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ABSTRACT
Capacitors possess high-power densities and have the ability to deliver energy
with short discharge times, which are in the micro-second to nano-second range. Both
energy and power density are related to the dielectric materials used in the capacitor. One
of the main challenges for capacitors is achieving high energy density as determined by
the relative permittivity and dielectric breakdown strength of a material. Polymers are
some of the most important dielectric materials for high-power capacitors because
polymer films show high breakdown strength. A general trend in polymers is that the
breakdown strength increases with decreasing temperature. An understanding of the
temperature dependence relationships among electrical properties, polymer chemistry,
and crystalline structure may lead to improved energy storage for polymer-based
capacitors—this is the basis of the thesis.
Various polymers including polypropylene (PP), polyimide (PI), polymethyl
methacrylate

(PMMA),

poly(vinylidene

fluoride-trifluoroethylene-

chlorotrifluoroethylene) terpolymer (p(VDF-TrFE-CTFE)) were investigated in this study.
Electrical properties of the polymers including low-field (<1X10-3MV/mm) permittivity
(εr), dielectric loss (tanδ), high-field (>1MV/cm) permittivity, and dielectric breakdown
strength will be discussed. Temperature dependence of low-field permittivity, dielectric
loss, and dielectric breakdown in the polymers is also presented. The electrical properties
of the polymers have been investigated over a temperature range from -196°C to 170°C.
Breakdown strength (EBr) of all the polymers was found to decrease with increasing
temperature. Maximum energy per unit volume (Evol) of the various polymers at
maximum breakdown strength is also introduced using relative permittivity.
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Chapter 1
Introduction
There are many energy-storage components including batteries, supercapacitors,
electrolytic capacitors, and solid-state capacitors. These components possess different
power and energy densities as depicted in Figure 1.1. Fuel cells and batteries exhibit
high-energy densities with low-power densities. Capacitors possess high-power densities
with low-energy densities. The ability of short discharge times below 0.01 seconds in
solid-state capacitors results in a high-power density [1]. Capacitor components have the
highest power density among all of the devices shown in Figure 1.1. Supercapacitors rely
on charge transport through liquid media and have higher energy densities than solidstate capacitors. The supercapacitors use special electrodes, including high-surface-areaactivated carbons, metal oxides, and conducting polymers [2]. Electrolytes including
aqueous and/or organic may also be used for electrolytic capacitors [2]. One of the
disadvantages of supercapacitors in relation to solid-state capacitors is the low cell
voltages of the supercapacitors [3]. Solid-state capacitors are used for sources of charge
switch devices, AC/DC power conversion, etc., [4]. The primary limitation for solid-state
capacitors is energy density, which is significantly lower than other energy storage and
conversion devices. As stated, solid-state capacitors offer high-power densities as shown
in Figure 1.1.

2

5
10
4
10
3
10
2
10
1
10
010

Energy Density (J/kg)

106
5

100s

Batteries

1s

4

Super Caps

0.01s

3

Electrolytic Solid
Capacitors State

2

Caps

1

01

12
10

23
34
4
10
10
105

5

6

106 107

Power Density (W/kg)
Figure 1.1: Power density vs. energy density for various energy storage components.
Capacitors possess high-power densities as a result of a short discharging time [1]
There are several important material parameters for assessing dielectrics including
permittivity (ε), DC resistivity (ρ), dielectric loss (tan δ), and temperature stability. The
capacitance, loss, and resistance values are directly related to the dielectric material’s
properties. Capacitance is related to the dielectric permittivity when a dielectric is located
between parallel electrodes, and the capacitance is given in Equation 1.1.

C = ε rε o

A
d

Equation 1.1

where, εo is the permittivity of free space (8.8542 X 10-12 F/m), A is the effective area of
the dielectric, and d is the thickness of the dielectric.
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The loss tangent, tanδ, is defined by the real part of the complex relative
permittivity, εr’, and the imaginary part of the complex relative permittivity, εr”, as stated
in Equation 1.2. Undesirable dielectric heating increases with increasing dielectric loss.
tan δ =

εr"
εr '

Equation 1.2

Insulation resistivity (ρ) is related to the DC resistance (R), thickness, and area of
the dielectric, as expressed in Equation 1.3.

ρ=

RA
d

Equation 1.3

The insulation resistivity, ρ, and the dielectric permittivity, ε, are fundamental material
parameters. DC resistance and capacitance can be expressed as a dimensionless quantity
using dielectric permittivities and insulation resistivity, as given in Equation 1.4.
RC = ε r ε o ρ

Equation 1.4

A dielectric shows various polarization mechanisms including interfacial,
orientational, ionic, and electronic polarizations. The real and imaginary parts of the
complex relative permittivity are dependent on frequency as depicted in Figure 1.2.
Dielectric permittivity displays a decrease when a polarization mechanism is induced at a
frequency. Dielectric loss shows the highest value when polarization frequency is the
same as lattice vibration frequency because energy is dissipated by the lattice vibration
[5].

εr''

ε r'

4

Frequency (Hz)
Figure 1.2: Frequency dependence of dielectric permittivity. Dielectric permittivity (εr') and
loss (εr'') are affected by frequency [5]
Examples of P-E behavior are given in Figure 1.3. If an electric field is applied to
a linear dielectric material such as polymers, e.g., polypropylene or polyimide, the
polarization-electric field (P-E) will show a linear response as depicted in Figure 1.3 (a).
The dielectric displacement is directly proportional to the applied electric field. The
integrated triangular area is related to the stored energy in the dielectric. If an electric
field is applied to a ferroelectric material, a polarization will remain after removing the
electric field and P-E will show a hysteretic non-linear response like (b). Relative
permittivity (εr) of a material is indicated from a slope of P-E as given in Equation 1.5.

P = ε oε r E

Equation 1.5

The dielectric loss (tanδ) over the charge/discharge cycle is related to the area
within the hysteresis loop. Ferroelectric materials show higher dielectric loss than linear
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dielectric materials due to the higher dipole moment of the ferroelectric materials. The
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Figure 1.3: P-E of (a) a linear dielectric material and (b) a ferroelectric material that
exhibits a hysteretic non-linear response
The energy density (Ue) of a capacitor is the integrated area of P-E. The energy
density is expressed in Equation 1.6.

U e = ∫ EdD

Equation 1.6

The maximum energy stored per unit volume (Evol) is related to dielectric
permittivity and breakdown strength (EBr) as given in Equation 1.7.

1
1
1
2
E vol = ε o ε r E Br ≅ CVm2 ×
Ad
2
2

Equation 1.7

where, Vm is the maximum voltage, A is the area of the capacitor plates, and d is the
separation of the capacitor plates.
Energy density comparisons in relation to dielectric permittivities and the electric
field of various dielectrics are depicted in Figure 1.4. High-energy density can be
achieved by increasing the relative permittivity or the dielectric breakdown strength of a
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material. Polymer dielectrics generally have lower permittivity than ceramic dielectrics,
e.g., TiO2 and BaTiO3. Polymer dielectrics including PP (polypropylene) and PMMA
(polymethyl methacrylate) possess relative permittivity values in the 2 to 4 range. In
order to achieve energy densities in excess of 5J/cc, dielectric breakdown fields would
have to exceed 5X108 V/m.
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Figure 1.4: Comparison of energy density for various dielectric materials for high-power
capacitors. Energy density is limited by dielectric permittivity and the electric field due to
breakdown strength of a material. 1) biaxially oriented PP, 2) modified poly(vinylidene
fluoride) polymer, 3) titanium oxide dielectric, 4) antiferroelectric/ferroelectric phase
switch ceramic, 5) PP film capacitor, 6) PVDF film capacitor, 7, 8) ceramic capacitors, 9)
commercial polymer film power capacitor [6]
Polymers are some of the most important dielectric materials for high-power
capacitors. Polymer films show high breakdown strength as shown in Figure 1.4. A
general trend in polymers is that breakdown strength increases with decreasing
temperature. The strong dependence on temperature is depicted in Figure 1.5 for standard
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polymer dielectrics. Polar polymers including PVA (polyvinyl alcohol), PMMA
(polymethyl methacrylate), and PVC-Ac (polyvinyl chloride-acetate) exhibit a strong
temperature dependence in regard to dielectric breakdown strength than non-polar
polymers including PS (polystyrene), LDPE (low-density polyethylene), and PIB
(polyisobutylene). Some polymers show an abnormal change in breakdown strength with
changing temperature. An understanding of the relationships among temperature
dependence, polymer chemistry, and crystalline structure may lead to improved energy
storage for polymer-based capacitors—which is the basis of this thesis.

