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ABSTRACT
Poly(vinylidene fluoride) (PVDF)-based polymers have been some of the most widely
researched semicrystalline polymers over the past several decades, due mostly to their ability to
exhibit ferroelectric properties not capable in many soft materials. While much has been learned
about these properties and much advancement has been made in utilizing them for many
applications, we are still only beginning to understand their origins and how they can be enhanced
by altering the polymer structure. In this thesis, structure-property relationships are analyzed in a
variety of PVDF-based polymers with varying chemical and crystalline structures. The work
consists of three parts as distinguished by the property under investigation: electromechanical
effects, electrical energy storage, and the electrocaloric effect (ECE).

First is the

electromechanical effects, where a large converse piezoelectric effect is discovered in P(VDFHFP) (HFP: hexafluoropropylene) copolymer. The nature of the piezoelectric property is linked
to the structure change through a detailed structural analysis to provide explanation to the large
and unusual electromechanical strain response. P(VDF-HFP) is further investigated for its use as
an energy storage capacitor and various processing methods are utilized to alter the crystalline
structure and study the effects on the energy storage characteristics. The results indicate that
uniaxial stretching is beneficial in improving energy storage efficiency up to a certain draw ratio
(4-5× the original length), but as the draw ratio is increased and the polar β crystalline phase
becomes more prominent, ferroelectric losses become detrimental to the energy storage
efficiency.

Furthermore, the effects of biaxial stretching on the crystalline structure are

examined. The data suggests that biaxial stretching of extruded films to a similar draw ratio as
the uniaxially stretched blown films produces a similar composition of crystalline structure. In
view of the fact that the structure-property relationships show that the polar crystalline phase
contributes to energy losses in the material, electron irradiation is examined as a method of
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destabilizing the β-phase in P(VDF-HFP) and P(VDF-CTFE) and reducing ferroelectric energy
loss. A structural analysis confirms that the defects introduced into the crystalline structure of
both polymers by the irradiation does indeed increase the composition of the nonpolar α-phase.
Furthermore, analysis of electric displacement-electric field (D-E) hysteresis loops indicates
improvements in energy storage efficiency as a result of irradiation. The final portion of this
dissertation probes a property previously unstudied in polymeric materials, the ECE. The results
show that applying an electrical field to a polar polymer may induce a large change in the dipolar
ordering, and if the associated entropy changes are large, they can be explored in cooling
applications. With the use of the Maxwell relation between the pyroelectric coefficient and the
ECE, it was determined that a large ECE can be realized in the ferroelectric P(VDF-TrFE) (TrFE:
trifluoroethylene) copolymer at temperatures above the ferroelectric-paraelectric transition (above
70°C), where an isothermal entropy change of more than 55 J/(kgK) and adiabatic temperature
change of more than 12°C were observed. We further show that a similar level of ECE near room
temperature can be achieved by working with the relaxor ferroelectric polymer of P(VDF-TrFEchlorofluoroethylene).

Furthermore, the difference in temperature dependence of the

electrocaloric effect in P(VDF-TrFE) and P(VDF-TrFE-CFE) suggests different entropy
change mechanisms. The contribution to polarization from nanopolar domains in the
terpolymer at low temperature is not as effective at generating large entropy change as
the paraelectric to ferroelectric transition. Moreover, the adiabatic entropy change ΔS is
proportional to the square of the electric displacement D (ΔS = -1/2 βΔD2) in both
systems and the coefficient β increases with temperature in the terpolymer as opposed to
the copolymer where β is temperature independent. This temperature dependent behavior
of β is caused by the ferroelectric relaxor nature of the polymer in which the polarization
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response from the nano-polar regions does not generate much entropy change.
Consequently, the ECE effect in the relaxor ferroelectric terpolymer is smaller than that
in the normal ferroelectric copolymer.

Moreover, a study of quenched terpolymer

samples as compared to annealed samples with higher crystallinity shows strong
correlation between the ECE and crystallinity, suggesting that the ECE occurs
predominantly in the crystalline regions of the semicrystalline polymers.
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Chapter 1

Introduction
1.1 Research Theme
The objective of this dissertation is to develop structure-property relationships in
poly(vinylidene fluoride) (PVDF)-based ferroelectric polymers with exceptional properties of
practical use such as electromechanical energy conversion, electrical energy storage, and the
electrocaloric effect. Throughout this work, both the microstructure (crystalline unit cell and
chain conformation) and macrostructure (semicrystalline morphology) are varied by working with
polymers of different chemistries and/or utilizing various processing methods and treatments. By
investigating a wide array of PVDF-based polymers with different chemistries (copolymers and
terpolymers of varying composition), an understanding can be gained on how the chemical
structure of the polymer can affect the crystalline structure and morphology and in turn the
polarization response and property of interest. Because the different polymorphs of PVDF-based
polymers have different unit cells of varying polarity, the crystalline structure can have a large
effect on the electrical field induced polarization response. Additionally, since most of the
polarization response originates in the crystalline phase, varying the morphology of the polymers
can largely affect the polarization. The polarization in the materials of interest is measured by
applying an external AC electric field under varying conditions such as frequency, temperature,
and field magnitude. The information obtained from the polarization measurements is then used
to help determine the optimum structure by correlating with the property under investigation as
outlined in the research scheme illustrated in Figure 1-1.
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Figure 1-1: Overview of the structure-property relationship research scheme followed in this
dissertation.
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The bulk of research in this field has focused on PVDF and its most common copolymer
poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)]. In this work, we take the opportunity
to explore polymers of different chemistries with an assortment of PVDF-based copolymers that
are commercially available in different compositions, providing a diverse toolbox of chemical
structures to be investigated as detailed in the diagram in Figure 1-2.

PVDF modified with
bulky comonomers

VDF

Relaxor terpolymers

(80/20)

(80/20)

(60/40)

(40/60)

(20/80)

(60/40)
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CFE

TrFE

CTFE

HFP

Figure 1-2: Matrix of PVDF-based polymers investigated.
Specifically, copolymers with bulky comonomer groups such as hexafluoropropylene (HFP) and
chlorotrifluoroethylene (CTFE) that act as defects to the crystalline structure of PVDF are
studied.

Additionally, P(VDF-TrFE)-based terpolymers have been synthesized and are available

for study, which enable investigations into the relationships between structure and the relaxor
ferroelectric nature observed in these materials and how it affects the properties.

Various

processing techniques such as melt pressing, extruding, solution casting, and stretching can also
be employed to systematically create a series of samples with identical chemistries but varying
crystalline structures and morphologies as will be detailed in section 1.2.2.2.
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The dissertation consists of three parts distinguished by the property that is being
investigated: i) electromechanical energy conversion, ii) electrical energy storage (capacitors),
and iii) electrocaloric effect (ECE). While piezoelectricity has been widely studied in PVDF and
P(VDF-TrFE), this is a rather mature research area and utilization of the piezoelectric effect in
these polymers is limited because it is much greater in ferroelectric ceramics and single crystals.
Therefore, there is a need to explore the modifications of PVDF and P(VDF-TrFE) to improve
upon their piezoelectric capabilities.

Furthermore, the high dielectric constant of PVDF

compared to other polymers has always provided it with the potential for energy storage capacitor
applications but much work has shown that PVDF has some downfalls in this area such as high
dielectric losses. Again, there is a need for chemical modification and an understanding of
structure-property relationships in order to create ferroelectric polymer systems with excellent
energy storage capabilities. Finally, while PVDF-based polymers have exhibited properties not
possible in other polymeric systems, only a small portion of the properties detailed in the
Heckmann diagram (Figure 1-3) have been fully investigated. For instance, the relationship
between electric field and entropy (electrocaloric effect) has not received any detailed attention
from the scientific community.
While these properties are different, they are all inherently related to the polarization in
the material as outlined by the Heckmann diagram. Considering the converse piezoelectric effect
in PVDF, it is the spontaneous polarization in the polar crystalline phase which makes this effect
possible and the induced polarization that leads to piezoelectricity. Electrostriction in the relaxor
ferroelectric polymers originates from a non-polar to polar phase transformation brought on by
the large polarizability in these polymers.[1] In terms of electrical energy storage, when an
electric field is applied to a dielectric material situated between two conducting plates, there is a
storage of electric charge on the plates. Specifically, for ferroelectric materials as investigated
here, the charge storage originates from cooperative alignment of dipoles that leads to a
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displacement of charge. This allows for the material to store electrical energy in the induced
dipole moments. In the case of the electrocaloric effect, it is the ordering and disordering of
dipoles associated with the polarization process which leads to electric field induced entropy and
temperature changes. As will be seen throughout the work detailed in this thesis, it is the nature
of the polarization response that most directly impacts the properties being studied here.

Figure 1-3: The Heckmann diagram relating electric field, mechanical stress, and temperature.[2]
It is hopeful that this work will make a significant contribution to the field of ferroelectric
polymers. The vision is that an understanding can be gained that leads to the development of
novel materials and material systems with unique chemical and crystalline structures conducive to
optimizing properties desirable for applications that can make a positive impact on society.
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1.2 Background
1.2.1 The fundamentals of electric polarization
Ferroelectric materials are capable of exhibiting many unique properties due to a
spontaneous polarization in which the direction can be switched with the application of an
external electric field. Polarization can occur through several different mechanisms including
electronic, ionic, dipolar, and space charge polarization as diagrammed in Figure 1-4.

A)

B)
electron cloud

E

E

atomic nucleus

C)

D)

E

E

electrode

dielectric

electrode

Figure 1-4: Schematic diagram of the polarization mechanisms: electronic (A), ionic (B), dipolar
(C) and space charge (D).
Electronic polarization is present in all materials regardless of the type of bonding because it is
atomic in nature. Under normal conditions, the negative charge of the electrons and positive
charge of the nucleus coincide and cancel each other, resulting in zero net dipole moment.
However, an applied electric field will cause displacement of the electron cloud resulting in
separation of the negative and positive charge centers. Upon removal of the field, the electron
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orbitals return to their normal positions, eliminating the polarization. Electronic polarization does
not result in large levels of polarization and typically is independent of temperature since the
electronic structure is not affected by temperature changes. This mechanism has a very fast
response time allowing it to respond to an alternating electric field of frequency up to 1017 Hz.
Ionic polarization occurs predominantly in ionic crystals since it is the result of the
displacement of cations and anions.

Without an applied field, there is no net polarization

because the dipoles of equal magnitude are lined up head to tail and equally spaced so that the
charges are neutralized. When a field is applied both the anions and cations are shifted relative to
their normal positions, resulting in a net dipole moment. Ionic polarization is not temperature
dependent and has a response time a bit slower than electronic polarization, typically only active
at frequencies less than 1013 Hz.
Dipolar polarization occurs in materials that contain molecules with permanent dipoles
and are free to rotate. This means that a local dipole moment must exist even without an applied
electric field. Due to random thermal motion, with the absence of an applied field the thermal
energy randomizes the dipole moments resulting in a zero net average dipole moment per
molecule. When an electric field is applied, the dipoles will try to statistically align themselves in
the direction of the field creating a macroscopic polarization. This mechanism is typically slow,
responding only at low frequencies (< 108 Hz) and has strong temperature dependence.
An additional polarization mechanism originates from mobile charges that are free to
move throughout the material. Space charge results when the movement of these mobile charges
is impeded at an electrode interface or within the material at some defect or grain/phase
boundary. Space charge can appear as if it is contributing to capacitance in the material when
measured but is not related to capacitance or dielectric constant, and it is often difficult to
distinguish it from the real polarization. This effect is normally only detected at low frequencies
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(< 102 Hz) due to the large and slow moving nature of the charge-carrying species and is also
strongly temperature dependent.
The total polarizability (α) of a dielectric material can be represented by the sum of the
four polarization mechanisms discussed as described in Equation 1.1 where αe, αi, αd, and αs are
the electronic, ionic, dipolar, and space charge polarizabilities, respectively.

α = αe + αi + αd + α s

1.1

It is often one polarization mechanism which dominates the total polarization and thus determines
the dielectric constant. In the case of PVDF, it is dipolar polarization that is dominant at most
frequencies and is most closely studied in this thesis as it relates to the chemical and crystalline
structure and ultimately the properties.

Figure 1-5: Frequency dependence of polarizability in the presence of different polarization
mechanisms [3].
Some of the factors which determine the extent with which each dielectric is affected by each
type of polarization mechanism are atomic scale structure, type of bonding, type of atoms, and the
frequency of the applied field, i.e. how the dipole responds to a sinusoidal electric field. For
instance, at different frequency ranges, different polarization mechanisms are able to respond to
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the alternating field which leads to a strong frequency dependence of polarizablility and dielectric
constant as illustrated in Figure 1-5.

1.2.2 PVDF and its polymorphs
With the development of PVDF-based ferroelectric polymers over the past several
decades,[1,4- 14] new applications utilizing ferroelectricity have been enabled due to the more
5 6 7 8 9 1 1 1 1

lightweight and flexible nature of the polymer, among other advantages specific to the
application, as compared to typical ferroelectric ceramics.[13,15] PVDF is a rather typical
semicrystalline polymer of approximately 50% crystallinity and possesses most of the same
characterisitics of other semicrystalline polymers that make them so desirable for such a wide
array of applications. Some of these characteristics are good mechanical properties, chemical
resistance, electrical resistance, and processability, just to name a few.

PVDF is usually

synthesized via free radical polymerization and has a chemical structure of (-CH2-CF2-) repeat
units, providing for large chain flexibility due to the very linear structure but also providing some
constraints on atomic arrangement due to the high repulsive forces of the fluorine atoms.

The

highly electronegative fluorine atoms are also responsible for the C-F bonds existing as dipole
moments giving the monomer a total dipole moment of about 2 Debye. The polarity of the PVDF
molecules depends on the arrangement of these dipoles with respect to the chain backbone, i.e.
the molecular conformation.
A crystalline unit cell with a net polarity in PVDF was first investigated by several
groups in the 1960’s and 70’s.[16- 19]. Among those groups was Lando, et.al. in 1966, when they
1 1

showed with x-ray and wideline NMR analysis that PVDF could crystallize into an orthorhombic
unit cell with two planar zigzag chains passing through it and a space group of Cm2m(C2v14).[18]
With the detection of a polar unit cell, the discovery of piezoelectricity and pyroelectricity in
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PVDF homopolymer followed soon thereafter and were first reported in 1969 and 1971,
respectively[4,5]. Since the 1960’s there has been an abundance of research investigating the
crystalline forms of PVDF and it is now known to crystallize into at least four different crystal
phases with different molecular conformations and lattice parameters as outlined in Figure 16.[13,18- 24]
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Figure 1-6: Molecular conformations and unit cells of the three common polymorphs of PVDF.

The most common, thermodynamically stable, and easily obtainable phase is the α-phase
(also commonly referred to as phase II), which has a trans-gauche (TGTG') conformation and
does not show a net lattice polarization due to its antiparallel chain arrangement, i.e., the dipoles
oppose each other. This form takes on a tetragonal unit cell of space group P21/c-C2h5 with lattice
parameters of a = 4.96 Å, b = 9.64 Å, c = 4.96 Å (along the backbone axis). The β-phase (phase
I) crystallizes with the molecules being configured in an all-trans (TTTT) zig-zag conformation,
giving this phase polarity due to the parallel packing of polymer chains, i.e., the C-F dipoles are
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all aligned in the same direction. In this configuration the chains pack into an orthorhombic unit
cell of lattice parameters a = 8.58 Å, b = 4.91 Å, and c = 2.56 Å (along the chain axis) with a
space group of Cm2m-C2v14. This gives the β-phase crystals a spontaneous lattice polarization
which is necessary to observe ferroelectricity in PVDF. The γ-phase (phase III) is intermediate
between the α and β-phases, consisting of a (T3GT3G') conformation and a monoclinic unit cell of
space group Cc-Cs4 and lattice parameters a = 4.96 Å, b = 9.58 Å, c = 9.23 Å (along the chain
axis). The nonorthogonal angle of the unit cell is 92.9°. A fourth polymorph of PVDF is the δphase (phase IIp), which is a polar version of the α-phase, with essentially the same unit cell
parameters but a varying symmetry. Because of a lack of understanding of the δ-phase and
difficulty in distinguishing it from the α-phase, most structural analysis in this thesis will concern
only the three most common polymorphs.
Two or more of these PVDF crystal structures can often coexist over a wide range of
compositions, which is often the case for the materials studied in this dissertation. For instance,
in many PVDF-based polymer systems the α- and β-phases are easily detected with x-ray
diffraction (XRD) or infrared analysis (FTIR), and usually if both of these phases are present the
intermediate γ-phase exists to some extent.

Ultimately, the molecular conformation of the

different crystal structures and their relative compositions greatly influences the macroscopic
polarization responses to an external electric field and the resultant properties, meaning it is
important to be able to quantify the relative amounts of each type of crystalline structure if a
structure-property relationship is to be established.

1.2.2.1 The development of P(VDF-TrFE)
The discovery of piezoelectricity and pyroelectricity in PVDF sparked many studies on
altering the chemical structure of PVDF in order to enhance and make practical use of the
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ferroelectric properties.[25- 28]
2 2

One of the downfalls of utilizing PVDF as a ferroelectric

material is the fact that it does not easily crystallize into the ferroelectric β-phase without some
specialized processing such as uniaxial drawing. This problem was addressed with investigations
on how to alter the stereochemistry of the PVDF chain such that it could naturally crystallize into
the polar phase. The monomer units of VDF have directionality, meaning that CH2 is considered
the head and CF2 is considered the tail. When PVDF is synthesized and the monomers are linked
together they are often linked up head-to-head and tail-to-tail, creating an irregularity in the
polymer structure in which the amount of these defects can be controlled in the synthesis. Farmer
et.al first predicted the effect of these defects on the polymorphism of PVDF, using potential
energy calculations based on adding tetrafluoroethylene (TFE) as a comonomer to simulate the
defects.[25] They found that the addition of head-head-tail-tail (HHTT) defects can cause the
TTTT conformation to become a lower energy state than the TGTG' conformation. These
calculations confirmed experimental evidence of Lando and Doll that showed copolymers of
P(VDF-TFE) and P(VDF-TrFE) to more easily crystallize in the β-phase, even when directly
cooled from the melt state.[26]
Upon further investigation in the early 1980’s, Yadi et.al [29] followed by other Japanese
groups[10,27,28] investigated a ferroelectric phase transition in P(VDF-TrFE) evidenced by
peaks in the dielectric constant and piezoelectric activity and also with changes in structure
evidenced by x-ray and infrared analysis. This was the first such phase transition reported in a
polymeric material and a phase diagram for the compositions of P(VDF-TrFE) has been
developed as shown in Figure 1-7. It can be seen that a polymer with composition 100% VDF
(PVDF homopolymer) does not undergo a phase transition at temperatures below the melt.
However, for compositions of VDF < 80% and TrFE > 20% the material has a Curie transition
temperature between 50 and 150°C, depending on the composition. This means that by operating
the material close to this temperature, the crystalline structure can be converted between the
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paraelectric and ferroelectric form with application of an external electric field or with a change
in temperature, which can result in piezoelectric responses useful for low strain sensor and
transducer applications.

