.  

The first step involves the free-radical, solution, polymerization of VDF and CTFE to 

obtain the copolymer P(VDF-CTFE).  The second step involves the selective 

hydrogenation of the CTFE units in the copolymer to TrFE creating the final terpolymer 
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P(VDF-CTFE-TrFE).  The conversion of the hydrogenation reaction can be precisely 

controlled from no conversion of the P(VDF-CTFE) to the 100% converted copolymer 

P(VDF-TrFE).   

 

P(VDF-CTFE)

+

VDF CTFE

P(VDF-TrFE-CTFE)

BPO

acetonitrile, 80 °C

nBu3SnH, AIBN

THF, 60 °C

Figure 17 - Two step synthetic scheme for making the terpolymers. 
 
 

This two step procedure for creating the terpolymer provides a way for 

systematically producing the terpolymers that is difficult to do using direct 

polymerization of the three monomers.  While VDF and CTFE have similar reactivity 

ratios of 0.73 and 0.75 respectively, VDF and TrFE have different reactivity ratios of 

0.70 and 0.50 respectively.45,46  Because of this difference, the consumption of monomers 

is not constant through the polymerization resulting in a drift in chemical composition as 

the chains grow.  To overcome this problem, direct polymerizations are terminated at low 

conversions while the ratio of monomers is roughly constant resulting in lower yields.  

The variability of composition with conversion as well as with feed ratios makes it 

difficult to systematically synthesize the terpolymers.  The two step process used here 

eliminates many of these problems.  Polymerizing VDF and CTFE together ensures a 

uniform composition through a wide conversion range due to the similarities of their 

reactivity ratios.  The subsequent hydrogenation reaction of the copolymer can be 
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controlled in a precise manner making composition control easier.  Since the all the 

terpolymers for a specific VDF amount are made from the same copolymer, this ensures 

that the terpolymers all have identical molecular weights and distributions avoiding any 

potential influence on the electrical properties.  The same degree of control over 

molecular weight would be very difficult with direct polymerization.  The two step 

method for making terpolymers offers the control necessary for systematically studying 

the polymers as a function of chemical composition.   

 For this section of work, approximately 50 copolymers of varying chemical 

composition were synthesized consisting of eight groups of P(VDF-CTFE) copolymers 

with VDF content ranging from 73.6 to 88.4 mol%.  Within each of the groups of eight 

copolymers, about five terpolymers were made though the hydrogenation procedure 

which all included the fully hydrogenated P(VDF-TrFE) copolymer.  The number 

average molecular weight for these polymers was approximately 60 kg/mol with a 

polydispersity index of 1.8.   

 
Polymer Tacticity 
 
 19F NMR results showed that the P(VDF-CTFE) copolymer contains mostly tail 

to tail tacticity between the VDF and CTFE units.47  Table 3 shows the percentage of each 

tacticity associated with the two monomers and their head to head, head to tail, and tail to 

tail linkages for a copolymer containing 81.2 mol% VDF and 18.8 mol% CTFE.  While 

the VDF to VDF units are mostly head to head (26.40%), VDF to CTFE exists almost 

exclusively in tail to tail configurations.  A small percentage (0.285%) of VDF to CTFE 

links are head to tail.  These tacticity defects are carried over during the subsequent full 

hydrogenation reaction to P(VDF-TrFE) as shown in Table 4. 
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P(VDF-CTFE) 81.2/18.8 mol%

Sequence  Designationa Percentage (%)
-CF2CH2CF 2CH2CF2-  VDF-VDF/H-T 26.40

-CFClCH2CF 2CH2CF2-  CTFE-VDF/T-T 19.02
-CH2CH2CF 2CH2CF2-  VDF-VDF-VDF/T-T-H 6.203

-CF2CFClCF 2CFClCF2-  CTFE-CTFE/H-T 3.289
-CF2CH2CF 2CF2CFCl-  VDF-CTFE/T-T 12.78

-CF2CFClCF 2CFClCH2-  CTFE-CTFE-VDF/H-T-T 2.579
-CF2CH2CF 2CF2CH2-  VDF-VDF/T-T 2.275
-CH2CF2CF 2CH2CH2-  VDF-VDF/T-T 2.336
-CH2CF2CF 2CFClCH2-  VDF-CTFE/T-T 9.922
-CF2CF2CFClCH2CF2-  CTFE-VDF/T-T 10.30
-CF2CH2CFClCF2CH2-  VDF-CTFE-VDF/T-T-H 0.238
-CH2CF2CFClCF2CH2-  VDF-CTFE/H-T 0.285

a The head (H) is designated as CF2 while the tail (T) is CH2 or CFCl
Table 3 - Tacticity of P(VDF-CTFE) 81.2/18.8 mol%.  Source: Reference 47. 
 
 

P(VDF-TrFE) 81.2/18.8 mol%
Sequence  Designationa Percentage (%)

-CF2-CH2-CF 2-CH2-CF2-  VDF-VDF / H-T 26.67
-CHF-CH2-CF 2-CH2-CF2-  TrFE-VDF / T-T 20.52
-CH2-CH2-CF 2-CH2-CF2-  VDF-VDF-VDF / T-T-H 5.118
-CF2-CHF-CF 2-CH2-CF2-  VDF-TrFE / H-T 1.224
-CF2-CH2-CF 2-CF2-CHF-  VDF-TrFE / T-T 11.67
-CF2-CH2-CF 2-CF2-CH2-  VDF-VDF / T-T 1.998
-CH2-CF2-CF 2-CH2-CH2-  VDF-VDF / T-T 2.430
-CF2-CHF-CF 2-CHF-CF2-  TrFE-TrFE-VDF / H-T-T 3.464
-CF2-CHF-CF 2-CHF-CH2-  TrFE-TrFE / H-T 4.822
-CH2-CF2-CF 2-CHF-CH2-  VDF-TrFE-VDF / T-T-T 7.590
-CF2-CF2-CHF -CH2-CF2-  TrFE-VDF / T-T 7.340
-CH2-CF2-CHF -CF2-CH2-  VDF-TrFE / H-T 0.213

a The head (H) is designated as CF2 while the tail (T) is CH2 or CFCl
Table 4 - Tacticity of P(VDF-TrFE) 81.2/18.8 mol%.  Source: Reference 47. 
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 For a comparison, nearly identical terpolymers were synthesized using both direct 

polymerization and the two step hydrogenation approach.  The breakdown of the 

tacticities for the direct and two-step polymer approaches are shown in Table 5 and Table 

6 respectively.  The direct polymerized terpolymer contains 45.67% head to tail links for 

VDF to VDF compared to 27.25% for the hydrogenation terpolymer.  The direct 

polymerized terpolymer also contains 8.9% of head to tail links for VDF to TrFE as well 

as 6.4% tail to tail links for VDF to TrFE.  The hydrogenated terpolymer in contrast 

shows only 0.090 % head to tail links for VDF to TrFE implying that almost all the VDF 

to TrFE links exist as tail to tail.  These results for the hydrogenated terpolymer echo the 

earlier P(VDF-CTFE) data showing a terpolymer that contains a high number of tacticity 

defects compared to the directly polymerized terpolymer.  Given the strong dependence 

of the properties of ferroelectric fluoropolymers on the defect level, it is expected that 

terpolymers produced by the two polymerization methods will have different electrical, 

thermal, and microstructures at the same chemical composition.  
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P(VDF-CTFE-TrFE) 81.2/7.2/11.6 mol%
Sequence  Designationa Percentage (%)

-CF2CH2CF 2CH2CF2-  VDF-VDF/H-T 27.25
-CHFCH2CF 2CH2CF2-  TrFE-VDF/T-T 19.40
-CClFCH2CF 2CH2CF2-  CTFE-VDF/T-T
-CH2CH2CF 2CH2CF2-  VDF-VDF-VDF/T-T-H 5.646

-CF2CClFCF 2CClFCF2-  CTFE-CTFE/H-T 1.719
-CF2CH2CF 2CF2CClF-  VDF-CTFE/T-T 3.755

-CF2CClFCF 2CClFCH2-  CTFE-CTFE-VDF/H-T-T 1.956
-CF2CH2CF 2CF2CHF-  VDF-TrFE/T-T 8.294
-CF2CH2CF 2CF2CH2-  VDF-VDF/T-T 2.117
-CH2CF2CF 2CH2CH2-  VDF-VDF/T-T 2.041
-CH2CF2CF 2CClFCH2-  VDF-CTFE/T-T 2.831
-CF2CF2CClFCH2CF2-  CTFE-VDF/T-T 3.300
-CF2CHFCF 2CHFCF2-  TrFE-TrFE/H-T 2.940
-CF2CHFCF 2CHFCH2-  TrFE-TrFE-VDF/H-T-T 3.308
-CH2CF2CF 2CHFCH2-  VDF-TrFE-VDF/T-T 2.842
-CF2CFClCF 2CHFCH2-  CTFE-TrFE-VDF/H-T-T 2.354
-CH2CF2CClFCF2CH2-  VDF-CTFE-VDF/H-T-H 0.046
-CF2CF2CHFCH2CF2-  TrFE-VDF/T-T 5.063
-CH2CF2CHFCF2CH2-  VDF-TrFE/H-T 0.090

a The head (H) is designated as CF2 while the tail (T) is CH2 or CFCl
Table 5 - Tacticity of P(VDF-CTFE-TrFE) 81.2/7.2/18.8 mol% produced by the two-step 
synthesis procedure.  Source: Reference 47. 
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P(VDF-CTFE-TrFE) 81.0/8.3/10.7 mol%
Sequence  Designationa Percentage (%)

-CF2CH2CF 2CH2CF2-  VDF-VDF / H-T 45.67
-CHFCH2CF 2CH2CF2- TrFE-VDF / T-T 2.224
-CClFCH2CF 2CH2CF2- CTFE-VDF / T-T
-CH2CH2CF 2CH2CF2-  VDF-VDF-VDF / T-T-H 1.824

-CF2CClFCF 2CClFCF2-  CTFE-CTFE / H-T 0.973
-CF2CHFCF 2CH2CF2-  TrFE-VDF / H-T 4.759
-CH2CH2CF 2CHFCF2-  VDF-TrFE / H-T 4.160
-CF2CH2CF 2CF2CClF-  VDF-CTFE / T-T 2.570

-CFClCH2CF 2CF2CClF-  VDF-CTFE / T-T 3.438
-CF2CHFCF 2CF2CClF-  TrFE-CTFE / T-T 3.133
-CF2CH2CF 2CF2CHF-  VDF-TrFE / T-T 2.808
-CF2CH2CF 2CF2CH2-  VDF-VDF / T-T 2.675
-CH2CF2CF 2CH2CH2-  VDF-VDF / T-T 2.418
-CH2CF2CF 2CClFCH2-  VDF-CTFE / T-T 3.011
-CHFCF2CF 2CFClCH2-  TrFE-CTFE-VDF/T-T-T 1.064
-CF2CF2CClFCH2CF2-  CTFE-VDF / T-T 1.550
-CF2CHFCF 2CHF2CF2-  TrFE-TrFE / H-T 2.737
-CHFCHFCF 2CF2CHF-  TrFE-TrFE / T-T 1.570
-CHFCHFCF 2CHFCF2- TrFE-TrFE-TrFE / H-T-T 0.604
-CF2CHFCF 2CF2CHF TrFE-TrFE / T-T
-CF2CHFCF 2CHFCH2-  TrFE-TrFE-VDF / H-T-T 1.033
-CH2CF2CF 2CHFCH2-  VDF-TrFE-VDF / T-T-T 0.828
-CF2CFClCF 2CHFCH2-  CTFE-TrFE-VDF/H-T-T 0.598
-CH2CF2CClFCF2CH2-  VDF-CTFE / H-T 0.154
-CF2CF2CHFCH2CF2-  TrFE-VDF / T-T 1.306
-CH2CF2CHFCF2CH2-  VDF-TrFE / H-T 1.546

a The head (H) is designated as CF2 while the tail (T) is CH2 or CFCl
Table 6 - Tacticity of P(VDF-CTFE-TrFE) 81.0/8.3/10.7 mol% produced by direct 
polymerization.  Source: Reference 47. 
 
 
Thermal Properties 
 
 The melting behavior of the polymers were measured with DSC as described in 

the experimental sections.  Two complete temperature scans were taken from 0 to 200 to 
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0°C of which the first scan data was discarded.  The purpose of the first scan was to erase 

any thermal history of the polymers before collecting the actual data.  A plot of the 

melting temperatures (Tm) is shown in Figure 18 for the eight VDF compositions.  Two 

trends are observed from the data.  The first is a near linear dependence of the Tm with 

the amount of TrFE in the polymers.  This dependence hints that the crystallinity of the 

polymers also has a linear dependence since the origin of the melting exotherms is crystal 

melting.  The second trend is the increase in the Tm of the polymers as the amount of 

VDF increases or a shift of a curves up and to the left.  This trend becomes a little 

muddled, but in general the Tm’s of a grouping of polymers with a fixed amount of VDF 

increases with the amount of VDF.  This also hints that overall crystallinity increases 

with increasing VDF. 
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Figure 18 - Melting temperatures of all the polymers synthesized by two step synthesis 
procedure. 
 
 
 The individual heating and cooling DSC traces for the 79.2 mol% VDF group of 

polymers are shown in Figure 19 and Figure 20 respectively.  Table 7 lists all the 
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transition temperatures and enthalpies (ΔH) for the polymers.  All of the polymers show 

sharp endo and exotherms indicating a uniform crystal size distribution.  As the amount 

of TrFE increases, the Tm of the terpolymers increases from 75°C for the sample with 

15.6 mol% CTFE up to 146°C for the polymer with no CTFE.  The enthalpies of melting 

and crystallization also increase with the amount of TrFE showing that the crystallinity 

increases.  Apart from the strong endotherm peaks, each melting curve also shows a 

minor endothermic peak at lower temperatures associated with the ferroelectric to 

paraelectric phase change of the Curie transition.48  Upon cooling, the polymers show 

sharp exotherms associated with the crystallization temperature (Tcr) at temperatures 

lower than Tm.  The minor exotherms associated with the Curie transition are also 

present.  As the CTFE is increased, the difference between the Tc for the same polymer 

upon heating and cooling increases from 3 to 12°C between the 20.8 to 5.2 mol% TrFE 

polymers indicating an increase in the hysteresis of the Curie transition.  Absent from the 

figures is P(VDF-CTFE) copolymer which was a sticky, completely amorphous material 

with no peaks in the thermal scans illustrating how CTFE can disrupt crystallinity.  In 

general, all the groupings of polymers show similar trends to the one presented here.  The 

complete data for all the polymers is located in Appendix A. 
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Figure 19 - DSC heating curves for 79.2 mol% VDF polymers. 
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Figure 20 - DSC cooling curves for 79.2 mol% VDF polymers. 
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              Heating               Cooling
mol(%)         °C         J/g         °C         J/g

VDF CTFE TrFE Tc Tm ΔHc ΔHm Tc Tcr ΔHc ΔHcr

79.2 0.00 20.8 97 147 8.28 25.7 94 130 6.27 28.4
79.2 7.60 13.2 54 118 3.01 18.1 47 94 3.94 20.8
79.2 10.9 9.90 38 100 3.21 16.3 31 71 2.13 17.2
79.2 13.6 7.20 36 88 2.29 12.1 25 58 0.89 13.4
79.2 15.6 5.20 29 76 1.09 10.9 17 37 10.1

Table 7 - Transition temperatures and enthalpies for the 79.2 mol% VDF polymers. 
 
 
Crystal Structure 
 
 WAXD and FTIR were both used to examine the crystal structure of the 

polymers.  The overall crystallinity (χc) of the polymers was approximated by calculating 

the ratio of the crystalline peaks compared to the amorphous halo in the diffraction scans 

measured at 1°/min from 5° to 50°.  The crystallinity, shown in Table 8, deceases as the 

amount of CTFE increases illustrating how the bulky chlorine defect disrupts crystal 

formation.  This trend echoes the trend seen in the decreasing Tm and ΔHm observed with 

increasing CTFE mol%.  An optical microscope image of the polymer crystals is seen in 

Figure 21 for a P(VDF-TrFE) copolymer with 84.4 mol% VDF and 15.6 mol% TrFE.  As 

the amount of CTFE increase, the size of the polymer crystals were observed to decrease. 
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mol%
VDF CTFE TrFE χc (%)
73.6 0.00 26.4 42.4
73.6 6.70 19.7 40.4
73.6 10.4 16.0 35.8
73.6 13.5 12.9 32.7
73.6 20.0 6.40 17.7
78.8 0.00 21.2 50.2
78.8 6.00 15.2 42.5
78.8 14.0 7.20 36.3
78.8 15.8 5.40 32.2
78.8 16.2 5.00 28.5
79.2 0.00 20.8 52.9
79.2 7.60 13.2 41.8
79.2 10.9 9.90 33.1
79.2 13.6 7.20 32.9
79.2 15.6 5.20 29.2
81.2 0.00 18.8 52.5
81.2 7.20 11.6 34.3
81.2 11.8 7.00 32.2
81.2 12.1 6.70 25.3

Table 8 - Crystallinity of hydrogenated polymers. 
 
 

     
Figure 21 - Optical microscope image of P(VDF-TrFE) 84.8/15.6 mol% at 400x of the 
same area.  Left: Unpolarized.  Right:  Crossed polarizers. 
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 FTIR scans revealed the information about the individual crystal phases in the 

polymers by examining the vibrations associated with the different conformations of the 

chains.49,50  Two bands were used to identify trans sequences in the chains.  The first was 

at 1290 cm-1 which is associated with asymmetric stretching, symmetric stretching, and 

bending modes of CF2, CC, CCC respectively and measures trans sequences greater than 

4 (T>4).  The second at 850 cm-1 identifies asymmetric stretching of the CF2 of trans 

sequences greater than 3 (T>3).  One band at 614 cm-1 of the bending mode of CF2 and 

CCC was used to identify trans-gauche sequences (TG).  The last band at 505 cm-1 is 

associated with the CF2 bending mode of the TTTG+TTTG- sequences.  The FTIR spectra 

for the 78.8 mol% VDF family of polymers are shown in Figure 22.  The two peaks of 

the trans sequences has a maximum peak with the P(VDF-TrFE) showing that the 

copolymer crystallizes in the β phase which is expected.  These trans peaks disappear as 

CTFE is incorporated in the terpolymers.  The TTTG+TTTG- peak remain constant for 

the terpolymers indicating the γ phase is preferred for these materials.  The TG peak 

remains fairly constant for all the polymers indicating that some amount of the α phase is 

retained no matter the chemical composition. 
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Figure 22 - FTIR spectra for the 78.8 mol% VDF grouping of polymers. 
 