Figure 1.5: Temperature dependence of electric strength in polymer dielectrics. The
electric strength increased with decreasing temperature [7]
In the following chapters, various polymers including polypropylene (PP),
polyimide (PI), polymethyl methacrylate (PMMA), poly(vinylidene fluoridetrifluoroethylene-chlorotrifluoroethylene) terpolymer (p(VDF-TrFE-CTFE)) were
investigated in this study, and the temperature-dependent dielectric properties and
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breakdown strengths will be introduced. Low-field (<1X10-3MV/cm) permittivity (εr) and
dielectric loss (tanδ) of the polymers with changing temperature were calculated from
capacitance measurements. High-field permittivity (>1MV/cm) was calculated from
dielectric displacement measurements. Dielectric breakdown data of the polymers was
statistically analyzed using Weibull distribution. Temperature dependence of dielectric
breakdown in the polymers will be discussed. Various breakdown mechanisms in relation
to temperature were also studied and related to polymer chemistry and structure,
including temperature-related phenomena. It is carried out to evaluate potential uses of
polymer dielectrics in high-energy capacitors.
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Chapter 2
Dielectric Breakdown in Polymer Dielectrics

2.1 Introduction
Polymers are generally excellent dielectric materials for high-voltage energy
storage. As with all dielectrics, however, there are limitations in voltage and the electric
field in which dielectric breakdown occurs. Solid-state materials are damaged
permanently and a continuous conducting path is formed when dielectric breakdown is
introduced. Dielectric breakdown of solids is affected by molecular structure, defects,
properties of electrodes, temperature, conditions of atmosphere, and applied frequency,
etc., [1]. In addition, dielectric breakdowns under DC and/or AC fields vary significantly.
Understanding the fundamental dielectric breakdown of polymers is difficult
because of the large number of mechanisms as depicted in Figure 2.1. The particular type
of mechanism is governed by time to breakdown. For example, in electrochemical
breakdown, water trees develop through a kinetically limiting chemical reaction that may
take many days. Partial discharge from voids takes place in the time frame of seconds to
an hour, and it is caused by discharge in a weak area of the dielectric as shown in Figure

2.2.
The focus of this thesis is the short-term dielectric breakdown (< 0.1 second) in
which intrinsic, avalanche, thermal, electromechanical breakdown mechanisms are
relevant [1]. Most of the polymers in this study have breakdown strengths exceeding
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1MV/cm, and the thermal, electromechanical, and intrinsic breakdown mechanisms are
the most relevant.

10

Intrinsic

Breakdown Strength

Avalanche

Electromechanical

1MV/cm

Internal
Discharges and
Electrical Trees

Thermal
100

Water
Trees
10

1kV/cm
1ns

1μs

1ms

1s

1min 1hr 1day1mo 1yr 10yrs

Time to Breakdown

Figure 2.1: Mechanisms of time to breakdown and breakdown strength (EBr) when
breakdown occurs [1]

E

E

(a)

(b)

Figure 2.2: Partial discharge when an electric field is applied to (a) a void of a dielectric
material, and (b) a crack between the dielectric material and a metallic electrode [1]
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2.2 Electrical Breakdown Mechanisms
Many potential dielectric breakdown mechanisms of polymers depend on intrinsic
and extrinsic aspects of the dielectrics [1]. Intrinsically, the band gap and bond strength
are important material properties. Extrinsic defects that create free electronic or ionic
charge reduce the breakdown field from intrinsic values. Mechanical properties also play
a role in determining dielectric breakdown strength. This section will summarize the most
important mechanisms for high-quality polymers for pulse-power capacitor applications.

2.2.1 Electronic Breakdown
Electronic breakdown processes generally involve the acceleration of free
electrons that gain sufficient energy to ionize a host atom within the dielectric material.
The high-energy free electrons are available from the conduction band or injected from
the metal contact. For both intrinsic and avalanche breakdown processes, high-electric
fields will generate free electrons and give energy to them in an electronic breakdown
process.

2.2.1.1 Intrinsic Breakdown
A power balance governs electron energy and, therefore, ultimately controls
intrinsic breakdown. Free electrons gain energy in a high-electric field and lose their
energy by electron-phonon scattering [2]. Breakdown occurs if the rate of energy gain
exceeds the rate of energy loss. This mechanism is intrinsic breakdown. Additional
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electron energy-loss mechanisms include inelastic collisions by defects and scattering
between electrons, which are not considered in the intrinsic power balance [2].
A power balance in intrinsic breakdown is quantified by Equation 2.1 and
Equation 2.2. The power balance is related to the energy gain and loss of electrons [2].
A(E, T, α)=B(T, α)

Equation 2.1

where A is the rate of energy gain, B is the rate of energy loss, E is the applied electric
field, T is temperature, and α is electron energy bands.

A=

JE
n

Equation 2.2

where J is the current density (J=σE, σ is electrical conductivity) and n is the number of
free electrons. The rate of energy gain is dependent on the applied electric field. J and n
are dependent on temperature. The general power balance equation is given in Equation

2.3.
1
dT
=
(σE 2 + κ∇ 2T )
dt C p D

Equation 2.3

where Cp is specific heat, D is density, and κ is thermal conductivity. Breakdown does
not occur if dT/dt=0 at T<Tc (Tc is the critical temperature). But, if either dT/dt=∞ or
T=∞ or T=Tc breakdown will occur [2].
Von Hippel regarded a single average electron in the conduction band as
sufficient to explain intrinsic breakdown [3]. The interaction between electrons was
neglected in the theory. An electron gains energy from the applied electric field. The
gained energy is dissipated to the lattice by electron-phonon scattering. Breakdown is
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introduced when the energy gain is higher than the energy loss, which is due to lattice
collisions [2].
In most experimental results, electric strength decreases as temperature increases.
For example, this behavior is shown in amorphous or impure solids that have additional
electron energy states. Those solids have centers that can increase electron scattering [3].
Electrons are in the trap band (ΔE), which is exited under the conduction band as
depicted in Figure 2.3 [2]. Electron–electron collisions occur between trapped electrons
in the trap band and conduction band. Trapped electrons in the trap band are coupled to
conduction electrons because of inter-electron collisions. These trapped electrons
influence energy loss. This behavior contributes to the decrease of electric strength with
increasing temperature, which, in turn, increases electron energy. This theory can be
applied to amorphous or impure materials because those materials have centers that
increase electron scattering [3].

Figure 2.3: Fröhlich’s energy band model. It is assumed that a trap band is directly below
a conduction band [2]
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In the energy-loss process, electron temperature (Te) has to be higher than the
lattice temperature (To). The breakdown field is defined with temperature as given in
Equation 2.4 [2].

E br =

⎛ ΔE
exp⎜⎜
ΔE
⎝ 2kTe
c

⎞
⎟⎟
⎠

Equation 2.4

where c is a constant defined by Fröhlich that is related to the frequency of lattice
scattering, ΔE is the bandwidth of shallow trap states, and k is the Boltzmann constant.
This theory predicts that electric strength decreases as temperature increases. For
polymer dielectrics, polar groups and defects increase electric strength at low temperature
because they act as additional traps [2]. Co-monomers in co-polymers also increase
electric strength because co-monomers act as electron traps that decrease high-field
conductivity [2]. Ieda explained the increase of electric strength in co-polymers.
Polyethylene is co-polymerized with PBPM (pentabromophenyl methacrylate), TBPM
(tribromophenyl methacrylate). These halogen co-monomers act as electron traps.
Electric strength increases with decreasing high-field conductivity because of the action
of co-monomers [2].

2.2.1.2 Avalanche Breakdown
Avalanche breakdown is a general mechanism of dielectric breakdown. A free
electron of a dielectric has enough energy to collide with other electrons or ionize an
atom when a high-electric field is applied [1]. The electron moves from the valence band
to the conduction band when the energy applied to the electron is higher than the band-
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gap energy [1]. This phenomenon affects an avalanche breakdown, which allows electric
current to flow continuously.
Electrons with high energy collide with a bound electron. A pair of free electrons
is produced through this process. This pair of free electrons yields two more pairs of free
electrons when it gains enough energy from the applied electric field. The density of free
electrons increases with repetition in the yields of the free electrons. The increase of free
electrons leads to very high local energy loss as a result of local lattice collapse [2].
Avalanche breakdown occurs by a continuous increase of conduction electrons
before breakdown. Zener (1934) introduced the theory of field emission critical field
strength. Probability per unit time (Pvc) that an electron moves from the valence band to
the conduction band is calculated by the field emission critical field strength theory [3].

⎛ β⎞
Pvc = γE 10 / 3 exp⎜ − ⎟
⎝ F⎠

β = 4 × 10 7 ×

3
m*
× I
m

Equation 2.5

Equation 2.6

where E is the electric field, F is the critical field strength, m* is the effective mass at the
bottom of the conduction band, and I is the ionization energy. The probability per unit
time (Pvc) is dependent on the electric field.
The avalanche breakdown mechanism has the characteristic that breakdown
strength of a polymer dielectric increases as the thickness of the polymer dielectric in the
low-temperature region decreases [4]. Ieda obtained experimental results that can support
avalanche breakdown in low-density polyethylene (LDPE) films at liquid nitrogen
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temperature [5]. The breakdown strength of the LDPE films increased with decreasing
thickness of the films as depicted in Figure 2.4.