Temperature (oC)
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50
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Figure 1-7: P(VDF-TrFE) phase diagram.
While the synthesis of P(VDF-TrFE) was a breakthrough in that the polymer could be
successfully transformed between the paraelectric and ferroelectric phases, the transition
temperature is above room temperature and there is a hysteresis (remnant polarization) associated
with the transition, both undesirable for large strain electromechanical responses. The large
remnant polarization of the copolymer is only desirable for low strain piezoelectric applications.
To combat these downfalls, defects modifications to the P(VDF-TrFE) copolymer was introduced
in the late 1990’s by Zhang et.al as a method of converting the polymer to a relaxor ferroelectric
and thus reducing the transition temperature and eliminating the hysteresis.[1,14] The details of
the defects modifications approach are described in Chapters 2 and 3 as they pertain to
electromechanical effects and electrical energy storage, respectively.
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1.2.2.2 Effects of processing on crystalline structure
There are many common processing methods that have been found to alter the crystalline
structure of PVDF such as mechanical stretching, thermal treatments, poling with high electric
fields, melt extruding, and solution casting as first summarized by Tashiro et.al [20] and Lovinger
[30]; detailed by Lovinger’s diagram in Figure 1-8.

Figure 1-8: Diagram of processing methods-crystalline structure relationships of PVDF.[30]
When PVDF is solidified from the melt state it almost always crystallizes in the α-phase since
this is the lowest energy state. In order to obtain the β-phase crystals there must be some external
energy introduced to overcome the energy barrier. The most common method of converting the
PVDF crystallites from the non-polar α-phase to the polar β-phase so that the material can be
utilized as a piezoelectric is with mechanical stretching. Several groups have performed detailed
studies of this transformation and demonstrated that it is highly dependent on the stretching
temperature and stretch ratio.[31- 33] Although it is less effective than stretching, annealing at
3

high temperatures can also be used to create crystalline phase transformations as Lovinger

15
observed by transforming α-phase to γ-phase by annealing at temperatures greater than
154°C.[34] Moreover, other researchers have showed that by quenching the polymer from the
melt before annealing they were able to crystallize the β-phase.[35] Electrical poling at high
fields is another common method for transforming the α-phase crystals to a more polar state,
whether it be the δ, γ, or β-phase.[36,37] Essentially when the material is exposed to high fields
for significant times and preferably high temperatures, the dipoles of the α-phase crystals are able
to align with the direction of the applied field to a degree that results in a conversion of the nonpolar unit cell to a more polar structure.

If the temperature is then cooled below the

crystallization point while the field is still applied, the polymer can crystallize in the polar phase.
In recent years, engineers have been looking to scale up technologies based on the piezoelectric
properties of PVDF and are studying the effects of large scale processing such as film extrusion
on the structure.[38,39] Melt processing methods such as extrusion and injection molding can
induce large amounts of polymer chain orientation which can largely affect the crystallization of
the polymer. Additionally, as many of the physical and electrical properties of PVDF have been
attempted to be enhanced with the addition of nanofillers over the past decade, many researchers
have reported crystallization of the β-phase directly from the melt when mixed with low amounts
of various materials on the nano-size scale.[40- 42] While it is not fully understood why the
4

nanoparticles of many different characteristics seem to nucleate the β-phase, it may be due to
some electrostatic interactions occurring at the interface of polymer and particle.

This

phenomenon may be useful in the future for developing large scale polymer sheets or coatings
with electroactive properties without the need for the complicated stretching process which is not
conducive to many applications.

16

Chapter 2

Electromechanical Responses in Defects-modified
PVDF Polymers and the Relationships between the
Piezoelectric Mechanism and Polymer Structure
2.1 Introduction
In this chapter we explore the defects modification to PVDF-based polymers, i.e.
copolymers

of

poly(vinylidene

fluoride-hexafluoropropylene)

[P(VDF-HFP)]

and

poly(vinylidene fluoride-chlorotrifluoroethylene) [P(VDF-CTFE)] in hopes to obtain large
electromechanical responses as observed in the defects modified poly(vinylidene fluoridetrifluoroethylyene) [P(VDF-TrFE)] copolymer. The background section begins with a tutorial of
electroactive polymers and the fundamentals of the different electromechanical effects of which
they can possess in an effort to familiarize the reader with the differences between the often
confused mechanisms. A detailed review of defects modifications to P(VDF-TrFE) copolymer,
i.e. irradiated P(VDF-TrFE) and poly(vinylidene fluoride-trifluoroethylene-chlorofluoroethylene)
[P(VDF-TrFE-CFE)] terpolymer is then carried out to assist in explaining the rational for
studying defects-modified homopolymer. This covers the effects of defects on the crystalline
structure of the polymers and how this relates to the giant electrostrictive responses observed.
We then review the literature covering research on electromechanical responses in P(VDF-HFP)
and P(VDF-CTFE) to finally justify the potential for high responses.
The first part of the results and discussion portion of this chapter presents the results of
piezoelectric strain measurements on corona poled P(VDF-HFP) and P(VDF-CTFE) where a high
piezoelectric coefficient in the transverse direction was measured for P(VDF-HFP). The results
of mechanical and dielectric property measurements are presented and the electromechanical
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coupling factors calculated to further evaluate the potential for P(VDF-HFP) copolymers as
electromechanical transducers. The second part is a detailed structural analysis of P(VDF-HFP)
(10 wt.% HFP), where XRD, FTIR, and DSC are utilized to further characterize the material in
anticipation of gaining an understanding on the mechanism responsible for the high and unique
piezoelectric response in this polymer. Finally, an explanation is presented for the origin of the
high piezoelectric response in P(VDF-HFP) based on the nature of the response as compared to
PVDF and the characterization of the crystalline structure. The similarities and differences of the
effects of defects modification in PVDF and P(VDF-TrFE) will be compared by discussing the
difference in structure and electromechanical properties.

18

2.2 Background
2.2.1 The electromechanical effects of electroactive polymers
Electroactive polymers (EAPs) are polymers that can convert between electrical and
mechanical energies, making them useful for a wide array of applications including actuators,
transducers, and sensors. PVDF and P(VDF-TrFE) have been the most widely studied EAPs due
to the piezoelectric nature of their polar β-phase and have been successfully utilized in many
applications such as hydrophones, microphones, biomedical applications, transducers,
electromechanical devices, and pyroelectric devices that take advantage of their unique
properties.[15] The electromechanical responses in β-phase PVDF and P(VDF-TrFE) originate
from the piezoelectric effect, which essentially is when an electrical response is generated from
an applied mechanical stress when considering the direct effect.

This effect is a linear

relationship between induced charge density (D) and the applied stress (T) as defined in Equation
2.1 where d is the piezoelectric coefficient.

D = dT

2.1

The direct effect can be utilized in devices such as pressure sensors or hydrophones where an
external mechanical force or acoustic wave can be converted into an electrical signal. The
inverse of this effect is the converse piezoelectric effect, i.e., a voltage is applied to the material
and a mechanical strain response is produced as defined in Equation 2.2 where S is the
mechanical strain response and E is the applied electric field.

S = dE

2.2

The direct and converse piezoelectric coefficients are equal based on thermodynamic arguments.
The converse effect is useful as an actuator where an external electric field can be converted into
mechanical strain energy and applied to devices such as speakers, miniature motors, and inkjet

19
printers. Considering the piezoelectric effect in tensor form, the applied electric field is a first
rank tensor and the strain response is a second rank tensor, meaning that the piezoelectric
coefficient is a third rank tensor with 18 possible solutions and the effect can have large
directionality based on the crystal structure and symmetry. Crystal symmetry often eliminates
many of the piezoelectric coefficients, but those most often measured and utilized are d33 and d31.
The d33 is known as the longitudinal coefficient, i.e., the strain response is parallel to the direction
of the applied field and the d31 is the transverse coefficient, i.e., the strain response is
perpendicular to the direction of the applied field, when considering the converse piezoelectric
effect.
The piezoelectric effect can only occur in materials whose crystals do not possess central
symmetry, meaning that the polar β-phase is the only PVDF crystalline phase capable of
possessing piezoelectricity. While the β-phase molecules have polarity in themselves, in order to
obtain large piezoelectricity in PVDF it is necessary to electrically pole the material so as to align
the ferroelectric domains in the same direction, creating a macroscopic net polarization.
Piezoelectricity in β-phase PVDF and P(VDF-TrFE) is essentially a multi-chain and multidomain effect involving changes in dipole density with changes in dimension and vice versa.
When a mechanical force is applied in the direction parallel to the poling direction, there is an
increase in dipole and charge density resulting in a flow of current.

This is the direct

piezoelectric effect mechanism in β-phase PVDF and P(VDF-TrFE). Considering the converse
piezoelectric effect, when an external electric field is applied in the direction equal to the poling
direction, the field causes an increase in dipole density and domains become more tightly packed
resulting in a reduction in the dimension parallel to the applied field (d33 is negative) and an
increase in the transverse dimension (d31 is positive).
For many applications it is not only the piezoelectric coefficient that is important, but it is
the electromechanical conversion efficiency (i.e. the ability for the material to convert between
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mechanical and electrical energy and vice versa) that must also be closely considered. The
electromechanical conversion efficiency is evaluated by the electromechanical coupling factor in
Equation 2.3 where k31 is the coupling factor in the transverse mode, K the dielectric constant, ε0
the vacuum permittivity, and (1/s11E) the elastic modulus.

k 31 =
2

d 31

2

Kε 0 s11

E

2.3

Based on this equation, it is useful to maximize the elastic modulus and piezoelectric coefficient
and minimize dielectric constant in order to optimize the conversion of mechanical and electrical
energies in a piezoelectric material. In other words, if an EAP has a very high strain response but
it is very soft, the material is unable to generate a large mechanical force when it actuates. On the
other hand, if the EAP has high strain response coupled with high modulus, it can generate a large
force when actuated and have very good conversion between the electrical and mechanical
energies.
Electrostriction is another type of electromechanical response and is present in all
dielectric materials. The strain response associated with this effect has a quadratic dependence on
polarization as defined in Equation 2.4 where Sij is the electrostrictive strain response, Qijkl is the
electrostrictive coefficient, and P is the polarization. Electrostriction is a fourth rank polar tensor
that is present in all point groups. There are 36 possible electrostrictive coefficients (double that
of piezoelectricity) that are dependent on the crystal structure and symmetry.

S ij = Qijkl Pk Pl

2.4

Unlike the piezoelectric effect, the converse of electrostriction is not possible, i.e., applying a
mechanical stress does not result in any electrical response. Giant electrostriction in polymers
was discovered by Zhang et.al upon the invention of defects modified P(VDF-TrFE)-based
relaxor ferroelectric polymers through high energy electron irradiation and the synthesis of
P(VDF-TrFE)-based terpolymers.[14,43,44]

The origin of electrostriction in these material
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systems is an electric field induced change in molecular conformation and crystal phase from the
nonpolar α-phase to the polar β-phase. The result of this phase change is a microscopic change in
unit cell dimensions as detailed in Figure 1-6 which scales up to a macroscopic strain response.
A less significant electromechanical effect in polymers is the Maxwell stress effect,
which is the result of electrostatic forces between the positive and negative surfaces of a dielectric
resulting in a squeezing compressive force as seen in Figure 2-1. Some of the parameters that this
effect is related to are dielectric constant (K), electric field (E), Poisson’s ratio (ν), and Young’s
modulus (Y) as described by Equation 2.5 defining strain (S) from the Maxwell stress effect.

Kε 0 E 2 (1 + 2ν )
S=
2Y

2.5

This effect is most significant in materials with low modulus such as soft dielectric elastomers
and is often not taken into consideration for semicrystalline polymers of significant stiffness
where the material can withstand the electrostatic forces brought on by the applied electric field.

Thickness contraction /
area expansion

V=0

V

+ + + + + +
- - - - - -

Figure 2-1: Schematic diagram of the Maxwell effect where an electrostatic force creates
compression in the material.

2.2.2 Origin of electromechanical effects in P(VDF-TrFE)-based terpolymers
The incorporation of chlorofluoroethylene (CFE) and chlorotrifluoroethylene (CTFE)
monomer units into the chemical composition of P(VDF-TrFE) has been shown to convert the
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normal ferroelectric copolymer into a relaxor ferroelectric and the resulting terpolymers have
been capable of achieving giant electrostrictive strain responses.[43,44] Essentially, the origin of
this effect is related to the large size of the Cl atom (atomic radius =100 pm) in the CFE or CTFE
units relative to the atomic sizes of the H (25 pm) and F (50 pm) atoms and how it affects the
polymer morphology and crystalline structure. In order for polymers to form a neatly structured
crystalline morphology, it is advantageous to have a polymer chemistry that is conducive to short
intermolecular distances between adjacent molecules so that they can arrange themselves in a
tightly packed ordered arrangement. The bulky CFE or CTFE pendant groups in the terpolymer
act as defects in the crystalline morphology, making it difficult for the molecules to crystallize
into a neatly packed crystalline structure around this group. The defects essentially increase
interchain spacing (as detected by XRD) and make the formation of the β-phase around this
defect unfavorable because of the tightly packed planar zig-zag nature of this phase, even though
the β-phase is favorable for P(VDF-TrFE) copolymer.[45,46] The α-phase, with its gauche bonds
and less ordered conformation is more likely to form around this bulky pendant group. The αphase crystals can then be converted to the β-phase with the application of an external electric
field resulting in changes in conformation and unit cell parameters.[47] When the electric field is
removed, the β-phase converts back to the more favorable α-phase with very little hysteresis due
to its relaxor nature. Electric field induced electrostrictive strain responses as high as 7% have
been reported in the terpolymer due to contributions from this electric field induced phase
transformation, which has been directly observed with FTIR measured on samples under an
applied electric field.[45,47] Other potential contributions to the total strain response of the
terpolymer are Maxwell forces as well as orientation of nanopolar polarization domains, though it
is believed that the phase transformation is the dominant mechanism.
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2.2.3 Defects modifications in PVDF to achieve high electromechanical response
As the nature of the electromechanical strain responses in P(VDF-TrFE-CFE)
terpolymers becomes more understood, it is reasonable that defects modification in other PVDFbased polymer systems may be utilized to realize large electromechanical responses. In this
chapter we investigate defects modifications to the PVDF homopolymer.