 
 The conformation versus temperature for P(VDF-CTFE-TrFE) terpolymer of 

composition 81.2/7.2/11.6 mol% is shown in Figure 23 measured from FTIR spectra.  At 

room temperature, the terpolymers starts with 60% and 40% of the trans and 

TTTG+TTTG- segments associated with the β and γ phases respectively.  Upon heating, 

the two amounts remain constant until about 60°C where the TTTG+TTTG- sequences 

increase at the expense of the trans sequences.  This temperature roughly matches the Tc 

of 68°C measured by DSC where the material is expected to become paraelectric.  Above 

the melt temperature of 120°C, the trans sequences disappear with the appearance of a 

small amount of TG sequences.  At these temperatures, these FTIR signals from the chain 

conformations most likely originate from small, ordered, sequences in a disordered melt 

and don’t represent actual crystals.  
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Figure 23 - Conformation as function of temperature for P(VDF-CTFE-TrFE) 
81.2/7.2/11.6 mol%. 
 
 
Dielectric Properties 
 
 The room temperature dielectric properties were measured for all the polymers as 

a function of frequency.  The maximum electric field was approximately 0.05 MV/m.  

For each individual composition, at least three samples were measured and averaged for 

the final results.  The permittivity of the 78.8 mol% VDF grouping is shown in Figure 24.  

The fully hydrogenated P(VDF-TrFE) copolymer shows the lowest permittivity across all 

the frequencies while the terpolymer with 7.2 mol% TrFE has over triple the permittivity 

in the same range.  All the other terpolymers permittivities lie somewhere between these 

two extremes.  For the TrFE copolymer, the permittivity is fairly constant with frequency 

indicating limited ferroelectric polarization by domain motion since its Tc is near 100 °C.  

The high crystallinity of this sample, implied from its high Tm and ΔHm, is the most likely 

cause inhibiting domain motion.  The 7.2 mol% TrFE terpolymer has drop off in 

permittivity around 100 kHz illustrating that the upper limit of the ferroelectric response 
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is being approached.  This polymer’s lower Tc around 23°C and lower crystallinity means 

that the ferroelectric domains have more mobility to contribute to the polarization.  At a 

higher a CTFE composition for the 5.0 mol% TrFE polymer, the permittivity decreases 

about 20% since the CTFE lowers the crystallinity even further and reduces the number 

of ferroelectric domains.  The data here shows that there exists an optimum amount of 

CTFE that both reduces crystallinity and Tc, and converts the β phase to the γ phase to 

achieve a high permittivity.  The loss of all the polymers is flat until 10 kHz when is 

begins to rise for all the samples.  This rise is greater for the high permittivity polymers 

due their high ferroelectric polarization contribution and coincides with their permittivity 

drop off.  Most of the trends described here are duplicated across most of the VDF 

groupings.  The complete room temperature data versus frequency for all the polymers is 

listed in Appendix B. 
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Figure 24 - Room temperature permittivity and loss tangent versus frequency for 78.8 
VDF mol% polymers. 
 
 
 A comparison of all the permittivities of all the polymers measured at room 

temperature and 1 kHz is plotted in Figure 25.  Each VDF grouping shows a maximum in 

permittivity at some intermediate terpolymer composition.  At high CTFE amounts, the 

polymers are too amorphous for a high ferroelectric polarization.  At high TrFE amounts, 

the polymers are too crystalline for significant ferroelectric motion for high polarizations.  

The maximum permittivity usually falls between compositions of 5 and 10 mol% TrFE 
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and overall permittivities range from 10 to 50.  The losses of all the polymers at 1 kHz 

range from 3 to 8 % with larger values for the high permittivity polymers. A three 

dimensional surface was constructed from the permittivity data in Figure 25 and is shown 

in Appendix B. 
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Figure 25 - Room temperature permittivities of the polymers at 1 kHz. 
 
 
 For the 78.8 VDF mol% grouping, the temperature varying dielectric properties 

were measured upon both heating and cooling at a rate of 2°C/min for a frequency range 

from 0.1 to 1000 kHz.  The electric fields were approximately 0.05 MV/m.  The complete 

spectra for this grouping is located in Appendix B.  The ε’ and ε” spectra for the 21.2 

mol% TrFE copolymer on heating is shown in Figure 26.  The ε’ plot shows one 

prominent peak for each frequency, labeled A, associated with the Curie transition where 

the permittivity balloons to almost 100 at low frequency.  The ε” plot at this zoom 

displays a single grouping of peaks, labeled αc, that occurs in the same narrow 

temperature range of the Curie transition.  This relaxation peak therefore is associated 
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with the Curie transition of the β to α ferroelectric to paraelectric phase change.34  The 

dispersion of ε’ peaks, which is about 10°C from high to low frequency, is due to the 

high tail to tail defect concentration influence on the crystals which prevents a sharp 

electrical phase transition. 
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Figure 26 - Temperature varying dielectric properties on heating for P(VDF-CTFE-TrFE) 
78.8/0.0/21.2 mol%. 
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 Looking closer at the ε” plot reveals two more relaxation peaks as shown in 

Figure 27.  The first peak located at low temperature and labeled βa is assigned to the 

relaxation of the amorphous regions of the polymer and is related to the glass transition.  

The location and intensity of the peaks are very similar to the relaxations seen in 

P(VDF).51  The second peak, label βc, is assigned to a relaxation that may occur between 

the amorphous and crystalline interfaces.52  The exact mechanism of this relaxation is not 

well defined and still under debate.  This relaxation is overtaken by the stronger αc 

relaxation as Tc is approached and only observable at frequencies greater than 10 kHz in 

Figure 27. 
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Figure 27 - Zoomed plot of temperature varying dielectric properties on heating for 
P(VDF-CTFE-TrFE) 78.8/0.0/21.2 mol%. 
 
 
 The dielectric behavior upon heating of the copolymer is contrasted to the 

terpolymer containing 7.2 mol% TrFE as shown in Figure 28.  The ε’ plot shows a strong 

dispersion of the peaks with frequency, a feature of relaxor ferroelectrics illustrated by 

the label B.  However on the line labeled C, there is an additional set of peaks that 
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remains fixed with temperature, similar to the Curie transition seen on the P(VDF-TrFE) 

copolymer.  Examining the ε” spectra reveals a broad relaxation, labeled by βr, that 

spreads over a temperature range of 60°C.  This relaxation is a combination of 

amorphous relaxation βa, as well as an additional relaxation originated from the polar 

domain motion associated with the γ phase of the polymer.52  The orientation of these 

polar domains with the electric field significantly increases the ε’ response.  The polar 

domain motion also significantly increases the ε” an order of magnitude over just the βa 

process when compared to previous copolymer and P(VDF).51  The peak labeled βc is 

assigned to relaxation between the crystalline and amorphous region, but disappears in 

the βr relaxation at higher frequencies.52  The last features are group of subtle peaks 

labeled αc that reside in the same temperature region as label C on the ε’ plot and are 

assigned to Curie transition.  These peaks are slightly more prominent in the 5.0 and 5.4 

mol% terpolymers whose spectra are in Appendix B.  Thus, the terpolymer spectra 

presented here have features of both relaxor and normal ferroelectric behavior, though 

much more relaxor, suggesting some inhomogenity in the crystal structure of the 

polymer.  Nearly identical behavior is also observed 5.0 and 5.4 mol% terpolymers. The 

15.2 mol% terpolymer also has evidence of this hybrid behavior, but its behavior is much 

more normal than relaxor ferroelectric.  Its spectra are also shown in Appendix B.  The 

data here shows that the transition from normal to relaxor ferroelectric behavior with 

decreasing TrFE is a gradual one. 
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Figure 28 - Temperature varying dielectric properties on heating for P(VDF-CTFE-TrFE) 
78.8/14.0/7.2 mol%. 
 
 

Shown in Figure 29 is the corresponding cooling cycle of ε’ and ε” for the 7.2 

TrFE mol% terpolymer.  The ε’ plot has smooth curves, labeled D, that shift with 

frequency displaying only relaxor behavior.  The Curie transition peak, labeled C in 

Figure 28, observed on heating disappears along with the αc relaxation in the ε” plot.  

Instead only a relaxor-like ε’ and ε” curves are observed indicating the normal 



 

59 
 

ferroelectric phase doesn’t have enough time to crystallize given the cooling rate of the 

experiment.  The βc relaxation is still present upon cooling. 
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Figure 29 - Temperature varying dielectric properties on cooling for P(VDF-CTFE-TrFE) 
78.8/14.0/7.2 mol%. 
 
 
 The Tc’s and Tm’s as a function of VDF composition of the measured 

hydrogenated copolymers are shown in Figure 30.  The Tc’s were taken from the peak 

values of the permittivity versus temperature spectra measured at 1 kHz for the heating 
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cycle.  In Figure 31, the peak permittivity at Tc is also plotted versus composition.  The 

Tc’s of the copolymers decreases from 120°C to a minimum of 108°C and then rises to 

112°C as the amount of VDF increases.  The ε’ shows an opposite trend of increasing 

from 49 to a maximum of 114 and back down to 82 with increasing VDF.  The minimum 

in Tc corresponds exactly to a maximum in ε’.  Comparing Figure 31 to a similar plot 

from reference 34 reveals that the ε’ curve has a similar shape, though the maximum 

value occurs at 65 mol% VDF versus 79.7 for the hydrogenated polymers.  The plot in 

reference 34 also shows that the Tc increases with VDF mol% in contrast to the minimum 

observed in Figure 30.  The differences in these plots are due to the different 

microstructures from the hydrogenated polymers and the direct copolymerization used in 

the reference.  While both copolymers crystallize in the β phase, the high amount of tail 

to tail defects in the polymers synthesized here lead to different crystal morphologies and 

dielectric properties.  The hydrogenated copolymers have higher Tc’s and maximum ε’ at 

a higher VDF mol% than the direct copolymerization copolymers.  Figure 30 suggests a 

different phase diagram for these hydrogenated copolymers compared to the directly 

polymerized copolymers in Figure 16. 
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Figure 30 - Curie transition and melt temperatures for the dielectric data.  Tc data 
collected for the dielectric heating cycles. 
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CHAPTER 3 - ELECTRICAL BREAKDOWN IN P(VDF-CTFE) COPOLYMERS 
 
 
Electrical Breakdown Review 
 
 
 Electrical breakdown is a complex phenomenon that occurs in insulating materials 

and is an important area of study for the performance of capacitor dielectrics.  As 

mentioned in the introduction, the electric breakdown strength plays a big role in 

determining the energy density (Equation 14) of a capacitor necessitating research into its 

origin.  Electrical breakdown is an irreversible, catastrophic event which, despite its 

initiation causes, ends in the creation of a conducting path through the dielectric material.  

Along the conducting path exists broken chemical bonds and thermally degraded 

materials resulting from the large amount of energy that passes through a small cross 

sectional area of the conduction path.  For hydrocarbon based polymers, conductive 

forms of carbon, like graphite, are likely the conductive material.  Electrical breakdown 

in a capacitor usually renders the device inoperative since any applied voltage will result 

in conduction and the device then performs more like a resistor.  Electrical breakdown is 

a short time phenomenon, typically occurring at high electric fields and on time scales of 

less than 0.001 second.53  This is in contrast to electrical degradation which is a process 

that typically occurs at lower electric fields on time scales greater than 1000 seconds and 

associated more with the long term performance of a material.  The main mechanisms of 

electric degradation are the slow formation of conductive paths across the insulating 

material called electrical and water trees that have structures that resemble the branch 

structures of trees. 
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 The mechanisms of electrical breakdown can be broadly put into four categories 

of electronic, thermal, electromechanical, and partial discharge and free volume 

breakdown.  Electrical breakdown usually initiates in a material once it passes from a 

stable to unstable equilibrium.  Under an applied electric field, the dielectric material will 

resist the stress placed on it through a negative feedback mechanism to maintain 

equilibrium.  For example, current will flow through a dielectric to reduce the electric 

field placed across it.  However at a certain field threshold, this negative feedback turns 

positive resulting in electrical breakdown.  Returning to the conduction example, at high 

enough fields the conducting species will begin to degrade the material resulting in a 

higher conduction and faster degradation until breakdown.  Predicting the field where the 

instability will occur is the focus of the study of electrical breakdown phenomenon. 

 Electronic electrical breakdown initiates from the destruction of chemical bonds 

from high energy electrons conducting through a dielectric.54  Electronic breakdown 

occurs by either an intrinsic or an avalanche mechanism.  In intrinsic breakdown, the 

energy that an electron gains in the electric field is balanced by that energy being 

dissipated through collisions as it travels through the dielectric and can be generally 

represented by the equation 

 
),(),,( ϕϕ TBTEA =  

Equation 15 - Energy dissipation in electronic breakdown. 
 
 
where A is the rate at which an electron gains energy as a function of electric field (E), 

temperature (T), and ϕ which here represents any additional parameters.  This is balanced 

by B which is the rate at which energy can be dissipated, which is also a function of 

temperature and ϕ.  Energy loss in the dielectric occurs through interactions of the 
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electrons with the lattice of the material which can result in trapped states, phonon 

generation, or scission of the chemical bonds to name a few of them.  Breakdown occurs 

at an electric field where the energy gained from the field isn’t fully dissipated in the 

interaction resulting in electrons that can reach an even higher energy level before their 

next interaction.  Eventually, these high energy electrons degrade the material resulting in 

breakdown.  Avalanche breakdown occurs by a similar mechanism, except it relies on a 

chain reaction that results in the generation of many runaway electrons.  At the 

breakdown field, a single high electron collides with a bound electron creating two free 

electrons.  These two electrons in turn are accelerated and collide with two more 

electrons repeating this process until a large amount of free electrons cascade through the 

dielectric causing damage.  Electronic breakdown represents the highest breakdown 

strength that can be measured in a material.55  This mechanism has been verified through 

careful measurements for inorganic salts and polyethylene at low temperatures.54,55  

However difficulty in sample preparation and breakdown at lower fields by the other 

mechanisms that will be discussed has prevented this mechanism from being widely 

observed.  Thus, electronic breakdown is rarely observed. 

 Like electronic breakdown, thermal breakdown also begins with a power balance 

which can be represented by  

 

)(),( 2 Tdiv
dt
dTCDEET ∇−⎟

⎠
⎞

⎜
⎝
⎛= κσ  

Equation 16 - Thermal breakdown power balance. 
 
 
where σ is the conductivity, C is the heat capacity of the material, D is the density, T is 

the temperature, and κ is the thermal conductivity.56  The left hand side of the equation 
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represents the power dissipation from electrical conduction that occurs whenever an 

electric field is applied to an insulating material.  This is balanced on the right hand side 

of the equation by two terms.  The first term represents the power absorbed by the 

dielectric and the temperature rise associated with it.  The second term represents the 

power dissipated by thermal conduction to the surroundings outside of the dielectric.  At 

fields below the breakdown threshold, the power dissipated from conduction causes the 

temperature to rise in the dielectric, but eventually stabilizes as the excess power is 

conducted away to the surroundings as heat.  At fields higher than the breakdown 

threshold, thermal runaway occurs where the amount of heat conducted away from the 

material saturates causing the temperature of the dielectric to rise without control.  

Typically, this occurs in a positive feedback fashion where increased dielectric 

temperature increases the conductivity which increases the dielectric’s temperature and 

so on.  Thermal breakdown is typically sensitive to temperature since conductivity 

usually has a strong dependence on it and believed to be a fairly common breakdown 

mechanism in polymers.  Thermal breakdown occurs at fields lower than electronic 

breakdown.  A variety of models can be used to analyze and predict thermal breakdown.56 

 Electromechanical breakdown is a another breakdown mechanism believed to be 

common in polymeric materials since they are relatively soft materials and can encounter 

high electrostatic stresses at high electric fields.  Electromechanical breakdown can be 

represented generally by the equation 

 
rEM σσ =  

Equation 17 - Electromechanical stress balance. 
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where σEM is the electromechanical stress and σr is the repulsive stress in the dielectric.  

Whenever a capacitor is charged, an attractive force is generated from the oppositely 

charged electrodes which creates the electromechanical compressive stress on the 

dielectric.  The only thing resisting this stress is the dielectric which generates an 

opposing stress from an elastic response.  At the electrical breakdown field, the 

electromechanical stress exceeds yield stress of the dielectric causing it to deform 

plastically.  At this point, the dielectric collapses in on itself with minimal resistance 

leading to breakdown.  Electromechanical breakdown is common for rubbery materials 

above the glass transition temperature since a large drop in modulus is associated with 

this thermal transition making the rubbery polymers prone to deformation from the 

electromechanical stress.55  Electromechanical breakdown occurs at fields lower than 

electronic breakdown.  Like thermal breakdown, many different models exist for 

predicting electromechanical breakdown.57 

 Partial discharge and free volume breakdown both revolve around discharge in 

voids in the dielectric material.58  Partial discharge refers to discharge in larger sized 

pores on the order of a micrometer that usually result from improper processing.  The 

permittivity of the pores is lower than the surrounding dielectric causing the electric field 

to be concentrated in that area leading to small scale breakdowns that cause damage and 

accumulate to larger breakdowns.  Free volume breakdown refers to discharge that occurs 

on a smaller scale in the amorphous regions of a polymer.  Electrons are able to 

accelerate through the nanometer sized spaces in the glassy regions leading to local 

damage and eventual breakdown.  The free volume in the polymers is related to the 

chemical structure, temperature, as well and the intermolecular binding forces.  
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Breakdown for these two mechanisms occur at fields below electronic breakdown with 

partial discharge occurring at even lower fields based on the low breakdown strength of 

voids.  Partial discharge and free volume breakdown can have long times to breakdown 

and straddle the barrier between short-time breakdown and long-time degradation.53  In 

thin films where voids are on the size scale as the thickness, failure is by electrical 

breakdown.  In thicker films, the slower degradation process dominates since it takes 

some time for a percolating conducting path to form. 

 This chapter will focus on studying the electrical breakdown mechanisms of a 

series of P(VDF-CTFE) copolymers with the same chemical composition, but varied 

molecular weights.  As stated before, the electrical breakdown strength plays a strong 

role in determining the energy density of a dielectric material as shown by Equation 14.  