Figure 2.4: Thickness-dependent DC breakdown strength in LDPE films at -196°C [5].
○: blank, ⊙: 1wt% pyrene doped, ●: 1wt% AS-1 doped

2.2.2 Thermal Breakdown
Thermal and electrical conductivities in solids are important parameters that
govern thermal breakdown. Insulators have a finite resistivity that leads to Joule heating
(I2R). The electrical conductivity increases with temperature, thus increasing Joule
heating.
If heat in a material is not removed sufficiently, temperature and electric current
rapidly increase until electrical discharge occurs. Materials can be melted and corroded
physically and chemically at a certain point with increasing temperature that the thermal
conductivity decreases with temperature. Local dielectric breakdown at high temperature
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causes global dielectric breakdown resulting in the creation of a conducting channel
between electrodes [1]. Heat generation that introduces thermal breakdown is dependent
on time, and thus breakdown strength depends on time to breakdown in the applied
electric field [1]. For example, Pyrex at 70°C shows 9 MV/cm of breakdown strength
when the applied electric field is not continued above 1ms. The breakdown strength,
however, is 2.5 MV/cm if the electric field is applied longer than 30 seconds [1]. Thermal
breakdown depends on heat transfer, time, and temperature.
Thermal breakdown can be related to destructive breakdown and thermal runaway.
First, the mechanical properties of a dielectric material change with temperature. These
changes result in a decrease in a material’s breakdown strength. This process is called
destructive breakdown. Second, an increase of thermal and electrical conductivities, and a
dissipation of electrical power in the dielectric material result in an increase of
temperature. The increase of temperature causes thermal runaway [2].
The temperature of a polymer dielectric increases by Joule heating resulting from
increasing an electric field. The increase of thermal conduction results in an increase of
current in the polymer dielectric. Thermal runaway results from the increase in current
[6]. The thermal runaway consequently exhibits thermal breakdown, and breakdown
strength of the polymer dielectric decreases with increasing temperature [6]. Hikita et al.
obtained data showing that polyimide (PI) can support thermal breakdown at 90°C. PI
displayed a rise in current before breakdown as a function of time backward from
breakdown as shown in Figure 2.5 [6].

Log (I (A))
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PI
90°C

Log (TB (s))
Figure 2.5: Time backward from breakdown dependence of current before breakdown of PI
at 90°C [6]

2.2.3 Electromechanical Breakdown
A dielectric material experiences a compressive stress between electrodes when
an electric field is applied because of an electrostatic force resulting from opposite
charges of the electrodes as shown in Figure 2.6. The pressure increases and thickness
decreases with increasing applied field. The dielectric material receives more stress with
decreasing thickness, and finally, dielectric breakdown will occur. This process can
generate heat and increase the temperature of the dielectric material. Heat lowers the
mechanical stability of the dielectric material. In addition, the mechanical breakdown
occurs when cracks grow under the influence of high stress. In addition, some polymers
have poor electromechanical breakdown properties. For such polymers, a decrease in
operating temperature is needed to avoid electromechanical breakdown [1].
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Figure 2.6: Electrostatic force is induced between electrodes when an electric field is
applied to the electrodes [1]
Prior to the electromechanical breakdown of a dielectric material, an equilibrium
situation exists in which the dielectric material between electrodes is compressed
mechanically. An attractive force (F) is introduced as a function of electrostatic energy.
This force is related to the thickness of the dielectric material and applied voltage as
displayed in Equation 2.7.
∂ ⎛1
⎛ ∂U ⎞
⎞
F =⎜
⎟ =
⎜ CV 2 ⎟
⎝ ∂d ⎠ v ∂d ⎝ 2
⎠v

Equation 2.7

where U is the energy stored in the system, C is the parallel-plate capacitance of the
dielectric material, and V is the constant applied voltage. Next, the electrostatic energy is
equated to the mechanical strain energy as given in Equation 2.8.

ε oε r ⎛ V ⎞

2

⎛d ⎞
⎜ ⎟ = Y ln⎜ o ⎟
2 ⎝d ⎠
⎝ d ⎠

Equation 2.8
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⎛d ⎞
ln⎜ o ⎟
ε oε r ⎝ d ⎠
2Y

V =d

Equation 2.9

where εo is the permittivity of free pace, εr is the relative permittivity, V is the applied
voltage, Y is Young’s modulus of elasticity, do is the initial thickness of the dielectric
material, and d is the decreased thickness after applying voltage. The left term of
Equation 2.8 is the electrostatic compressive stress, and the right term is the opposing
elastic stress [2]. Young’s tensile modulus is given in Equation 2.10.

Y=

Δσ
dΔσ
=
Δd / d
Δd

Equation 2.10

where Δσ is the tensile stress increment, Δd is the increase of sample length, and d is the
extended sample length. The stress for a linear elastic material, σ, is expressed by
Equation 2.11.

σ=

d

1

d

∫ d dd = ln d

do

Equation 2.11

o

The instability of mechanical balance is obtained once the thickness in the applied
electric field is 60% of initial thickness [3]. Mechanical breakdown occurs when a
normalized thickness, d/do, is below 0.6 with voltage applied. A critical electric stress
(Ec) is given in Equation 2.12.

Ec =

Y

ε oε r

Equation 2.12

The highest apparent breakdown strength (EBr) is expressed in Equation 2.13.
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E Br =

Vc
Y
d
=
E c ≈ 0.6
ε oε r
do do

Equation 2.13

Stark and Garton (1955) explored this failure mechanism in polyethylene.
Young’s modulus and breakdown strength in irradiated polyethylene showed a small
decrease with increasing temperature when compared with normal polyethylene [7]. The
irradiation may be capable of reducing the extent to which breakdown strength decreases
with increasing temperature.
The low breakdown strength of rubbery materials is explained by Equation 2.13.
The rubbery materials such as polymers have low Young’s modulus resulting in low
breakdown strength. Most breakdowns in polymers occur by electromechanical
breakdown in the high temperature region [4]. A normalized thickness of the dielectric
materials, which is a function of normalized voltage, is depicted in Figure 2.7.

Normalized Thickness
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0.7

0.6
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0.4

0.5

Normalized Voltage

Figure 2.7: Normalized thickness of a rubbery material as a function of normalized
voltage [2]

23
Electromechanical breakdown is important in polymer dielectrics. The
electromechanical breakdown is dominant in the high-temperature region as shown in
Figure 2.8 [4]. The breakdown strength of the polymers decreases with increasing
temperature. The polymers soften with increasing temperature which is related to the
glass transition temperature, Tg. The polymers undergo a transition from a glassy state to
a plastic flow state with increasing temperature as displayed in Figure 2.8. The transition
is a function of the molecular motion of polymers. The relaxation modulus also decreases
with increasing temperature as depicted in Figure 2.9 [8]. It shows a rapid decrease at Tg.
The decrease of the breakdown strength in the polymers at a high temperature can be
related to an instability of mechanical balance [3]. Stark and Garton considered this
decrease of breakdown strength to be related to the electromechanical breakdown [3].
They showed that the mechanical strength of polymer dielectrics changed at a higher
temperature. An abnormal decrease of breakdown strength in the polymers above Tg is
shown at Tc2 as expressed in Figure 2.8. Tc2 may be related to the melting temperature of
the polymers. The relaxation modulus of polystyrene (PS) decreases again with
increasing temperature above a rubbery flow region as displayed in Figure 2.9. The
decrease of the relaxation modulus is continued with the approaching melting
temperature (~513K) of PS [9]. The decrease in the relaxation modulus may result in the
decrease of breakdown strength with increasing temperature above Tc2.

Breakdown Strength
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Figure 2.8: Outline of the temperature dependence of breakdown strength in linear
polymers [4]
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Figure 2.9: Five regions of viscoelasticity depending on temperature for polystyrene
(PS). Relaxation modulus of PS varies with temperature [8]
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2.3 Structure of Polymer Dielectrics

Polymers have different glass-transition temperatures (Tg) and degrees of
crystallinity. Studying these properties will be useful for understanding the thermal and
structural behaviors of the polymer dielectrics. General concepts regarding Tg and
crystallinity are introduced in this section. The breakdown strength of polymer dielectrics
as related to temperature, polarity, and cohesive-energy density are introduced.

2.3.1 Glass-transition Temperature

The glass-transition temperature (Tg) is an important factor to consider in starting
an investigation of a new material. Polymers undergo a transition from the glassy state to
the rubbery state with increasing temperature as shown in Figure 2.9. This transition
affects the properties of polymers. The transition is a function of the molecular motion of
polymers. Polymer chains move easily in the rubbery state. However, the movement
decreases with decreasing temperature because of insufficient thermal energy, which can
get over the rotational energy barriers in polymer chains [8]. At the glass-transition
temperature, the movement of polymer chains almost ceases. The relaxation modulus
increases rapidly with decreasing temperature [8].
The glass transition occurs in amorphous (or glassy) and semi-crystalline
polymers generally [10]. However, amorphous polymers exhibit this behavior to a greater
extent than do semi-crystalline polymers. Tg is difficult to determine in highly crystalline
polymers [11]. The motion of molecular chains decreases with decreasing temperature.
Stiffness, heat capacity, and the coefficient of the thermal expansion of the polymers
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change during the glass transition [10]. Differential scanning calorimetry (DSC) and
thermo mechanical analysis (TMA) are generally used to measure Tg.

2.3.2 Crystallinity

The extent of the crystallinity of polymers is determined by the degree to which
the molecular order is arranged by a packing of polymer chains, that is, the tighter the
arrangement of the polymer chains the greater the crystallinity. Polymer molecules twist
when molten because the polymer chains are flexible in that state. The polymer chains
become rigid with decreasing temperature due to the rearrangement of polymer
molecules with decreasing free volume. Crystallization of the polymers occurs if the
cooling time of the polymer molecules is long enough to rearrange the polymer
molecules [7]. However, amorphous states are introduced if the cooling time for
rearranging the polymer molecules is not long enough for this purpose. Partially
crystalline states will occur through this process. No polymers have 100% crystallinity.
The degree of crystallinity of most polymers ranges from 5% to 50% [7]. The
crystallization occurs above Tg because lower temperatures do not produce sufficient
chain movements [7]. The degree of crystallinity is ascertained by using specific volume
in the polymers. X-ray diffraction is also used to measure the degree of crystallinity by
comparing the area under crystalline and amorphous peaks. The degree of crystallinity
affects the mechanical properties of polymers. Broad secondary bonds are between chain
segments in the crystalline region [12]. The secondary bonds are much less dominant in
the amorphous region than in the crystalline region [12].
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2.3.3 Cohesive Energy Density related to Dielectric Breakdown in Polymers

There is a correlation between breakdown strength and cohesive-energy density
(CED) in polymers. The cohesive-energy density is expressed by Equation 2.14. The
cohesive-energy density indicates the binding force between molecular chains in the
polymers [2].