Compared with

P(VDF-TrFE) copolymers, PVDF homopolymer shows much richer phase structures and hence
may offer opportunities for exploring new electromechanical phenomena.[11,13] The
experimental results from defects modified PVDF polymers, i.e., copolymers of poly(vinylidene
fluoride-hexafluoropropylene)

[P(VDF-HFP)]

and

poly(vinylidene

fluoride-

chlorotrifluoroethylene) [P(VDF-CTFE)], to be presented suggest that a molecular conformation
change or phase change can also be employed to improve the piezoelectric responses of PVDF
homopolymer-based piezopolymers.
Recently, several experimental investigations have revealed that a relatively high
piezoelectric response, comparable to that in PVDF and P(VDF-TrFE) piezopolymers, can be
obtained in the P(VDF-HFP) class of copolymers.[48- 54]. Similar relationships between
4 5 5 5 5

processing conditions and crystalline phases as seen in PVDF have been observed in the
copolymers, showing that by stretching or annealing melt quenched samples increases in the β
crystal phase and, in turn, the electromechanical properties can be realized.[50,52] A giant
electrostrictive strain response of >4% has been measured in ice water-quenched P(VDF-HFP)
copolymer with 5% HFP, much higher than the response measured in slow-cooled and airquenched samples, as well as ice water-quenched samples of 15% HFP. The resulting thickness
strain coefficient (dt) and elastic energy density (Us = ½ YS2 ) of the ice water-quenched 5% HFP
copolymer was 1700 pm/V and 0.88 J/cm3, respectively, both the largest among polymeric
materials.[48,50] In contrast, the piezoelectric strain response is not as high as the electrostrictive
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response, with a measured piezoelectric coefficient (d31) of (13.3 pm/V).[50] A d31 of 30 pm/V
has been measured in P(VDF-HFP) (15% HFP) films cast from a dimethyl sulfoxide
(DMSO)/acetone solution after a premelting/quenching process and uniaxial drawing, which
resulted in a 5 times improvement in d31 as compared to undrawn samples.[49]
While the bulk of research in this area utilizes contact poling for dipole alignment in the
piezopolymers, some recent results suggest that corona poling may be a more effective method
for acquiring the maximum piezoelectric response.[53] Corona poling is a technique often used
for electrically poling polymers and can be advantageous over direct contact poling for several
reasons including poling with one or zero electrodes, higher poling fields can be achieved,
electric breakdown due to an extrinsic defect is less likely, and corona poling is more convenient
for large scale operations.[55,56]

Figure 2-2: Schematic diagram of a typical corona poling set up.[56]
The charging apparatus typically consists of a metallic needle or probe with a sharp point
connected to a high voltage power supply, flat electrode positioned perpendicular to the needle
with an air gap between them, and a DC biased metallic grid positioned between needle and
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electrode to help control charging current as schematically diagrammed in Figure 2-2. When an
extremely high electric field is applied to the needle electrode, a high voltage is concentrated at
the tip and the air between the two electrodes which is normally insulating becomes ionized. The
ions will then be attracted to the low field electrode and collect on the surface of an insulating
sample positioned between the two. The charges are then trapped either in surface states or
injected into the bulk of the sample and trapped in bulk traps, creating an electric field throughout
the bulk of the sample. Consequently, if the surface charge is sufficient it can induce alignment
of dipoles and a spontaneous polarization in the material.
Recently, an exceptionally high d33 value of 140 pm/V has been measured in P(VDFHFP) (4.2% HFP) after casting from methyl ethyl ketone (MEK), drying in a vacuum oven,
mechanically thermal stretching, and corona poling.[53] Conversely, the copolymer processed
under identical conditions, but with a higher HFP content of 5.9%, exhibits a d33 of only 20
(pm/V). The authors suggest that this extreme difference in piezoelectric response is most likely
due to a higher density of oriented dipoles in the copolymers with lower composition of HFP.
Additionally, they investigated the charge dynamics associated with the corona poling process
and determine that space charge is the dominant polarization mechanism over oriented dipoles at
room temperature. Mechanical stretching of the copolymer films increases the density of both
oriented dipoles and deposited space charge and enhances the temperature stability of the space
charge, probably due to deep charge traps formed by the stretching process. With space charge
making such a predominant contribution to the overall polarization in the electrets, the
relationship between space charges and local dipolar orientation needs to be further explored to
better understand the mechanism of such high piezoelectricity and any role that space charge may
have.
P(VDF-CTFE) copolymers have also been shown to generate large electromechanical
responses as reported by Li, et.al.[57] The authors measured an electrostrictive strain response in

26
P(VDF-CTFE) (12 mol.% CTFE) copolymer of greater than 5% at room temperature and an
applied field of 200 MV/m. By applying a DC bias and operating in the linear portion of the
strain vs. electric field curve, a piezoelectric constant d33 as high as 140 pm/V was obtained by
superimposing an AC field on the DC bias. Obviously, the disadvantage in utilizing this polymer
in piezoelectric applications is the high voltage required to obtain the high piezoelectric response.
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2.3 Experimental
2.3.1 Sample processing
P(VDF-HFP) and P(VDF-CTFE) copolymer powder used in this study was supplied by
Solvay (Solef 11010/1001 (10 wt.% HFP), 21216/1001 (12 wt.% HFP), 31008 (10 wt.% CTFE),
and 31508 (15 wt.% CTFE)). Extruded and uniaxially stretched film of PVDF homopolymer of
approximate thickness 30 μm was purchased from Ktech corporation and studied as a comparison
to the copolymers. The polymer powders were melt pressed at 230°C to a thickness of 60-80 μm
and rapidly quenched in ice water to reduce crystallinity, which is beneficial for the stretching
process. The resultant films were then mechanically uniaxially stretched to at least four times
their original length by means of a zone drawing process as displayed in the photograph in Figure
2-3.

Heating zone

Figure 2-3: Photograph of the zone drawing technique.
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The zone drawing process enables the achievement of high draw ratios with minimal necking and
thickness variance.

The first generation apparatus used here consisted of a tensile testing

machine used to stretch the film with an attached narrow heater. The narrow heater slowly
travels along the length of the film as stretching occurs so as to soften one small section of film at
a time, where the deformation will occur, limiting the necking effect.

The P(VDF-CTFE)

copolymers were heated to 110-120°C and the P(VDF-HFP) copolymers were heated to 90100°C while the heater was just gently touching the film. In addition to gaining improvements in
crystallinity and mechanical properties, the stretching is performed to create orientation of
crystallites in the stretching direction so that the c-axis (along the polymer backbone) is aligned in
the stretching direction. This alignment is beneficial for obtaining large piezoelectric responses
in the transverse direction (along the chain axis) because it allows for a cooperative strain
response amongst the crystallites.
All films including the commercially available PVDF stretched films were gold sputtered
on one side for corona poling. Corona poling of the samples was conducted at Johns Hopkins
University in the laboratory of Prof. James West with a voltage source of 30 kV at varying
conditions of 5 minutes at room temperature, 10 minutes at room temperature, and 5 minutes at
100°C. The poling apparatus consisted of a single point needle and there was no DC biased
metallic grid. The samples poled at 100°C became very deformed from shrinkage and were
unable to be tested. After poling, gold was again sputtered on the opposite side as an electrode
for electromechanical and dielectric measurements. At least one week in time was passed before
any electrical measurements were performed on the samples to allow for adequate settling of the
charges in the films.
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2.3.2 Piezoelectric strain measurements
The samples for the transverse strain measurement had typical dimensions of 10 mm in
length, 2.5 mm in width, and 20-30 μm in thickness. The samples had offsetting front and back
gold electrodes so that the effective area with a length of 10 mm was the only portion with gold
on both sides and the effective length was parallel to the direction of stretching. The strain
samples were then glued to the end of a cantilever beam that was fixed at one end. The sample
length was perpendicular to the beam so that the strain response was transferred to the beam and
detected with a metallic plate lying flat on the top of the beam as schematically diagrammed in
Figure 2-4. The samples were immersed in silicon oil for the measurement to help prevent
electrical breakdown.

Photonic sensor
Metallic plate

Sample

E

Figure 2-4: Schematic diagram of the transverse strain measurement sample configuration.
A sinusoidal AC voltage with a frequency of .3 Hz was applied and amplitude was taken
as the applied field which was typically around 5 MV/m. The displacement was measured with a
photonic sensor (MTI instruments, Model: MTI 2000) which generated a signal detected by a
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lock-in amplifier (Stanford, Model: SR830). The converse piezoelectric coefficient (d31) was
then calculated by dividing the strain by applied electric field.
The samples for the longitudinal strain measurement were sputtered with circular gold
electrodes of 2.46 mm diameter and had a thickness of 20-30μm.

The measurement was

conducted in a manner similar to that for the transverse strain measurements except for the
electric field being applied in the thickness direction of the film with the strain being measured in
the same direction. In this case, the cantilever had a flat metal electrode attached on the end
which could directly rest on the top of sample. The circular samples rested on a brass sphere as
seen in Figure 2-5 and were immersed in silicon oil.

Photonic sensor
Cantilever
Brass semi sphere

Figure 2-5: Photograph of the longitudinal strain measurement set up.
A sinusoidal AC voltage with a frequency of 1 Hz was applied and the strain response was
measured at electric fields of 5, 10, 15, and 20 MV/m for each sample. The recorded d33 value for
each sample was an average of these measurements at many different fields. Additionally, 7-12
samples were measured for each material and the reported values are an average of all of the
samples tested.
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2.3.3 Dielectric and ferroelectric characterization
Gold electrodes of diameter 6 mm were deposited for dielectric constant and loss
measurements at varying frequency and temperature with a heating or cooling rate of 2°C/minute
using an HP multifrequency LCR meter (4284A) equipped with a temperature chamber.
Polarization hysteresis loops at room temperature were measured using a modified Sawyer-Tower
circuit at a frequency of 10 Hz on samples with gold electrodes of diameter 2.46 mm. Thermally
stimulated discharge current was measured on samples with 6 mm gold electrodes over a
temperature range of -50 to 150°C with an HP 4140B pA meter/DC voltage source and a Kepco
Model BOP 1000M amplifier.

2.3.4 Mechanical characterization
Two different techniques, one for unstretched and one for stretched samples, were
utilized to measure the mechanical modulus of the copolymers. First, P(VDF-HFP) (10 wt.%
HFP) and (12 wt.% HFP) was melt pressed to a thickness of 150-200μm as described above for
dynamic mechanical analysis (DMA) measurements on unstretched samples which were
performed on a TA Instruments DMA 2980 dynamic mechanical analyzer. The test samples were
cut to a width of approximately 5 mm and length of 10-15 mm and the test was conducted at
frequencies of 1,2,5,10, and 20 Hz from -50°C to 80°C, with 2-4 samples being tested for each
material to ensure accuracy.

Due to stretched films being too thin for accurate DMA

measurement on this particular instrument, modulus measurements were also performed utilizing
a radio speaker to produce mechanical oscillations on the sample at a frequency of 1 Hz. Three
different strain levels were produced and the induced stress was measured to determine the
modulus.

The induced strain on the sample was measured with a photonic sensor (MTI

32
instruments, Model: MTI 2000) and the force with an Entran load cell, the signals were detected
with a lock-in amplifier (Stanford, Model: SR830). The sample dimensions were approximately
30-40 μm thick, 30 mm long, and 10 mm wide. This technique was used only on the 10 wt.%
HFP composition of P(VDF-HFP) stretched films.

2.3.5 Characterization of polymer structure and morphology
A detailed structural analysis has been carried out on the P(VDF-HFP) (10 wt.% HFP)
copolymer melt pressed and stretched films with wide angle x-ray diffraction (XRD) and Fourier
transform infrared spectroscopy (FTIR) techniques. An XRD system at the Argonne National
Lab in the laboratory of Dr. Hoydoo You with a rotating anode tube and an x-ray wavelength of
1.54 Å was employed to improve the intensity of diffracted beams and get a more detailed
diffraction pattern of the copolymer as compared to a standard XRD system.

A)

B)

Figure 2-6: Photograph of the rotating anode XRD setup utilizing the transmission method with
the sample oriented at 0° (A) and 90° (B) (arrow is pointing at the sample).
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Two different diffraction techniques were used with this system. One was a standard reflection
method for the unstretched samples and the other a (Ө-2Ө) transmission method for the stretched
samples where the sample could be rotated to account for any anisotropic nature in the
crystallites. The samples were scanned at azimuthal angles (ϕ) of 0° and 90° as shown in the
photographs in Figure 2-6. The samples were consistently oriented so that the film stretching
direction was oriented vertically when the sample was at the azimuthal angle of 0°. All XRD
data was imported to “PeakFit” software and a deconvolution of the peaks was performed by
fitting to Gaussian functions, allowing for determination of the integrated peak areas and peak
positions. The crystalline peaks were assigned based on peak assignments for the polymorphs of
PVDF homopolymer since the copolymer is mostly comprised of VDF and the crystalline
structure should be very similar to that of the homopolymer.[30] The fraction of each phase was
calculated by taking the ratio of total area of peaks assigned to that phase to total area of all
crystalline peaks. For example, the fraction of α-phase (Fα) present was calculated by Equation
2.6 where Aα is the total area of peaks assigned to the α-phase and AC is the total area of all
crystalline peaks.

Fα =

Aα
AC

2.6

FTIR was performed on a Nicolet 510 FT-IR spectrometer in transmission mode and the
absorption bands were assigned based on those of the different molecular conformations of PVDF
homopolymer.[21,22]

Differential scanning calorimetry (DSC) was performed on a TA

instruments Q100 DSC from -50°C to 200°C with a heating rate of 10°C/min. in a nitrogen
atmosphere to evaluate the thermal properties and crystallinity of both unstretched and stretched
samples of P(VDF-HFP) (10 wt.% HFP) and compare with the stretched PVDF sample.
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2.4 Electromechanical Performance of PVDF, P(VDF-HFP),
and P(VDF-CTFE)
2.4.1 Results of piezoelectric strain measurements
The results of the piezoelectric measurements on the commercial PVDF homopolymer
films are shown in Table 2-1 and provide confidence in the measurements and poling conditions
used here. It is important to note that all measured d33 and d31 values in PVDF-based polymers
are sensitive to processing conditions, poling conditions, and measurement procedure and can
vary over a broad range.[8] The transverse strain measurement provides d31 values well within
the acceptable range with values of 23.5 and 21.3 pm/V for poling times of 5 and 10 minutes,
respectively.[8] The d33 measured values here of -25.6 and -25.9 pm/V for poling times of 5 and
10 minutes, respectively, are also within the acceptable reported limits.[8] The absolute value of
the d33 measured here is consistently larger than d31, which is expected for PVDF. This data also
indicates that the poling time has very little effect on the piezoelectric response and it appears that
a poling time of 5 minutes is sufficient for complete polarization of the material.
Table 2-1: Transverse and longitudinal piezoelectric coefficients measured for PVDF.
Material
PVDF
PVDF

Poling time (min)
5
10

d31 (pm/V) at .3 Hz
23.5
21.3

d33 (pm/V) at 1 Hz
-25.6
-25.9

A much smaller piezoelectric response was measured in the P(VDF-CTFE) copolymers
as detailed in Table 2-2. The transverse piezoelectric coefficient was lower than that of PVDF
under most conditions, the exception being the 15% CTFE composition with a poling time of 10
minutes, which showed a coefficient similar to PVDF. The longitudinal piezoelectric coefficient
was measured only on the 10% CTFE composition with 5 minutes poling time and since the
results were very low there were no further measurements completed. It is very clear here that
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the piezoelectric activity of this copolymer is not as large as even the PVDF homopolymer and no
further investigations were conducted. Based on the work of Li et.al,[57] P(VDF-CTFE)
copolymer may be more useful as an electroactive polymer if the electrostrictive response is
utilized or the piezoelectric response is measured under high DC bias.
Table 2-2: Transverse and longitudinal piezoelectric coefficients measured for P(VDF-CTFE) of
composition (90/10 wt.%) and (85/15 wt.%).
Material
P(VDF-CTFE)10%
P(VDF-CTFE)10%
P(VDF-CTFE)15%
P(VDF-CTFE)15%

Poling time (min)
5
10
5
10

d31 (pm/V) at .3 Hz
13.3
12.3
15.3
21.7

d33 (pm/V) at 1 Hz
-13.1

The P(VDF-HFP) copolymers exhibited much greater piezoelectric response than the
P(VDF-CTFE) as detailed by the data listed in Table 2-3. The most impressive data obtained
here is the transverse piezoelectric coefficient (d31), which is greater than 40 for the 10 wt.% HFP
copolymer. This value is nearly twice as high as that measured in PVDF and four times that of
P(VDF-TrFE) 75/25 mol.% copolymer[58]. A piezopolymer with a high d31 and k31 is attractive
since it is the transverse piezoelectric response that is employed in most actuator and sensor
applications of piezopolymers.[15,59,60]
Table 2-3: Transverse and longitudinal piezoelectric coefficients measured for P(VDF-HFP) of
composition (90/10 wt.%) and (88/12 wt.%).
Material
P(VDF-HFP)10%
P(VDF-HFP)10%
P(VDF-HFP)12%
P(VDF-HFP)12%

Poling time (min)
5
10
5
10

d31 (pm/V) at .3 Hz
44.2
41.9
39.3
20.7

d33 (pm/V) at 1 Hz
-30.1
-33.9
-26.9
-16.0

This high piezoelectric response is illustrated in Figure 2-7 for two particular samples of PVDF
and P(VDF-HFP) (10 wt.% HFP) where you can see that the copolymer sample can reach a strain
level of approximately .15% with an applied electric field of 30 MV/m, compared to
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approximately .05% for the PVDF sample. On the other hand, the d33 values were typical for
PVDF homopolymer and copolymers with a value of around -30 pm/V. It is quite surprising here
that the transverse response is greater than the longitudinal response since d33 is typically greater
than d31 in PVDF and P(VDF-TrFE).[8,58] The 12 wt.% HFP copolymer also showed high
response with the samples being poled for 5 minutes exhibiting a d31 of 39.3 pm/V and again a
lower d33 of 26.9 pm/V. The unusually low response in the 12% HFP copolymer poled for 10
minutes is probably due to poor sample quality and electrical breakdown during the poling
process which may be partly a consequence of a lower modulus as reported in the next section.
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Figure 2-7: Transverse strain response of a PVDF and P(VDF-HFP) (10 wt.% HFP) sample.

2.4.2 Dielectric properties of P(VDF-HFP)
The room temperature dielectric constant and loss (tan ∂) as a function of frequency for
P(VDF-HFP) (10 wt.% HFP) unstretched, stretched, and stretched and poled are shown in Figure
2-8A. It can be seen that there is an increase in dielectric constant over all frequencies as the
samples are stretched. Stretching of polymers is a common method for improving crystallinity
and since the dielectric response originates mostly from the crystalline phase it is a reasonable
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assumption that an increase in crystallinity plays a role in this increase in dielectric constant.
Relating this increase in dielectric constant with the crystalline structure is also possible since a
more polar structure exists in the stretched sample with a higher degree of dipole orientation in
the direction of the film thickness, consistent with a similar study by He, et.al.[52]
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Figure 2-8: Room temperature dielectric constant and loss of P(VDF-HFP) (10 wt.% HFP)
unstretched, stretched, and stretched and poled as a function of A) frequency at room
temperature, and B) temperature at 1 kHz.
Furthermore, the dielectric constant is rather smaller for the poled sample (K~11.5 at 1 kHz) as
compared to the stretched sample (K~15.0 at 1 kHz). The reduction of the dielectric constant
after poling is consistent with the fact that after poling a great portion of the dipoles are aligned
along the applied field direction which causes reduction of the dielectric constant measured along
the poling direction. Dielectric constant measured along the dipole direction is generally smaller
than that measured in perpendicular to the dipole direction (also perpendicular to the polymer
chain direction), which is also observed in single crystals of P(VDF-TrFE) copolymer by Omote
et al.[61] The unstretched sample shows higher dielectric loss than the stretched samples at low
frequency which may be a sign of conduction or space charge polarization that dominates at low
frequency and would be blocked by orientation of crystallites in the stretched samples. In the
frequency range of 104 to 106 Hz, where orientational polarization dominates, the unstretched

38
sample shows lower dielectric loss suggesting that the nonpolar phase possesses a faster
relaxation time than the polar phases when responding to an AC electric field.
The temperature dependence upon heating of dielectric constant and loss (tan ∂) of the
same three samples is shown in Figure 2-8B for a frequency of 1 kHz. There is an obvious peak
in dielectric constant at approximately 60°C for both of the stretched samples, which is not
reversible upon cooling. This peak is due to a relaxation of stress and a dynamic change in
molecular chain conformation associated with a crystalline phase change from a polar to nonpolar
phase. Essentially, this is the temperature where the material loses the polarity obtained from the
uniaxial stretching (see Figure 2-9). The peak is not present in the unstretched sample due to no
mechanical stresses from stretching and no presence of a polar phase. The dielectric loss shows a
major peak at about -20 to -30°C, corresponding to the glass transition temperature which appears
to be more intense and at a lower temperature for the unstretched sample. A greater fraction of
the amorphous component as well as less molecular orientation in the unstretched sample is the
reason for a stronger loss peak at the Tg and the lower Tg means that there is more chain
segmental motions in the unstretched sample than the stretched samples. This difference in chain
mobilities in the amorphous phase of the unstretched sample is understandable for several
reasons.