Understanding the mechanisms of breakdown is the first step towards increasing 

breakdown strength and energy density.  Recently, an energy density of over 17 J/cm3 at 

575 MV/m was reported in a P(VDF-CTFE) copolymer illustrating that high energy 

densities can be reached provided that the dielectric can resist electrical breakdown.59  

The P(VDF-CTFE) chosen for this study had a high amount of CTFE that significantly 

reduced the crystallinity, but did not eliminate it,  to create materials as isotropic as 

possible minus the intended molecular weight differences.  While a wealth of literature 

exists on the subject of electrical breakdown in polymers, very little exists for 

fluoropolymers like P(VDF) and is virtually nonexistent for copolymers which have the 

potential to become important capacitor dielectric materials. 
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Experimental Procedure 
 
 
Materials 
 

All chemicals were used as purchased without purification unless otherwise 

noted.  Hydrogen peroxide (30 wt% aqueous solution) was purchased from Alfa Aesar.  

Diethyl carbonate, methanol, acetone, and N, N-dimethylformamide (DMF) were 

purchased from Aldrich.  Tetrahydrofuran (THF) was also purchased from Aldrich and 

distilled over sodium.  Ethyl hydroxyethyl cellulose was purchased from Polysciences 

Inc..  Vinylidene fluoride (VDF) and chlorotrifluoroethylene (CTFE) were purchased 

from SynQuest Laboratory Inc. and purified by a freeze-thaw process. 

 
Emulsion Polymerization of P(VDF-CTFE) Copolymer (Representative Experiment) 
 

P(VDF-CTFE) copolymers were made by a free-radical emulsion polymerization.  

A steel, high pressure autoclave was filled with hydrogen peroxide as the initiator, 

cellulose as the surfactant, diethyl carbonate as a chain transfer agent, and distilled water 

as the continuous phase and degassed by repeated freeze-degass-thaw cycles. The 

autoclave was then cooled with liquid nitrogen to approximately -200°C where VDF and 

CTFE monomer were separately condensed.  After adding the monomer, the autoclave 

was sealed and heated at 130°C for 24 hrs for polymerization.  The end product was a 

white polymer which was rinsed with methanol and distilled water and dried under 

vacuum at 60°C for 24 hours to remove any liquid. 

 
Film Preparation 
 

P(VDF-CTFE) films approximately 20 micrometers thick were created by 

solution casting with DMF solvent.  The polymer was dissolved in DMF and filtered 
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through a 0.45 micrometer Teflon filter to remove any particulates before casting onto a 

glass slide.  The films were dried at 70°C overnight to remove the majority of the DMF.  

The films were released from the glass substrate by soaking in distilled water overnight 

and carefully peeling them from the substrate to create freestanding films. A final drying 

under high vacuum for 24 hrs was done for complete solvent removal.   

 
Characterization 
 
 Sixty nanometer thick gold electrodes were sputtered onto the films for electrical 

testing.  Room temperature dielectric measurements were made using an Agilent E4980A 

LCR Meter.  Temperature varying dielectric properties were made using a Hewlett 

Packard 4284A LCR meter in conjunction with a Delta Design Oven model 2300.  

Thermal properties were measured on TA Instruments DSC Q100 differential scanning 

calorimeter (DSC).  Mechanical properties were measured on a TA Instruments DMA 

2980 dynamic mechanical analyzer (DMA).  A Trek Model 30/20 ±30 kV High Voltage 

Amplifier System was used for electrical breakdown testing.  All high voltage testing was 

performed in a highly insulating, perfluorinated polyether liquid called Galden HT fluid.  

The temperature for electrical breakdown testing was controlled with a NESLAB RTE 

Series bath circulator.  Conduction measurements were made using a Hewlett Packard 

4140B pA meter / DC voltage source with a Delta Design oven.  Wide-angle x-ray 

diffraction (WAXD) studies were performed using a Scintag Cu-Kα diffractometer with a 

x-ray wavelength of 1.54 Å.  Absolute molecular weight measurements were made using 

size exclusion chromatography (SEC) on a Viscotek model 302 Triple Detector System.  

Electrical displacement measurements were made using a Sawyer-Tower circuit at 10 Hz 

with a bipolar field.60 
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Results and Discussion 
 
 
Molecular Weight Characterization  
 
 Three different molecular weights of P(VDF-CTFE) were characterized with SEC 

with the data being show in Table 9.  The triple detector incorporated a refractive index, 

light scattering, and viscometer for the absolute values of the molecular weight.  The 

number, weight, and z average molecular weights are represented by Mn, Mw, and Mz 

respectively.  The Mn values range from 136 kg/mol to 294 kg/mol and will be used for 

referring to the individual polymer samples.  The use of an emulsion polymerization 

method over the previously used solution method significantly increased the maximum 

achievable Mn of the polymers.  The highest Mn possible with the solution method was 60 

kg/mol versus 294 kg/mol with the emulsion method.  This represents a near five-fold 

increase which will be shown to have a significant improvement in the mechanical 

properties of the polymer films.  In order to control the Mn for this study, diethyl 

carbonate was used as a chain transfer agent during the polymerization to reduce the 

molecular weight.  Increasing the amount of diethyl carbonate during the polymerization 

not only decreased Mn, but also decreased the polydispersity (PDI) of the polymers.  The 

294k sample without any chain transfer agent had the highest PDI at 1.72 which is still a 

relatively low value for a free-radical polymerization.61  On the other end, the 136k 

sample with the highest amount of chain transfer agent had a low value of 1.10 which is 

an especially low value for such a high molecular weight polymer produced by a free-

radical process.  Typically low PDI values like 1.10 are only seen in living 

polymerizations where there is much more control over the polymerization reaction.61  



 

71 
 

Overall, the chain transfer agent in the polymerization both lowered the molecular weight 

and narrowed the distribution of weights of the end polymer.   

 
kg/mol

VDF-CTFE (mol %) Mn Mw Mz PDI (Mw/Mn)
78.4-21.6 136 150 188 1.10
78.6-21.4 164 217 533 1.32
78.4-21.6 294 504 2930 1.72

Table 9 - Absolute molecular weights of the P(VDF-CTFE) copolymers. 
 
 
 The relative degree of branching was also measured using SEC.  The Mark-

Houwink plots of the log of intrinsic viscosity versus the log of molecular weight were all 

linear with a Mark-Houwink exponent of approximately 0.60.  These data indicate that 

the polymers are all linear and similar in structure.  The addition of diethyl carbonate 

during polymerization does not cause any branching. 

 
Thermal Properties 
 
 The thermal properties measured by DSC are summarized in Table 10.  Again, the 

data reported is taken from second scan so that all the copolymers have the same thermal 

history.  The heating and cooling scans are shown in Figure 32 and Figure 33 

respectively.  All the copolymers had broad melting endotherms around 100°C, strong 

glass transitions steps around -25°C, and small enthalpies of melting indicating that the 

copolymers are mostly amorphous.  The 294k sample had a slightly larger Tm and ΔHm 

possibly due to larger or better formed crystals in the sample from longer sequences of 

VDF.  The cooling curves display sharper crystallization transitions, but require a large 

undercooling.  The glass transition and enthalpies of crystallization are identical to those 

in the melting process. 
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Mn (kg/mol) Tg (°C) Tm (°C) ΔHm (J/g) Tcr (°C) ΔHcr (J/g)

136 25 110 4 50 3.0
164 25 100 3 40 3.0
294 25 120 5 70 5.0

Table 10 - Thermal properties of the P(VDF-CTFE) 78.4-21.6 mol% copolymers. 
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Figure 32 - DSC heating curves of the P(VDF-CTFE) 78.4-21.6 mol% copolymers. 
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Figure 33 - DSC cooling curves of the P(VDF-CTFE) 78.4-21.6 mol% copolymers. 
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Crystal Structure 
 
 Structural characterization done with wide angle x-ray diffraction revealed a 

single, broad peak centered around a 2θ angle of 18.4° with a slight shoulder at 20.2° 

which indicates the presence of α phase crystals as shown in Figure 34.31  Crystallinity 

calculations on the diffraction patterns give χc of 18.4%, 15.0%, and 11.6% for the 136k, 

164k, and 294k copolymers respectively.  These crystallinity calculations are qualitative 

since a known standard was not available.  As the molecular weight increases, the 

crystallinity of the copolymers decreases.  Increasing the molecular weight frustrates the 

crystallization process through the creation of inter and intra chain entanglements which 

acts as defects to crystal formation.  Despite the presence of some crystals, the polymers 

are almost completely amorphous which is demonstrated by the broad diffraction 

patterns, the previous DSC data, and following dielectric data.  Additionally, optical 

microscope images under crossed polarizers revealed dark images with no indication of 

crystals. 
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Figure 34 - Diffraction patterns for the P(VDF-CTFE) 78.4-21.6 mol% copolymers. 
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Dielectric Properties 
 
 The low field dielectric properties were measured to examine any effect that 

molecular weight might play.  The maximum electric field was approximately 0.05 

MV/m.  The dielectric properties at 25°C are shown in Figure 35 and shows that all the 

copolymers have a similar ε’ responses across the frequencies measured.  The 

permittivity increases very slightly with Mn, but isn’t significant.  The copolymers ε’ 

response is flat ranging from 10 to 9.7 from 100 Hz to 10 kHz and begins to fall above 10 

kHz.  The low overall ε’ is due mostly to an amorphous structure and high amount of the 

paraelectric crystal phase.  The loss of the polymers remains low below 0.08 between 10 

Hz and 10 kHz and increases below and above this range.  Below 100 Hz, the increased 

loss for the 136k and 164k sample may be related to the early onset of melting in the 

copolymers as seen in the DSC data.  Above 10 kHz, the increase in loss is similar for all 

the samples and is linked to the dipole relaxation.  As the frequency increases, the dipolar 

contribution to permittivity is reduced which corresponds to a decrease in the overall 

permittivity. 
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Figure 35 - Permittivity versus frequency measured at 25°C for the P(VDF-CTFE) 78.4-
21.6 mol% copolymers. 
 
 
 The dielectric properties measured versus temperature for the 294k sample are 

shown in Figure 36.  The permittivity at 1 kHz of the sample begins to fall from 9 around 

0°C and settles around a value of 3.5 as it passes through the glass transition temperature 

(Tg) seen in the DSC data around -24°C.  It’s interesting to note that the polymer still 

retains approximately 30% of its room temperature permittivity below the Tg showing 

that not all of the dipolar response has been quenched in the glassy state.  The ε” of the 

sample features several peaks that shift to higher temperature with increasing frequency 

and represent the βa relaxation process in the amorphous region of the polymer also seen 

in the hydrogenated polymers of the last chapter.  The magnitude of this relaxation is 

similar to the hydrogenated P(VDF-TrFE) copolymers.  The lack of any other peaks in 

the loss spectra also indicates an amorphous structure in the sample.  The cooling spectra 

of the 294k sample traces almost exactly over the heating spectra showing that there is 

little thermal hysteresis in the dielectric properties.  All of the samples had similar spectra 
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versus temperature.  The measurements made at 25°C and at varying temperature confirm 

that all the samples share nearly identical dielectric properties which is important in the 

breakdown study to eliminate any effects from electronic differences.54 
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Figure 36 - Permittivity versus temperature upon heating for the 294k P(VDF-CTFE) 
78.4/21.6 mol% copolymer. 
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Mechanical Properties 
 
 The low strain mechanical properties of the copolymers were measured with 

DMA with the data for the 294k copolymer shown in Figure 37.  The polymers were 

measured to a maximum strain of about 0.30% where the complex modulus was 

recorded.  The complex modulus is represented by  

 
"' iGGG +=  

Equation 18 - Complex modulus. 
 
 
where G is the complex modulus, G’ is the storage modulus, and G” is the loss 

modulus.62  This expression is the mechanical analogy to Equation 7 for the application of 

a sinusoidal strain.  The mechanical G’ spectra showed a decrease in storage modulus of 

about two orders of magnitude from 1 GPa to 0.01 GPa as the temperature was increased.  

The corresponding G” spectra show a single peak around -24°C which coincides with the 

drop in G’ and is associated with glass transition in the copolymer.  The lack of any other 

relaxations also shows the amorphous nature of the copolymers.  The 136k and 164k 

copolymers showed the same behavior. 
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Figure 37 - Complex mechanical properties of the 294k P(VDF-CTFE) 78.4-21.6 mol% 
copolymer. 
 
 
 The summarized DMA results for the three copolymers measured at 1Hz are 

shown in Figure 38.  At low temperatures, all the copolymers have identical storage 

moduli in the glassy state.  As they are heated through the glass transition, the moduli 

begin separate and begin to show a trend where as the molecular weight increases, so 

does the storage moduli.  Three different zones can be distinguished in Figure 38.  The 

first is below the glass transition temperature in the glassy state where the polymers all 
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have identical G’.  The second is slightly below the Tg where the G’ value begin to 

separate and drop an order of magnitude.  The final zone is around 25°C where the G’ 

values separate and plateau to higher temperatures.  Table 11 lists example values from 

each of these zones for the copolymers.  The mechanical properties are the first area 

where there are distinct differences between the copolymers and why the electrical 

breakdown was tested in these three zones to see the effect of temperature on breakdown 

strength.   
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Figure 38 - Summarized complex moduli for the P(VDF-CTFE) 78.4-21.6 mol% 
copolymers. 
 
 

Storage Modulus (MPa)
Mn (kg/mol) -35°C -15°C 25°C

136 1460 150 10.3
164 1640 133 13.7
294 1740 203 20.0  

Table 11 - Storage moduli of the P(VDF-CTFE) 78.4-21.6 mol% copolymers. 
 

 
 To further explore the mechanical properties of the copolymers, the high strain 

mechanical properties were also measured with DMA.  The tensile yield stress of the 
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samples were measured using a controlled force ramp through DMA at 25°C, -15°C, and 

-35°C to generate stress versus strain plots.  At least four samples were measured and 

averaged for each copolymer at each of the temperatures.   Since the yield behaviors of 

the copolymers were not sharp transitions, the individual yield stress was calculated from 

the intersection of two lines drawn tangent to the elastic and inelastic regions of the 

curve.  The modulus was the slope of the elastic tangent line.  An example of the plots, 

which were similar for all the copolymers, is shown in Figure 39 for the 294k sample. 
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Figure 39 - Stress versus strain plot for the 294k P(VDF-CTFE) 78.4-21.6 mol% 
copolymer. 
 
 
 The calculated results for the high strain testing are listed in Table 12.  The high 

strain modulus shows similar trends to the low strain storage modulus in Table 11.   The 

discrepancies between the values can be attributed to the different frequencies of each 

test since the high strain test was performed at a frequency about an order of magnitude 

slower than the low strain test.  Additionally, the high strain behavior of the copolymers 

changed significantly with temperature that wasn’t observed at low strains. As shown in 
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Figure 39, the 294k sample shows simple yield behavior at 25°C, but at -15°C, strain 

hardening is observed near the failure strain.63  At -35°C, brittle fracture occurs at the 

failure strain.  Also of notice is the in Table 12 is the improvement in strain at break with 

increasing molecular weight attributable to an increase in chain entanglements and 

physical crosslinks. 

  
Temperature Mn (kg/mol) 136 164 294

-35°C Modulus (MPa) 1640 1350 2300
Yield Stress (MPa) 25.9 22.4 29.7

Yield Strain (%) 2 2 1
Strain at Break (%) 120 159 160

-15°C Modulus (MPa) 21.9 28.7 36.3
Yield Stress (MPa) 3.46 3.52 6.21

Yield Strain (%) 16 12 17
Strain at Break (%) 261 301 323

25°C Modulus (MPa) 7.40 9.46 13.5
Yield Stress (MPa) 1.31 1.94 2.75

Yield Strain (%) 18 21 21
Strain at Break (%) 228 265 No Break

Table 12 - Summarized high strain behavior in the P(VDF-CTFE) 78.4-21.6 mol% 
copolymers. 
 
 
Electrical Breakdown 
 

Electrical breakdown testing was performed using an electrostatic pull-down 

method.  A 7 mm in diameter rounded brass button was used as an electrode.  During 

testing, a 500 V/s ramp was applied between the button and a polymer film which was 

coated on only one side with gold.  A diagram of the setup is shown in Figure 40.  Pull-

down between the uncoated polymer film side and the brass button typically happened at 

an electrical field of 10 MV/m and was maintained until breakdown occurred over the 

test area.  The pull-down method was chosen over a point-contact method to avoid any 

mechanical force that might cause premature breakdown at the contact point.   
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Figure 40 - Diagram of the electrostatic pull-down electrical breakdown strength testing 
method. 
 

 
 The breakdown measurements were fitted to a two-parameter Weibull distribution 
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Equation 19 - Weibull probability distribution. 
 
 
where P is cumulative probability of breakdown, E is the breakdown electrical field, α is 

the characteristic breakdown strength which corresponds to a ~63% probability of failure, 

and β is the slope parameter.64  At least 30 measurements were made for each Weibull 

fitting.  The cumulative probability was calculated using a median ranks method for the 

Weibull prediction.65    

 The α electrical breakdown results performed at -35°C, -15°C, and 25°C are 

summarized in Figure 41.  The error bars represent the 90% confidence interval for the α 

parameter.  All the Weibull plots and associated constants are listed in Appendix C.  At 

all three temperatures, the samples’ breakdown strengths increase with increasing 

molecular weight.  Additionally, the general breakdown strengths of the samples 

increases with decreasing temperature.  At 25°C, the primary breakdown mechanism is 
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hypothesized to be electromechanical and can be accurately predicted using the simple 

model based off a modified equation taken from Stark and Garton 
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Equation 20 - Electromechanical breakdown equation. 
 
 
where E is the electrical breakdown field, σy is the yield stress, ε is the permittivity, and 

εo is the permittivity of vacuum.66  In their paper, Stark and Garton define their failure 

criterion from an instability that occurs when the thickness ratio, t/to, equals 0.6 where 

any increase in voltage collapses the dielectric.  This term has been replaced by the yield 

stress of copolymers to more accurately represent the failure point since the yield strains 

and stresses will differ between materials.  Since the force of the electrodes is 

compressive, the measured tensile yield stress was assumed to be directly related to the 

compressive yield stress for small yield strains in the elastic regime of the mechanical 

behavior.67 
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Figure 41 - Summarized α breakdown results for the P(VDF-CTFE) 78.4 21.6 mol% 
copolymers. 
 
 

The predicted values of 180, 213, and 253 MV/m for the 136k, 164, and 294k 

copolymers respectively predict the actual measurements to within 13% in the worst case.  