CED =

ΔH vap − RT

Equation 2.14

V

where ΔHvap is the heat of vaporization, R is the gas constant, T is temperature, and V is
the molar volume. Polar polymers show higher breakdown strength and cohesive-energy
density than non-polar polymers in Figure 2.10 because the polar polymers have strong
polar side groups, which induce a higher dipole moment than do the non-polar polymers.
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Figure 2.10: Correlation between breakdown strength and cohesive energy-density in
polar/non-polar polymers [2, 13, 14]
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Correlation between the cohesive-energy density and breakdown strength for lowdensity polyethylene (LDPE) with temperature is displayed in Figure 2.11. The cohesiveenergy density of LDPE increased with decreasing temperature [2]. The breakdown
strength of LDPE also showed an increase with decreasing temperature as discussed in
regard to the breakdown behavior of polymer dielectrics in Chapter 1 [2]. This behavior
indicates that the increase of breakdown strength with decreasing temperature in polymer
dielectrics can be related to cohesive-energy density.

Figure 2.11: Correlation between breakdown strength (Eb) and cohesive-energy density
(CED) with changing temperature for low-density polyethylene (LDPE). The solid line
indicates the cohesive-energy density, and the symbols define the breakdown strength [2]
In the next chapter, an experimental approach for investigating electrical
properties in polymer dielectrics including polypropylene (PP), polyimide (PI),
polymethyl methacrylate (PMMA), poly(vinylidene fluoride-trifluoroethylene-
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chlorotrifluoroethylene) terpolymer (p(VDF-TrFE-CTFE)) will be introduced. The
general properties of the polymers are presented. An experimental procedure for lowfield permittivity (εr) and dielectric loss (tanδ) at room temperature and as a function of
temperature is expressed. An experimental procedure for dielectric-displacement
measurements to calculate high-field permittivity is also introduced. Dielectric
breakdown measurements and mechanisms for maintaining temperature will be presented.
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Chapter 3
Experimental Approach

3.1 Introduction

The following polymers including polypropylene (PP), polyimide (PI),
polymethyl methacrylate (PMMA), and poly(vinylidene fluoride-trifluoroethylenechlorotrifluoroethylene) terpolymer (p(VDF-TrFE-CTFE) terpolymer) were used in this
study. The general properties of the polymers and experimental procedures for
investigating the electrical properties of the polymers will be introduced in this chapter.
The properties of the various polymers are summarized in Table 3.1. PP shows the
highest degree of crystallinity (40%–65%) with a relatively high melting temperature
(Tm=~165°C), breakdown strength (~6.4MV/cm), and relatively low glass-transition
temperature
(Tg=-17°C – -10°C). Electrically, PP possesses the lowest relative permittivity (εr=2.2–
2.3) and dielectric loss (tanδ<0.5%) at 1kHz. PI shows the highest Tg (260°C–270°C)
and Tm (350°C–400°C) with a relatively low degree of crystallinity (35%–50%). PI
exhibited a relatively low εr (~2.8) dielectric loss (<0.5%) at 1kHz, and breakdown
strength (~4.0MV/cm). PMMA displayed the highest breakdown strength (~10MV/cm)
with a relatively high Tg (~105°C), relatively high degree of crystallinity (25%–60%),
and relatively high dielectric loss (~5.5%). It also showed a relatively low Tm (130°C–
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140°C) and εr (~3.0). P(VDF-TrFE-CTFE) terpolymer exhibited the highest εr (~50) and
the highest dielectric loss (~10%) due to its higher dipole moment. The terpolymer
displayed a relatively low Tm (40°C–160°C) with the lowest Tg (-20°C – -10°C), lowest
degree of crystallinity (15%–50%), and lowest breakdown strength (1.0–3.5MV/cm). The
properties of the terpolymer varied with various compositions.
Table 3.1: General properties of various polymers including PP, PMMA, PI, and p(VDFTrFE-CTFE) terpolymer [1-16]
Polymer
Polypropylene
Polyimide
Polymethyl methacrylate
P(VDF-TrFE-CTFE) terpolymer
Polymer
Polypropylene
Polyimide
Polymethyl methacrylate
P(VDF-TrFE-CTFE) terpolymer
Polymer

Tg (°C)
-17 – -10
[6]
260–270
[17]
~105
[6]
-20 – -10
[4]

Tm (°C)
~165
[6]
350–400
[18]
130–140
[6]
40–160
[4]

Tensile Strength (MPa)
29–39 [6]
~230 [1]
~80 [6]
~400 [2]

Crystallinity
(%)

Relative
Permittivity
(εr at 1kHz)
40–65 [6, 12] 2.2–2.3 [6]
35–50 [7, 9] ~2.8 [19]
25–60 [6]
~3.0 [6]
15–50 [13]
~50 [5]

Dielectric Loss
( tanδ at 1kHz, %)
<0.5 [16]
<0.5 [11]
~5.5 [6]
~10 [4]

Polypropylene

Breakdown
Strength (MV/cm)
~6.4 [20]

Molecular Weight
(Mw X 10-5 g/mol)
1.5–3 [6]

Polyimide

~4.0 [21]

1–5 [14]

Polymethyl methacrylate
P(VDF-TrFE-CTFE) terpolymer

~10 [8]
1.0–3.5 [15]

5–20 [10]
0.5–2 [13]

Polarity
Nonpolar
NonPolar
Polar
Polar
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In this chapter, the material selection, film preparation, and experimental
procedure for electrical property measurements including temperature dependence for
breakdown will be discussed.

3.2 Materials

3.2.1 Polypropylene (PP)

Thin film polypropylene is commonly used as a dielectric for capacitors. PP
shows high performance for pulsed power with low dielectric loss, high insulation
resistance, and long-term stability [22]. There are three kinds of polypropylene including
isotactic, atactic, and syndiotactic as introduced in 3.3.1.4. The melting temperature is
around 165°C, which is relatively high for polymers as shown in Table 3.1 [6]. The
glass-transition temperature ranges from -17°C to -10°C [6]. The isotactic PP has higher
crystallinity (40%–65%), breakdown strength (~6.4MV/cm) than other polymers as
shown in Table 3.1 [6]. Isotactic PP shows low dielectric loss (tanδ) at below 0.5% at
1kHz [6]. The monomer of PP is compounded with 2 carbons, 3 hydrogens, and 1 methyl
group as depicted in Figure 3.1. Orientations of the methyl groups in PP chains define
tacticity. PP is a non-polar polymer. The methyl groups in PP induce a low dipole
moment in molecules, resulting in a low relative permittivity (εr=2.2–2.3 at 1kHz).
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Figure 3.1: Chemical structure of PP. A methyl group is bonded with a carbon of a
propylene monomer. The orientation of the methyl groups defines tacticity in PP

3.2.2 Polyimide (PI)

Polyimide shows high-tensile strength and thermal stability as listed in Table 3.1.
Polyimide possesses high Tms (350°C –400°C) and Tgs (260°C –270°C), slightly higher
than other polymers [6]. Polyimide can be used for applications that require a high
operating temperature due to its high melting temperature. It exhibits a relatively lower
degree of crystallinity (35%–50%), and breakdown strength (~4.0MV/cm) [1, 7, 9]. The
chemical structure of polyimide is derived from polyamic acid (PAA) [23]. Phenyl
groups in PI induce a relatively high dipole moment in the molecule. The relatively high
dipole moment results in a large relative permittivity of PI.
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Figure 3.2: Chemical structure of polyimide (PI). The chemical structure of the polyimide
is derived from polyamic acid [23]

35
3.2.3 Polymethyl Methacrylate (PMMA)

Polymethyl methacrylate (PMMA) displays high heat resistance, rigidity, and
chemical resistance [22]. PMMA is used for an alternate glass because of high
transparency and impact strength. In the TFT-LCD (thin film transistor-liquid crystal
display) industry, PMMA is used as a light guide for backlights. The glass-transition
temperature of PMMA is around 105°C and its melting temperature is 130°C –140°C
[6]. PMMA shows relatively higher crystallinity (25%–60%) than other polymers as
shown in Table 3.1 [6, 8, 10]. It also exhibits the highest breakdown strength
(~10MV/cm). The dielectric loss of PMMA is slightly higher (~5.5% at 1kHz) than that
of other polymers except the p(VDF-TrFE-CTFE) terpolymer [6]. An MMA monomer
contains a methyl and a methacrylic group. P(VDF-TrFE-CTFE) terpolymer is a polar
polymer. The orientation of these groups defines the tacticity of PMMA chains as
shown in 3.2.1.3. PMMA is a polar polymer. Methacrylate groups in PMMA induce a
relatively high dipole moment in the molecule. The relatively high dipole moment
results in a higher relative permittivity for PMMA than that for PP.
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Figure 3.3: Chemical structure of polymethyl methacrylate (PMMA). A monomer of
PMMA contains a methyl and a methacrylic group. The tacticity of PMMA chains is
defined by the orientation of the groups
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3.2.4 P(VDF-TrFE-CTFE) Terpolymer