One is that the unstretched sample has less crystallinity, which means that the

molecular mobility of amorphous chains will be less restricted by neighboring crystalline regions.
Another is that amorphous areas in the stretched films could have some degree of orientation that
would inhibit long range molecular motions due in part to intermolecular forces that would be not
as great in the unstretched sample.

Large increases in dielectric loss are observed in the

unstretched sample as the temperature is increased due to conduction, which is not prevalent in
the stretched sample due to an increase in crystallinity and an ordering of crystallites and
blocking of conduction in the direction of the applied field.
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The thermally stimulated discharge current shown in Figure 2-9 is consistent with the
dielectric data, indicating depolarization at approximately 60°C.

This temperature is very

consistent with the peak in dielectric constant associated with the relaxation of mechanical
stresses and a phase change from a polar to nonpolar phase as the sample is heated. When the
samples are corona poled, charges are introduced to the material and trapped at the interfaces of
polarization domains.

The excess charge is then compensated by the polarization in the

neighboring domains, thus creating the polarized state.

Some studies have indicated that

stretching can increase the stability of charge traps due to the highly oriented and tightly packed
crystallites.[53] In this case, it seems that at about 60°C the mechanical stresses are relaxed in the
polymer which may play a role in releasing trapped charges. On a more practical note, this also
means that the polymer can only be piezoelectrically active at temperatures below 60°C.
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Figure 2-9: Thermally stimulated discharge current for P(VDF-HFP) (10 wt.% HFP) stretched
and poled upon heating at 2°C per minute.
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2.4.3 Electromechanical conversion efficiency of P(VDF-HFP)
From the DMA results of unstretched films of P(VDF-HFP) (10 wt.% HFP) and (12 wt.%
HFP) shown in Figure 2-10, it is clear that there is a large difference in mechanical properties
between the two compositions. At room temperature the modulus of the (10% HFP) composition
is nearly 2 GPa, while that of the (12% HFP) composition is only about .5 GPa. While it is
expected that the addition of HFP units to the PVDF structure will reduce modulus due to a
reduction in crystallinity, such a dramatic difference was not expected. One possible reason
could be related to some discrepancy in the reported composition as defined by the material
supplier. According to the supplier, the 10% HFP composition has a heterogeneous composition,
meaning that the average polymer chain has a composition of 10% HFP units but there is some
distribution in this composition from chain to chain. This means that the composition may be
difficult to control during the synthesis and it is possible that the average composition could be
lower than described which would be consistent with these results. On the contrary, the 12%
copolymer is supposed to be of a homogenous composition meaning there is very good control
over the composition.
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Figure 2-10: Storage modulus (A) and mechanical tan δ (B) vs. temperature measured by DMA at
1 Hz for P(VDF-HFP) (10 wt.% HFP) and (12 wt.% HFP).
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Examining the mechanical tan ∂ as illustrated in Figure 2-10B also indicates differences
in the two compositions. The first peak at approximately -40 to -30°C represents the glass
transition in the amorphous component of the polymers. The Tg of the 12% HFP copolymer is 34°C, slightly higher than that of the 10% copolymer at -39°C which means there is more long
range segmental motions in the 10% copolymer. Less segmental motions in the amorphous phase
of the 12% copolymer may be related to the bulky HFP groups restricting long range motions due
to their large size and weight. Additionally, the more prevalent amorphous component in the 12%
copolymer results in a greater peak intensity. The large relaxation peak at approximately 20°C in
the 12% copolymer is related to the crystalline or crystalline/amorphous interfacial region and is
obviously responsible for the significantly lower modulus at high temperatures in this
composition as compared to the 10% composition.
Given that the actual samples which produced the large piezoelectric responses were
stretched, it is necessary to measure modulus of stretched samples for calculation of the
electromechanical conversion efficiency. Since the stretched samples were of thickness less than
that capable of generating accurate results with the DMA instrument (the DMA used here is only
accurate for sample thicknesses greater than 50 μm), the modulus of the stretched samples was
measured with the radio speaker set up described in the experimental section. It is a well known
phenomenon that mechanical stretching of polymers creates molecular orientation and may
increase the modulus due to several factors including increase in crystallinity and a more ordered
morphology. The results of the modulus measurements on stretched samples of P(VDF-HFP) (10
wt.% HFP) performed with a radio speaker, photonic sensor, and load cell are shown in Table 24. An average modulus was determined to be approximately 1.9 GPa from measuring six
samples, which was very similar to the modulus determined for unstretched samples from the
DMA measurement (~2.0 GPa). The modulus of P(VDF-HFP) (12 wt.% HFP), listed as .45 GPa,
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was measured with DMA and should be similar to the stretched sample according to the results
from P(VDF-HFP) (10 wt.% HFP), which showed little difference in modulus upon stretching.
Table 2-4: Room temperature modulus measured at 1 Hz for P(VDF-HFP) (10 wt.% HFP)
stretched.
Sample
1
2
3
4
5
6
Average

Modulus (GPa)
1.87
1.90
1.93
2.41
1.81
1.52
1.91

The electromechanical coupling factor (k31) in the transverse direction, piezoelectric
coefficients, and modulus are shown in Table 2-5 for the P(VDF-HFP) copolymers tested here as
well for PVDF and P(VDF-TrFE) (75/25 mol%) as a reference[58]. The high modulus combined
with high transverse strain response in P(VDF-HFP) (10 wt.% HFP) results in a very high
coupling factor (k31=.187) that is much greater than PVDF (k31=.12) or P(VDF-TrFE) (k31=.07).
This means that this copolymer is much more efficient at converting between the electrical and
mechanical energies than the conventional piezopolymers and opens up the possibility of utilizing
this material in various transducer and sensor applications.
Table 2-5: Comparison of the quasistatic piezoelectric coefficients and electromechanical
coupling factors.
Polymer
PVDF
P(VDF-TrFE) (25 mol.% TrFE)
P(VDF-HFP) (10 wt.% HFP)
P(VDF-HFP) (12 wt.% HFP)

d31 (pm/V)
22.4
10.7
43.1
39.3

d33 (pm/V)
-25.8
-33.5
-32.0
-26.9

Y (GPa)
3.0
3.0
2.0
.45

k31
.12
.07
.187
.081
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2.5 A Structural Analysis of P(VDF-HFP) (10 wt.% HFP)
2.5.1 Evaluation of thermal properties by DSC
DSC was carried out on unstretched and stretched films of P(VDF-HFP) (10 wt.% HFP)
and stretched PVDF as presented in Figure 2-11 to compare thermal properties and crystallinity.
The stretched copolymer sample has a slightly higher heat of fusion associated with melting of
the crystallites (ΔH = 53 J/g) as compared to the unstretched sample (ΔH = 47 J/g), indicating a
higher crystalline content in the stretched sample.
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Figure 2-11: DSC data from first heating at 10°C per minute for P(VDF-HFP) (10 wt.% HFP)
unstretched, stretched, and PVDF stretched samples.
The reason for stretching causing an increase in crystallinity is two-fold. First is due to the
orientation of polymer chains which more easily allows formation into a neat crystalline structure
as is well known in polymers. Second is an annealing effect due to heating the films during the
stretching process compared to the unstretched sample that was quenched. It is expected that the
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copolymer samples would have lower crystallinity than the homopolymer due to the large size of
the HFP monomer units making it difficult to form a neatly packed crystalline structure.
However, the heat of fusion in the stretched copolymer (53 J/g) as compared to PVDF with ΔH =
54 J/g is not outside the acceptable error in the DSC measurement suggesting little difference in
crystallinity between the two materials. Based on the composition of 10 wt.% HFP, it was
expected that there would have been more of a dramatic decrease in crystallinity. This leads to
the belief that the heterogeneous nature of the composition results in a lower average composition
than reported by the material supplier. The melt temperatures were measured as 173.5°C,
171.7°C, and 173.5°C for the copolymer unstretched, copolymer stretched, and PVDF stretched
samples, respectively. It is suspected that the slightly lower melt temperature in the stretched
copolymer sample may be due to a smaller crystallite size and lamellae thickness that results from
the thermal treatment during the zone drawing process. The high level of crystallinity in this
composition of copolymer is also responsible for the high mechanical modulus of about 2 GPa.

2.5.2 Evaluation of crystalline structure by XRD
Diffraction patterns were obtained with a rotating anode x-ray diffractometer in order to
obtain a more detailed analysis of the crystalline structure of P(VDF-HFP) (10 wt.% HFP) as
compared to standard XRD scans. Additionally, PVDF was characterized as a comparison. The
unstretched samples were first scanned with a reflection method and the diffraction patterns of
P(VDF-HFP) and PVDF are shown in Figure 2-12. Upon first inspection of the pattern for the
unstretched P(VDF-HFP) sample, it appears to be very characteristic of the nonpolar α-phase of
PVDF with the peak positions corresponding to those assigned to this phase.
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Figure 2-12: XRD patterns from rotating anode reflection method for P(VDF-HFP) (10 wt.%
HFP) (A) and PVDF (B) unstretched.
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The unstretched PVDF scan data is from a melt pressed and quenched sample processed in our
lab under identical conditions to that of the P(VDF-HFP). The peak positions detected here for
PVDF are also typical for the α-phase. However, the peak intensity ratios of the copolymer is
quite different from that of the α-phase of unoriented samples, indicating another structure rather
than a pure α-phase.[48] For instance, the diffraction pattern for unoriented PVDF typically has a
stronger intensity for the (110) α-phase peak at about 20° than the lower angle peaks for (100)
and (200). In the case of P(VDF-HFP) studied here, the (100) and (020) peaks show greater
intensity than the (110) peak. When calculating the intensity ratio of (Peak 4/ (Peak 1+Peak 2)
for PVDF it is about 1.1 compared to .8 for P(VDF-HFP). Considering this, for all intents and
purposes we can consider the structure in the unstretched P(VDF-HFP) to be the α-phase as seen
in PVDF, keeping in mind that there may be some slight differences. Based on calculations from
the Scherrer equation and the full width at half maximum (FWHM) (instrument peak broadening
was not taken into account), the crystallite size from the (110) peak of PVDF is 9.2 nm, slightly
larger than that in the P(VDF-HFP) (7.3 nm), which is reasonable due to the defective nature of
the HFP units.
The rotating anode transmission method is the most accurate XRD method used here for
characterizing the crystalline structure of the stretched polymers because of uniaxial orientation
created during the stretching process.

The scan at ϕ=0° for the stretched sample of P(VDF-HFP)

shown in Figure 2-13A provides more detail than the reflection methods attempted and several
changes can be observed when comparing with the diffraction pattern of the unstretched sample.
The first is a broadening of the peak at approximately 2Ө = 20-21° due to the convolution of the
(110)α peak at 20.1° and the (110,200)β peak at 20.9°.

Additionally, β-phase peaks were

detected at 36.5° and 56.1°. The (120)α peak was detected here at 25.7°, which could not be
detected in the unstretched sample and the (021)α peak was detected in the unstretched sample
but not the stretched sample, probably due to orientation of the α-phase crystallites.
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Figure 2-13: XRD patterns from rotating anode transmission method for stretched P(VDF-HFP)
(10 wt.% HFP) oriented at an azimuthal angle of 0°(A) and 90°(B).
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Figure 2-14: XRD patterns from rotating anode transmission method for stretched PVDF
oriented at an azimuthal angle of 0°(A) and 90°(B).
This scan of the stretched P(VDF-HFP) sample indicates a mix of the nonpolar α-phase and the
polar β-phase at a ratio of 54.9% α and 45.1% β-phase. By rotating the sample to an azimuthal
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angle (ϕ) of 90°, it allows for detection of crystallites oriented along the length of the chain (caxis), or the (00l) diffraction plane. As shown in Figure 2-13B, strong peaks are detected
characteristic of both the α-phase (002) and β-phase (001). The peak areas indicate a ratio of
55.9% α and 44.1% β-phase, very consistent with the scan at azimuthal angle 0°.

This

consistency in structure composition between the two sample orientations indicates that the
structure composition can accurately be determined exclusively from the 0° scan even though all
peaks cannot be detected.

The crystallite size as calculated from the Scherrer equation

(instrument peak broadening not taken into account) is similar for both the α- and β-phase
crystals. In the (110) plane the crystallite sizes are 9.3nm and 8.4 nm for the α-phase and βphase, respectively. The α-phase has a crystallite size of 5.8 nm in the (002) plane while the βphase is 6.3 nm in the (001) plane.
The commercially stretched PVDF sample shows much more complete conversion to the
β-phase than the P(VDF-HFP), which was expected due to the bulky HFP units in the copolymer
acting as defects that destabilize the β-phase. The diffraction pattern at an azimuthal angle of 0°
shows no detection of peaks associated with the α-phase like were present in the stretched sample
of P(VDF-HFP). Upon rotation of the sample 90°, only a β-phase peak can be detected at 35.1°
further confirming that the structure is completely β-phase. It is interesting to note that the peak
widths indicate a slightly smaller crystallite size in the stretched PVDF sample as compared to the
copolymer, with a size of 7.0 nm in the (110,200) plane and 5.6 nm in the (001) plane without
considering instrument peak broadening.

2.5.3 Evaluation of chain conformation by FTIR
A standard transmission method of FTIR was utilized to complement the XRD structural
analysis for unstretched, stretched, and stretched and poled samples of P(VDF-HFP) (10 wt.%
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HFP) with the spectra being illustrated in Figure 2-15. The characteristic peaks for the TGTG'
conformation of the nonpolar α-phase are labeled at the wavenumbers of approximately 532 and
763 cm-1 and appear to be present for all of the samples. There was also detection of the T3GT3G'
conformation of the γ-phase as evidenced by a peak at about 442 cm-1 for the stretched and poled
samples which increases in intensity compared to the unstretched sample. Furthermore, peaks
characteristic of the TTTT conformation of the β-phase were detected at wavenumbers of
approximately 510 and 840 cm-1 and increase in intensity as the films are stretched and then
poled. Qualitatively, these results are consistent with the XRD results in that both nonpolar and
polar phases are present in the stretched and stretched and poled samples.

Figure 2-15: Transmission FTIR spectra of P(VDF-HFP) (10 wt.% HFP) unstretched, stretched,
and stretched and poled.
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2.6 Origin of the Unusual Piezoelectric Response in
P(VDF-HFP)
The high value of d31, which is also larger than d33 in magnitude observed in P(VDFHFP) copolymers, is interesting and distinctively different from that observed in the poled
ferroelectric (β-phase) PVDF and P(VDF-TrFE) copolymers. This suggests that the piezoelectric
response in the P(VDF-HFP) copolymer originates from a mechanism different from that in the
β-phase of PVDF as well as P(VDF-TrFE). The electric displacement hysteresis loop (D-E loop)
measured on stretched P(VDF-HFP) (10 wt.% HFP) films (Figure 2-16) displays a much smaller
remnant electric displacement (Dr ~ .03 C/m2) as compared with the β-phase PVDF, which has a
larger Dr (~.055 C/m2) even though the crystallinity of the two polymers (as determined by DSC
in Section 2.5.1) is very similar.
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Figure 2-16: D-E loop for stretched P(VDF-HFP) (10 wt.% HFP) at a frequency of 10 Hz.
The higher piezoelectric coefficients and smaller Dr in P(VDF-HFP) compared with those of the
β-phase PVDF further suggest that the piezoelectric response in the P(VDF-HFP) originates from
a mechanism different from that in the β-phase of PVDF since the piezoelectric coefficient is
typically proportional to the remnant electric displacement.[62] The electrostrictive strain can be
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defined by Equation 2.7, where S,Q, and P

are the strain, electrostrictive coefficient, and

polarization, respectively.

S = QP 2

2.7

The change in strain can then be defined by differentiating strain with respect to polarization as
shown in Equation 2.8, where Ps is the remnant electrical polarization (spontaneous polarization)
or displacement.

ΔS = 2Q × Ps × ΔP

2.8

Since ΔP is equal to the product of permittivity (ε-ε0) and electric field (E), the change in strain
can be rewritten as Equation 2.9.

ΔS = (2Q × Ps × (ε − ε 0 )) E

2.9

Since piezoelectric strain is equal to the product of the piezoelectric coefficient (d) and E, d can
be defined by Equation 2.10, thus showing that the piezoelectric coefficient is proportional to the
remnant electric displacement.

d = 2Q × Ps × (ε − ε 0 )

2.10

As detailed in section 2.5, the P(VDF-HFP) films after stretching display an x-ray pattern
which is very much different from the β phase as observed in the stretched PVDF films. This
indicates that the bulkier HFP units in the PVDF chains act as defects to destabilize the
ferroelectric β phase. This is somewhat analogous to that in P(VDF-TrFE) copolymers where
adding bulkier monomer units such as chlorofluoroethylene (CFE), chlorotrifluoroethylene
(CTFE), and HFP converts the normal ferroelectric into a relaxor ferroelectric.[44,59,63,64]. On
the other hand, the introduction of HFP in P(VDF-HFP) copolymers does not convert the
ferroelectric β phase (for stretched PVDF films) into a paraelectric phase, as observed in the case
of HFP and CTFE in the P(VDF-TrFE)-based terpolymers.