The summarized calculations are shown in Table 13.  The elastic modulus of the 

polymers at 25°C is low at ~10 MPa which makes deforming the films easy and is 

reflected in the observed stretching of the films during the breakdown testing.  By 

increasing the molecular weight, the polymer’s toughness and yield stress increase 

through physical cross-links which makes the films more resistant to the electrostatic 

compressive force.  This increased resistance can be directly observed in the data as an 

increase in breakdown strength. 
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25°C
Mn (kg/mol) 136 164 294

εo 8.85E-12 8.85E-12 8.85E-12
ε 9.1 9.7 9.7

σy (Pa) 1.31E+06 1.94E+06 2.75E+06

Calc. E (MV/m) 180 213 253
Meas. E (MV/m) 170 188 244  

Table 13 - Summarized predicted breakdown strengths based on the electromechanical 
model of Equation 20 at 25°C. 
 

 
 As the temperature is lowered further to -15°C, the simple electromechanical 

model no longer accurately predicts the breakdown.  The model does an even worse job 

at the lowest test temperature of -35°C where the predicted values are an order of 

magnitude greater than those measured.  Both of these calculations are shown in Table 

14.  As the polymers are cooled from 25°C to -35°C, the elastic modulus of the polymers 

increases from ~10 MPa to ~30 MPa to ~1500 MPa at 25°C, -15°C, and -35°C 

respectively.  The corresponding yield stresses also increase as the temperature is 

lowered, though at slower rate.  The increase in modulus originates from the stiffening of 

the chains as the polymers approach and pass through the glass transition temperature of -

24°C as measured by various methods.  Essentially, the samples stiffen to a point at low 

temperatures where the breakdown occurs before sufficient electrostatic force can yield 

the samples.  This is also confirmed in images of the films after testing that do not show 

any deformation at the lower temperatures as shown in Figure 42 for the 294k copolymer. 
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-15°C
Mn (kg/mol) 136 164 294

εo 8.85E-12 8.85E-12 8.85E-12
ε 6.7 7.3 7.2

σy (Pa) 3.46E+06 3.52E+06 6.21E+06

Calc. E (MV/m) 342 330 441
Meas. E (MV/m) 187 269 312  

-35°C
Mn (kg/mol) 136 164 294

εo 8.85E-12 8.85E-12 8.85E-12
ε 4.2 4.4 4.5

σy (Pa) 2.59E+07 2.24E+07 2.97E+07

Calc. E (MV/m) 1180 1073 1221
Meas. E (MV/m) 339 422 438  

Table 14 - Summarized predicted breakdown strengths based on the electromechanical 
model of Equation 20 at -15°C and -35°C. 
 
 

a.    b.    c.   
Figure 42 - Images of 294k copolymer after breakdown testing.  Image dimensions are 
approximately 5 by 5 cm.  a.  25°C;  b.  -15°C;  c.  -35°C. 
 
 
 The inconsistency of the electromechanical model at lower temperatures suggests 

the presence of another breakdown mechanism at -15°C and -35°C and is hypothesized to 

be thermal breakdown related, specifically impulse thermal breakdown.  Impulse thermal 

breakdown occurs when the electrical power dissipation heats dielectric to some critical 

breakdown temperature and follows the heat balance  

 



 

87 
 

⎟
⎠
⎞

⎜
⎝
⎛=

dt
dTCDEET 2),(σ  

Equation 21 - Impulse thermal breakdown. 
 
 
where the term responsible for heat dissipation to the surroundings has been set to zero 

for the impulse conditions from Equation 16.56  This means that all of the generated heat 

is absorbed by the polymer.  The conductivity of the polymers films were measured as 

function of temperature between -50°C to 20°C and electric fields between 0.01 MV/m to 

10 MV/m.  At each temperature and electric field, the sample was grounded for 10 

seconds, had the electric field applied for 10 seconds, and finally grounded for 10 

seconds.  At least a two order of magnitude difference in the absolute measured current 

between these last two steps was verified before continuing with the next measurement.  

The currents recorded from the end of the application step were fitted to the equation 

 
( )[ ]oo TTagE −+= expσσ  

Equation 22 - Conductivity of an insulating material. 
 
 
where σ is the conductivity, E is the electric field, T is the temperature, To is the ambient 

temperature, and g, a, and σo are constants.68  The conductivity of the copolymers 

decreases as the molecular weight increases.  At 0°C, the conductivities of the 

copolymers were 5.26, 4.06, and 2.71 pS/m for the 136k, 164k, and 294k samples 

respectively. The drop in conductivity with increasing molecular weight may be related 

to the decreasing crystallinity with increasing molecular weight where the amorphous 

regions are less conductive than crystalline ones.  By substituting Equation 22 into 

Equation 21 and knowing that the voltage increases linearly with time, the resulting 

differential can be solved by direct integration which is shown in Appendix D.  Plotting 
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the temperature versus electric field for the solved equation shows that the temperature 

remains nearly constant until a critical field where the temperature rises sharply as shown 

in Figure 43.  This critical field was used as the thermal breakdown strength.  The 

summarized predicted thermal breakdown values are shown in Table 15. 
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Figure 43 - Temperature versus electric field for thermal impulse breakdown. 
 
 

Breakdown Field (MV/m)
Mn (kg/mol) -35°C -15°C 25°C

136k 493 349 149
164k 507 362 157
294k 528 381 171  

Table 15 - Predicted values for the thermal breakdown strengths for the P(VDF-CTFE) 
78.4-21.6 mol% copolymers. 
 
 
 Figure 44 shows the combination of all the modeled and measured data for the 

294k copolymer that mirrors the other copolymers.  The error bars on the experimental 

points represent 5th to 95th percentile of values calculated from Equation 19 using the 

fitted α and β parameters.  The thermal model does a better job at predicting the 

breakdown at -35°C suggesting that breakdown is from a thermal mechanism.  The 
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overall thermal predictions overestimate the breakdown strengths by an average of 28% 

compared to a 200% overestimation by the electromechanical model.  At -15°C, the 

thermal and electromechanical breakdown models both over predict the overall measured 

values by an average of 50%.  This could indicate that both mechanisms might be 

operating at this temperature where one mechanism initiates the other to produce a lower 

actual breakdown value.  For example, thermal heating could soften the polymer which 

causes electromechanical failure at a field lower than expected.  At -35°C, the thermal 

model predicts the breakdown much more accurately than the electromechanical model, 

but it still slightly over predicts the measured values.  This discrepancy could be due to 

local defects in the films that could cause localized heating and lead to lower measured 

breakdown strengths.  Finally at 25°C, the thermal model under predicts the experimental 

values by an overall average of 20% and falls just outside of the errors bars.  The 

electromechanical model in comparison over predicts the breakdown by an overall 

average of 7% and fall within the error bars.  The reason behind the low predictions for 

the thermal model is not fully understood and may be related to a change in the 

conduction behavior of the material at that starting temperature. 
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Figure 44 - Combined experimental and predicted values for the 294k copolymer. 
 
 
 Increasing the molecular weight of the copolymers increases the electrical 

breakdown strength at all the temperatures tested.  At 25°C, electromechanical 

breakdown is the primary cause of electrical breakdown and is improved by increasing 

the polymers’ yield stress.  As the polymers are cooled to -15°C, thermal breakdown 

appears to also contribute the breakdown process in addition to electromechanical 

breakdown.  At -35°C below the glass transition temperature of the polymers, thermal 

breakdown becomes the dominant failure mechanism and improves with lowering values 

of conductivity. 

 
Energy Densities of the Copolymers 
 
 Polarization measurements on the copolymer films revealed that they behave like 

linear dielectric materials at high electric fields greater than 100 MV/m allowing the 

energy density to be calculated with Equation 14.  Table 16 shows the calculated energy 

densities of the polymers based on the α breakdown strengths.  Energy density increases 
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an average of 123% across all the temperatures as the molecular weight increases from 

136k to 294k.  Across all the molecular weights, the energy density increases an average 

of 77% as the temperature is lowered from 25°C to -35°C.  It is interesting to note that 

the energy density continues to increase at lower temperatures despite the reduction in 

permittivity.  This confirms the pivotal role that breakdown strength plays in determining 

the energy density. 

 
-35°C -15°C 25°C

Mn (kg/mol) ε (1 kHz) U (J/cm3) ε (1 kHz) U (J/cm3) ε (1 kHz) U (J/cm3)
136 3.74 1.90 5.79 0.90 8.54 1.09
164 4.27 3.36 6.66 2.13 9.86 1.54
294 3.80 3.23 6.02 2.59 8.76 2.31

Table 16 - Calculated energy densities of the P(VDF-CTFE) 78.4-21.6 mol% 
copolymers. 
 
 



 

92 
 

CHAPTER 4 - ELECTRICAL BREAKDOWN IN P(VDF-CTFE-TRFE) 
TERPOLYMERS 

 
 
Introduction 
 
 
 Terpolymers based on vinylidene fluoride are unique materials with many 

potential electronic applications.  Terpolymers emulate the electrical behavior of 

irradiated P(VDF-TrFE) copolymer by utilizing chemically bulky termonomer units to 

disrupt the crystallinity the same way that irradiation does without the damaging effects.  

Chlorine is usually the choice atom for introducing the defects into the polymers and has 

been shown here in this work to be very effective at changing not only the crystallinity, 

but also the crystal phases present in the polymer.  The electrical properties of the 

terpolymers are equally as sensitive to the amount defects present transforming the 

polymers from paraelectric to ferroelectric forms and introducing non-linear electrical 

behavior.  For linear dielectric materials, the energy density in the materials can be 

calculated according to Equation 13.  This becomes more complicated for non-linear 

materials requiring the use of Equation 12 and specific details about the non-linear 

behavior.   

 In this chapter, the electrical breakdown behavior of terpolymers synthesized 

using the two step approach is explored.  The high permittivities and breakdown strengths 

offer the potential for high energy densities in these materials.  However, these same high 

permittivity materials tend to behave as non-linear dielectrics necessitating a more 

complicated approach towards examining the breakdown behavior, especially at high 

electric fields.  Several terpolymers as well as a fully hydrogenated P(VDF-TrFE) 

copolymer were examined in order to pinpoint the origin of electrical breakdown.  These 
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particular compositions were chosen for the electrical changes that occur at the varying 

hydrogenation levels in the polymers.  As with the P(VDF-CTFE) in the last chapter, 

very little research exists on the breakdown behavior of these terpolymers.  The work 

here seeks to add to this research by systematically studying the terpolymers as a function 

of their chemical composition and resulting electric properties. 

 
Experimental Procedure 
 
 
Materials 
 
 All chemicals were used as purchased without purification unless otherwise 

noted.  Hydrogen peroxide (30 wt% aqueous solution) was purchased from Alfa Aesar.  

2, 2′-azobis (2-methylpropionitrile) (AIBN), diethyl carbonate, methanol, acetone, N, N-

dimethylformamide (DMF), and tri-n-butyltin hydride were purchased from Aldrich.  

Tetrahydrofuran (THF) was also purchased from Aldrich and dried and distilled over 

sodium.  Ethyl hydroxyethyl cellulose was purchased from Polysciences Inc.  Vinylidene 

fluoride (VDF) and chlorotrifluoroethylene (CTFE) were purchased from SynQuest 

Laboratory Inc. and purified by a freeze-thaw process. 

 
Emulsion Polymerization of P(VDF-CTFE) Copolymer 
 
 All manipulations of gas-condense transfer were carried out with rigorous 

exclusion of oxygen and moisture under 10-6 Torr high vacuum.  A 300 mL stainless steel 

Parr autoclave equipped with a mechanical stirrer was charged with 0.27 g of hydrogen 

peroxide, 0.16 g of ethyl hydroxyethyl cellulose, 0.05 mL of diethyl carbonate, and 150 

mL of degassed distilled water before it was degassed further by repeated freeze-degass-

thaw cycles.  The reactor was then cooled and 33 g of VDF and 15 g of CTFE were 
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condensed into the reactor.  The reactor was heated to 110°C for 3.7 hours.  The 

unreacted monomer gases were vented and the resultant copolymer (20 g) was recovered, 

washed with methanol and distilled water, and dried in vacuum at 60°C for 24 hours.  

The resulting copolymer had a VDF content of 73.6 mol%. 

 
Hydrogenation Reaction of the P(VDF-CTFE) Copolymer (Representative Experiment) 
 
 3.0 g of P(VDF-CTFE) copolymer and 171 mg of AIBN were mixed in a 250 mL 

flask.  The flask was attached to a high vacuum line, degassed, and 170 mL of THF was 

added.  After the mixture was stirred at 60°C for 30 min, 1.0 mL of tri-n-butyltin hydride 

was added by syringe.  The solution was kept stirring for 24 hours at 60°C before it was 

terminated with methanol.  The resulting terpolymer of P(VDF-CTFE-TrFE) was washed 

with methanol and distilled water, and dried in vacuum at 60°C for 24 hours.  Further 

purification was performed by Soxhlet extraction with hexane.  There was no signal from 

tri-n-butyltin hybrid or similar compounds in the 1H NMR spectra after purification.  The 

composition of the resulting terpolymer was determined by 1H NMR to be P(VDF-CTFE-

TrFE) 73.6/9.2/17.2 mol%. 

 
Film Preparation 
 
 All polymer films were prepared by solution casting from DMF onto glass slides.  

The polymer solutions were filtered through 0.45 μm poly(tetrafluoroethylene) syringe 

filters before casting to remove any particulates.  The films were dried at 60°C overnight 

followed by heating at the same temperature under vacuum for 24 hours for complete 

solvent removal.  Free-standing films were created by soaking coated glass slides in 

distilled water and carefully peeling off the films which were 20 μm thick.   
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Characterization 
 
 Sixty nanometer thick gold electrodes were sputtered onto the films for electrical 

testing.  Dielectric testing was performed using an Agilent LCR meter (E4980A).  A Trek 

Model 30/20 ±30 kV High Voltage Amplifier System was used for electrical breakdown 

testing with a 500V/s ramp rate.  All high voltage testing was performed in Galden HT 

which is a highly insulating, perfluorinated polyether fluid.  Electrical displacement 

measurements were made using a Sawyer-Tower circuit at 10 Hz with a bipolar field.60  

Mechanical properties were measured on a TA Instruments DMA 2980 dynamic 

mechanical analyzer (DMA) using a linear force ramp.  Thermal property measurements 

were carried out with a TA Q100 instrument at a heating rate of 10°C/min.  Infrared 

spectra were recorded using a Nicolet FT-IR spectrometer with 64 scans averaged at a 

resolution of 2 cm−1.  Wide-angle x-ray diffraction (WAXD) studies were performed 

using a Scintag Cu-Kα diffractometer with a x-ray wavelength of 1.54 Å.  Absolute 

molecular weight was measured by size exclusion chromatography using DMF as the 

mobile phase on a Viscotek TDA 302 triple detector.  NMR was performed on a Bruker 

AM-300 spectrometer instrument. 

 
Results and Discussion 
 
 
Dielectric Properties 
 

Figure 45 shows the permittivities of the polymers measured at 25°C from 20 Hz 

to 2 MHz.  All of the polymers display the same decreasing trend of permittivity with 

increasing frequency that is related to the relaxation of the dipolar contribution at higher 

frequencies.  Even with the decreasing trend, all the samples’ permittivities remain 
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relatively flat through 100 kHz before decreasing significantly.  The polymers with 

higher permittivities have a sharper drop-off at high frequencies because of the larger 

contribution of ferroelectric and dipolar polarization to the overall permittivity.  For fixed 

frequencies, the terpolymers have higher permittivities than the copolymer with the 9.2 

and 11.9 mol% TrFE samples having the highest overall values.  At these compositions, 

the polymers behave like relaxor ferroelectrics which is the origin of their high 

permittivities.40  The large chlorine atom on the CTFE monomer serves as a crystal defect 

which disrupts the formation of large polar crystals in favor of smaller, nanosized ones 

surrounded by an amorphous matrix.  The resulting smaller polar crystals are more 

mobile and increase the polarization response and overall permittivity.  The 3.9 mol% 

TrFE polymer’s low permittivity is due to a low amount of ferroelectric crystals from its 

small crystallinity.  On the opposite end, the 18.3, 19.3, and 26.4 mol% TrFE polymers 

low permittivities are due to their high crystallinities and the restricted mobility of the 

dipolar crystals to the electric field.  This restricts the total polarization of the polymers.   
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Figure 45 - Low electric field dielectric properties of the 73.6 mol% polymers. 
 
 

The corresponding loss tangents of the polymers remain flat between 100 Hz and 

10 kHz with sharp increases above and below this range.  The increase above 10 kHz is 

related to the ferroelectric and dipolar relaxation where the slope of the line is greater for 

the higher permittivity samples.  The increase at low frequencies is most likely related to 

the relaxations associated with melting in the polymers and decreases as the melting 

temperature of the polymers increases.  



 

98 
 

 
Crystal Structure 
 

Wide-angle x-ray diffraction measurements were carried out to examine the 

evolution of the crystalline structures of the polymers with varying chemical 

composition.  By substituting the hydrogen with bulky chlorine atoms, the crystal phases 

of the polymers changes from the β phase for the 26.4 TrFE mol% copolymer, to a 

mixture of α and γ phases for the compositions between 9.2 and 19.3 TrFE mol%, and 

finally to the α phase for the 3.9 and below TrFE mol% terpolymer as shown in Figure 

46.  Also shown in Table 17 is the quantitative degree of crystallinity (χc), assessed from 

the area of the diffraction peaks and the amorphous halo, which decreases from 35.4% to 

7.2% between TrFE and CTFE copolymers respectively.  This illustrates the structural 

defect role that CTFE plays in disrupting the overall crystal structure as its amount is 

increased in the polymers.   
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Figure 46 - Diffraction pattern of the 73.6 mol% VDF polymers with varying 
hydrogenation levels. 
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VDF CTFE TrFE χc Crystal Phase, 2θ (°), Plane Reflection
(mol%) (%)

73.6 26.4 0.00 0.0 α, ~17, (100) almost completely amorphous
73.6 22.5 3.90 14.4 α, 17.7, (100)
73.6 17.2 9.20 17.1 α, 18.5, (020);  γ, 19.0, (002)
73.6 14.5 11.9 18.0 α, 17.8, (100);  γ, 18.1, (020)
73.6 8.10 18.3 24.2 α, 18.7, (020); γ, 18.2, (020)
73.6 7.10 19.3 28.6 α, 18.7, (020); γ, 18.2, (020)
73.6 0.00 26.4 35.4 β, 20.2, (200, 110)

Table 17 - Crystallinity and crystal phase peaks for the 73.6 mol% VDF polymers. 
 