Poly(vinylidene fluoride-trifluoroethylene-chlorotrifluoroethylene) terpolymer is
an example of a ferroelectric polymer. The terpolymer was polymerized from the
poly(vinylidene fluoride-trifluoroethylene) copolymer, which is a semi-crystalline
polymer. The copolymer shows strong polarization originating from the spontaneous
orientation of dipoles [5]. Chlorotrifluoroethylene (CTFE) was added to the copolymer as
depicted in Figure 3.4. This terpolymer shows high relative permittivity (50 at 1kHz),
significantly higher than other polymers [3]. However, its dielectric loss is also very high
(10% at 1kHz) [3]. The high dielectric loss influences the relatively low breakdown
strength in terpolymer (1.0–3.5MV/cm) [15]. The dielectric properties are strongly
dependent on the change of the chemical composition in the terpolymer [5]. The
terpolymer also displays strong frequency dependence of relative permittivity and
dielectric loss—this is typical of relaxor ferroelectrics [3]. The degree of crystallinity
(15%–50%), Tg (-20°C – -10°C), and Tm (40°C –160°C) of the terpolymer can be varied
by changing the chemical composition in the terpolymer as presented in Table 3.1 [4, 5].
The chemical composition of the terpolymer was 78.8/7.2/14.0 (VDF/TrFE/CTFE) mol%
[24]. Fluorine and chlorine atoms induce a high dipole moment in the molecule [25].
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Figure 3.4: Chemical structure of p(VDF-TrFE-CTFE) terpolymer. CTFE is introduced
into the p(VDF-TrFE) copolymer. Properties of the terpolymer vary with changing
chemical composition
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The chemical composition of the p(VDF-TrFE-CTFE) terpolymer influences
breakdown strength. Claude et al. reported the TrFE concentration dependence of the
terpolymer’s breakdown strength as depicted in Figure 3.5 [15]. The breakdown strength
increased as the concentration of TrFE increased. The increase of the breakdown strength
was due to an increase of the degree of crystallinity as listed in Table 3.2, which gives
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Figure 3.5: TrFE concentration dependence of breakdown strength and storage modulus for
p(VDF-TrFE-CTFE) terpolymer [15]
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Table 3.2: Various compositions and degrees of crystallinity for p(VDF-TrFE-CTFE)
terpolymer [15]
Polymer
1
2
3
4
5
6

VDF
73.6
73.6
73.6
73.6
73.6
73.6

Composition (mol%)
TrFE
CTFE
3.9
22.5
9.2
17.2
11.9
14.5
18.3
8.1
19.3
7.1
26.4
0

Degree of Crystallinity (%)
14.4
17.1
18.0
24.2
28.6
35.4

3.3 Film Preparation

Several polymer films, presented above, were prepared so that their electrical
properties could be investigated. The thicknesses and drawings for the various polymer
films are summarized in Table 3.3. Only bottom electrodes were used for breakdown
measurements as depicted in Figure 3.6 (a). Top and bottom electrodes were used to
determine the relative permittivity, dielectric loss, and dielectric displacement
measurements as shown in Figure 3.6 (b). Circular electrodes 10mm in diameter were
deposited on top of the films for the measurements. The thickness of the electrodes was
50nm.
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Table 3.3: Thickness and electrode material for the various polymer films. The thickness
of electrodes was about 50nm
Polymer
Polypropylene

Thickness (μm)
12

Drawing
Yes (biaxially)

Polyimide

13

No

Polymethyl
methacrylate
P(VDF-TrFECTFE) terpolymer

20

Yes (from 50μm,
monoaxially)
No

20

Polymer Films

Thickness
PP: 12um
PI: 13um
PMMA: 20um
P(VDF-TrFE-CTFE): 20um

Circular Electrodes

Source
Electronic
Concepts, Inc.
Goodfellow
Corporation
Goodfellow
Corporation
Piezotech

10mm
50nm

50nm

Complete Electrodes
(a)

(b)

Figure 3.6: Electrode configurations for measurements of electrical properties including
(a) breakdown (b) relative permittivity, dielectric loss, and dielectric displacement

3.3.1 Polymer Films

As listed in Table 3.3, metalized 12μm thick isotactic PP films (Electronic
Concepts, P.O. Box 1278, Eatontown, NJ 07724, USA) were used to investigate electrical
properties. The PP films were biaxially stretched with one side of the film covered with
an aluminum layer.
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Kapton® Type HN polyimide films (Goodfellow Corporation, 305 High Tech
Drive, Oakdale, PA 15071, USA) were used in this study. The thickness of the films was
13 μm.
As received PMMA films (Goodfellow Corporation, 305 High Tech Drive,
Oakdale, PA 15071, USA) were 50μm thick. The films were monoaxially stretched to
about 20μm thick by using a zone-drawing machine.
The thickness of the p(VDF-TrFE-CTFE) terpolymer films was 20μm. The films
were synthesized at Piezotech (F. Bauer, PIEZOTECH S.A., 9 rue de Colmar, 68220
Hesingue, France). TRS Technologies (Edward F. Alberta, TRS Technologies, 2820 East
College Avenue, Suit J, State College, PA 16801, USA) produced the terpolymer films
through a solution casting method.

3.4 Relative Permittivity and Dielectric-Loss Measurements

Relative permittivity and dielectric loss were investigated by impedance
spectroscopy. A small AC voltage (~1V) was applied to the samples. The temperature
dependence of relative permittivity and dielectric loss were determined from -184°C to
180°C. Data were measured at different frequencies (1kHz, 10kHz, and 100kHz). A HP
4284A precision LCR meter and a HP 3478A digital multi-meter (Agilent Technologies,
Inc., 5301 Stevens Creek Blvd., Santa Clara, CA 95051) were used to calculate relative
permittivity and dielectric loss from the capacitance measurements. The temperature
dependence of relative permittivity and dielectric loss were also investigated in this study.
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Temperature was controlled by using a Delta design 9023 environmental test chamber
(Delta Design, Inc., 12367 Crosthwaite Circle Poway, CA 92064). The experimental
setup for relative permittivity and dielectric-loss measurements is depicted in Figure 3.8.

HP 3478A
Digital Multi Meter

HP 4284A
Precision LCR meter
Liq.
N2
Tank

Polymer
Films

Test Fixture
(with 8 holders)
Delta 9023
Environmental Test Chamber
Figure 3.7: Experimental setup for relative permittivity and dielectric-loss measurements
[26]

3.5 Dielectric-Displacement Measurements

The experimental setup for dielectric-displacement measurements is shown in
Figure 3.8. A mushroom holder was used for dielectric displacement (polarization)
measurements. It had a 5mm rounded copper dome used as the bottom electrode as
depicted in Figure 3.10. An electric field of 1.5MV/cm–6.5MV/cm was applied to the
various polymer films.
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Circuit Module
Insulating Liquids
Sample Holder
Polymer Film
Copper Electrode

V
TREK 30/20
High Voltage
Amplifier System
NESLAB RTE 740
Digital Temperature Controller

Figure 3.8: Experimental setup for dielectric-displacement and -breakdown measurements.
Temperatures were maintained for the breakdown measurements [27]
A modified Sawyer-Tower circuit was used to measure the dielectric
displacement, high-field permittivity, and dielectric loss [27, 28]. Charge (Q) was
calculated by measuring voltages across a dielectric (Q=CV). If the circuit is used for a
normal dielectric, a linear response will be shown [29]. The polarization is directly
related to the applied electric field (P=εoεrE). The equations and the plot related to the
dielectric displacement were introduced in Chapter 1. For ferroelectric materials,
polarization remained with an electric field [29]. The modified Sawyer-Tower circuit is
depicted in Figure 3.9.
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1.5MV/cm-6.5MV/cm
Room Temperature
10Hz

Figure 3.9: Modified Sawyer-Tower circuit at 1.5MV/cm–6.5MV/cm, 10Hz, and room
temperature. In P-E, a linear dielectric shows a linear response, and a ferroelectric material
exhibits a non-linear response [27, 29]

3.6 Breakdown Measurements

The experimental setup for the breakdown measurements is given in Figure 3.8.
Galden® heat-transfer fluids were used as an insulating liquid for breakdown
measurements at room temperature. Various insulating liquids were also used to maintain
temperature during breakdown measurements with temperatures as listed in Table 3.4. A
NESLAB RTE 740 digital temperature controller and liquid bath (Thermo Fisher
Scientific, Inc., 81 Wyman Street, Waltham, MA 02454), which included the heat
transfer fluid, was used to control temperature from -40°C to 170°C. The temperature
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controller was capable of controlling temperatures from -40°C to 200°C. The temperature
stability of the controller was ±0.01°C.
A Dewar vacuum bottle, cooling agents, and selected organic liquids were used to
decrease the temperature to below -40°C. The Dewar vacuum bottle was used to maintain
the low temperatures. Liquid nitrogen and dry ice were used as the cooling agents. The
organic liquids such as n-heptane, n-hexane, and n-pentane, as well as liquid nitrogen
were used. The decrease of temperature was controlled by the boiling point of liquid
nitrogen, the melting point of the organic liquids, and the sublimation point of dry ice.
Controlled temperature regions are summarized in Table 3.4.
Table 3.4: Insulating media for the investigation of temperature dependence of dielectric
breakdown in various polymer films. (BP: boiling point, MP: melting point, SP:
sublimation point) [30–32]
Temperature (°C)
-196
-150
-123
-98
-65
-40–170