Instead, the x-ray data of the

stretched P(VDF-HFP) films still exhibit α-like structure, with a small amount of β-phase
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component similar to that observed in P(VDF-CTFE) copolymers.[57,65] This difference in
crystalline phase structure might be responsible for the different electromechanical responses
observed between the P(VDF-HFP) copolymers here and the P(VDF-TrFE)-based terpolymers.
Based on these observations, we suggest that the unusual piezoelectric response observed
here originates from a reversible phase transformation between a poled α-like structure and a
more polar (β-like) structure.

This transformation generates a piezoelectric rather than

electrostrictive response as observed in the relaxor P(VDF-TrFE) based terpolymers. The

schematic in Figure 2-17 illustrates the polarization and strain responses of an electrostrictive
polymer with a DC electric bias field with a smaller AC field superimposed on it. It can be
seen that the AC field-induced strain has a more linear dependence on the electric field with a
DC bias applied, thus making it more piezoelectric in nature than electrostrictive. In the case
when the DC bias is larger than the AC field, the AC strain response can be described by
Equation 2.11, where Q is the electrostrictive coefficient, PD is the polarization induced by
DC bias, and ΔP is the polarization induced by the small AC field. Under weak electric
fields ΔP is mostly linear, which leads to a linear relationship between strain and electric
field as long as ΔE is small.

ΔS = 2QPD ΔP

2.11

Since ΔP is the product of permittivity (ε-ε0) and AC electric field (ΔE), ΔS can also be
defined as Equation 2.12.

ΔS = 2QPD (ε − ε 0 )ΔE

2.12

Based on Equation 2.12 and the definition of piezoelectric strain (ΔS = dΔE), the
piezoelectric coefficient for DC field-biased electrostrictive polymers is defined in Equation
2.13.
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d = 2QPD (ε − ε 0 )

2.13

In the case of the P(VDF-HFP) polymer studied here, we consider the remnant polarization
induced from poling as the DC bias induced polarization and describe the piezoelectric effect
as a remnant polarization biased electrostriction. In other words, a field induced phase
transformation is responsible for the strain, similar to what is observed in P(VDF-TrFE-CFE)
terpolymer, but the copolymer has a remnant displacement that acts like a DC bias providing
a linear relationship between strain and applied field.

Figure 2-17: Electrostrictive polymer with a small AC electric field superimposed on a DC bias
field.[59]
Using the lattice constants of PVDF α-phase and β-phase and assuming a perfect crystal
with the polar-axis parallel to the applied field, we can estimate the relative magnitude of d31 vs.
d33 assuming a field induced reversible change between an α-like structure and a β-like
structure.[11,13] For a phase change from a poled α- to β- phase, d31 ~ (2cβ - cα)/cα = 0.032 and
d33 ~ (bβ-aα)/aα = - 0.01, where cβ and cα are the lattice constants along the polymer chain
direction and bβ and aα are the lattice constants along the polarization direction for the β- and αphases, respectively. The |d31/d33| ~1.4 observed in the experiment is much smaller than the
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estimated ratio (~3.2) based on the lattice constants. This is presumably due to the random
orientation of the crystallites in the direction perpendicular to the stretching direction, which
increases d33, as well as the imperfect alignment of the polymer chains along the stretching
direction, resulting in a smaller d31. Nevertheless, these results are consistent with the hypothesis
that the observed piezoelectric response originates from a field induced change between a poled
α-like structure and β-like structure, which can generate a higher piezoelectric response than
these within a single phase and yield a larger d31 response compared with d33.

56

2.7 Summary
This chapter presents experimental results on transverse and longitudinal strain
measurements of corona poled P(VDF-HFP) and P(VDF-CTFE) copolymers.

The P(VDF-

CTFE) samples showed very little piezoelectric response (lower than that of PVDF
homopolymer) and may need to be operated under a DC bias or with a greater remnant
polarization in order to achieve large electromechanical responses. On the other hand, P(VDFHFP) copolymers of both compositions (10 and 12 wt.% HFP) showed very high transverse
piezoelectric response with a d31 >40 pm/V, which is nearly twice as great as that of PVDF and
P(VDF-TrFE) and suggests that this material may be useful for transducer and actuator
applications. The longitudinal response of these copolymers is not as exceptional, with a d33 ~ 30
pm/V, which is typical of PVDF homopolymer. It is a peculiar anomaly that d31 > d33 in these
systems, since d33 > d31 in PVDF and P(VDF-TrFE). This is an indication that the origin of this
high piezoelectric response is different than that in β-phase PVDF and P(VDF-TrFE) and is
further investigated with a detailed structural analysis. The high transverse strain response,
coupled with a high modulus (2 GPa) in the P(VDF-HFP) (10 wt.% HFP) polymer leads to a very
high electromechanical conversion efficiency with a transverse coupling factor k31 = .182,
indicating that this material is nearly twice as efficient at converting between the electrical and
mechanical energies than the conventionally used PVDF and P(VDF-TrFE). The P(VDF-HFP)
(12 wt.% HFP) copolymer has a significantly lower modulus which makes it less desirable for
applications utilizing the piezoelectric effect.

It is believed that the large difference in

mechanical properties may be due to differences in the copolymer composition distribution, the
(90/10)wt.% composition has a heterogeneous distribution of composition and the (88/12)wt.%
composition has a homogeneous distribution.
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A detailed structural analysis on P(VDF-HFP) (10 wt.% HFP) utilizing different XRD
techniques as well as FTIR suggests the existence of both nonpolar and polar phases in the
stretched films. The existence of a large amount of α-phase suggests that the HFP units are acting
as defects, destabilizing the β-phase, which is more prevalent in stretched PVDF hompolymer.
This is analogous to the P(VDF-TrFE-CFE) terpolymers where the bulky CFE units destabilize
the β-phase and a large strain is generated through an electric field induced nonpolar-to-polar
phase transformation. Due to the fact that the d31 measured here is greater than d33 and that the
P(VDF-HFP) has a lower remnant polarization than PVDF, it is believed that the origin of the
piezoelectric response is different from that in β-phase PVDF and P(VDF-TrFE). Based on the
knowledge of P(VDF-TrFE-CFE) terpolymer it was hypothesized that there could be a large
nonpolar to polar phase transformation occurring in this system that is generating large strain
responses. Calculation of the ratio of d31/d33 that would theoretically occur from an α-phase to βphase transition based on the lattice constants of these phases, the hypothesis is supported that d31
should be greater than d33. However, the strain mechanism in the terpolymer and P(VDF-HFP)
are different because the terpolymer generates an electrostrictive response while the P(VDF-HFP)
generates a piezoelectric response. Essentially, this is due to the remnant polarization in the
copolymer acting as a DC bias so that the strain change is occurring over a linear region of the
quadratic S-E curve.
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Chapter 3

Modification of PVDF-based Polymers for
Enhancement of the Electrical Energy Storage
Characteristics
3.1 Introduction
Poly(vinylidene fluoride) (PVDF) has generated interest for use as electrical energy
storage capacitors due mostly to its high dielectric constant compared with other polymers. There
have been several issues such as high energy losses that have prevented large scale
commercialization of capacitors based on PVDF but there is still potential in this area and
progress is being made. In this chapter we explore modifications to two of the energy storage
polymers with the best properties: poly(vinylidene fluoride-hexafluoropropylene) [P(VDF-HFP)]
and poly(vinylidene fluoride-chlorotrifluoroethylene) [P(VDF-CTFE)] to enhance their electrical
energy storage capabilities.
The background section reviews some fundamentals of capacitor technologies including
material property considerations for energy storage and the current state of the art in polymer thin
film capacitors. The motivation behind the methods utilized here is explained based on the
current understanding of the energy storage characteristics of the PVDF-based polymers. The
bulk of this chapter covers processing/structure/property relationships in P(VDF-HFP) in an
attempt to modify the crystalline structure of this polymer to reduce ferroelectric losses that lead
to inefficiency in the charging and discharging process. First, the effects of uniaxial stretching
are examined on melt pressed and blown films of similar stretching ratios. A detailed structural
analysis is conducted to compare the effects of the processing method on the structure showing
that stretching induces the formation of β-phase, but to a lesser extent in melt pressed films due to
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orientation in the blown films from the film processing. These relationships are then extended to
the energy storage capabilities by measuring D-E hysteresis loops and examining how the
polarization and losses are related to the structure. The results suggest that there is an optimum
stretching ratio where a tradeoff between reducing conduction and ferroelectric losses from the βphase can be balanced for maximizing energy storage efficiency. The results of biaxial stretching
of P(VDF-HFP) on the crystalline structure is also analyzed and compared with uniaxial
stretching to evaluate if this is a better way for obtaining high orientation while minimizing the
polar phase. The final section of studies detailed in this chapter involves high energy electron
irradiation of P(VDF-HFP) and P(VDF-CTFE) films. This work is based on past work on
irradiation of P(VDF-TrFE) that shows irradiation destabilizes the β-phase, which would be
useful for the capacitor application.[1]

The effects of irradiation on the structure of these

polymers is characterized with DSC, XRD, and FTIR and the low field and high field dielectric
properties are analyzed.

The data suggests that irradiation is successful in converting the

crystalline structure to a more non-polar phase and may be a useful technique for reducing
ferroelectric losses at high electric field.
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3.2 Background
3.2.1 Capacitor fundamentals
The simple definition of a capacitor is a device that stores energy in an electrostatic field.
Most capacitors fall into one of three major technologies:

ceramic capacitors, electrolytic

capacitors, and film capacitors.[66- 68] Ceramic capacitors typically utilize ferroelectric ceramics
6

such as barium titanate (BaTiO3) and Pb-based materials with high dielectric constants and are
constructed in a multilayer chip design. The high dielectric constant materials allow for high
energy density at low operating field but often have electric breakdown strength lower than
sufficient and it is difficult to fabricate large volume ceramic capacitors with large capacitance.
Electrolytic capacitors use an ionic liquid as one of the plates and the dielectric is actually formed
by an anodizing process between the anode metal and electrolyte. Electrolytics can provide
energy densities comparable to ceramic capacitors but often possess high losses and must be used
in DC applications or unipolar conditions since they are polarity dependent. This research focuses
on the development of polymer dielectrics for polymer thin film capacitors which typically
consist of polymer films such as polypropylene (PP), polyethylene terephthalate (PET), or
polycarbonate (PC) with metalized electrodes on both sides and tightly wound together in a
cylinder design. While polymer film dielectrics do not have the high dielectric constants like
ceramics and thus require higher electric fields to achieve a similar polarization level, they have
advantages over ceramics such as self healing characteristics, higher breakdown strength, and
more flexibility in processing and capacitor design. Additionally, they are not polarity dependent
and do not have high losses comparable to electrolytics.
Parallel plate capacitors operate by storing charge in a dielectric between two conducting
plates. When a voltage is applied across a capacitor as diagrammed in Figure 3-1, the dielectric
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resists flow of current and becomes polarized creating head-to-tail alignment of dipoles, which
results in no net charge within the bulk and a charge on the surface of the plates.

E

Surface charge
Figure 3-1: Schematic diagram of charge storage in a parallel plate capacitor.

This surface charge is characteristic of the charge storing ability of the dielectric and is quantified
by capacitance (C) as defined in Equation 3.1, where Q is the measured charge and V is the
applied voltage.

C=

Q
V

3.1

The dielectric constant (or relative permittivity (εr)) is the parameter most often used to describe
the charge storing ability of a dielectric and is essentially the ratio of capacitance or stored charge
of a capacitor with a dielectric medium compared to a vacuum or

εr =

Q
C
=
Q0 C 0

where Q0 and C0 are the charge and capacitance of a vacuum, respectively.

3.2
The relative

permittivity can then be related to the capacitance by Equation 3.3, where d is thickness between
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the conductive plates, ε0 is the permittivity of a vacuum (8.85 x 10-12 F/m), and A is the electrode
area.

εr =

C *d
εo * A

3.3

This permittivity is a complex number, which can be expressed as

ε r = ε r' − jε r"

3.4

where εr’ is the real part associated with capacitance and εr” is the imaginary part associated with
energy lost in the phase lag of dipole orientation with AC electric field. The imaginary part is
often defined relative to the real part as the loss tangent (tan ∂ or dissipation factor) as defined in
Equation 3.5.

ε r"
tan δ = '
εr

3.5

The macroscopic property of permittivity (εr) essentially depends on the ability for the
dielectric to polarize on the local molecular level. From a macroscopic perspective, the charge
density is equivalent to the electric displacement vector (D) defined as

D = ε 0 E + P = ε 0ε r E

3.6

where E is the electric field and P is polarization. This means that total electric displacement is
the sum of the contribution from free space (ε0E) and the material (P). From a microscopic
perspective, you must consider the actual electric field acting on a single molecule (local field or
Eloc), also known as the Lorentz field. On the local level the actual electric field is not just that
arising from the charges on the plates but also the effects of polarized dipoles surrounding this
single point and defined as

E loc = E +

1
P.
3ε 0

3.7
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Considering that the induced polarization on a single molecule is related to the local electric field
instead of the macroscopic average field, the induced polarization (pinduced) can be defined as

pinduced = α e Eloc

3.8

where (αe) is the microscopic polarizability. The microscopic polarizability can be related to the
macroscopic permittivity by the Clausius-Mossotti equation (Equation 3.9) where N is the
number of molecules per unit volume.

ε r − 1 Nα e
=
ε r + 2 3ε o

3.9

Hence, it can be seen that the macroscopic charge storage ability of a dielectric is directly related
to the polarizability of dipoles on the local molecular level.

3.2.2 Material considerations for energy storage

A)

B)

Linear
D

C)

FE
D

E

AFE

Psat
D

E

Esat

E

Figure 3-2: Schematic diagram of electric displacement vs. electric field for A) linear, B)
ferroelectric, and C) antiferroelectric materials (shaded area represents energy density).
Electrical energy density is an extremely important parameter for capacitor materials
because its maximization enables a reduction in capacitor size and weight critical for enabling
advancing technologies. The energy density is not only a function of the dielectric constant and
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electrical breakdown strength; it is also related to the relationship between polarization and
applied electric field. When considering a normal linear dielectric where electric displacement
has a linear relationship with electric field as seen in Figure 3-2A, the stored energy density is
equal to the shaded region, or calculated by Equation 3.10 where Ue is the energy density.

Ue =

1
ε rε o E 2
2

3.10

This equation entails that in order to increase the energy density, either the relative permittivity or
electrical breakdown field must be increased.

Linear dielectrics usually do not have high

permittivity, which makes it difficult to obtain high energy density, but they often have a low
dielectric loss which is also desirable. For ferroelectric materials, the electric displacement is not
linearly dependent on electric field as seen in Figure 3-2B, and the energy density is calculated by
integrating the electric field (E) with respect to the electric displacement (D) (Equation 3.11).

U e = ∫ EdD

3.11

Ferroelectrics typically have a high permittivity at low electric field, which leads to large energy
density at low fields compared with linear dielectrics. However, at high field the polarization will
often saturate meaning that subsequent increases in electric field will not lead to large increases in
energy density. Another disadvantage when compared with linear dielectrics is that ferroelectrics
often have higher dielectric losses, especially at high frequencies, associated with polarization
mechanisms with slow response times.

This is sometimes related to electric field induced

ferroelectric phase switching that may lag behind high frequency AC fields. Anti-ferroelectric
materials contain unit cells whose polarity points in opposite directions for adjacent atomic units
resulting in zero net polarity. This low polarity leads to low permittivity at low electric field
which is not conducive to high energy density at these fields.

However, antiferroelectric

materials may possess a critical electric field where the polarization units experience switching
and align in the direction of the field creating large increases in polarity at this field. This
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antiferroelectric nature allows for a delay of the polarization saturation as illustrated in Figure 32C and may result in higher electrical energy densities if the polarization and electrical
breakdown field can reach a sufficient level. This phenomenon suggests that a high dielectric
constant may not be necessary to obtain high energy densities by qualitatively comparing the D-E
curves and shaded regions for ferroelectric (high K) and antiferroelectric (low K) materials.
A vital characteristic of dielectrics for electrical energy storage is energy losses
associated with the charging and discharging of the capacitor. This loss contributes only to the
imaginary part of the permittivity and can be characterized by analyzing the electric
displacement-electric field (D-E) hysteresis loop where there is often a hysteresis in the
displacement upon charging and discharging. Integration of the electric field with respect to
electric displacement can be performed for both the charging and discharging cycles to calculate
the stored energy (Ustored) and released energy (Ureleased) and the energy storage efficiency is
calculated by Equation 3.12 where η is the energy storage efficiency.

η=

U released
U stored

3.12

The energy losses associated with charging and discharging cycles of a dielectric
originate from two main sources:

conduction and dielectric losses.

Energy loss due to

conduction is quite simple. When an electric field is applied to a dielectric with very low
conductivity, the electrical energy is able to be stored almost exclusively in the polarization of
dipoles.

However, if the material has some conduction through either electronic or ionic

mechanisms, a portion of the electrical energy is not stored and is conducted through the
dielectric and can be converted to heat through Joule heating. Conduction loss can often be
distinguished from dielectric loss with low frequency D-E loop measurements where dielectric
loss will be negligible. Dielectric energy losses stem from a polarization hysteresis in the
orienting and disorienting of the dipoles in a dielectric. For instance, when an electric field is
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applied there is an orientation of dipoles that can respond to an alternating signal. Upon reversal
of this field, the polarization may be out of phase with the applied field and a coercive field must
be applied to return to zero net polarity meaning that this charging and discharging process is not
completely efficient. This effect can also stem from ferroelectric losses coming from ferroelectric
phase switching in ferroelectric materials. For instance, PVDF-based polymers can undergo a
crystalline phase transformation from a non-polar to a polar phase induced by the application of
an applied electric field. Upon reversal of the field, the crystallites may not completely switch
back to the non-polar state, leaving a large remnant polarization. Dielectric loss can often be
distinguished from conduction loss with high frequency D-E loop measurements where
conduction will be negligible.
In addition to these losses resulting in an inefficient charging-discharging process, the
lost energy is converted to heat and can result in over-heating issues, especially with a tightlywound polymer thin film capacitor. If the heat cannot be dissipated the polymer dielectrics could
experience problems with conductivity and low breakdown strength due to a softening of the
material and thermal breakdown.