 
The role of the CTFE unit in modifying the crystal phases was further clarified by 

Fourier transform infrared (FTIR) spectroscopy.  The characteristic absorbance bands at 

1290 cm-1 and 614 cm-1 are associated with the trans conformation sequences greater than 

4 (T>4) in length and trans gauche sequences (TG) respectively.  The bands at 505 cm-1 

are also associated with trans gauche sequences, but the trans sequences are repeated 

three times before the gauche twist (TTTG+TTTG-).  The three bands, 1290, 614, and 505 

cm-1 are used to calculate the relative fractions of the β, α, and γ crystal phases 

respectively in the polymers as a function of composition.  As presented in Figure 47, the 

TTTG+TTTG- and TG conformations in the γ and α phases are steadily converted to the 

all-trans conformation of the β-phase as more TrFE is incorporated into the polymer.  

These changes in crystal phase and overall crystallinity influences the dielectric 

properties of the polymers.  The lower permittivity of the polymer with 3.9 mol% TrFE is 

attributed to both the low crystallinity and presence of the non-polar α phase.  On the 

opposite end of composition, the lower permittivities of the 19.3 and 26.4 mol% TrFE 

copolymers is attributed to a high crystallinity which restricts dipole movement and its 

contribution to polarization despite the presence of polar γ and β phases.  At an 

intermediate amount of TrFE and CTFE for the polymers with 9.2 and 11.9 mol% TrFE, 
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the right combination of crystallinity and polar crystal phases gives these materials high 

permittivities due the presences of small polar domains that respond readily to the applied 

electric field. 
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Figure 47 - Conformation as measured by FTIR for the 73.6 mol% VDF polymers. 
 
 
Thermal Properties 
 
 Differential scanning calorimetry (DSC) studies also confirmed the crystallinity 

trend seen in the WAXD crystal data.  Table 18 lists the melting temperatures and 

enthalpies of the polymers along with the crystallinity calculated from the WAXD data.  

As the amount of TrFE increases in the polymers, the melt temperatures increase from 

37.8 to 163°C for the 3.9 and 26.4 mol% TrFE polymers respectively.  Enthalpies also 

increase from 1.9 to 23.6 J/g for the 3.9 and 26.4 mol% TrFE polymers respectively.  

This again illustrates the defect nature of CTFE on the crystal formation in the polymers. 
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VDF CTFE TrFE χc Tm ΔHm

(mol%) (%) (°C) (J/g)
73.6 22.5 3.9 14.4 37.8 1.9
73.6 17.2 9.2 17.1 72.5 6.6
73.6 14.5 11.9 18.0 86.7 8.9
73.6 8.1 18.3 24.2 121 13.6
73.6 7.1 19.3 28.6 127 12.6
73.6 0.0 26.4 35.4 163 23.6  

Table 18 - Thermal properties of the 73.6 mol% VDF polymers. 
 
 
Mechanical Properties 
 

The stress versus strain relationships for select polymers were measured with the 

yield stress (σy) and modulus (Y) values shown in Table 19.  The modulus of the 

polymers was calculated from the slope of the elastic regime while the yield stress was 

calculated from the intersection of the tangent lines of the elastic and inelastic regimes.  

The yield stress increases with the amount of TrFE and peaks with the 19.3 mol% sample 

before slightly decreasing with the fully hydrogenated sample.  This same trend is 

observed with the modulus with a peak value obtained for the 19.3 mol% TrFE sample.  

All the polymers were synthesized using the emulsion method in order to obtain a high 

molecular weight and optimal mechanical properties.  The polymers’ absolute weight 

average molecular weight was 240 kg/mol with a polydispersity of 3.40.  Despite having 

a higher overall crystallinity, the 26.4 mol% TrFE sample consistently had a lower yield 

stress and modulus than the 19.3 mol% polymer.  Optical microscope images with and 

without crossed-polarizers of the two polymers revealed different microstructures 

between them and are shown in Figure 48.  Both samples have a random arrangement of 

crystals, but the crystals are noticeably larger in the 26.4 mol% sample which has a large 

grained appearance.  This microstructure change could be the origin of the different high 
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strain mechanical properties where the smaller grained sample requires more force for 

deformation. 

 
VDF CTFE TrFE Y σy

(mol %)        (MPa)
73.6 22.5 3.9 8.62 1.10
73.6 17.2 9.2 58.0 3.40
73.6 7.1 19.3 414 14.7
73.6 0.0 26.4 207 10.5

Table 19 - Summarized mechanical properties of the 73.6 mol% VDF polymers. 
 
 

a.       b.   
 

c.       d.   
Figure 48 - Optical microscope images of polymers from the 73.6 mol% polymers.  a, c - 
26.4 mol% TrFE without and with crossed polarizers respectively.  b, d - 19.3 mol% 
TrFE without and with crossed polarizers respectively. 
 
 
Electrical Breakdown 
 

An electrostatic pull-down method was used for electrical breakdown testing in 

order to minimize the contact force on the polymer samples.  A two-parameter Weibull 
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distribution was used to analyze the electrical breakdown results.64  At least fifteen data 

points were collected for each sample from which the characteristic breakdown strength 

(α) and the slope parameter (β) were calculated according to Equation 19.  The complete 

Weibull plots and values are shown in Appendix E.  The measured electrical breakdown 

strengths of the polymers tested at 25°C and a ramp rate of 500 V/s are shown in Figure 

49 where the breakdown strengths increase with the amount of TrFE in the polymers.  

The error bars represent the 5th through 95th percentile of values calculated according to 

Equation 19 from α and β.  The data for the CTFE copolymer was left out due to 

irregular data most likely due to its amorphous nature.  The β of the samples also 

increases with the mol% of TrFE showing that the distribution of breakdown values 

become more narrowly distributed about α. 
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Figure 49 - Measured electrical breakdown strengths of the 73.6 mol% VDF polymers at 
25°C. 
 

 
The breakdown is hypothesized to be electromechanical for the polymers.  

Electromechanical breakdown occurs when the electromechanical stress placed on the 
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film exceeds the polymers’ yield stress causing a rapid collapse of the electrodes inward 

and electrical discharge.57  The criterion for breakdown can be represented by  

 
EMy σσ =  

Equation 23 - Electromechanical breakdown criterion. 
 
 
where σy is the polymer yield stress and σEM is the total electromechanical stress.  The 

electromechanical stress is composed of two components and is represented by 

 
EMWEM σσσ +=  

Equation 24 - Component stresses of the electromechanical stress. 
 
 
where σEM is the electromechanical stress, σMW is the Maxwell stress, and σE is the 

electrostrictive stress.  The Maxwell stress originates from the Columbic attraction of the 

electrodes and is present for all capacitors.  For the polymers used here, it can be 

calculated from the equation 

 

∫=
A

qdE
MWσ  

Equation 25 - Electrostatic Maxwell stress. 
 
 
where σMW is the Maxwell stress, q is charge, E is electric field, and A is area.  The full 

derivation of Equation 25 is shown in Appendix F.  Since some of polymers used here 

have non-linear polarization responses at high electric fields, it was necessary to measure 

the electric displacement for all the samples to make this calculation accurately.   

 The electrostrictive stress defined here is simply the sum of all the electrostriction 

in the material outside the Maxwell stress which can include contributions from the 

converse piezoelectric effect.  The strain from this latter effect is usually less than 0.1% 
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and only relevant on electrically poled materials and will be ignored here.69  The 

electrostrictive stress of P(VDF-TrFE) and P(VDF-CTFE-TrFE) polymers is a materials 

response that originates from a crystal phase change under an electric field where the unit 

cell changes dimension.70,71  This dimension change usually coincides with a crystal phase 

change such as a paraelectric to ferroelectric transition and is always a compressive force.  

Table 20 illustrates the density change between the α, γ, and β crystal forms that can 

occur under high electric fields.  The electrostrictive strain responses of P(VDF-TrFE) 

and P(VDF-CTFE-TrFE) polymers have been previously explored and been found to 

follow the relationship 

 
2QDSEM =  

Equation 26 - Electromechanical stain response. 
 
 
where SEM is the electromechanical strain, Q is the electrostrictive coefficient, and D is 

the electric displacement.69,72,73  Typically in the literature, Equation 26 is referred to as 

the electrostrictive strain and includes both the Maxwell and electrostrictive strain 

components related to Equation 24.  To stay consistent with the definition presented here, 

it will be called the electromechanical stress and represented by  

 
2YQDEM =σ  

Equation 27 - Electromechanical stress. 
 
 
where σEM is the electromechanical stress and Y is the modulus.  In order to simplify the 

analysis of this quantity, the effects of remnant polarization and the resulting remnant 

strain and stress were ignored and assumed to be negligible.  The electric displacement 

measurements used for this calculation are shown in Figure 50 and set initially to zero.  
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The relationship becomes non-linear for 19.3 and 26.4 mol% TrFE polymers above 

electric fields of 100 and 75 MV/m respectively.  In these non-linear regions, a 

logarithmic fit was used the estimate the displacement at higher fields. 

 
α γ β

a 4.96 4.96 8.58
(Å)  b 9.64 9.67 4.91

c 4.62 9.20 2.56

- +0.212 +2.33Density 
Relative to α  

Table 20 - Density change between the α, γ, and β crystal unit cells. 
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Figure 50 - Electric displacement versus electric field for the 73.6 mol% VDF polymers. 
 
 

Table 21 shows the calculated breakdown strengths, which have good agreement 

to the measured values with an average error of 14%.  In the 3.9 mol% TrFE sample, only 

the Maxwell stress was used to calculate the breakdown strength.  Since the polymer has 

a low crystallinity and a low modulus, it is expected that the electrostrictive contribution 

to the electromechanical stress will be minimal.  This is illustrated by the accuracy of the 

prediction calculated from only Equation 25.  As the TrFE is increased to 9.2 mol%, the 
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Maxwell contribution alone underestimates the breakdown strength resulting in the least 

accurate of all the predictions.  It is suspected that at this composition, the electrostrictive 

contribution begins to have a noticeable effect as the sample becomes more crystalline 

and ferroelectrically active.  Unfortunately, an estimate for this electrostrictive 

contribution was not possible due to a lack of an electrostriction coefficient in the 

literature for that particular chemical composition.  

 
VDF CTFE TrFE             Eb (MV/m) σy σE σMW

(mol %) Measured Calculated (MPa) (MPa) (MPa)
73.6 22.5 3.9 101 (±3.14) 93.9 1.10 - 1.10
73.6 17.2 9.2 205 (±6.65) 148 3.40 - 3.40
73.6 7.1 19.3 271 (±5.22) 249 14.7 7.83 6.87
73.6 0.0 26.4 353 (±2.41) 406 10.5 3.61 6.89

Table 21 - Experimental and calculated electric breakdown field for the 73.6 mol% VDF 
polymers. 
 

  
For the 19.3 and 26.4 mol% TrFE samples, the predicted strengths match very 

well to the measured values by solving for the electric field in Equation 27 since D is a 

function of E and substituting the yield stress and the appropriate values from the 

literature.73,74  The exact values that were used are listed in Appendix G.  It’s interesting 

to note that predictions remain accurate despite the differences in yield stresses between 

the polymers.  Both have identical Maxwell stresses illustrating that the electric 

displacements of the samples are similar despite the different breakdown fields.  The high 

displacement and therefore Maxwell stress in the 19.3 mol% sample is typical of relaxor 

ferroelectrics which tend to polarize easily at lower electric fields.59  However, the 19.3 

mol% sample has nearly twice the electrostrictive response than the 26.4 mol% sample.  

The small amount of CTFE in the 19.3 mol% sample breaks up large ferroelectric 

domains resulting in a mixture of paraelectric and ferroelectric domains as shown by the 



 

108 
 

earlier WAXD and FTIR measurements.  Under an electric field, the paraelectric domains 

as well as chains in the amorphous regions transform to ferroelectric domains which 

gives the relaxor its large electrostriction.  The 26.4 mol% sample contains a much lower 

paraelectric and amorphous content limiting its electrostriction.  Thus for relaxor 

ferroelectric polymers, the electrostrictive component produces a significant contribution 

to the electromechanical stress over normal ferroelectric polymers.  In the case of the 

19.3 mol% sample, this increased stress lowered its breakdown strength despite its 

favorable mechanical properties. 

 
Energy Density 

 

The measured energy densities (U) of the polymers at their α breakdown 

strengths are shown in Figure 51.  Energy density increases from 1.10 to 6.89 J/cm3 for 

the 3.9 to 26.4 mol% TrFE polymers respectively as TrFE is increased.  Between the 3.9 

to 19.3 mol% TrFE polymers, a 170% increase in breakdown strength translates to a 

600% increase in energy density.  The 19.3 and 26.4 mol% TrFE polymers have identical 

energy densities despite a 30% higher breakdown strength in the TrFE copolymer.  The 

reason for the similarity in energy densities despite the breakdown strength differences 

lies in the high polarization response and resulting electric displacement of the 19.3 

mol% TrFE terpolymer at lower electric fields.  As seen in Figure 50, the displacement of 

the terpolymer overtakes the TrFE copolymer at a field of 150MV/m.  Extrapolated to 

their breakdown strengths, the two polymers have similar electric displacements which 

results in a similar energy density. 



 

109 
 

 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

0

100

200

300

400

500

0 5 10 15 20 25 30

U
 (J

/c
m

3 )

E b
(M

V/
m

)

TrFE (mol%)

Measured
Calculated
U

 
Figure 51 - Energy density, and experimental and measured breakdown strengths for the 
73.6 mol% VDF polymers. 
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CHAPTER 5 - ELECTRICAL ENERGY STORAGE IN SIO2-P(VDF-CTFE) 
HYBRID MATERIALS 

 
 
Polymer Composite Dielectrics Review 
 
 
 Composite materials attempt to improve the properties of the overall material by 

exploiting the best properties of the individual components.  This approach has been 

applied to dielectrics to produce superior performance for various properties.  A 

significant amount of research in this area has focused on the application of dielectrics as 

electrical insulation for high voltage applications.75  Polyethylene is the choice material 

for this application and is typically blended with different additives to improve properties 

like ultraviolet light resistance while maintaining similar electrical breakdown 

resistance.76  The additives in this case are usually titanium dioxide or carbon black.  Two 

strategies can be identified for enhancing the polarization and energy density of polymer 

composite capacitor dielectrics.  The first increases the permittivity of the composites by 

incorporating high permittivity particles into the low permittivity polymer while 

attempting to maintain an electrical breakdown strength similar to the neat polymer.77  

The second strategy increases the breakdown strength of the composite material while at 

least maintaining the permittivity of the neat polymer through the incorporation of low 

permittivity particles.78  According to Equation 14, both strategies potentially could lead 

to improvements in the energy density by increasing the permittivity or electric field. 

 Increasing the permittivity of a polymer composite is a relatively easy task and 

has been accomplished in a variety of ways.  Incorporation of high permittivity particles, 

either on the micro or nanometer size scale is a popular method.  A number of mixing 

rules can be used to approximate the composite permittivity based on the individual 
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components.79,80  As mentioned before, most polymers are low permittivity materials with 

values ranging from 2-4 as shown in Table 1 for a variety of popular capacitor dielectrics 

making increasing the permittivity fairly easy with most other materials.  Ceramic 

particles, especially ferroelectric particles, are good choices since their permittivities are 

typically several orders of magnitude greater than polymers.  Reports on the addition of 

barium titanate, titanium dioxide, aluminum oxide, and zirconium oxide demonstrate 

composite permittivity increases up to two orders of magnitude greater than the matrix 

polymer as a function of fill volume.77,81,82,83  Metallo-organic molecules containing a 

transition metal coordinated with organic groups have also been used to produce similar 

increases in permittivity.84  This latter strategy allows the composite to maintain 

mechanical properties closer to the matrix polymer compared to using a ceramic filler.

 However, these gains in the composites’ permittivity are usually accompanied by 

decreases in electrical breakdown strength compared to the neat matrix which negates 

any potential increase in energy density.  When high permittivity inclusions are added to 

a low permittivity matrix, distortions in the local electric fields around the particles occur 

in composite.85,86,87  The average electric field applied between the two electrodes of the 

material can be significantly enhanced locally resulting in a heterogeneous field 

distribution.  If the enhancement occurs over a region of the composite where either the 

particle or matrix has a low breakdown strength, local breakdown can occur which will 

eventually cascade to complete electrical breakdown.  Thus a competing effect occurs in 

the composite.  Increasing the contrast in permittivity between the particle and matrix 

increases composite permittivity, but it also enhances the local electric field distortions 

which reduces breakdown strength.  Alternatively, the distortions can be reduced by 
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decreasing the permittivity contrast and increasing the fill amount of particles in the 

composite to compensate for the lower permittivity particles.  However, this route also 

results in a lowering of breakdown strength as the percolation threshold is approached.88  

Breakdown strength decreases due to the formation of channels where conduction can 

occur between the electrodes.  In summary, using high permittivity composites for 

increasing energy density has not been successful, limiting these materials to low electric 

fields applications. 

 Polymer composites can also show increases in breakdown strength over the neat 

matrix polymer as another way of increasing the energy density.  This is new area of 

research where the origins of these increases are not well understood.  As stated before, 

composites typically are made from inorganic particles of micro and nanometer 

dimensions with various geometries.  Composites containing micrometer sized particles 

almost always show decreases in electrical breakdown strength compared to the neat 

matrix polymer.89,90  Breakdown is usually attributed to partial discharge and free volume 

breakdown  in these materials where the matrix and particles don’t create homogeneous 

interfaces.  The large particles can also readily form percolation channels if the thickness 

of the dielectric is on the same size scale as the particles.  Other electrical properties such 

as electrical resistivity are found to increase in the microcomposites and can be linked to 

thermal breakdown mechanisms as the particles create conduction paths in the material.  