Insulating Media
Liquid N2
iso-Pentane
n-Pentane
n-Hexane
n-Heptane
Galden® HT

Cooling Agent
Liquid N2
Liquid N2
Liquid N2
Liquid N2
Dry Ice
-

Maintaining Temp.
BP of Liquid N2
MP of iso-Pentane
MP of n-Pentane
MP of n-Hexane
SP of Dry Ice
Refrigerant
(SUVA® 404A)

There were two sample holders in breakdown strength measurements as depicted
in Figure 3.10. These holders were used to compare the holder shape effect on
breakdown strength. One holder was called a trough holder. It had a flat copper electrode
and a plastic spacer to separate the copper electrode on the holder from the polymer film.
The second holder was called a mushroom holder. It used a 5mm rounded copper dome
as the bottom electrode. Metallic electrodes, positioned on each side of the polymer films,
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were used as the top electrodes. Electrostatic attraction between the films and the bottom
electrode on the holders occurred at ~0.1MV/cm field (200–500V). High voltages (up to
30kV) were applied by a power supply, TREK 30/20 high-voltage amplifier system
(TREK Inc., 11601 Maple Ridge Road, Medina, NY 14103). A ramp rate of 500V/s was
used for all breakdown measurements. A high-electric field at 500V/s of ramp rate was
applied to the polymer films until breakdown occurred. All breakdown measurements
were performed 20 times at each temperature in order to obtain reliable data with Weibull
statistics.

Electrostatic Attraction
(~0.1MV/cm)
Top electrode

Polymer film
Spacer (plastic)
Copper electrode
(a)

Electrostatic Attraction
(~0.1MV/cm)
Top electrode
Polymer film
Copper electrode
(b)
Figure 3.10: Two sample holders including (a) trough holder and (b) mushroom holder used
for breakdown-strength measurements
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In the next chapter, the electrical properties of the various polymer films will be
discussed. Low-field permittivity and dielectric loss at room temperature and temperature
dependence of the permittivity and loss were studied. High-field permittivity at room
temperature was calculated from the dielectric displacement. The breakdown strength of
the polymer films was measured at room temperature, and the data were analyzed using
Weibull distribution. The temperature dependence of dielectric breakdown in the polymer
films will be also discussed.
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Chapter 4
Experimental Results and Discussion

4.1 Introduction

In this chapter, the electrical properties of several polymer films including
polypropylene (PP), polyimide (PI), polymethyl methacrylate (PMMA), and
poly(vinylidene fluoride-trifluoroethylene-chlorotrifluoroethylene) terpolymer (p(VDFTrFE-CTFE)), will be investigated. Low-field (<1X10-3MV/cm) permittivity (εr) and
dielectric loss (tanδ) were investigated as a function of frequency and temperature. Highfield (>1MV/cm) permittivity was calculated using dielectric displacement measurements.
The temperature dependence and level of breakdown strength were related to polymer
type and thermal-structural behavior.

4.2 Low Field Permittivity and Dielectric Loss

The low field (<1X10-3MV/cm) permittivity (εr) and dielectric loss (tanδ) of the
various polymer films at room temperature were calculated from capacitance
measurements. The properties will be presented in 4.2.1. The Temperature dependence of
the low-field permittivity and dielectric loss are discussed in 4.2.2.
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4.2.1 Relative Permittivity and Dielectric Loss at Room Temperature

The low-field permittivity (εr) and dielectric loss (tanδ) of the various polymer
films at room temperature are discussed in this section. Experimental results and the
reported values of the relative permittivity and dielectric loss in the polymer films at
room temperature at 1kHz are listed in Table 4.1. PP exhibited the lowest relative
permittivity of 2 among all the polymer films being close to the reported value of 2.2 [1].
The reported relative permittivities of PI and PMMA were approximately 3.4 and 3.0
respectively [2], being slightly higher than the experimentally determined values of 2.8
and 3.7. The difference could be related to different polymer characteristics including
molecular weight, crystallinity, etc. The reported value of relative permittivity was 50 for
the p(VDF-TrFE-CTFE) terpolymer [3], with the experimentally determined value of 50.
The dielectric losses of PP, PI, PMMA, and the p(VDF-TrFE-CTFE) terpolymer
were reported to be <0.5%, <0.5%, 5.5%, and 10% at 1kHz respectively [1–4]. PP and PI
experimentally displayed loss values below 0.5% at 1kHz—these were the lowest values.
PMMA exhibited a loss value of 4.0%. The p(VDF-TrFE-CTFE) terpolymer showed the
highest dielectric loss: 10% at room temperature at 1kHz.
The low-field permittivity and dielectric loss calculated from the capacitance
measurements were close to reported values as shown in Table 4.1. The dipolar
contribution can be estimated by subtracting the relative permittivity from the square of
the refractive index of a material. PMMA had significant low-frequency polarizability.
The relative permittivity and the dielectric loss increased with increasing polarity of the
polymers, PP<PI<PMMA<P(VDF-TrFE-CTFE) terpolymer.
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Table 4.1: Comparison of relative permittivity (εr) and dielectric loss (tanδ) for the
various polymer films at room temperature
Polymer

εr
at 1kHz
~2.0

Polypropyle
ne (PP)
Polyimide
~2.8
(PI)
Polymethyl ~3.7
methacrylate
(PMMA)
~50
P(VDFTrFECTFE)
terpolymer

tanδ
at 1kHz (%)
<0.5

Reported εr
at 1kHz
2.2–2.3 [1]

Reported tanδ
at 1kHz (%)
<0.5 [4]

<0.5

~2.8 [5]

<0.5 [6]

~4.0

~3.0 [1]

~5.5 [1]

~10

~50 [3]

~10 [7]

Refractive
Index (n)
1.5 (n2=2.3)
[1]
1.7 (n2=2.9)
[2]
1.5 (n2=2.3)
[1]
-

4.2.2 Temperature Dependence of Relative Permittivity and Dielectric Loss

The temperature dependence of the polymer films’ low-field permittivity (εr) and
dielectric loss (tanδ) were also calculated from capacitance measurements as determined
at various frequencies. PP displayed a slight decrease of relative permittivity with
increasing temperature up to around 50°C as shown in Figure 4.1 (a). The slope of the
relative permittivity in PP changed above 50°C. There was little effect in regard to the
thermal-expansion coefficient (αL) of PP. The relative permittivity slightly decreased
with the thermal-expansion coefficient. Schneuwly et al. reported a structural change at
around 50°C of PP using DSC (differential scanning calorimetry) measurements [8]. The
decrease of relative permittivity can be related to the structural change of PP. The
structural change will be discussed in 4.4.2. Methyl groups in PP chains induce a low
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dipole moment in the long chain molecule and might result in the low relative
permittivity over the wide temperature range. The dielectric loss of PP was below 0.5%
as displayed in Figure 4.1 (b).
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Figure 4.1: Temperature dependence of low-field (a) permittivity (εr) and (b) dielectric
loss (tanδ) of PP films
The temperature dependence of the low-field relative permittivity (εr) and the
dielectric loss (tan δ) of PI are illustrated in Figure 4.2. The relative permittivity slightly
decreased with increasing temperature.
A peak was observed in the relative permittivity of PI with a corresponding peak
in the dielectric loss at -40°C. Similar results have been reported by Melcher et al. in
which different water contents in PI were explored [9]. The reported magnitude of the
loss peak was proportional to water content and the loss peak. The loss peak attributed to
water-molecule rotation is coupled with hydrogen bonding to the PI chains [9].
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Figure 4.2: Temperature dependence of low-field (a) permittivity (εr) and (b) dielectric
loss (tanδ) in PI
The low-field permittivity (εr) of PMMA as a function of temperature and
frequency is shown in Figure 4.3 (a). The value of the low-field permittivity increased
with increasing temperature and decreasing frequency. The low-field permittivity of
PMMA is higher than that of PP and PI. As discussed in Chapter 3, PMMA has a polar
side-chain structure and its permittivity is expected to increase as chain-mobility
increases. The dielectric loss (tanδ) of PMMA at 1kHz in Figure 4.3 (b) has loss peaks at
0°C and 75°C. The low-temperature peak is related to side-chain motion (β-relaxation)
and the high-temperature peak is related to the back-bone motion (α-relaxation) [10].
Both α and β relaxations are temperature- and frequency-dependent up to the Tg of 105°C.
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Figure 4.3: Temperature dependence of low-field (a) permittivity (εr) and (b) dielectric
loss (tanδ) of PMMA
The temperature dependence of low-field permittivity (εr) and dielectric loss
(tanδ) of the p(VDF-TrFE-CTFE) terpolymer is depicted in Figure 4.4. The terpolymer
exhibited an increase in the relative permittivity and dielectric loss at around -10°C. This
could be related to Tg and a phase transition of the terpolymer. The relative permittivity
of the terpolymer was more dependent on temperature and frequency than that of other
polymers, as shown in Figure 4.4 (a). The terpolymer showed typical ferroelectric
frequency-dependent relaxor behavior. The relative permittivity of the terpolymer
strongly increased with increasing temperature up to around 40°C; it then decreased. The
maximum relative permittivity of the terpolymer was around 40–50. This ferroelectric
polymer showed much higher low-field relative permittivity than PP, PI, and PMMA.
The high relative permittivity is due to a high dipole moment that was induced by
fluorine and chlorine atoms in the terpolymer chains.
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The dielectric loss of the p(VDF-TrFE-CTFE) terpolymer was also strongly
dependent on temperature and frequency, as illustrated in Figure 4.4 (b). The dielectric
loss increased up to around room temperature, and then it decreased. The maximum
dielectric loss was about 45% around room temperature at 100kHz. The dielectric loss of
45% is very high for polymers. The frequency dispersion of the dielectric loss in the
terpolymer was also observed. The observed frequency dispersion of the terpolymer has
also been reported by Lu, Bauer, et al. [3, 11].
Relative permittivity and dielectric loss increased sharply at around -10°C with
increasing temperature. This can be related to β relaxation, which indicates a glass
transition of terpolymer chains in an amorphous phase [12]. The glass transition in the
amorphous phase and the reorientation of nano-clusters in a crystalline phase of the
terpolymer influences the increase of relative permittivity and dielectric loss at -10°C
[12].
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Figure 4.4: Temperature dependence of low-field (a) permittivity (εr) and (b) dielectric
loss (tanδ) of p(VDF-TrFE-CTFE) terpolymer
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4.3 High-field Permittivity