3.2.3 Current state of the art in polymer thin films for capacitors
Polymer thin film dielectrics are often more attractive than ceramics for capacitor
applications due to their higher electrical breakdown strength, self healing capabilities, flexible
nature, and low cost. However, the current state of polymer dielectrics calls for improvements in
electrical energy density through increases in electrical breakdown strength and/or dielectric
constant, all while maintaining energy losses at a minimum. Increases in the electrical energy
density enable a reduction in capacitor size, which is desirable for applications such as in hybrid
electric vehicles, electric weapons, and implantable defibrillators just to name a few.
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Characteristics of the most commonly used polymers in thin film capacitors are outlined in Table
3-1.[69] Biaxially oriented polypropylene (BOPP) is the material most commonly utilized and it
has been shown that high levels of molecular orientation induced by stretching aid in increasing
electric breakdown strength and energy density.[70,71] Additionally, BOPP has very low
dielectric losses (dissipation factor <.02% at 1 kHz) due to the nonpolar nature of the
molecules.[69]
Table 3-1: Characteristics of polymer films most utilized in energy storage capacitors.[69,72]
Voltage
breakdown
(V/μm)

Dissipation
factor (%)
1kHz

Energy
density
(J/cc)

2.2

Maximum
operating
temperature
(°C)
105

640

<.02

1-1.2

3.3

105

570

<.50

1-1.5

2.8

125

528

<.15

.5-1

12.0

105

590

<1.80

2.4

3.2

125

550

<.15

1-1.5

3.0

140

550

<.03

1-1.5

Plastic film

ε

Polypropylene
(PP)
Polyester
(PET)
Polycarbonate
(PC)
Poly(vinylidenefluoride) (PVDF)
Polyethylenenaphlate (PEN)
Polyphenylenesulfide (PPS)

The low dielectric constant (~2-3) of BOPP compared to ceramics is made up for by the high
electrical breakdown strength (>500 MV/m) and BOPP capacitors have an energy density (≈1-2
J/cm3)[69], which is comparable to conventional ceramic capacitors. Other polymers commonly
studied for energy storage are polyester (PET), polycarbonate (PC), and polyethylenenaphlate
(PEN) which can reach similar energy densities as PP but the dissipation factors are not as low as
PP (< .02%). Poly(phenylene sulfide) (PPS) has shown good temperature stability with operating
temperatures as high as 140°C.[72]
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Over the past decade, PVDF-based polymers have emerged as a possible alternative to
BOPP in polymer film capacitors.[65,73,74] The polar nature of the vinylidene fluoride group
(net dipole moment ~2 Debye) results in a high dielectric constant (K~12) in this polymer, much
higher than typical nonpolar polymers (K < 2), leading to higher polarization levels and higher
energy densities. The major problem with PVDF is that the polarity of the polymer also results in
a high dissipation factor compared to the other polymers, causing high energy losses. Other
disadvantages of PVDF compared with the other commonly used polymer dielectrics are
nonlinearity of polarization with electric field that leads to saturation of the polarization, higher
conductivity, high leakage current, and lesser mechanical properties.[69]

Improvements in

energy losses for PVDF-based polymers were realized with the development of relaxor
ferroelectric P(VDF-TrFE)-based polymers.[73] These polymers posses extremely high dielectric
constants (K > 50) leading to energy densities greater than 10 J/cm3, higher than any other
polymer at the time. This result was realized by introducing defects into the crystalline structure
resulting in a reduction in the crystallite polarization domain size, increase in interchain spacing,
and thus allowing for conversion between polar and nonpolar states with little energy barriers,
making them ferroelectric relaxors.[1] These relaxor polymers are able to achieve high electric
displacement arising from high levels of electric field induced phase transitions. In addition to
the high dielectric constant, the advantage of the relaxor ferroelectric material is that there is very
little hysteresis in the charging-discharging cycle as illustrated in Figure 3-3.[65] The D-E loop
for the normal ferroelectric P(VDF-TrFE) copolymer is very square in nature, characteristic of
ferroelectric materials, which results in very little released energy. The very small hysteresis in
the relaxor polymer allows for much larger amounts of released energy as illustrated with the
shaded-in regions.
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Figure 3-3: D-E loops for P(VDF-TrFE) (dotted line) and P(VDF-TrFE-CFE) (solid line)
measured at 10 Hz.[65]
The defects were introduced by both high energy electron irradiation and by incorporating a third
bulking monomer chlorofluoroethylene (CFE) or chlorotrifluoroethylene (CTFE) by the synthesis
of P(VDF-TrFE-CFE) and P(VDF-TrFE-CTFE) terpolymers.[1,14,64,73]
methods have some disadvantages.

However, both

The electron irradiated P(VDF-TrFE) suffers many

damaging effects from irradiation leading to degradation of mechanical properties and creation of
unwanted ionic conducting defects in the films.

The P(VDF-TrFE-CFE) terpolymer is not

commercially available and very expensive to synthesize in addition to having a lower than
desirable modulus (E~.5 MPa) which makes processing of thin films difficult and reduces electric
breakdown strength associated with the electromechanical breakdown mechanism.

Another

disadvantage of the relaxor ferroelectric polymers is early saturation of polarization, which does
not allow for large increases in energy density at high electric field (E > 200 MV/m).
Several years later it was found that with defects modification of the PVDF
homopolymer an antiferroelectric nature could be obtained and the saturation of polarization as
seen in the relaxor polymers could be avoided as schematically illustrated in Figure 3-4. This
effect was first discovered in commercially available P(VDF-CTFE), where the bulky CTFE
groups act as the defects.[65] This copolymer is not a relaxor like the terpolymer and the
dielectric constant is much lower (K~8), but the polarization does not saturate at high field and
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the electrical breakdown strength can reach levels much higher than the terpolymer resulting in
improvements of energy density. The reason behind the different polarization behaviors is the
terpolymer can undergo field induced phase transitions at very low field while it takes a much
higher field to switch the phase for the P(VDF-CTFE) copolymer.

A)

B)

Figure 3-4: A) D-E loop and B) measured energy density for P(VDF-CTFE) (15 wt.% CTFE) at
10 Hz.[65]
Initial results reported an energy density of approximately 16 J/cm3 in stretched samples of
P(VDF-CTFE) (15 wt.% CTFE) at an electric field of 550 MV/m, nearly 8 times higher than that
of BOPP[69]. Recently, it has been found that blown film processing of these materials into thin
films and subsequent stretching results in an improvement in film quality and breakdown strength
and energy densities of greater than 25 J/cm3 have now been measured in both the P(VDF-CTFE)
and P(VDF-HFP) copolymers.[74]
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3.3 Motivation
The copolymers of P(VDF-CTFE) and P(VDF-HFP) have recently emerged as potential
players in the polymer thin film capacitor industry, with energy densities topping out at around 25
J/cm3 as discussed in the background.[74] While the energy density of these materials is very
promising compared with the other more commonly used polymer films in capacitors (BOPP has
an energy density around 1-2 J/cm3), there are still some challenges that need to be solved for
them to be practically utilized. One of the most critical issues is the energy losses that occur
through conduction and to a greater extent hysteresis of the electric displacement (ferroelectric
loss).

The unipolar D-E loop for a blown film of P(VDF-HFP) (10 wt.% HFP) stretched to 6

times its original length is shown in Figure 3-5.
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Figure 3-5: Unipolar D-E loop of P(VDF-HFP) (10 wt.% HFP) blown film stretched 6×, the inset
shows linear behavior at an electric field of 50 MV/m.
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By integrating the electric field with respect to electric displacement of the charging curve at 700
MV/m, an electrical energy density of 38.2 J/cm3 is calculated. However, it is clear that there are
losses involved in the charging-discharging process as evidenced by the hysteresis in the loop.
The discharged energy density, which is the only useful energy, is calculated to be 25.9 J/cm3.
By taking the ratio of the discharged energy density to charged energy density, the energy storage
efficiency is about 68%, showing room for improvement. It is believed that the majority of this
loss is coming from ferroelectric losses in the material. At fields of less than 100 MV/m, the
polarization has a nearly linear relationship with applied field and there is very little hysteresis in
the D-E loop as displayed in the inset in Figure 3-5. As the loop reaches approximately 100-150
MV/m, it begins to have some nonlinear characteristics and opens up creating hysteresis that
leads to a decrease in energy storage efficiency. It is at this point that the loop begins to look
ferroelectric in nature. It is plausible that at this point there is an electric field induced phase
transformation from a non-polar phase (α-phase) to a more polar phase (γ or β-phase). The phase
transformation leads to large increases in polarization but the transformation is not completely
reversible when the field is reversed and returned to zero resulting in a hysteresis of the
polarization. In order to reduce this effect the nonpolar α-phase must be stabilized to either
reduce ferroelectric switching and/or improve reversibility of the switch. The main objective of
this series of studies is to better understand how the ferroelectric losses are related to the
crystalline structure of P(VDF-HFP) and how to modify the structure to optimize the energy
storage efficiency.
Mechanical stretching of polymer films in the capacitor industry is a common practice for
improving mechanical properties and electrical breakdown strength.[71] While this effect also
holds true for the PVDF-based polymers, stretching also leads to the creation of the polar β-phase
as discussed in Chapter 1. The D-E loop of β-phase PVDF is very square and ferroelectric in
nature, with very large ferroelectric losses undesirable for capacitor applications. For this reason,
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the α-phase is more desirable in PVDF-based polymers for energy storage applications. Due to
these circumstances, it seems there would be a threshold in stretching ratio where the stretching
no longer has a positive influence on the material performance but begins to negatively affect its
performance. In other words, there is a trade off in improvements gained through stretching and
the ferroelectric losses that result from the polar phase formed from stretching. Biaxial stretching
has been even more widely utilized than uniaxial stretching in PP, with very favorable results in
improving breakdown strength due to the very high levels of orientation that can be
obtained.[69,70] Moreover, biaxial stretching of PVDF may not have the same effect on the
crystal structure as uniaxial stretching due to the orientation being in two different directions,
meaning that biaxial stretching could potentially be useful for obtaining high levels of molecular
orientation without as much formation of the β-phase which leads to ferroelectric losses.
Another possible method to help reduce the ferroelectric losses is with crosslinking. It is
hypothesized that crosslinks will destabilize the β-phase as observed in irradiated P(VDFTrFE).[1]

Furthermore, crosslinking should prevent the formation of large domains, thus

reducing the polarization hysteresis since smaller domains are more easily aligned than larger
domains. Crosslinking also is an effective method of reducing chain mobility in polymers and
may make the polymer electrically elastic in a sense that high levels of polarization can be
reached but the dipoles will always return to their original state. It is believed that there is an
optimum crosslinking density that will still allow for sufficient levels of polarization but prevent
significant hysteresis.
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3.4 Experimental
3.4.1 Uniaxial stretching of P(VDF-HFP)
P(VDF-HFP) of composition 10 wt.% HFP (Solef 11010) was purchased from Solvay for
this study. It should be noted that this batch of material is different from that studied in Chapter 2
and there are some variances in the properties. The polymer powder was processed via two
different methods to obtain films for testing.

The first was standard melt pressing at a

temperature of 230°C with subsequent quenching in ice water to reduce crystallinity and improve
ductility and the second was blown film processing, both resulting in a film thickness of
approximately 60-80μm. The blown films were provided by Strategic Polymer Sciences, Inc.
Uniaxial stretching to varying draw ratios was performed via a zone drawing method with a
narrow heating zone similar to that described in Chapter 2 but with a thin wire being utilized as a
heater in this second generation mechanism. A reflection method of wide angle x-ray diffraction
(XRD) was conducted to characterize the crystal structure with either a normal Scintag Cu Kα
diffractometer with an x-ray wavelength of 1.54 Å or a rotating anode method with x-ray
wavelength of 1.54Å at the Argonne National Lab. Transmission Ө-2Ө scans with rotating anode
XRD with an x-ray wavelength of 1.54 Å were also utilized to characterize the nature of the
crystallite orientation in films of different processing conditions by scanning at azimuthal angles
of 0° and 90° as also described in Chapter 2. The diffraction data was fit to a Gaussian function
with commercial peak fitting software and the phase composition was calculated by taking the
ratios of the peak areas for each phase to the total crystalline peak area as described in Chapter 2.
Fourier transform infrared spectroscopy (FTIR) was conducted with a Nicolet 510 FTIR
spectrometer in transmission mode with a polarizing lens to compliment the XRD data,
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characterizing the crystalline structure and orientation. The dichroic ratio (D.R.) of the FTIR
bands was calculated by Equation 3.13 to quantify the orientation:

D.R. =

I T − I ll
I T + I ll

3.13

where IT and Ill are the FTIR absorption band intensities perpendicular (90°) and parallel (0°) to
the polarizer direction, respectively. In this study, the dichroic ratio was calculated for peaks at
764 cm-1, 842 cm-1, and 880 cm-1. High field electric displacement-electric field hysteresis loops
were measured at a frequency of 10 Hz with a modified Sawyer-Tower circuit.

3.4.2 Biaxial stretching of P(VDF-HFP)
The research described in this section was carried out at the Naval Undersea Warfare
Center-Division Newport (NUWC-Newport, RI) in collaboration with Mr. Thomas Ramotowski.
The two copolymers tested were P(VDF-HFP) (10 wt.% HFP) with the trade names Kynar 312050 (Arkema) and Solef 11010 (Solvay) and have been extruded into the film state with a
thickness of approximately 100 μm. The films were biaxially stretched by Mr. Ramotowski at
Case Western Reserve University to varying stretching ratios at varying temperature and the
results of each stretching attempt were recorded as either “pass” or “fail” depending on the
quality of the film. The Solef films of 2×2, 3×3, and 4×4 stretch ratio and 147°C stretching
temperature were analyzed to determine the effect of stretching ratio on crystalline structure.
Additionally, the Kynar was melt pressed at 230°C to compare the crystalline structure and
orientation with extruded films.

DSC (TA Instruments Model 2910) was performed on both

P(VDF-HFP) grades in the “as extruded” state with a heating rate of 10°C/min. in a nitrogen
atmosphere with a flow rate of 50 cm3/min. The total melting endotherms were integrated to
calculate the heat of fusion by fitting a baseline to a sigmoidal tangent. Partial integrations were
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then carried out from many different start temperatures to the end of melting by integrating from
a vertical line at the start temperature that intersects the baseline.
Infrared spectroscopy was performed with a Thermo Nicolet Nexus 470 FT-IR, utilizing
a Smart Multi-Bounce horizontal attenuated total reflectance (HATR) accessory, which allows for
analysis of thicker films with more accuracy than the transmission method. Peak heights were
determined with the peak height tool in the Omnic data analysis software which automatically
corrects for the baseline. The fraction of the β crystalline phase present in each sample was
calculated by using Equation 3.14:

F (β ) =

Xβ
Xα + X β

=

Aβ
1.26 Aα + Aβ

3.14

where Xα and Xβ are the mass fractions of the α and β crystalline phases, Aα and Aβ are the
absorption bands (peak heights) at 763 cm-1 and 840 cm-1, and 1.26 is the ratio of absorption
coefficients at 763 cm-1 and 840 cm-1.[39,54] The fraction of α-phase was then calculated by
subtracting F(β) from 1. The film stretched to 4×4 was also analyzed with the standard FTIR
transmission technique with a polarizer set to 0° and 90° to detect molecular orientation. In
addition to the β-fractions being calculated in both directions, the dichroic ratio (D.R.) of the
FTIR bands was calculated by Equation 3.13. In this study, the dichroic ratio was calculated for
peaks at 763 cm-1 (TGTG') and 840 cm-1 (TTTT).
The crystalline structure was further characterized with wide angle x-ray diffraction
(XRD) performed on a Philips X’Pert diffractometer with x-rays of wavelength 1.54 Å. The
diffraction pattern peaks were fit to a Gaussian function with professional peak fitting software,
which allowed for integration of the peak areas and a relative comparison of the fraction of
different phases. The fraction of each phase was calculated by taking the ratio of total area of
peaks assigned to that phase to total area of all crystalline peaks as described in Chapter 2.
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3.4.3 Irradiation of P(VDF-HFP) and P(VDF-CTFE)
P(VDF-HFP) (10 wt.% HFP) (Solvay Solef 11010) and P(VDF-CTFE) (15 wt.% CTFE)
(Solvay Solef 31508) blown films were provided by Strategic Polymer Sciences, Inc. and
stretched to 6 times their original length and held for several days to relax stresses. The films
were then annealed in two stages; first at 80°C for 1 hour to further relax stresses and then at
130°C for 4 hours to improve crystallinity. The final film thickness was approximately 15 μm.
High energy electron irradiation with an electron energy of 1.5 MeV was carried out at the
National Institute of Standards and Technology (NIST) under the guidance of Dr. Fred Bateman.
Irradiation was carried out at both room temperature and 90°C with doses ranging from 75-125
Mrad with the dose being determined by irradiation time. Films of each material of different
irradiation conditions were weighed first and then submerged in 50 mL of DMF for 15 days.
After removal, the films still had mechanical integrity and were put in a vacuum oven and heated
to 80°C for overnight to eliminate all solvent.

The samples were weighed again so as to

determine the fraction of soluble polymer that was dissolved away by DMF (soluble fraction) and
the gel content (insoluble fraction). The gel content was calculated by Equation 3.15

gelcontent =

wi − w f
wi

3.15

where wi is the initial dry weight and wf is the final dry weight after dissolving the
soluble fraction.
DSC (TA Instruments Q100) was performed on the films with a heating/cooling rate of
10°C/minute and a nitrogen flow rate of 20 mL/min. to characterize the effects of irradiation on
crystallinity.

The heats of fusion were calculated by integrating from 75°C to 180°C.