Changing the particles to nanometer sizes can alter the breakdown strength over the neat 

matrix polymer in either direction.  Reports of nanoparticle composites decreasing, 

increasing, or maintaining breakdown strength all have been reported in the literature 
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necessitating careful examinations of these papers and the mechanisms behind the 

behavior in order to exploit the breakdown enhancing properties.89,91,92   

 In examining nanocomposites, common themes become apparent towards 

enhancing breakdown strength.  The first is creating a good dispersion of particles which 

determines whether the composites are true nanocomposites.  Aggregation of the 

nanoparticles can turn them into microparticles and bring with them the same problems 

of microcomposites.  Dispersal of nanoparticles can be enhanced by modification of the 

particle surface with ligands that create steric repulsion.93   

Controlling the nature of the interface between the nanoparticles and matrix is 

also an important variable.  As the size of the particles decreases from the micro to 

nanoscale, the surface area for a constant volume loading of particles can increase two 

orders of magnitude.78  The interface is the critical feature of the nanocomposites which 

has a large influence over its properties.  It is believed that the interface around a 

nanoparticle can affect the surrounding matrix material up to a distance on the order of 

the diameter of the particle.  This is basis of a ‘multi-core’ model which has been 

theorized by several authors in various ways for describing these extended effects.85,94  

The models consist of at least two layers which start at the particle surface and extend 

into the matrix.  The first layer is a bonded or bound layer depending on the chemical 

nature at the interface where the matrix polymer can be tightly bound to the particle and 

takes on certain properties different from the bulk matrix.  Polymer confirmations in this 

region can be altered through manipulation of the particle surface where variables such as 

surface energy and affinity come into play.  The second layer is a loose layer where the 

matrix polymer still feels some effect of the interface to have its properties changed, but 
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is more similar to the matrix than the previous layer.  The third layer is superimposed 

over the first two layers and consists of an electric double layer that results from charge 

exchange that can occur depending on the surface nature of the particle.  This is 

controlled through the surface chemistry of the particles.  The first layer is considered to 

have a thickness around a nanometer or a few atoms thick.  The second layers’ thickness 

is slightly larger at several nanometers thick while the third electric double layer can 

exert an influence up to several tens of nanometers away depending on its strength.  

While the nanoparticles are physically small, they can behave as though they were much 

larger particles and change the properties of the composite at lower loadings than their 

size would suggest. 

Returning back to breakdown strength, small loadings of well dispersed 

nanoparticles both increase and decrease this value depending on the modification.  

Simple treatments such as thorough drying to remove bound water can improve a 

nanocomposites’ breakdown strength to that of the neat polymer.90  More exotic 

treatments involving surface modification by covalently bonding surface groups can 

increase the breakdown strength as a function of the group.78  While breakdown strength 

isn’t always improved for nanocomposites, other related phenomenon such as voltage 

endurance which is related to electrical degradation can be improved orders of magnitude 

which is important from a reliability standpoint.  Improvements for breakdown strength 

and endurance have been linked to increases in crystallinity due to a crystal nucleation 

effect, increased resistivity due to the creation of more torturous paths for conducting 

species, and reduced space charge formation from the creation of trap sites.  Controlling 
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the nature of conduction and the charged species seems to be the key for improving 

electrical breakdown strength in composites. 

 In this chapter, the electrical breakdown properties of hybrid materials based on 

silica dioxide and P(VDF-CTFE) are presented and the nature of the breakdown 

mechanisms are explored.  While traditional nanocomposites are created by physically 

blending the particles into the matrix, an unconventional approach will be presented 

where the particles are created in-situ within the matrix.  As will be shown, this 

procedure produces well dispersed composites with interesting electrical breakdown 

behavior and high energy densities.   

 
Experimental 
 
 
Materials 
 

All reagents were purchased from Aldrich and used without further purification 

unless otherwise noted.  Tetrahydrofuran (THF) was distilled from sodium benzophenone 

ketyl under nitrogen.  Vinylidene fluoride (VDF) and chlorotrifluoroethylene (CTFE) 

were purchased from SynQuest Laboratory Inc. and purified by a freeze-thaw process 

prior to use.  

 
Solution Polymerization of Triethoxysilyl Terminated P(VDF-co-CTFE) Copolymer 

 
All manipulations of gas-condense transfer were carried out with rigorous 

exclusion of oxygen and moisture on a dual-manifold Schlenk line with 10-6 Torr high 

vacuum.  Triethoxysilyl-benzoyl peroxide (400 mg, 0.71 mmol), produced using a 

procedure similar to a previously published method, and 30 mL of anhydrous acetonitrile 

were added into a 70 mL Parr reactor with a magnetic stirrer.95  Vinylidene fluoride (27.5 
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mL, 0.29 mol) and chlorotrifluoroethylene (2 mL, 0.024 mol) were transferred and 

condensed at liquid nitrogen temperatures through a high vacuum line with a vacuum 

level of 1 millitorr.  The Parr reactor was submerged in an oil bath and heated to 90°C for 

6 hours.  The reaction was stopped and the residual gases were discharged.  The 

acetonitrile was removed under reduced pressure.  The P(VDF-CTFE) copolymer was 

washed by 2 × 20 mL of anhydrous CH2Cl2 and dried under vacuum to give 3.5 g 

P(VDF-CTFE) copolymer as a white powder.  The final copolymer had a VDF and CTFE 

content of 88.0 and 12.0 mol% respectively.  The number average molecular weight 

calculated from NMR data was 50 kg/mol. 

 
Film Preparation 
 

Cleaned glass slides that were used for casting were immersed in a 0.02 M 

octyltrichlorosilane (OTS) toluene solution for 10 min at room temperature under dry 

argon.  The physically adsorbed octyltrichlorosilane molecules and the oligimers 

resulting from the autocondensation of octyltrichlorosilane molecules were removed by 

washing using methanol.  The modified glass slides were dried under argon flow and 

stored in a desiccator.  200 mg of copolymer was dissolved in anhydrous DMF solution 

and stirred for 24 hours.  Tetraethyl orthosilicate (TEOS), acetic acid, and water were 

then added to the solution and stirred for 48 hours.  The solution was casted on the OTS 

modified glass slide and dried at 55°C for 24 hours.  The films were released from the 

substrates by soaking in distilled water overnight.  Under vacuum, the released films 

were heated on Teflon sheets at 70°C for 12 hours, 90°C for 4 hours, 110°C for 4 hours, 

130°C for 4 hours, and 150°C for 48 hours and cooled to room temperature in that order 
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to produce the final films.  The final films were transparent with a film thickness of 

approximately 20 micrometers. 

 
Characterization 
 
 Sixty nanometer thick gold electrodes were sputtered onto the films for electrical 

testing.  Dielectric testing was performed using an Agilent E4980A LCR meter.  

Temperature varying dielectric properties were made using a Hewlett Packard 4284A 

LCR meter in conjunction with a Delta Design Oven model 2300.  Thermally stimulated 

discharge current (TSDC) measurements were made with a Hewlett Packard 4140B pA 

meter / DC voltage source with a Delta Design oven and a Kepco Model BOP 1000M  

high voltage source.  Electrical breakdown was performed using a Trek Model 30/20 ± 

30 kV high voltage amplifier system with a 500 V/s ramp rate.  Breakdown testing was 

conducted in Galden HT which is a highly insulating, perfluorinated polyether fluid.  

Electrical displacement measurements were made using a Sawyer-Tower circuit at 10 Hz 

with a unipolar field.60  Mechanical properties were measured on a TA Instruments DMA 

2980 dynamic mechanical analyzer (DMA) using a linear force ramp.  Thermal property 

measurements were carried out with a TA Q100 instrument at a heating rate of 10°C/min.  

Wide-angle x-ray diffraction (WAXD) studies were performed using a Scintag Cu-Kα 

diffractometer with a x-ray wavelength of 1.54 Å.  NMR was performed on a Bruker 

AM-300 spectrometer instrument.  Transmission electron microscopy (TEM) was 

performed on a JEOL EM-2010F.  Elemental analysis was performed on FEI-Philips XL-

20 scanning electron microscope (SEM) equipped with an energy dispersive 

spectrometer. 
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Results and Discussion 
 
 
Synthesis of SiO2-P(VDF-CTFE) Hybrid Materials 
 
 The silica in the hybrid materials presented in this chapter were produced through 

a in-situ process where the particles were formed within the film during processing rather 

than separate discrete mixing of particles.  The center piece of the process is the 

functionalized copolymer whose synthetic scheme is shown in Figure 52.  The 

polymerization utilizes a functionalized initiator of triethoxysilyl-benzoyl peroxide where 

the triethoxysilyl groups become the terminating end groups due a radical coupling 

reaction that occurs in the copolymer synthesis termination step.95 

 

O
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Si
OEt

OEt
OEt

Si
EtO

EtO
EtO

+
VDF CTFE

I acetonitrile, 90°C

I = 

P(VDF-CTFE) with triethoxysilyl-benzoyl endgroups

 
Figure 52 - Synthetic scheme for the triethoxysilyl-benzoyl functionalized copolymer. 
 
 
 To produce the SiO2 particles in the material, a sol-gel process was used which 

contained two steps.96  The first step was a hydrolysis step where ethoxy group reacted 

with water to create hydroxyl terminations with alcohol as a byproduct.  The second step 

was a polycondensation step where the hydroxyl groups combined to form siloxane 
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bonds with water as a byproduct.  The formation of particles in the hybrid is shown 

schematically in Figure 53.  Since the particles are bi-terminated and have six functional 

groups, they have the ability to form a crosslinked material.  Combining them with TEOS 

and its four functional groups further increases this ability.  The in-situ process ensures a 

good dispersion of SiO2 particles since aggregation should be minimized by the 

crosslinked polymers chains acting as a barrier to particle movement.  The summarized 

list of the SiO2-P(VDF-CTFE) hybrids assuming 100% conversion of ethoxy groups to 

SiO2 is listed in Table 22.  Please note that the 0.00 and 0.24 wt. % samples contained no 

TEOS.  The 0.00 wt. % contained the original ethoxy groups of the initiator while the 

0.24 wt. % ethoxy groups where fully hydrolisized prior to the crosslinking. 
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Figure 53 - Schematic of the SiO2-P(VDF-CTFE) hybrid formation. 
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SiO2 wt. %
0.00
0.24
0.34
0.43
0.56
0.88
1.52
3.38

Table 22 - Summarized list of the SiO2- P(VDF-CTFE) hybrids. 
 
 
Structure of Hybrids 
 
 The microstructure of the polymers were examined with WAXD and TEM to 

probe the crystal structure of the matrix and the dispersal of the SiO2 particles 

respectively.  The diffraction pattern, shown in Figure 54, features a sharp peak at 18.2° 

with less defined shoulders around 17.7° and 19.8°.  The location of the peaks in 

increasing order of 17.7°, 18.2°, 19.8° and are similar to the location expected for the 

(100), (020), and (110) planes of the α phase respectively.  All of the curves are nearly 

identical no matter the concentration of SiO2 indicating that neither the crystal phase nor 

the crystallinity of the hybrids are sensitive to that parameter.  Reports on crystallinity 

trends in silica-polyethylene nanocomposites report similar trends except in the case 

where the nanoparticles are covalently functionalized with a vinyl silane.90,92  In that case, 

a 36% increase in crystallinity was reported over using the bare nanoparticles.  
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Figure 54 - WAXD of the SiO2-P(VDF-CTFE) hybrids. 
 
 
 Particle dispersion was first examined by simply looking at the films.  

Photographs of two representative films are shown in Figure 55.  Both films are nearly 

identical in appearance and completely transparent with no signs of aggregation of the 

particles.  All the hybrid films shared similar visual appearances. 

 

Figure 55 - Photographs of the SiO2-P(VDF-CTFE) hybrids.  Left - 0.00 wt. %.  Right - 
3.38 wt. %. 
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 The hybrids were further probed with TEM to examine the SiO2 dispersion.  An 

example of the 3.38 wt. % hybrid is shown in Figure 56 which doesn’t show any 

evidence of SiO2 particles.  The presence of silicon was confirmed through the use of 

energy dispersive spectrometry (EDS) to identify the element.  The elemental map shown 

in Figure 56 shows the silicon rich regions, identified by the light squares, to be dispersed 

homogenously throughout the film.  Elemental maps for chlorine and fluorine shows 

similar images. 

 

Figure 56 - Left:  TEM image of the SiO2-P(VDF-CTFE) hybrid with 3.38% SiO2.  
Right:  Silicon elemental EDS image of hybrid. 
 
 
 The lack of larger discrete particles seems to suggest that any particles formed 

remain as a sol and have not gelled into larger particles.  The evolution of the sol-gel 

process is a complicated one and difficult to judge in the organic reaction conditions used 

here.  Adding acid tends to lower pH and to promote the polycondensation reaction in 

aqueous conditions.97  At the same time, formamide has been shown to inhibit the 

hydrolysis reaction in aqueous systems.96  Seemingly the presence of DMF, which is 
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chemically similar to formamide, should stunt the hydrolysis in this system making 

polycondensation and particle formation not likely.  However, the hybrid polymers 

become insoluble after processing indicating that crosslinking is present which is only 

possible if hydrolysis and polycondensation occur.  It may be possible that extremely 

small particles are forming in the hybrids and are so well dispersed that they give 

homogenous TEM images. 

 
Thermal Properties 
 

The thermal properties measured by DSC are shown in Table 23.  All of the 

values shown are taken from a second heating and cooling cycle so that all the samples 

had the same prior thermal history.  All of the materials show similar melt and 

crystallization temperatures around 104°C and 70°C respectively and similar associated 

enthalpies.  The thermal behavior echoes the WAXD data indicating that the materials are 

all similar in crystallinity.  The complete DSC traces can be found in Appendix H. 

 
SiO2 Tm ΔHm Tcr ΔHcr

wt. % (°C) (J/g) (°C) (J/g)
0.00 105 11.8 69.3 16.3
0.24 104 11.0 68.3 14.2
0.34 105 11.4 71.7 15.4
0.43 104 10.4 69.2 15.0
0.56 101 12.5 66.4 18.0
0.88 105 12.5 72.9 15.9
1.52 102 13.4 71.0 17.4  

Table 23 - Thermal properties of the SiO2-P(VDF-CTE) hybrids. 
 
 
Dielectric Properties 
 
 The low electric field dielectric properties for the hybrid materials are shown in 

Figure 57.  The maximum electric field was approximately 0.05 MV/m.  At least four 
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samples were measured and averaged to produce the curves shown.  All of the hybrids 

containing SiO2 showed a higher permittivity than the base polymer containing the 

ethoxy terminated silicon groups.  It interesting to note a 25% increase in the low 

frequency permittivity of the hybrids despite the lower permittivity of SiO2 at 3.9 than the 

matrix copolymer.98  According to traditional mixing rules, the permittivity of the hybrids 

should decrease when adding a lower permittivity inclusion.  The increase in low 

frequency permittivity would indicate an enhanced dipolar or interfacial polarization 

mechanism.  At low electric fields and the lack of charged species in the hybrids, it is 

unlikely that interfacial polarization is responsible for the permittivity increase.  The 

presence of terminal polar hydroxyl groups in clusters of SiO2 is more likely for the 

increase by a dipolar contribution. 
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Figure 57 - Low electric field dielectric properties of the SiO2-P(VDF-CTFE) hybrids.   
 
 
 The temperature varying dielectric properties for the 0.34 wt. % hybrid is shown 

in Figure 58.  The permittivity versus temperature plot shows an increase in permittivity 

as the material is heated through its glass transition temperature.  Even in the frozen state, 

the material still has a fairly high permittivity at around 3 at -100°C.  Above 25°C, the 

permittivities level off and remain constant through 90°C for all the frequencies 

measured.  A notch in the permittivity is observed at the arrow labeled A on the heating 
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curve, but not in the subsequent cooling curve.  This notch is associated with some early 

crystallite melting observed in the DSC data on a first scan run.  The imaginary 

permittivity versus temperature plot shows two relaxations previously discussed in 

Chapter 3.  The amorphous relaxation, βa, begins to appear at 0.1 kHz around -23°C 

which is consistent with other measurements of the glass transition temperature of other 

vinylidene fluoropolymers.  The βc relaxation between the crystalline and amorphous 

regions appears around 25°C at 0.1 kHz.  The low frequency imaginary permittivities 

begin to increase quickly above 50°C and is associated with melting in the hybrid.  All of 

the hybrids showed nearly identical behavior independent of the SiO2 loading. 
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Figure 58 - Temperature varying dielectric properties of the 0.24 wt.% SiO2 hybrid. 
 
 
Electrical Breakdown 

 
 The electrical breakdown results for the hybrid materials are show in Figure 59.  

The breakdown was measured using the electrostatic pull down method mentioned earlier 

at 25°C with a 500 V/s ramp rate.  The Weibull statistics were computed from at least ten 

data points for each hybrid.  The complete Weibull plots and calculated constants are 

shown in Appendix I.  For the range of SiO2 compositions measured, a maximum 
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breakdown strength of 297 MV/m was recorded for the 0.34 wt. % sample which was 

34% increase over the 0.00 wt. % sample.  The breakdown strength decreased above and 

below the 0.34 wt. % sample. 
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Figure 59 - Electrical breakdown strengths of SiO2-P(VDF-CTFE) hybrids. 
 
 
Mechanical Properties 
 
 The high strain mechanical properties of the hybrids were measured and are 

displayed in Figure 60 and listed in Table 24.  The yield stress of the hybrids increases 

approximately 30% when the crosslinking reaction is performed in the hybrids indicating 

that chemical crosslinks were formed.  The moduli also increased approximately 40% 

averaged across all the crosslinked materials when compared to the uncrosslinked 0.00 

wt. % material.  The yield stress was used to calculate the electromechanical breakdown 

strength based on Equation 20.  No observed trend was observed from the calculated 

strengths with every value being higher than the equivalent measured value.  The 

calculated strengths over predicted the measured strengths by an average of 44% 
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indicating that electromechanical breakdown is not the likely breakdown mechanism in 

the hybrids. 
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Figure 60 - Yield stresses and moduli of the SiO2-P(VDF-CTFE) hybrids. 
 
  

SiO2 σy Y
wt% (MPa) (MPa)
0.00 7.85 (±0.96) 72.9 (±6.40)
0.24 10.8 (±1.61) 105 (±22.3)
0.34 9.63 (±1.79) 87.1 (±23.4)
0.56 9.63 (±0.58) 87.1 (±33.1)
0.88 10.2 (±0.89) 109 (±17.3)
1.52 11.0 (±1.91) 119 (±31.7)
3.39 10.7 (±0.26) 116 (±12.7)

Table 24 - Yield stresses and moduli of the SiO2-P(VDF-CTFE) hybrids. 
 