The high-field (>1MV/cm) permittivities (εr) of PP, PI, and PMMA films were
found at room temperature, as depicted in Figure 4.5. The polymers including PP, PI, and
PMMA exhibited linear dielectric behavior in regard to the polarization-electric field (PE). P(VDF-TrFE-CTFE) terpolymer films exhibited a relative permittivity with the
highest value of the various polymers. The higher relative permittivity of the terpolymer,
which is a ferroelectric polymer, was related to the non-linear response of the P-E. An
area within the P-E indicates dielectric loss (tanδ). The terpolymer displayed higher highfield dielectric loss with a larger area within the P-E than did other polymers. This
behavior was the same as shown in higher low-field dielectric loss of the terpolymer than
that of PP, PI, and PMMA in 4.2.1. This higher low-field dielectric loss may be the result
of the higher dipole moment induced by the fluorine and chlorine atoms in the terpolymer
than that derived from methyl, phenyl, and methacrylate groups in PP, PI, and PMMA.
The high-field results show that PP, PI, and PMMA are linear dielectrics and that
the energy density can be determined from Equation 1.7
( E vol =

1
1
1
ε o ε r E Br 2 ≅ CVm2 ×
). The p(VDF-TrFE-CTFE) terpolymer is a non-linear
2
2
Ad

dielectric and the energy density is defined by the relationship given in Equation 1.6
( U e = ∫ EdD ).
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Figure 4.5: Dielectric displacement of various polymer films including (a) PP, (b) PI, (c)
PMMA, and (d) p(VDF-TrFE-CTFE) terpolymer at room temperature

4.4 Dielectric Breakdown in Polymers

The breakdown strength of the various polymer films including PP, PI, PMMA,
and the p(VDF-TrFE-CTFE) terpolymer will be discussed in the following sections. The
confidence of measured data in the polymer films was estimated using Weibull
distributions. Breakdown strength in the polymer films will be introduced over a wide
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temperature range and related to the temperature dependence and structural/thermal
properties of the various polymers.

4.4.1 Dielectric Breakdown of Polymer Films at Room Temperature

The dielectric breakdown of the various polymer films was investigated at room
temperature. Trough and mushroom holders, as discussed in Chapter 4, were used to
investigate the effect of holder configuration. The results of the different holders were
found to be similar. All the breakdown measurements of the various polymer films were
done using the mushroom holder. PP exhibited a dielectric-breakdown strength of 7.6
MV/cm; this was the highest value among the polymers at room temperature as listed in
Table 4.2. PI and PMMA displayed relatively high breakdown strengths of 6.0 and 6.5
respectively, at room temperature. The p(VDF-TrFE-CTFE) terpolymer exhibited a
breakdown strength of 2.5 MV/cm, which was the lowest of all the polymers. All
investigated polymers showed similar breakdown strengths as compared to reported
values. Polar polymers generally display higher breakdown strengths than non-polar
polymers because of the former’s higher dipole moment [13]. However, PP, a non-polar
polymer, displayed the highest breakdown strength at room temperature. One of the
reasons for PP having the highest breakdown strength might be related to the
experiment’s use of electrodes: Aluminum electrodes were commercially deposited on
the PP films using evaporation at a low temperature (~ -10°C). On the other hand,
platinum electrodes were deposited on the other polymers using sputtering without
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cooling. The polymer films might be damaged during the sputtering. It is one possible
reason for the breakdown strength of PI and PMMA being lower than that of PP.
Table 4.2: Room temperature breakdown strengths of the various polymer dielectrics
Polymer
PP
PI
PMMA
P(VDF-TrFE-CTFE)
terpolymer

Breakdown Strength
(MV/cm)
7.6
6.0
6.5
2.5

Reported Breakdown
Strength (MV/cm)
~6.4 [8]
~4.0 [14]
~10 [13]
1.0–3.5 [15]

The breakdown strength of the polymer films was analyzed using Weibull
distributions to estimate the reliability and the quality of the polymer films [16].
The Weibull distributions of breakdown in the polymer films at room temperature are
depicted in Figure 4.6. The β value of PP was found to be much higher at room
temperature than that of the other polymers including PI, PMMA, and the p(VDF-TrFECTFE) terpolymer. The β value of PP was also relatively higher than that of other
samples over a wide temperature range. The high β value indicates little spread in data,
providing a high degree of confidence. The effect of the quality of contacts between the
Pt electrodes and the polymer films may have resulted in the lower β of the samples.
Breakdown data follow Gaussian distributions when the β value is 3. All the polymer
films showed higher β values than 3, and this can be considered as evincing a high degree
of reliability.
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Figure 4.6: Weibull distribution of breakdown in various polymer films at room
temperature including (a) PP, (b) PI, (c) PMMA, and (d) p(VDF-TrFE-CTFE) terpolymer

4.4.2 Temperature Dependence of the Breakdown Strength of Polymer Films

The breakdown strength of all the polymer films increased with decreasing
temperature. The decrease of breakdown strength with increasing temperature in
polymers is related to various dielectric breakdown mechanisms such as thermal,
electromechanical, free-volume, and electronic avalanche as discussed in Chapter 2 [13].
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More than one breakdown mechanism may affect dielectric breakdown [16]. A primary
goal of this work was to survey the temperature dependence of the dielectric breakdown
of a variety of polymers and to connect the breakdown behavior to structural changes.
The temperature-dependent dielectric-breakdown behavior of all of the polymers
is shown in Figure 4.9. The error bars on each plot (a, b, c, and d) are one standard
deviation, assuming a Gussian distribution. Weibull distributions with β>3.0 can be
approximated by a Gaussian distribution, and all of the data shown in Figure 4.6 have β
values greater than 5.0.
The dielectric breakdown at liquid nitrogen (liq. N2) temperature was explored for
PP, PMMA, and P(VDF-TrFE-CTFE). The breakdown was lower than or equal to the
next highest temperature for all breakdown tests at liquid nitrogen temperature as shown
in Figure 4.9. There were several challenges in dielectric breakdown testing with liq. N2.
First, the samples become very brittle, making problematic mechanical fracture under
electrostatic stress becomes more frequent. The mechanical failure is especially critical
for the mushroom holder. Second, bubbles were always observed in the liq. N2 and were
perhaps initiators for dielectric breakdown. Because of these potential effects, dielectric
breakdown at liq. N2 temperature will not be discussed.
The temperature dependence of breakdown strength for PP is shown in Figure 4.9
(a). The dielectric-breakdown data exhibited the smallest error among all the polymers,
and only subtle changes in the temperature-dependent dielectric breakdown behavior
were observed. For PP, there was a linear decrease of dielectric-breakdown strength with
temperature, except within the 50°C–100°C temperature range. The dip in breakdown
strength corresponds with a slight change in the relative permittivity above 50°C in

62
Figure 4.1. Schneuwly et al. also found that PP showed a slight change in breakdown
strength at 50°C. This slight change was investigated using DSC measurements and
considered that additives or other impurities may exist in the amorphous region of PP [8].
These additives can introduce additional free volume in an amorphous region of PP with
increasing temperature as polymer softens. This structural change in PP results in the
observed decrease in breakdown strength. The decrease in breakdown strength at 140°C
could be related to the melting point of PP, which is around 165°C. Electromechanical
breakdown may be dominant at this temperature. At temperatures (>140°C), PP films
become very soft and experience a compressive stress between electrodes. The pressure
increases and the thickness of the PP films decreases with increases in the applied electric
field. The PP films receive more stress and charges as the thickness of the PP films
decreases continuously. Finally, dielectric breakdown occurs.
The dielectric breakdown strength in PI from room temperature to 175°C is
shown in Figure 4.9 (b); the results are consistent with those of Kim et al., who reported
breakdown strength values of PI between 5 and 6 MV/cm [14]. In the case of PI, a slight
change in breakdown occurred around 130°C as shown in Figure 4.9 (b), being well
below the glass-transition temperature (Tg=230°C–260°C). The increase of the
breakdown strength in PI below room temperature has been reported by Kim et al.; it was
found to be independent of temperature up to 27°C [14]. The results of this thesis show
no change in breakdown strength up to 100°C. The decrease in dielectric-breakdown
strength between 100°C and 130°C is statistically significant, based on our analysis of 20
samples per temperature. The result is surprising because no significant structural or
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dielectric changes occurs at below 200°C [9]. The dielectric data in Figure 4.2 (b)
suggests that water is entrained in the PI structure, which may influence properties above
100°C. Fujita et al. reported differential scanning calorimetry (DSC) data of PI with
various water contents as shown in Figure 4.7 [17]. Data for all the water contents
showed a thermal absorption peak at around 110°C, which corresponds with the decrease
in breakdown strength for PI [17]. The water content in PI decreased with increasing time
to dry, giving a lower peak of thermal absorption in DSC [17]. Thermogravimetric
analysis (TGA) data for the PI samples used in this research is displayed in Figure 4.8.
The data also exhibited a change in weight percent for PI at around 100°C. These results
indicate that water continues to evolve from the PI until around 100°C; the results also
support the decrease in breakdown strength of PI at around 100°C. It is speculated that
there is a rapid removal of water from the PI as it is immersed in the dielectric fluid at
high temperature for the breakdown test. The rapid evolution of water will have a

DSC (mW/mg)

significant impact on the structure and dielectric breakdown strength of PI.