Furthermore, a detailed XRD analysis was completed with a Scintag Cu Kα diffractometer and
the peaks were fit to a Gaussian function to characterize any changes in crystalline structure with
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irradiation. The α-phase composition was calculated by taking the ratio of α-phase peak areas to
total crystalline peak areas. FTIR (Bruker IFS 66/S) with attenuated total reflectance (ATR) was
performed on samples of different annealing and irradiation conditions to characterize any
conformational differences. The dielectric constant and loss (tan δ) over varying temperature and
frequency was measured with an HP 4284A precision LCR meter equipped with a temperature
chamber (Delta Design) on samples with Ag sputtered electrodes (6 mm dia.) to observe any
changes in dielectric properties and relaxations due to irradiation. Electric displacement-electric
field (D-E) loops were measured by Xin Zhou at a frequency of 10 Hz with a Sawyer-Tower
circuit on samples with 2.46 mm diameter aluminum electrodes.

79

3.5 The Effects of Uniaxial Stretching on the Structure and
Energy Storage Efficiency of P(VDF-HFP)
3.5.1 Processing / Structure relationships

3.5.1.1 XRD analysis
The XRD patterns collected in reflection mode for P(VDF-HFP) (10 wt.% HFP) melt
pressed samples unstretched, 5× stretched, and 8× stretched are shown in Figure 3-6 with the
results of peak fitting listed next to the plots. The pattern for the unstretched sample is very much
characteristic of the α-phase of PVDF, with peak positions at 2Ө angles 17.7, 18.4, 19.9, and
26.5°. This sample comes from a different batch of P(VDF-HFP) (10 wt.% HFP) than what was
studied in Chapter 2, but it can be seen that the diffraction pattern is very similar to that in
Chapter 2, with the intensity ratios differing slightly from PVDF. While the structure may have
slight differences from α-phase PVDF, for all intents and purposes they can be treated as the
same. As the melt pressed sample is stretched to 5 times its original length, it can be seen that
there is some change in the diffraction pattern. As expected, the stretching begins to convert the
crystalline structure from a nonpolar to a more polar phase as evidenced by several changes in
peaks. The first is a broadening of the peak at about 20°, which is characteristic of the (110)
plane of the α-phase in the unstretched sample. This broader peak can easily be fit to the α-phase
peak at 19.9° and a small β-phase peak characteristic of the (110,200) planes at 20.8°, meaning
that both nonpolar and polar phases are present in the material. Additionally, the α-phase peak
that was at 26.5° in the unstretched sample disappears and a β-phase peak appears at 36.0°. The
composition of the crystalline phase was quantified by taking the ratio of the peak areas to the
total crystalline peak area and was determined to be 81.0% α-phase and 19.0% β-phase.
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Figure 3-6: Reflection XRD patterns along with peak assignments for P(VDF-HFP) (10 wt.%
HFP) unstretched, stretched 5×, and stretched 8×.
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This data serves as evidence that P(VDF-HFP) is more difficult to convert to the β-phase than
PVDF, due to the defective nature of the HFP monomer and consistent with the observations
from Chapter 2. A similar stretching ratio in PVDF would result in almost complete conversion
to the β-phase.[32,33,38,39,75]

As the film is further stretched to 8 times, the trends are

continued. The β-phase peak at 20.8° continues to grow and there is also a slight shift in the
(200) diffraction peak from 36.0° to 36.3°, moving to a smaller lattice spacing. Quantification of
the peak areas supports the conversion to a more polar structure, with 66.8% α-phase and 33.1%
β-phase.
The reflection XRD patterns for blown films of P(VDF-HFP) (10 wt.% HFP) unstretched
and stretched to draw ratios of 4× and 6× along with peak fitting assignments are shown in Figure
3-7. Similar to the unstretched melt pressed film, the peak positions are characteristic of the αphase PVDF. However, there are differences in intensity ratios of the diffraction planes detected
due to orientation in the film as a result of the processing. This orientation can be detected from
the diffraction patterns for the unstretched samples where the blown film sample is showing
greater peak intensity in the (h00) direction, meaning greater orientation in the (00l) direction.
The (h00) diffraction planes show much greater intensity in the blown films as evidenced by the
100/020 intensity ratio of 2.05 in the blown film compared to .97 in the melt pressed film. The
blown film also has much greater relative intensity in the (110) plane as quantified by the
(110)/(100+020) intensity ratio of 1.19 in the blown film to .73 in the melt pressed film. The
(021) peak in the melt pressed sample also does not show up in the blown film sample. The (200)
peak in the blown film sample is not present in the melt pressed sample. The basic trend of
greater intensity in the (h00) and (hk0) planes and less intensity in the (0kl) plane could be due to
greater orientation in the blown film that is not present in the melt pressed film. Essentially this
sample has a crystal structure similar to that in the melt pressed film but with a higher degree of
ordering than the melt pressed film in at least one direction.
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Figure 3-7: Reflection XRD patterns along with peak assignments for blown film P(VDF-HFP)
(10 wt.% HFP) unstretched, stretched 4×, and stretched 6×.
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As the blown film is stretched to 4 times the diffraction pattern changes similar to that
seen with the melt pressed films. The (110,200) β-phase peak appears at 20.8°, convoluted with
the α-phase peak at 20.0°. The (200) α-phase peak is also detected at 36.3°, which is a smaller dspacing (d = 2.47 Å) than that in the melt pressed and stretched 5 times sample (d = 2.49 Å),
meaning that this structure may be more polar than the melt pressed and stretched structure. The
quantification of the peak areas indicates a crystal structure composition of 69.5% α-phase and
30.5% β-phase. The structure of blown films is further converted to a more polar phase when
stretched to a ratio of 6×. This diffraction pattern is clearly the most polar of the six tested, with
only a shoulder occurring at low angle from diffraction of the (100) and (020) planes of the αphase. The (110,200) β-phase peak clearly grows in intensity and the (200) α-phase peak is
shifted to a slightly higher angle (36.4°) or lower d-spacing (2.47 Å), which means it is moving
closer to γ- or β-phase. The breakdown of the crystal structure is 62.5% α-phase and 37.5% βphase.
Additionally, due to the possibility that the application of a high electric field to this
material may lead to some irreversible phase transformation from nonpolar to polar phases, XRD
was performed on a sample after applying an electric field to look for any detectable change in
structure. The pattern was very similar to that of the 6 times stretched blown film with no electric
field applied, except for the peak at about 2Ө = 39°, which is from the Ag electrode. According
to these results the crystalline phase is comprised of 63.6% α-phase and 36.5% β-phase.
Therefore, any irreversible change in crystal structure with the application of a high electric field
is too small to accurately detect with XRD.
The composition of the α-phase crystal structure calculated above is plotted in Figure 3-8
as a function of draw ratio for both the melt pressed (solid symbols) and blown films (open
symbols).

The α-phase composition is consistently more prevalent in the melt pressed films

than the blown films of similar draw ratio. It seems that a greater degree of stretching is needed
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for α to β-phase conversion in the melt pressed films than in the blown films. For example, in the
blown film with a draw ratio of 6× there is approximately 62.5% α-phase which is less than the
66.8% α-phase seen in the melt pressed samples with 8× draw ratio. Presumably this is due to
molecular orientation that is induced in the blown film during the extrusion process which makes

α fraction (%)

less stretching necessary to create the required orientation for the phase conversion.
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Figure 3-8: Composition of α-phase in P(VDF-HFP) (10 wt.% HFP) as a function of draw ratio
for melt pressed films (solid symbols) and blown films (open symbols).
As mentioned above, it is suspected that there could be a difference in the nature and
degree of molecular orientation between the melt pressed and blown film samples. Moreover,
reflection XRD methods may not be the most accurate for obtaining a diffraction pattern for
materials with some anisotropy. When a polymer has some orientation of the crystallites as is the
case in this study, different diffraction peaks may be detected from different orientations of the
sample, especially at angles of 90° difference. Here we examine diffraction patterns from a
transmission rotating anode XRD set up with samples oriented with an azimuthal angle of 0° and
90° to help obtain more information on the orientation in the films. The diffraction patterns for

85
melt pressed and stretched 5× films and blown films stretched 6× with sample orientation at 0°
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and 90° are shown in Figure 3-9.
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Figure 3-9: XRD patterns from rotating anode transmission method for stretched P(VDF-HFP)
(10 wt.% HFP) melt pressed and blown films at azimuthal angles of 0° and 90°.
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There is very little difference between the pattern detected here for the melt pressed stretched 5×
sample oriented at 0° and the one from the typical reflection scan as detailed above. For this scan
the composition of the crystal structures is 78.5% α-phase and 21.5% β-phase, which is very
consistent with that calculated from the normal reflection scan. When the sample is rotated to an
azimuthal angle of 90°, a completely different diffraction pattern is obtained. Two very distinct
peaks are detected at 2Ө angles of 35.1° and 39.0°, characteristic of the (001)β and (002)α planes,
respectively.[30] These peaks are not detected when the sample is oriented at 0° because the
crystallites are aligned in the (00l) plane, which is aligned parallel to the incident x-rays in this
configuration. However, when the sample is rotated, the (00l) plane is no longer parallel and the
diffraction peaks in this plane are easily detected and very strong due to the large amount of
ordering in this direction. When comparing the ratio of these peak areas, the crystal phase
composition is calculated to be 71.5% α-phase and 28.5% β-phase. This composition is agreeable
with the pattern oriented at 0° (78.5% α-phase) and suggests calculating the phase composition
based on one pattern should be accurate for all orientations, even if there is some anisotropy in
the material.
The blown and stretched films show different results, with only a small peak for the
(001)β plane being detected when the sample is oriented at 90°. This may be a result of biaxial
orientation in the film because orientation in perpendicular directions cancels the diffraction when
the sample is rotated 90°. Uniaxial orientation would result in very strong peaks in the (00l)
direction for both crystal phases when the sample is rotated 90° (as seen in the melt pressed
sample). In the blown film sample we see only a small peak for (001)β, meaning that there is
only a small amount of uniaxial orientation detected for the β-phase and none for the α-phase.
This is consistent with published work that suggests β-phase has higher chain orientation than αphase.[38]
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3.5.1.2 FTIR analysis
Standard transmission FTIR spectra for the melt pressed and blown film samples of
varying draw ratio are shown in Figure 3-10. The results here are consistent with the XRD results
in that an increase in stretching shows an increase in β-phase and a decrease in α-phase for both
the melt pressed and blown film samples.

A)

B)

Figure 3-10: FTIR spectra of P(VDF-HFP) (10 wt.% HFP) melt pressed and stretched (A) and
blown film stretched (B).
The peak at a wavenumber of 840 cm-1 is characteristic of CF2 symmetric stretching in the alltrans β-phase. It can be seen that the intensity of this peak increases with an increased amount of
stretching in both the melt pressed and blown films. Another peak that is indicative of the change
in conformation is at 764 cm-1, which is characteristic of CF2 and CCC bending in the transgauche α-phase. It is clear that the intensity of this peak decreases with an increase in stretching.
Overall, it can be seen that the α-phase peaks all decrease with greater stretching. It should also
be noted that there is a small peak characteristic of γ-phase, which shows up at around 520 cm-1
for the stretched samples, further indicating the transformation of structure to a more polar phase.
FTIR is not as sensitive at detecting small structural changes as XRD, thus leaving this method as
strictly qualitative support to the XRD results.
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FTIR spectra utilizing a polarizing lens are shown in Figure 3-11 for samples of melt
pressed-draw ratio 5× and blown film-draw ratio 6×. It can clearly be seen that the spectra are
different for the stretched samples when the polarizer is changed from 0° to 90°.

Figure 3-11: Transmission FTIR spectra with polarizer for P(VDF-HFP) (10 wt.% HFP) melt
pressed stretched 5 × and blown film stretched 8× with polarizer set at 0° and 90°.
These differences in peak intensities for all stretch ratios are quantified with the dichroic ratios
(D.R.) listed in Table 3-2. The D.R. for a perfectly oriented sample is 1 and for an isotropic
material is 0. According to the D.R. for the (TGTG') peak at 764 cm-1, there is an increase in
orientation from unstretched to 4-5× stretched as expected. On the other hand, for the samples
with the greatest amount of stretching, the D.R. decreases.

This could be due to the

disappearance of the α-phase at high stretching ratios leading to weak peak intensities at this
wavenumber. The fact that the drop off in D.R. for this wavenumber is greater for the blown film
than melt pressed film supports this claim, since the blown film has less α-phase than the melt
pressed film (XRD results). The D.R. for the peak at 842 cm-1 (β-phase) is consistent with the
XRD results, supporting more orientation in the 6× stretched blown film than the 8× stretched

89
melt pressed film. Likewise, the D.R. for the peak at 880 cm-1 is consistent with the other data,
showing an increase in orientation with increased stretching and more orientation for the blown
films than melt pressed films.
Table 3-2: Calculated dichroic ratios (D.R.) from different absorption bands for P(VDF-HFP) (10
wt.% HFP) of varying processing conditions and stretching ratios.
Melt pressed-unstretched
Melt pressed-stretched 5×
Melt pressed-stretched 8×
Blown film-unstretched
Blown film-stretched 4×
Blown film-stretched 6×

764 cm-1 (α-phase)
.23
.70
.47
.15
.66
.08

842 cm-1 (β-phase)
.49
.59
.52
.67

880 cm-1 (α-phase)
.34
.36
.01
.27
.48

3.5.2 Relationship between crystalline structure and energy storage
The unipolar D-E loops measured at an electric field of 400 MV/m and 10 Hz for the
melt pressed films of varying draw ratio are shown in Figure 3-12A. The unstretched sample
shows a fairly linear relationship between polarization and electric field, which is expected for a
sample in the α-phase. The film with a draw ratio of 5 times can reach a slightly higher
polarization level, probably due to a small increase in crystallinity. There is also a small decrease
in the remnant polarization, which is desirable for improving the energy storage efficiency. It is
hypothesized that this decrease in energy loss is not from a decrease in ferroelectric losses but
from a decrease in conduction.

This could not be a decrease in any type of dielectric or

ferroelectric loss because this crystalline structure is more polar in nature than that of the
unstretched sample. The explanation for less conduction in the stretched sample may be related
to orientation of the crystallites. In an unoriented polymer, the crystallites are arranged so that
polymer chains are folded in a manner that the chain axis is aligned in the thickness direction of
the film. After stretching, the chains are oriented so that the chain axis is perpendicular to the
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film thickness which is also the direction of the applied electric field. This means that ionic
conduction would be easier in the unoriented film than the oriented film, where the alignment of
the crystallites would act as somewhat of a blocking mechanism for hopping charge carriers.
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Figure 3-12: Unipolar D-E loops of P(VDF-HFP) (10 wt.% HFP) melt pressed (A) and blown
films (B) with varying draw ratio.
The 8 times stretched sample shows dramatic differences from the unstretched and 5 times
stretched samples.

This loop appears very ferroelectric in nature, with a phase switch (as

described in section 3.3) at about 100 MV/m resulting in large nonlinearity and large polarization
levels. However, this also results in large energy losses stemming from the ferroelectric loss
indicated by the large hysteresis in the D-E curve. According to these results it seems that a limit
can be reached in the stretching ratio where the crystal structure becomes too polar and leads to
large ferroelectric losses, overshadowing any positive effects of stretching seen at low stretching
ratio.
The unipolar D-E loops of the blown films are shown in Figure 3-12B.

Like the

unstretched melt pressed sample, the unstretched blown film sample has a fairly linear D-E
dependence due to the nonpolar nature of the crystalline structure. The same effect as seen in the
melt pressed samples was also seen for the blown film samples after stretching to a draw ratio of
4 times. There is not much change in the polarization level but there is a decrease in remnant
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polarization presumably due to a decrease in conduction as explained above. As the film is
stretched to a ratio of 6 times, the ferroelectric nature is obvious with large increases in energy
losses.

The effect in the blown film with stretching ratio of 6 times seems to be more

predominant than that in the 8 times stretched melt pressed sample which is consistent with the
XRD results indicating a more polar structure in the blown film stretched 6× than the melt
pressed film stretched 8×.
Table 3-3: Processing/Structure/Property relationships for energy storage in melt pressed and
blown films of P(VDF-HFP) (10 wt.% HFP) at E = 400 MV/m.
Sample

α
content
(%)

β
content
(%)

Ds (C/m2)

Dr (C/m2)

Melt pressedunstretched
Melt pressedstretched 5X
Melt pressedstretched 8X
Blown filmunstretched
Blown filmstretched 4X
Blown filmstretched 6X

100.0

0.0

.066

81.0

19.0

66.8

.0089

Stored
energy
density
(J/cm3)
13.32

Released
energy
density
(J/cm3)
9.70

Energy
storage
efficiency
(%)
72.8

.070

.0068

13.38

10.37

77.5

33.1

.082

.0115

14.95

10.41

69.6

100.0

0.0

.068

.0144

13.42

8.74

65.1

69.5

30.5

.066

.0088

12.55

9.04

72.0

62.5

37.5

.091

.0164

16.69

10.64

63.8

A quantitative summary of the processing-structure-property relationships established
here are listed in Table 3-3. The results for an electric field of 400 MV/m indicate that the energy
storage efficiency is maximized at the intermediate stretching ratios for each set of samples,
around 78% for the melt pressed stretched 4 times and 72% for the blown film stretched 6 times.
Uniaxial stretching at low stretch ratios is successful at increasing the energy storage efficiency
by reducing conduction loss as evidenced by reduction in the remnant electric displacement (Dr).
However, it is also clear that the crystalline structure becomes more polar as the stretching ratio is
increased as evidenced by the change in the α and β phase compositions. The polar phase leads to
increases in the overall electric displacement level and stored energy density, but also possesses
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large ferroelectric losses which reduce the energy storage efficiency. According to the data, the
threshold for the β-phase composition is approximately 30%. Stretching ratios that result in more
than 30% β-phase result in ferroelectric losses which overshadow any other advantages gained by
the stretching process.

93

3.6 Biaxial Stretching of P(VDF-HFP)
3.6.1 DSC study for determining optimal biaxial stretching temperature
Obtaining high degrees of molecular orientation by achieving high biaxial stretch ratios
in polymer films is often a challenging endeavor.