 
High Field Electric Displacement 
 
 The high electric field displacement was examined in the hybrids as an attempt to 

understand the electrical breakdown behavior.  The electric displacement was measured 

at 1, 10, or 100 Hz using a unipolar triangle electric field signal.  An example of a plot 

measured at 1 Hz for the 0.00 and 0.34 wt. % SiO2 samples are shown in Figure 61.  On 
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the initial electric field ramp, both materials have a linear increase in displacement.  All 

the hybrid materials at all the frequencies showed this same trend which is an indicator 

for a linear dielectric material.  However, the shapes of the loops are very different 

between the two presented materials.  The area contained within the loop is a measure of 

the energy loss and can be calculated using Equation 12.  The area within the loops of the 

0.00 wt. % samples are much larger than 0.34 wt. % samples showing that more of the 

stored energy is not released in the former material.   
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Figure 61 - Electric displacement measurements of the hybrid materials at 1 Hz. 
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 Examining the same two materials at a higher frequency is shown in Figure 62 for 

100 Hz.  The loops at this frequency compared to the lower frequency are much slimmer 

with lower maximum displacement.  The slimmer loops immediately point to lower 

losses at this higher frequency.  This differs from the low electric field data shown in 

Figure 57 which shows a relatively flat loss curve at these frequencies.  The difference in 

displacement for the two materials at the two frequencies also implies differences in the 

permittivities which can be calculated using a combination of Equation 3 and Equation 

13.  At these higher electric fields for the 0.00 wt. % material, the permittivity at 1 and 

100 Hz are 34 and 15 respectively which is also reflected for the other samples.  This 

large difference in permittivity is also not observed in the low electrical field permittivity 

data for the similar frequencies.  One explanation for the larger permittivity observed in 

the high field displacement measurements at 1 Hz may be charge injection from the 

electrodes since the fields in these measurements are four orders of magnitude greater 

than the low field measurement.  The combination of the injected charge and low 

frequency could generate an interfacial polarization which would be responsible for the 

increase in permittivity.  The same charge injection probably happens for the higher 

frequency measurement, but doesn’t generate the same interfacial polarization due to the 

limited time for charge movement resulting in a lower permittivity. 
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Figure 62 - Electric displacement measurements of the hybrid materials at 100 Hz. 
 
 
 The calculated losses for all the hybrid materials from the high field displacement 

measurements at 10 Hz are shown in Figure 63.  A minimum in losses is observed around 

the 0.34 wt. % hybrid which is consistent across all the electric fields.  This minimum 

coincides with the maximum observed in electrical breakdown strength in Figure 59.  The 

minimum in the loss is observed in the same composition location for all three of the high 

field frequencies measured.  Electrical loss in capacitors is dissipated as heat which 
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would implicate that a thermal breakdown mechanism is responsible for breakdown.  The 

materials at the minimum in loss dissipate the least heat giving them higher breakdown 

strengths. 
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Figure 63 - High field losses calculated for all the hybrid materials at 10 Hz. 
 
 
 Finally, the energy storage properties of a hybrid material is shown in Figure 64 

for the 0.43 wt. % material which is located in the loss minimum of Figure 63.  Figure 64 

demonstrates that the hybrids can have a high energy density with this material achieving 

21.5 J/cm3 at a field of 500 MV/m with a low loss of 44%. 
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Figure 64 - Energy storage values of the 0.43 wt. % hybrid. 
 
 
Thermally Stimulated Discharge Current Measurements 
 
 The discharge behavior of the hybrids was measured with thermally stimulated 

discharge current (TSDC) to further probe the mechanism of the electrical failure.  TSDC 

measurements were performed using a four step procedure illustrated in Figure 65.  Each 

of the samples was first heated to 90°C which is represented by 1 in the figure.  Second, 

an electric field was applied to the hybrids as the temperature was maintained at 90°C.  

Third, the samples were rapidly cooled to -100°C with the electric field still applied.  

Lastly, the electric field was removed and the samples were short circuited and heated at 

a fixed rate to 100°C while the current was measured across the sample.  The electric 

field applied to the material in the second and third steps as well as the heating rate in 

step four were used as variables to the measurement. 
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Figure 65 - Schematic of the TSDC measurement technique. 
 
 
 TSDC is complimentary technique to dielectric spectroscopy and is used to map 

out equivalent relaxations.99  TSDC’s advantages lies in the ability to apply much higher 

electric fields and its lower equivalent frequency which is on the order of 1×10-3 and 

1×10-4 Hz for the materials measured here.  These low frequencies are often very difficult 

to measure using dielectric spectroscopy due to long measurement times and high 

conduction losses.  During the high temperature poling and subsequent cooling step, 

permanent dipoles and other charged species migrate in the material and are frozen in 

place in a charged state upon cooling.  By heating the materials at a controlled rate, the 

charged species are able to move once the minimum temperature associated with that 

relaxation is reached and attempt to neutralize electric field across the sample.  Heating in 

the TSDC technique enables the observations of long-time relaxations through a thermal 

activation process. 

 Current in TSDC is primarily caused by three mechanisms which are dipole 

reorientation, space charge limited drift, and diffusion of excess charges.100  Dipole 
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reorientation has a current release efficiency of 100% since the decay process doesn’t 

involve any charge neutralization.  The same cannot be said of the other two current 

producing mechanisms where current is caused by the motion of monopole charged 

species.  Current is only measured in TSDC when electrons move through the external 

ammeter to neutralize positive charges which can be holes or image charges.  When 

monopole charges are involved, neutralization can occur through the former mechanism 

or by recombination in the bulk of the material where no current would be measured.  As 

a result, release efficiencies can be less than 100% and give the appearance that charge is 

lost in the material.  This necessitates the careful interpretation of TSDC data especially 

where complicated relaxation processes are involved.  This is the primary reason why 

TSDC must be used in conjunction with traditional dielectric spectroscopy to identify 

relaxations. 

 The TSDC curves measured at a constant heating rate of 5°C/min and different 

electric poling fields are shown in Figure 66 for the 0.00 wt. % hybrid.  Three relaxations 

are identified in the temperature range of the figure.  The first is the βa relaxation 

associated with the amorphous relaxation of the glass transition and occurs at -28°C.  The 

location is this relaxation is in agreement with previous dielectric measurements.  

Additionally, the location of this relaxation falls in between other reported βa value from 

TSDC measurements for P(CTFE) at 2°C and P(VDF) at (-53)-(-73)°C.29,101,102  The βc 

relaxation between the amorphous and crystalline regions is centered around 9°C.  This is 

lower than the temperature reported from dielectric data which shows this peak around 

25°C measured at 100 Hz.  In P(VDF), this transition is recorded at 47°C for TSDC data 

and in the P(VDF-CTFE-TrFE) 78.8/14.0/7.2 mol%, which is similar in CTFE 
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composition to the hybrid copolymer, this transition is seen around 19°C for spectroscopy 

data at 100 Hz.29  As CTFE is added to P(VDF-CTFE), the βc transition moves to lower 

temperatures.  Since the TSDC measurement are at an equivalent 5 orders of magnitude 

lower frequency than the dielectric measurement at 100 Hz, it is not unreasonable that the 

βc transition could move to a lower temperature.  Finally, the γL peak at 36°C is a new 

one not present in the dielectric spectroscopy and is assigned to low temperature charge 

trap sites in the hybrid.  This peak only appears in the highest field of 20 MV/m 

indicating that the peak may be present at the lower fields, but requires a certain charge 

threshold in order to be observed in the TSDC curves. 
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Figure 66 - Positive TSDC curves for the 0.00 wt. % hybrid at a constant heating rate. 
 
 
 Figure 67 shows the negative TSDC curves measured for the 0.00 wt. % hybrid.  

These negative peaks are unusual for TSDC, but present for all the hybrids measured.  

The negative current in this figure indicates a reversal in the direction of the current 

where the current is flowing in the same direction as it was during the initial poling phase 
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of the measurement.  These negative peaks are called “anomalous” in some literature and 

are attributed to space charge movement.103  As mentioned before, space charge can move 

in the material either by drift or diffusion mechanisms where charges are driven by an 

electric field or concentration gradient respectively.  These two mechanisms having 

opposite vector directions as shown in  
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Equation 28 - Space charge movement by drift and diffusion. 
 
 
where J is the current density, ε is the permittivity, t is the time, F is electric field, x is 

distance, e is electronic charge, μ is carrier mobility, n is concentration, and D is the 

diffusion constant.104  Drift seeks to minimize electric field while diffusion seeks to 

evenly spread charge in a material.  The difference in direction and magnitude of charge 

mobility and diffusion constants gives rise to the anomalous currents.  When the hybrid is 

heated about 70°C, the trapped charges from the γL sites gain enough thermal energy to 

move by a diffusion mechanism and are responsible for the negative peaks.  The γS peak 

in Figure 67 is assigned to the movement of space charge and is identified by a peak that 

shifts its maximum peak temperature and changes in shape as a function of the poling 

electric field.105  The final peak occurring at 97°C is the δ peak and is assigned to melting 

and the release of all charges in the material. 
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Figure 67 - Negative TSDC curves for the 0.00 wt. % hybrid at a constant heating rate. 
 
 
 The full TSDC curves for the 0.00 wt. %  hybrid is shown in Figure 68 for a 

constant poling field of 10 MV/m and varying heating rate.  As the heating rate is 

decreased from 10 to 1°C/min, the intensity of the γS and the δ peaks decrease.  The 

reduction in the space charge is due to the increase in the time allowed for diffusion and 

the increased charge recombination for the longer measurements.  
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Figure 68 - Full TSDC curves for the 0.00 wt. % hybrid at a constant poling field. 
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 The positive TSDC curves for the 0.34 wt. % hybrids are shown in Figure 69.  All 

the relaxations present for the 0.00 wt. % sample are present with a few exceptions.  The 

first is a shift in the βc relaxation to approximately 25°C indicating an increased 

activation energy for this process when the material is crosslinked.  The second is a more 

prominent γL peak which doesn’t shift in temperature, but is much more prominent 

indicating a larger number of trap sites.  Lastly, a new peak at 48°C is assigned γH and is 

a high temperature trap site with an increased activation energy and attributed to 

additional traps created as the result of crosslinking in the hybrid. 
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Figure 69 - Positive TSDC curves for the 0.34 wt. % hybrid at a constant heating rate. 
 
 
 The negative peaks of the 0.34 wt. % sample are shown in Figure 70.  The γS peak 

assigned to the release of space charge resides in the same place as the 0.00 wt. % sample 

though the peaks here are broader.  The δ peak associated with charge release from 

melting is not present and appears to have shifted to higher temperatures.  As the material 
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is crosslinked, the crosslinks may act as barriers for diffusion requiring a higher energy 

and thus temperature to observe this melting transition charge release. 
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Figure 70 - Negative TSDC curves for the 0.34 wt. % hybrid at a constant heating rate. 
 
 
 Figure 71 summarizes all of the positive TSDC curves for the 0.00, 0.24, and 0.34 

wt. % samples measured at a 20 MV/m poling field and 5°C/min heating rate.  The 

complete curves for all three samples can be found in Appendix J.  The βa relaxation 

remains constant around -28°C for all the materials.  The activation energy can be 

calculated according to 

 

( )( )
kT
EATJ D −≈ln  

Equation 29 - Initial rise method for calculating the activation energy from TSDC data 
for an Arrhenius process. 
 
 
where JD is the current density, T is the temperature, A is a constant, E is the activation 

energy, and k is Boltzman’s constant.99  Alternatively, the activation energy can also be 

calculated using  
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Equation 30 - Graphical integration method for calculating the activation energy from 
TSDC data for an Arrhenius process. 
 
 
where τ relaxation time, t is the time, and τo is the pre-exponential factor.99  The 

calculated activation energies are 0.24 and 0.36 eV for the initial rise and graphical 

integration methods respectively.  The activation energy was also calculated from the 

imaginary part of the permittivity dielectric spectroscopy data using  

 

mkT
E

Aef
−

=  
Equation 31 - Activation energy for an Arrhenius process. 
 
 
where f is the frequency, and Tm is the temperature peak at that frequency.9  The 

calculated activation energy of 1.16 eV is higher than the energies calculated from the 

TSDC data.  One reason for this may be that the TSDC peaks for the βa transition may 

contain other relaxations making them too broad an effective evaluation of this 

parameter. 
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Figure 71 - Composite of the three hybrids at a constant heating rate and poling field. 
 
 
 The βc relaxation increases in temperature from 9 to 25°C with the increase of 

SiO2 content indicating an increasing activation energy.  The γL low temperature trap site 

remains unchanged in its location at 36°C for all the hybrids.  The γH higher temperature 

trap site is only present for the crosslinked hybrids and is located at 48°C indicating a 

deeper trap state in the materials with a higher activation energy.  The combination of the 

increased βc and γH in the crosslinked hybrids could be reasons behind the increased 

breakdown strength in the hybrid materials.  The presence of additional deeper traps site 

could reduce space charge movement resulting in the observation of lower losses seen in 

the high field displacement data for the some of the hybrids.  The lower losses mean 

lower power dissipation and support the thermal breakdown electrical breakdown 

mechanism.  The higher breakdown strengths at a certain loading of seen in Figure 59 

may be due to some optimization of the microstructure that is presently not observed. 

 



 

144 
 

CHAPTER 6 - CONCLUSION 
 
 
Summary of the Results 
 
 
 The properties of several new fluoropolymer systems were explored in this 

dissertation and their energy storage properties were explored for applications as 

capacitor dielectrics.  The important parameters in determining the energy density of a 

capacitor dielectric are the permittivity and the electrical breakdown strength which 

where both explored in this dissertation.  The work began with the introduction of a novel 

synthetic method of producing VDF based fluoropolymers.  This method involves a two 

step procedure beginning with the copolymerization of VDF and CTFE to produce the 

copolymer P(VDF-CTFE).  The second step selectively hydrogenates the CTFE units to 

TrFE by means of a fully quantitative reaction to produce the terpolymer P(VDF-CTFE-

TrFE).  This two step procedure has several advantages over the traditional direct 

copolymerization of VDF, CTFE, and TrFE including precise control over the final 

terpolymer chemical composition.  Using this novel procedure, approximately 50 

different chemical compositions of low molecular weight copolymers based on this new 

synthetic method were produced and the resulting properties were studied. 

 Examining the chemical structure of the terpolymers revealed that the new 

synthetic method produced polymers containing a large amount of tail to tail defects 

originating in the initial VDF and CTFE copolymerization and continuing through to the 

final terpolymers.  For an example terpolymer produced through the method presented 

here and direct copolymerization, it was found the almost none of the VDF to TrFE 

linkages in the new synthetic method existed in the head to tail tacticity arrangement 
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whereas 9% existed in this arrangement for the direct terpolymerization.  The effects of 

the high number of tail to tail defects became apparent when comparing the properties of 

the polymers produced by the two methods.   

 The thermal properties of the polymers showed that the melt temperatures 

increased as the amount of TrFE increased for a fixed amount of VDF implying an 

increase in crystallinity.  The melt temperature also increased with the amount of VDF in 

the polymers while holding the other monomers constant again implying increasing 

crystallinity.  The Curie transition temperature was also found to decrease as the amount 

of CTFE increased at a fixed amount of VDF showing that this parameter could be 

controlled through chemical composition. 

 The crystal structure could be controlled through the chemical composition.  

Crystallinity decreased with increasing amounts of CTFE for fixed amounts of VDF and 

increased for increasing amounts of VDF with the other parameters fixed.  The crystal 

phase varied with chemical composition changing from the α to γ to β phase as the 

polymers were hydrogenated from P(VDF-CTFE) to P(VDF-TrFE). 

 All of the changes in crystallinity and crystal phases altered the dielectric 

properties of the polymers.  By varying the chemical composition, the permittivity of the 

polymers could be changed from a low value of about 10 to a high value of 50 measured 

at 1 kHz with losses remaining below 10%.  High permittivities were obtained at 

optimized terpolymer compositions where the correct amount of ferroelectric crystal 

phases and overall crystallinity lead to high polarizability in the samples.  Dielectric 

spectroscopy of a grouping of polymers with a fixed amount of VDF and changing ratios 

of CTFE and TrFE showed the gradual change of normal to relaxor ferroelectric behavior 
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and the characteristic relaxations associated with the change.  Finally, a phase diagram 

mapping the paraelectric to ferroelectric transition in the P(VDF-TrFE) copolymers 

revealed shifted phase lines compared to the direct copolymerization of these two 

monomers illustrating again the effect of the tail to tail tacticity defects. 

 The electrical breakdown mechanisms of the fluoropolymers were explored 

beginning with the study of a P(VDF-CTFE) system.  In this study, the molecular weight 

was varied at a constant composition to study its effect on the electrical breakdown 

strength.  An emulsion polymerization method was used and proved successful in 

increasing the molecular weight five-fold compared to the solution method.  A low 

crystallinity composition of P(VDF-CTFE) was used to minimize any crystallinity 

influence on breakdown strength while keeping most other properties identical for 

testing.  The only significantly differing properties were the mechanical properties which 

improved as the molecular weight increased.  Electrical breakdown was tested on three 

different molecular weights of copolymers at three different temperatures.  At room 

temperature, an electromechanical breakdown mechanism was found to be responsible 

for failure and was verified through the use a new model incorporating the measured 

yield stress of the polymers.  At -35°C below the glass transition temperature of the 

copolymer, a thermal breakdown mechanism was found to be responsible for the failure.  

This was verified through the application of an impulse thermal breakdown model 

incorporating various measured parameters to accurately predict the breakdown strengths.  

At an intermediate temperature of -15°C, a combination of the thermal and 

electromechanical mechanisms was found to operate. The energy density of the 

copolymer system was calculated for each of the copolymers at each of the three 
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temperatures.  Energy density was found increase 123% across all the temperatures as the 

molecular weight was increased and 77% across all the molecular weights as the 

temperature was lowered from 25°C to -35°C.  Despite the reduction in permittivity at 

low temperatures, the permittivity of the copolymers continued to increase due to the 

increase in electrical breakdown strength. 

 The breakdown mechanism of a more complicated system of fluoropolymers with 

constant molecular weight and VDF content, and varying chemical composition was 

studied combining the synthetic strategies from the previous works.  This system 

presented an additional challenge due to the fact that the properties of the polymers 

changed with chemical composition.  A high molecular weight polymer was used in this 

study based on the increased breakdown strength observed in the molecular weight study.  

Like the low molecular weight terpolymers, the crystallinity and melt temperature were 

found to increase as the amount of TrFE increased in the material.  The crystal phase also 

changed from the paraelectric α phase to the ferroelectric γ and β phases as the amount of 

TrFE increased in the polymer.  The permittivity showed a maximum at an intermediate 

hydrogenation also confirming the low molecular weight results. 