Temperature (°C)

Figure 4.7: Differential scanning calorimetry (DSC) data for PI with various water
contents [17]
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Figure 4.8: Thermogravimetric analysis (TGA) data for PI which shows a change in
weight percent with changing temperature
The breakdown strength of PMMA was investigated as a function of temperature.
Large error bars were found for temperatures <0°C as shown in Figure 4.9 (c); this was
attributed to sample handling and the brittle nature of the polymer. PMMA shows an
increase in the dielectric breakdown strength as temperature increases from -150°C to
-100°C and then there is a monotonic decrease in the breakdown strength as the
temperature increased to 75°C. The decrease in breakdown strength with increasing
temperature could be related to α and β relaxations, which corresponded with that of
dielectric loss for PMMA. Among all of the polymers, PMMA exhibited the highest
breakdown strength in the low-temperature region in this study.
The breakdown strength of the p(VDF-TrFE-CTFE) terpolymer increased with
decreasing temperature as with the other polymers. The terpolymer showed a change in
breakdown strength at around -10°C, as presented in Figure 4.9 (d). This could be related
to Tg and a β relaxation of the terpolymer, which occurs in the range of -20°C to -10°C.
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Breakdown strength decreased at around -100°C with decreasing temperature for
PP, PMMA, and the p(VDF-TrFE-CTFE) terpolymer, as shown in Figure 4.9 (a), (c), and
(d). This decrease could be related to brittleness of the polymers, which generally
increases with decreasing temperature. Electrostatic attraction between the brittle
polymers and the curved copper-dome electrode on the mushroom holder might cause
cracks in the polymer films. The cracks, in turn, could result in a decrease in breakdown
strength.
12

12

Polypropylene (PP)

10
9
8
7
6
5
4

Polyimide (PI)

11

Breakdown Strength (MV/cm)

Breakdown Strength (MV/cm)

11

10
9
8

S. Kim’s Data [14]

6
5
4
3

3

2

2
-200

-150

-100

-50

0

50

100

-200

150

-150

-100

-50

0

50

100

150

o

o

Temperature ( C)

Temperature ( C)

(a)

(b)
12

12

Polymethyl methacrylate (PMMA)

10
9
8
7
6
5
4

P(VDF-TrFE-CTFE) terpolymer

11

Breakdown Strength (MV/cm)

11

Breakdown Strength (MV/cm)

Experimental Data

7

10
9
8
7
6
5
4
3

3

2

2
-200

-150

-100

-50

0

50
o

Temperature ( C)

(c)

100

150

-200

-150

-100

-50

0

50

100

150

o

Temperature ( C)

(d)

Figure 4.9: Temperature dependence of breakdown strength in various polymer films
including (a) PP, (b) PI [14], c) PMMA, and (d) p(VDF-TrFE-CTFE) terpolymer. Circles
(○) indicate breakdown data using liquid nitrogen
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4.5 Energy Density

Maximum energy per unit volume can be calculated using Equation 1.7
( E vol =

1
ε o ε r E Br 2 ). The energy densities of the various polymers at maximum
2

breakdown strength (EBr) are listed in Table 4.3. PMMA showed the highest energy
density because of it had the highest breakdown-strength value at -95°C. In the linear
polymer dielectrics, PMMA, a polar polymer, exhibited higher energy density than the
non-polar polymers, PP and PI. This result shows that higher energy density can be
achieved from higher polar polymers.
Table 4.3: Maximum energy density of various polymers at the maximum breakdown
strength
Polymer
Polypropylene
Polyimide
Polymethyl
methacrylate
P(VDF-TrFECTFE) terpolymer

εr at 1kHz
2.0
2.8
2.8

Max. EBr (MV/cm)
9.0 at -98°C
6.0 at RT
11 at -95°C

Max. Evol (J/cm3)
7.2
4.5
15

4.0

4.0 at -63°C

2.8
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Chapter 5
Conclusion and Future Work

5.1 Conclusion

The electrical properties of several polymer films including polypropylene (PP),
polyimide (PI), polymethyl methacrylate (PMMA), poly(vinylidene fluoridetrifluoroethylene-chlorotrifluoroethylene), and terpolymer (p(VDF-TrFE-CTFE)) were
investigated. The results are summarized in Figure 5.1.
The results shown in Table 5.1 reveal some trends in the dielectric permittivity
and breakdown data. First, the relative polarity of the polymers can be qualitatively
compared. Guided by the discussion around Figure 1.2, the electronic contribution of the
dielectric polarization is related to the index of refraction (n). The dipolar contribution
can be estimated by subtracting the 1kHz permittivity from n2. As can be seen from the
data in Figure 5.1, PMMA and p(VDF-TrFE-CTFE) have significant low-frequency
polarizability, and PP and PI have solely electronic polarizability. As indicated in the
discussion in Chapter 1, the dielectric breakdown strength can be correlated to
polarizability and is probably why PMMA had the highest breakdown strength in the
low-temperature region. PP and PI had lower breakdown values, and p(VDF-TrFECTFE) was a lab-grade sample with a large number of extrinsic defects. In the linear
polymer dielectrics, the polar polymer PMMA exhibited higher energy density than the
non-polar polymers PP and PI.
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Table 5.1: Electrical properties of various polymer dielectrics
Polymer

Low Field εr
at RT at 1kHz

Low Field tanδ
at RT at 1kHz
(%)

Polypropylene
Polyimide
Polymethyl
methacrylate
P(VDF-TrFECTFE)
terpolymer

~2.0
~2.8
~3.7
~50

Maximum
Energy Density
(J/cm3)

<0.5
<0.5
~4.0

Maximum
Breakdown
Strength
(MV/cm)
9.0 at -98°C
6.0 at RT
11 at -95°C

~10

4.0 at -63°C

2.8

7.2
4.5
15

The temperature-dependent dielectric breakdown strength of all of the polymers is
summarized in Figure 5.1. All of the polymers exhibited a general decrease in breakdown
field with increasing temperature. There are some specific features in individual polymers
that are related to the dielectric properties. PP exhibited a significant change in
breakdown strength at 50°C, which was related to a structural change in the polymer [1].
The change in dielectric properties is correlated to the change in breakdown strength as
shown in Figure 5.1 (a). PI exhibited a slight change in breakdown strength at around
130°C. The change could be related to water entrained in the PI structure, which may
influence properties above 100°C. PMMA exhibited a much larger decrease in
breakdown strength with temperature than the non-polar polymers, PI and PP. PMMA
undergoes α and β relaxations before the Tg (=~105°C) is reached; this suggests a
correlation of breakdown strength with increased side-group and chain mobility. The
p(VDF-TrFE-CTFE) terpolymer displayed a large drop in breakdown strength at Tg and a
β relaxation at around -10°C.
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Figure 5.1: Normalized breakdown strength of various polymer films including (a) PP,
(b) PI [2], (c) PMMA, and (d) P(VDF-TrFE-CTFE) terpolymer

5.2 Future Work

Electrode effects in electrical properties should be investigated. Materials and
deposition conditions of electrodes may influence the electrical properties of polymer
dielectrics.
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The breakdown strength of polymers can increases with reducing effects of the
temperature dependence in breakdown strength. Minimizing impurities and relaxation,
and controlling Tg and crystallinity of polymers are among the methods that may reduce
to reduce temperature dependence.
Decrease in breakdown strength below -100°C will be prevented using other
experimental setups. Bubbles from liquid nitrogen and cracks from electrostatic attraction
in the low-temperature region can be avoided by using the new experimental setups. S.
Kim et al. introduced an experimental setup for low-temperature breakdown
measurements that can reduce the effects of bubbles and cracks as depicted in Figure 5.2
[2].

Figure 5.2: Experimental setup for low-temperature breakdown measurements [2]
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Ramp rate and thickness-dependence of breakdown strength in polymers should
be studied. Such studies will be useful for understanding the breakdown mechanisms of
polymer dielectrics.
Energy density can be enhanced by designing optimum polymers. The design of
optimum polymers is suggested in Figure 5.3. Polar/linear polymers in relation to
cohesive energy density should be used to achieve a level of breakdown strength (EBr).
The temperature dependence of breakdown strength in polymers can be prevented by

Breakdown Strength (MV/cm)

eliminating impurities, avoiding dielectric relaxations, and achieving a high Tg.

Level of EBr

Polar/Linear Polymers
→ Related to Cohesive Energy Density
EIiminate Impurities
Avoid Dielectric Relaxation
High Tg
Polymers in This Study

Temperature (°C)
Figure 5.3: Design of optimum polymers to enhance energy density
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