 Electrical breakdown in the composition study was attributed to an 

electromechanical breakdown mechanism at 25°C.  For polymers with a high amount of 

CTFE, the Maxwell stress dominates the electromechanical stress due to the low 

crystallinity and moduli of the materials.  At low amounts of CTFE or high amounts of 

TrFE, both the Maxwell and electrostrictive stresses contribute to the electromechanical 

stress due to the high crystallinity of these materials.  The origin of the electrostrictive 

stress is a crystal phase change that occurs under high electric field and can be significant 
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depending on chemical composition.  The electrostrictive stress thus has a negative effect 

on the breakdown strength and must be considered for ferroelectric samples.  Energy 

density was found to saturate at high amounts of TrFE due a combination of increasing 

breakdown strength and deceasing polarizability with increasing TrFE. 

 Finally, the electrical breakdown performance in a novel SiO2-P(VDF-CTFE) 

hybrid system was explored.  The materials where produced using a copolymer made 

with a functionalized silane initiator and sol-gel process.  A study of the microstructure of 

the hybrids revealed that all the materials had identical crystallinities and crystallized in 

the α phase.  The presence of nanoparticles was not detected in TEM images, but 

elemental analysis revealed the presence of uniformly dispersed silicon indicating a finer 

dispersion of SiO2 in the hybrids.  An increase in permittivity was observed in the 

crosslinked hybrids despite the inclusion of the lower permittivity SiO2 particles which 

was attributed to dipolar motion from free hydroxyl groups.  Electrical breakdown 

strength increased 34% over the base polymer at an intermediate amount of SiO2 wt. % of 

0.34.   Mechanical testing showed that an electromechanical breakdown model over 

predicted the breakdown strength.  High electric field displacement measurements 

revealed a minimum in the loss of the hybrids around the 0.34 wt. % region implicating 

that thermal breakdown is the failure mechanism due to electrical power dissipation by 

heat.  TSDC measurements confirmed these results showing that crosslinking introduces 

a high temperature charge trap sites that reduced space charge in the material.  An energy 

density of 20 J/cm3 at 500 MV/m was demonstrated in a hybrid material containing 0.43 

wt. % SiO2 showing that these hybrid materials hold the potential for achieving a high 

energy density with further work. 
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Suggested Future Work 
 
 

The work in this dissertation focused on exploring the breakdown mechanisms in 

vinylidene fluoride based fluoropolymers.  Future work in this area should continue to 

examine the breakdown mechanisms as well as ways for improving breakdown strength 

through optimization of the materials. 

 The electrical breakdown behavior at low temperatures should be explored for a 

wider range of chemical compositions of the copolymers.  It was shown that the 

breakdown strength and the resulting energy density increased as the temperature was 

lowered despite reductions in the permittivity.  Testing at temperatures lower than -35°C 

may reveal different operable breakdown mechanisms.  Additionally, the breakdown and 

energy storage behavior of terpolymers compositions may be especially interesting given 

their high room temperature permittivities and their unique crystal phases and how these 

properties translate at low temperatures.  While cooling may not be practical for all 

capacitor applications, it may worthwhile for some specialty applications where this can 

be provided.  Long term degradation testing would also be useful for determining how 

applicable these fluoropolymers are for capacitor applications.  Voltage endurance 

measurements can determine the performance of these dielectrics in DC applications 

where a capacitor may be charged for an indefinite amount of time before discharging. 

 Many of the electrical properties measured in this worked where taken using  low 

electric fields where the maximum fields were below 0.1 MV/m.  For the fluoropolymers 

used here, three regimes of electric field intensity can be identified.  A low field regime, 

where the fields are below 0.1 MV/m, is useful for basic characterizations where the 
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polymers behave as linear dielectric materials.  A medium electric field regime from 0.1 

to 10 MV/m is useful for probing the materials at higher fields, but for still in the linear 

regime for most fluoropolymers.  Finally, a high electric field regime extending from 10 

MV/m to the breakdown strength covers the range where the fluoropolymers will 

transition to nonlinear dielectric behavior.  The medium and high field regimes are 

probably the most interesting for examining the electrical properties, but difficult to 

access due to voltage limitations on most characterization equipment.  For a typical 

thickness of ten micrometers, which would be somewhere between the thicknesses 

produced in a laboratory and  industrial setting, a voltage of 5000 volts would be 

necessary for measurement at 500 MV/m.  Thinner films less than a micrometer thick 

could be produced through vapor deposition processes or spin coating reducing the 

voltage requirements, but the these methods introduce microstructural differences 

between them and the thicker films.  The typical voltages produced by most 

characterization equipment is limited to less than 100 volts and in some cases, 1000 volts. 

 One particular useful measurement would be high electric field dielectric 

spectroscopy.  This technique would be similar the high field electric displacement 

measurements, but enable the direct analysis of the complex permittivity.  At various 

points in this dissertation, discrepancies were discovered between measured low and high 

electric field measurements and this technique could bridge that gap.  Ultimately, the 

high field properties are the most important since any actual energy storage capacitor 

would be operated in this electric field range.  Interesting new relaxations could be 

present at high fields not seen at lower ones.  However, this technique would not be 

without its challenges.  Any measurement at a given frequency would have to be cycled a 
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few times before a steady-state response was achieved.  The associated loss in the 

fluoropolymers, which can be significant at low electric fields, would only magnify at 

higher fields.  As mentioned before, loss is dissipated as heat making thermal breakdown 

a constant concern.  In addition to measuring the complex permittivity, the raw current 

and voltage output data could be analyzed to track current and energy storage in the 

samples. 

 A detailed study into the conduction mechanisms of the fluoropolymers is 

recommended.  As shown in the last chapter, when conduction due to space charge was 

reduced, an increase in breakdown strength was achieved.  In any capacitor dielectric, 

one would like to minimize the DC conductivity to minimize loss when the device is in 

the charged state.  This conduction is also manifested in AC operation as current that 

responds in phase with the electric field to produce AC losses.  Conduction at high 

electric fields should be a special focus where contributions can come from a number of 

sources with the most important probably being electrode charge injection and chemical 

species ionization. 

 Finally, optimizing materials whether by chemical or structural means could lead 

to improvements in breakdown strength and energy density.  In the last chapter, 

crosslinking lead to a limited increase at a certain level, but could perhaps be enhanced 

with a higher crosslinking density.  Additional structural modifications such as different 

crosslinking agents and orientation of the polymer chains through mechanical stretching 

could lead to improvements. 
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APPENDIX A:  THERMAL PROPERTIES OF THE HYDROGENATED 
POLYMERS 

 
For the tables here, ‘-‘ denotes that the quantity was not observed. 
 

                    Heating
mol(%)             °C            J/g

VDF CTFE TrFE Tc Tm ΔHc ΔHm

73.6 0.00 26.4 106 160 1.31 29.0
73.6 6.70 19.7 - 125 - 18.8
73.6 10.4 16.0 - 106 - 15.7
73.6 13.5 12.9 - 87 - 12.1
73.6 20.0 6.40 - 54 - 6.90  

 
                    Heating

mol(%)             °C            J/g
VDF CTFE TrFE Tc Tm ΔHc ΔHm

75.5 0.00 24.5 107 154 3.47 29.0
75.5 9.30 15.2 - 117 - 6.64
75.5 15.2 9.30 - 76 - 11.6
75.5 17.2 7.30 - 57 - 7.50
75.5 21.0 3.50 - 39 -  

 
                    Heating

mol(%)             °C            J/g
VDF CTFE TrFE Tc Tm ΔHc ΔHm

78.8 0.00 21.2 98 152 7.44 28.3
78.8 6.00 15.2 46 113 2.36 17.3
78.8 14.0 7.20 23 79 1.56 12.7
78.8 15.8 5.40 23 66 0.95 8.57
78.8 16.2 5.00 23 64 0.98 7.55  

 
                    Heating

mol(%)             °C             J/g
VDF CTFE TrFE Tc Tm ΔHc ΔHm

79.2 0.00 20.8 97 147 8.28 25.7
79.2 7.60 13.2 54 118 3.01 18.1
79.2 10.9 9.90 38 100 3.21 16.3
79.2 13.6 7.20 36 88 2.29 12.1
79.2 15.6 5.20 29 76 1.09 10.9  
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                      Heating
mol(%)           °C            J/g

VDF CTFE TrFE Tc Tm ΔHc ΔHm

79.7 0.00 20.3 96 150 8.11 28.9
79.7 7.10 13.2 53 115 3.14 17.9
79.7 12.0 8.30 33 82 1.33 12.8
79.7 14.8 5.50 36 74 0.77 10.7
79.7 15.3 5.00 33 73 1.04 11.3  

 
                    Heating

mol(%)             °C            J/g
VDF CTFE TrFE Tc Tm ΔHc ΔHm

80.5 0.00 19.5 97 149 10.5 28.2
80.5 6.90 12.6 56 116 5.19 19.8
80.5 10.8 8.70 43 83 1.84 12.3
80.5 12.5 7.00 43 86 2.17 12.0  

 
                    Heating

mol(%)             °C            J/g
VDF CTFE TrFE Tc Tm ΔHc ΔHm

81.2 0.00 18.8 97 148 12.9 28.6
81.2 7.20 11.6 69 120 6.06 21.0
81.2 11.8 7.00 51 92 2.31 15.1
81.2 12.1 6.70 51 90 1.60 13.8
81.2 16.2 2.60 - 65 - 11.9  

 
                    Heating

mol(%)             °C            J/g
VDF CTFE TrFE Tc Tm ΔHc ΔHm

84.4 0.00 15.6 102 146/124 15.2 45.6
84.4 4.60 11.0 67 123/95 10.9 32.7
84.4 9.20 6.40 - 110/100 - 21.0
84.4 10.6 5.00 - 105/95 - 20.5
84.4 13.5 2.10 - 99/84 - 14.8  
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APPENDIX B:  DIELECTRIC PROPERTIES OF THE HYDROGENATED 
POLYMERS 
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Room temperature permittivity and loss tangent versus frequency for the 73.6 VDF mol% 
polymers. 
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Room temperature permittivity and loss tangent versus frequency for the 75.5 VDF mol% 
polymers. 
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Room temperature permittivity and loss tangent versus frequency for the 79.2 VDF mol% 
polymers. 
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Room temperature permittivity and loss tangent versus frequency for the 79.7 VDF mol% 
polymers. 
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Room temperature permittivity and loss tangent versus frequency for the 80.5 VDF mol% 
polymers. 
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Room temperature permittivity and loss tangent versus frequency for the 81.2 VDF mol% 
polymers. 
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Room temperature permittivity and loss tangent versus frequency for the 84.4 VDF mol% 
polymers. 
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Temperature varying dielectric properties for the P(VDF-CTFE-TrFE) 78.8/16.2/5.0 
mol%. 
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Temperature varying dielectric properties for the P(VDF-CTFE-TrFE) 78.8/15.8/5.4 
mol%. 
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Temperature varying dielectric properties for the P(VDF-CTFE-TrFE) 78.8/14.0//7.2 
mol%. 
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Temperature varying dielectric properties for the P(VDF-CTFE-TrFE) 78.8/6.0/15.2 
mol%. 
 



 

166 
 

0

20

40

60

80

100

120

0 50 100 150

ε'

Temperature (°C)

0.1 kHz
1 kHz
10 kHz
100 kHz
1000 kHz
0.1 kHz
1 kHz
10 kHz
100 kHz
1000 kHz

H
ea

tin
g

C
oo

lin
g

 

0

5

10

15

20

25

30

35

40

45

50

0 50 100 150

ε"

Temperature (°C)

0.1 kHz
1 kHz
10 kHz
100 kHz
1000 kHz
0.1 kHz
1 kHz
10 kHz
100 kHz
1000 kHzH

ea
tin

g
C

oo
lin

g

 
Temperature varying dielectric properties for the P(VDF-CTFE-TrFE) 78.8/0.0/21.2 
mol%. 
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APPENDIX C:  WEIBULL PLOTS FOR THE P(VDF-CTFE) 78.4-21.6 MOL% 
COPOLYMERS 
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Weibull plot at 25°C for the P(VDF-CTFE) copolymers. 
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Weibull plot at -15°C for the P(VDF-CTFE) copolymers. 
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Weibull plot at -35°C for the P(VDF-CTFE) copolymers. 
 

-35°C -15°C 25°C
Mn (kg/mol) α (MV/m) β α (MV/m) β α (MV/m) β

136 339 2.35 187 2.86 170 4.34
164 422 3.15 269 2.44 188 5.31
294 438 2.44 312 4.11 244 9.59  

Summarized calculated parameters for the Weibull plots of the copolymers at the three 
different temperatures. 
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APPENDIX D:  DERIVATION OF THE TEMPERATURE VERSUS ELECTRIC 
FIELD EQUATION 

 
Terms 
V - voltage 
R - voltage ramp rate 
t - time 
E - electric field 
d - thickness 
C - heat capacity 
D - density 
σ - conductivity 
T - temperature 
Ts - starting temperature 
To - ambient temperature 
σo, g, a, - constants 
 

 Voltage as a function of rate and time 
1 RtV =  
 Definition of electric field 

2 
d
VE =  

 Take derivative of (1) 
3 ( ) ( )RtdVd =  
 Substitute (2) into (3) 
4 ( ) ( )RtdEdd =  
 Solve for dt 

5 dE
R
ddt ⎟

⎠
⎞

⎜
⎝
⎛=  

 Impulse thermal breakdown 

6 2),( EET
dt
dTCD σ=⎟

⎠
⎞

⎜
⎝
⎛  

 Conductivity as a function of electric field and temperature 
7 ( )[ ]oo TTagE −+= expσσ  
 Substitute (7) into (6) 

8 ( )[ ] 2exp ETTagE
dE
dT

d
CDR

oo −+=⎟
⎠
⎞

⎜
⎝
⎛ σ  

 Rearrange temperature and electric field terms 

9 ( )( ) ( ) dEEgEdTTTa
d

CDR
oo

2expexp σ=−−  

 Integrate both sides 

10 ( )( ) ( )∫∫ =−−
E

o

T

T o dEEgEdTTTa
d

CDR
s 0

2expexp σ  
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 T as a function of electric field solved for the integrated equation 

11 ( ) ( ) ( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−+

⎪⎭
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APPENDIX E:  WEIBULL PLOTS FOR THE 73.6 MOL% VDF POLYMERS 
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Weibull plot at 25°C for the 73.6 mol% VDF polymers. 
 

VDF CTFE TrFE α β
(mol%) (MV/m)

73.6 22.5 3.9 101 (±3.14) 5.29
73.6 17.2 9.2 205 (±6.65) 5.10
73.6 14.5 11.9 234 (±2.15) 17.99
73.6 8.1 18.3 261 (±2.72) 15.84
73.6 7.1 19.3 271(±5.22) 8.56
73.6 0.0 26.4 353 (±2.41) 24.3  

Weibull constants at 25°C for the 73.6 mol% VDF polymers. 
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APPENDIX F:  DERIVATION OF THE ELECTROSTATIC MAXWELL STRESS 
 

Terms 
F - force 
q -  charge (assumed constant) 
E - electric field 
W - energy 
V - voltage 
s - thickness (assumed constant) 
U - energy density 
A - area 
σ - stress 
 

 Force on a charge 
1 qEF =  
 Derivate of force 
2 qdEEdqqdEdF =+=  
 Stored energy of the charge 
3 ∫= qdVW  
 Derivative of electric field 

4 
s

dVV
s

d
s

dVdE =⎟
⎠
⎞

⎜
⎝
⎛+=

1  

 Solve 4 for dV 
5 sdEdV =  
 Energy density related to stress by equations 2, 3, and 5 

6 σ==== ∫∫ A
dF

As
sqdE

As
WU  
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APPENDIX G:  CONSTANTS FOR THE ELECTROMECHANICAL STRESS 
CALCULATIONS 

 
VDF CTFE TrFE Q Y

(mol%) m4/C2 (MPa)
73.6 7.10 19.3 8 400
73.6 0.00 26.4 2.5 730

Constants for the electromechanical stress calculations. 
 
Taken from references: 
 
Cheng, Z.-Y.; Bharti, V.; Xu, T.-B.; Xu, H.; Mai, T.; Zhang, Q.M..  Electrostrictive 
poly(vinylidene fluoride-trifluoroethylene) copolymers. Sens. Actuators, A 2001, 90, 138-
147. 
 
Serrado Nunes, J.; Kouvatov, A.; Mueller, V.; Beige, H.; Brandao, P. M.; Belsley, M.; 
Moreira, M. V.; Lanceros-Mendez, S.. Piezoelectric and Optical Response of Uniaxially 
Stretched (VDF/TrFE) (75/25) Copolymer Films.  Materials Science Forum  2006, 514-
516, 945-949. 
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APPENDIX H:  THERMAL PROPERTIES OF THE SIO2-P(VDF-CTFE) 
HYBRIDS 
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DSC heating curve for the SiO2-P(VDF-CTFE) hybrids. 
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DSC cooling curve for the SiO2-P(VDF-CTFE) hybrids. 
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APPENDIX I:  ELECTRICAL BREAKDOWN DATA FOR THE SIO2-P(VDF-
CTFE) HYBRIDS 
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Weibull plot for the SiO2-P(VDF-CTFE) hybrids at 25°C. 

 
SiO2 α β

(wt.%) (MV/m)
0.00 222 (±7.73) 4.75
0.24 214 (±8.24) 4.28
0.34 297 (±5.61) 8.76
0.43 250 (±4.13) 10.0
0.56 261 (±6.65) 6.47
0.88 234 (±4.64) 8.49
1.52 257 (±4.54) 9.36
3.38 244 (±6.42) 6.28

Computed Weibull constants for the SiO2-P(VDF-CTFE) hybrids at 25°C. 
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APPENDIX J:  THERMALLY  STIMULATED  DISCHARGE  CURRENT  DATA  
FOR  THE  SIO2-P(VDF-CTFE) 
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TSDC curves for the 0.00 wt. % hybrid at a constant heating rate of 5°C/min. 
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TSDC curves for the 0.00 wt. % hybrid at a constant poling rate of 10 MV/m. 
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TSDC curves for the 0.24 wt. % hybrid at a constant heating rate of 5°C/min. 
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TSDC curves for the 0.24 wt. % hybrid at a constant poling rate of 10 MV/m. 
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TSDC curves for the 0.34 wt. % hybrid at a constant heating rate of 5°C/min. 
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TSDC curves for the 0.34 wt. % hybrid at a constant poling rate of 10 MV/m. 
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