If the processing parameters such as

temperature and stretch speed are not within acceptable limits the film will often break before a
high stretch ratio is achieved. Essentially, if the stretching temperature is too low the films are
very stiff and brittle but if the temperature is too high the films become very soft and are torn
during stretching. It is hypothesized that partial melting of crystallites is required to achieve a
maximum stretching ratio but too much melting leads to mechanical failure. Here we attempt to
determine what percentage of crystalline melting is optimum by comparing the results of a DSC
study with stretching trials on two different grades of P(VDF-HFP) (10 wt.% HFP) (Solef 11010
and Kynar 3120-50) with different melt temperatures and distribution of crystalline melting
peaks. The DSC thermograms of each grade of polymer were integrated from different start
temperatures to the end of melting to calculate a partial heat of fusion at each temperature. This
partial heat of fusion was then divided by the total heat of fusion to determine the percent of
crystallinity remaining at each temperature of interest. This percent of crystallinity remaining
could then be compared with stretching trials of each grade of polymer stretched at several
temperatures to attempt to make a correlation between crystallinity remaining and optimum
stretching temperature.

If the optimum stretching temperature for each grade of polymer

correlates to a similar level of crystallinity remaining (even though the polymers have different
melting temperatures and distribution of melting temperature peak) the hypothesis can be
confirmed.
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It is rather clear from the DSC thermograms in Figure 3-13 that the Solef and Kynar
grades of P(VDF-HFP) (10 wt.% HFP) melt differently. Solef has a broader melting transition
with a melt temperature of 157°C, while Kynar has a sharper transition with a higher melt
temperature (165°C). Kynar has a slightly higher crystallinity with a heat of fusion of 34 J/g as
compared to that of Solef (31 J/g).
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Figure 3-13: DSC thermograms of Solef and Kynar grades of P(VDF-HFP) (10 wt.% HFP).
One possible reason for the difference in morphologies of these two grades of P(VDF-HFP) is the
composition distribution of the copolymer. It is believed that the Solvay 10% HFP copolymer
has a heterogeneous composition, i.e., the average polymer chain has a composition of 10% HFP
but there is a distribution of this composition with some chains having lower and some higher
compositions. This distribution will result in non-uniformity in the crystalline morphology and
will show up as an asymmetrical peak with a shoulder in the DSC melting endotherm. Based on
these DSC results it is suspected that both grades have a heterogeneous composition judging by
the asymmetric nature of their melting peaks and that the Solef may be more heterogeneous
resulting in a broader peak. Additionally, the Kynar probably has a slightly lower average
composition of HFP units than the Solef based on its higher melting temperature and higher
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crystallinity (based on heat of fusion). The heat of fusion and percent crystallinity calculated
from different start temperatures of integration are shown in Table 3-4.
Table 3-4: DSC heat of fusion and percent crystallinity remaining calculated from varying
temperature to the end of melting.
Material
Solef
Solef
Solef
Solef
Kynar
Kynar
Kynar
Kynar
Kynar
Kynar
Kynar
Kynar
Kynar

Integration Temps. (°C)
120-173
140-173
147-173
150-173
120-173
145-173
150-173
153-173
155-173
158-173
160-173
163-173
165-173

ΔH (J/g)
31
29
25
22
34
32
31
29
28
24
21
14
8

% crystallinity remaining
100
94
82
73
100
94
89
85
80
72
63
42
22

From information obtained from Mr. Ramotowski of NUWC regarding stretching trials at
Case Western Reserve University, it was found that the optimum stretching temperature for Solef
was app. 147°C, which relates to about 82% of the crystallinity still remaining and a stretching
ratio of 4×4 was achieved. Similar stretching temperatures were attempted with the Kynar
material, assuming similar morphologies between the two grades. For example, a stretching
temperature of 150°C was attempted for a stretching ratio of 4×4 but these conditions failed. This
is because 150°C corresponds to 89.2% crystallinity remaining in Kynar, which is too high
according to the results from trials on Solef. The stretching temperature must be higher in Kynar
to account for the different melting properties so that there is approximately 82% crystallinity
remaining. The optimum stretching temperature for Kynar is probably around 154-155°C. This
is evident from the samples that were stretched to 3×3, where temperatures of 155°C and 158°C
produced good films but when the temperature was increased to 160°C the results were mixed as
detailed in Table 3-5.
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Table 3-5: Results of biaxial stretching trials and the percent crystallinity remaining corresponding to
the stretching temperature.
Material

Stretch speed (%/s)

Solef
Solef
Solef
Solef
Kynar
Kynar
Kynar
Kynar
Kynar
Kynar
Kynar
Kynar
Kynar

N/A
N/A
N/A
N/A
10
400
400
400
400
400
400
400
400

Stretch
ratio
4x4
4x4
5x5
5x5
4x4
4x4
4x4
4x4
3x3
3x3
3x3
3x3
3x3

Stretch temp. (°C)
140
147
147
150
145
145
150
150
155
158
160
160
160

% crystallinity
remaining
94
82
82
73
94
94
89
89
80
72
63
63
63

Result
Fail
Pass
Fail
Fail
Fail
Fail
Fail
Fail
Pass
Pass
Pass
Fail
Fail

3.6.2 FTIR analysis of chain conformation
The FTIR-ATR spectra for Solef as extruded and biaxially stretched to ratios of 2×2,
3×3, and 4×4 are shown in Figure 3-14. Many absorption peaks at wavenumbers corresponding
to the trans-gauche (TGTG') sequence of the non-polar α-phase have been labeled based on prior
FTIR analysis of PVDF[39] and P(VDF-HFP)[50,54]. In general, it can be seen that the peaks
labeled as α-phase do not change much in intensity as the stretching ratio is increased. Even for
the highest stretching ratio of 4×4 the α-phase peaks are predominant meaning there is a
significant amount of the TGTG' molecular conformation. Peaks at wavenumbers of 840 cm-1
and 1278 cm-1 are assigned to the all-trans (TTTT) conformation which can be associated with the
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polar β-phase crystallites and clearly increase in intensity as the stretching ratio is increased,
consistent with the trend seen with uniaxially stretched P(VDF-HFP).[51,54,76]

4x4 biaxially stretched
3x3 biaxially stretched
2x2 biaxially stretched
Solef 11010‐as extruded

Absorbance (AU)
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1500

α

α

α

β
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α

1200

1100

1000

α
α

900

800
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Wavenumber (cm‐1)

Figure 3-14: FTIR-ATR spectra of extruded Solef P(VDF-HFP) (10 wt.% HFP) with different
biaxial stretching ratios.
In order to quantify the fraction of polar and nonpolar phases, the peaks at 763 cm-1
(corresponding to CF2 and CCC bending in the TGTG' conformation) and 840 cm-1
(corresponding to CF2 symmetric stretching in the TTTT conformation) were analyzed with
Equation 3.14. The absorption intensities were determined from peak height by subtracting a
baseline and are listed in Table 3-6 along with the calculated fractions of the β-phase.
Table 3-6: Peak heights at 763 and 841 cm-1 absorption bands used to calculate the β-fraction in
biaxially stretched Solef P(VDF-HFP) (10 wt.% HFP).
Stretching ratio
as extruded
2x2
3x3
4x4

763 cm-1 absorption
.766
.838
1.330
1.166

840 cm-1 absorption
.044
.225
.469
.596

F(β)
.04
.18
.22
.29

According to the results there is a small amount of β-phase present in the extruded film without
any subsequent stretching which is plausible due to molecular orientation being built into the film
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during the extrusion process and stretching that may be associated with the take-up of the film
from the extruder die while still in a melt state. As expected, the β-fraction increases to .18, .22,
and .29 as the stretching ratio is increased to 2×2, 3×3, and 4×4, respectively. These values are
significantly lower than what has been seen in extruded and uniaxially stretched P(VDF-HFP),
where a β fraction as high as .88 has been calculated by the same method as used here.[54]
Due to molecular orientation in the film extrusion direction prior to stretching, it is
possible that there could be a greater amount of orientation in one direction (machine direction)
than the other (transverse direction), even after the biaxial stretching. Because of this, a polarizer
has been utilized and set to 0° and 90° while testing the 4×4 stretched film in transmission mode
as seen in Figure 3-15. Direct observation of the two spectra shows very little difference with a
90° change in polarization suggesting relatively equal orientation in the machine and transverse
directions of the film. The peak heights and calculated β-fractions are quantified in Table 3-7,
showing only 4% difference in β-fraction between 0 and 90°.
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Figure 3-15: FTIR transmission spectra with 0° and 90° polarization of extruded Solef P(VDFHFP) (10 wt.% HFP) with 4x4 biaxial stretching ratio.
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Additionally, the dichroic ratio was calculated to be .22 from the 763 cm-1 α-phase peak and .13
from the 840 cm-1 β-phase peak, confirming mostly isotropic orientation. In summary, these
results are indicative of a large amount of biaxial orientation and orientation in the machine
direction created during extrusion may be negligible.
Table 3-7: Peak heights at 763 and 841 cm-1 IR absorption bands used to calculate the β- fraction
in Solef P(VDF-HFP) (10 wt.% HFP) biaxially stretched to 4x4 stretch ratio with transmission
FTIR and polarizer at 0 and 90°.
Polarization
0°
90°

763 cm-1 absorption
.465
.298

840 cm-1 absorption
.159
.122

F(β)
.21
.25

Additionally, The Kynar 3120-50 grade of P(VDF-HFP) (10 wt.% HFP) was tested in both the
extruded and melt pressed forms to observe any difference in chain conformation brought on by
different processing. While the extrusion process is highly desirable for fabricating high quality
thin films of uniform and consistent thickness with high electrical breakdown strength, the
concern is that orientation obtained during extrusion will be conducive to formation of the βphase which will lead to ferroelectric losses. The results suggest a slightly greater amount of
(TTTT) conformation in the extruded sample than the melt pressed, which is reasonable due to
the large shear forces associated with extrusion that can create chain alignment.

3.6.3 XRD analysis of crystalline structure
From the x-ray diffraction patterns of extruded Solef biaxially stretched to varying draw
ratios it can be seen that the non-polar α-phase remains stable and dominant even at the highest of
stretching ratios. However, consistent with the FTIR results, there is some formation of polar
phases as the stretching ratio is increased as evidenced by formation of the peak at approximately
2Ө = 20.8°. In order to quantitatively analyze the data, the amorphous and crystalline peaks were
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fit to Gaussian functions and assigned to a diffraction plane based on the angle of diffraction with
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the results shown in Figure 3-16.
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Figure 3-16: XRD patterns and peak assignments for Solef P(VDF-HFP) (10 wt.% HFP)
extruded and biaxially stretched to 2×2, 3×3, and 4×4.
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The fitting results for the extruded film indicate the characteristic diffraction pattern for α-phase
PVDF with crystalline peaks at 2Ө of 17.5, 18.2, 19.9, and 26.7°. The diffraction pattern for the
biaxially stretched 2×2 sample indicates the structure is still in the α-phase.

One obvious change

is the disappearance of the (021)α peak at 2Ө=26.7° and the appearance of the (200) peak 36.0°,
which is probably the result of orientation effects. There is also a decrease in the amorphous
hump as stretching ratio is increased which would indicate an increase in crystallinity.

A

crystallinity increase upon stretching is reasonable considering it is well known that orientation in
polymers can increase crystallinity and that the films are heated for stretching which can cause an
annealing effect. When the film is further stretched to 3×3 it appears the structure is converted to
a more polar phase, with the α and β-phases both present in the morphology. The biggest change
can be seen in a broadening of the peak at approximately 2Ө=20° due to the formation of a small
peak at 20.7° assigned to the (110) and (200) diffraction planes of the polar β-phase.
Quanitification of the peak areas indicates that the crystalline structure is still predominantly nonpolar, with the peak area ratio indicating 73.7% α-phase. As expected, the 4×4 stretching ratio
produced the highest amount of polar phases, but the non-polar phase is still dominant making up
72.9% of the crystalline morphology. This structure is very much similar with that detected in
extruded and blown films uniaxially stretched 4×, where the crystallinity consists of 69.5% αphase. The biaxial orientation built into the uniaxially stretched films from the blown film
process may be a cause of such similarities in the structural composition. The biggest change in
the diffraction pattern from 3×3 to 4×4 is the position and intensity of the (110,200) β peak which
shifts from 20.7° in the 3×3 sample to a slightly smaller d-spacing at 20.8° for 4×4, which is the
characteristic peak position for β-phase in PVDF. This peak area also increases which can clearly
be noticed by the asymmetric broadening of the peak at 2Ө~20-21°. Furthermore, the (020)
diffraction peak is shifted from 18.2 to 18.5, which is a decrease in lattice spacing of .08 Å when
increasing stretching ratio from 3×3 to 4×4. FTIR and XRD were relatively agreeable in the
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detection of decrease in α-phase as biaxial stretch ratio was increased to 3×3 and 4×4 as plotted in
Figure 3-17. At a 2×2 stretch ratio there may be some inconsistency because FTIR is more
capable of detecting small amounts of the all-trans conformation than XRD.
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Figure 3-17: Percent α-phase as a function of biaxial stretch ratio in Solef P(VDF-HFP) (10 wt.%
HFP) as determined by FTIR and XRD.
Diffraction patterns of the Kynar grade in both an extruded and melt pressed state are
shown in Figure 3-18 to observe structural differences due to the different processing methods.
While the FTIR results indicated some all-trans conformation present in these samples, the XRD
results are clearly characteristic of the α-phase. However, there are some differences in the
diffraction pattern between the two different processing methods due to orientation in the
extruded film as explained in section 3.4 comparing blown films with melt pressed films. This
orientation creates stronger diffraction in the (h00) or (hk0) planes, which is evident by the
detection of the (200) peak in the extruded sample and stronger intensity in the (110) peak for the
extruded sample when compared to the melt pressed sample. Additionally, the (021) peak is
detected in the melt pressed sample and cannot be detected in the extruded sample. While both
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processing methods result in the non-polar α-phase, the greater amount of orientation in the
extruded film could be detrimental in stabilizing the non-polar phase when stretching because if
the chains are already oriented they can more easily crystallize in the β-phase. Stretching of melt
pressed films may be a more successful method for reducing the amount of the polar β
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Figure 3-18: XRD patterns and peak assignments for Kynar P(VDF-HFP) (10 wt.% HFP)
extruded and melt pressed.
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3.7 The Effects of Irradiation on the Crystalline Structure and
Energy Storage Efficiency of P(VDF-HFP) and P(VDF-CTFE)
As discussed in section 3.3 (Motivation), ferroelectric energy losses in P(VDF-HFP) and
P(VDF-CTFE) are one of the biggest issues in utilizing these materials for capacitor applications.
The results reported in section 3.5 show a direct correlation between the energy losses and the
presence of the ferroelectric β-phase in the films. Therefore, if the stability of the non-polar αphase could be improved in stretched films, it is reasonable that the ferroelectric losses could be
reduced.

Prior research on irradiation of P(VDF-TrFE) copolymers has demonstrated that

irradiation can successfully convert β-phase crystals to α-phase crystals by introducing crosslinks
that increase the interchain spacing.[1] Furthermore, irradiation causes a reduction in polarization
domain size which, in turn, reduces the polarization hysteresis due to the fact that smaller
domains can more easily reverse their polarization direction than larger domains.[1,14]
Crosslinking is also capable of reducing molecular mobility in polymers and it is possible that a
low crosslinking density could make the polymer electrically elastic in a sense that the molecules
can still become polarized but the crosslinks will restrict chain rearrangement to a degree that
would result in an irreversible phase change . Based on the knowledge gained from the study of
irradiated P(VDF-TrFE), in this section the P(VDF-HFP) and P(VDF-CTFE) polymers are
irradiated at varying dose and the crystal structure characterized to detect any change induced by
irradiation as seen in P(VDF-TrFE). The electric displacement-electric field (D-E) loops are also
measured in an effort to relate the energy storage capabilities with the crystalline structure.
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3.7.1 Morphological characterization
In order to characterize the degree of crosslinking induced by irradiation, the gel content
was measured for each sample irradiated under different conditions and the results are listed in
Table 3-8. The lowest gel content for both materials is in the samples irradiated at room
temperature and 125 Mrad.

Although the irradiation dose is high, the irradiation must be

performed at a higher temperature where there is more molecular mobility if a higher degree of
crosslinking is to be achieved. As expected, it can be seen that as the irradiation dose is increased
the gel content also increases, the exception being the P(VDF-CTFE) sample irradiated at 125
Mrad and 90°C. The results also indicate that the irradiation has more of a crosslinking effect on
P(VDF-HFP) than P(VDF-CTFE), which may be due to the lower comonomer content in P(VDFHFP).
Table 3-8: Gel content measurements for irradiated P(VDF-HFP) and P(VDF-CTFE).
Sample
P(VDF-HFP)
125 Mrad, RT
P(VDF-HFP)
75 Mrad, 90°C
P(VDF-HFP)
100 Mrad, 90°C
P(VDF-HFP)
125 Mrad, 90°C
P(VDF-CTFE)
125 Mrad, RT
P(VDF-CTFE)
75 Mrad, 90°C
P(VDF-CTFE)
100 Mrad, 90°C
P(VDF-CTFE)
125 Mrad, 90°C

Soluble fraction (%)
14.6

Insoluble fraction (gel content) (%)
85.4

9.9

90.1

8.5

91.5

7.9

92.1

20.5

79.5

12.0

88.0

9.2

90.8

10.3

89.7

The DSC thermograms from the first heating run of DSC on the P(VDF-HFP) samples of
various irradiation conditions are presented in Figure 3-19 where the endothermic heats of fusion
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are listed next to the endotherms. It is clear that the irradiation has a strong effect on the
morphology of the polymer as indicated by the dramatic changes in the melting peaks. The
unirradiated sample has a broad multiphase melting peak with three distinct peaks where some
particular crystalline structure or size is melting.

Heat Flow (W/g)

irradiated 125 Mrad at RT
∆H=31 J/g
T m=145.5°C

irradiated 125 Mrad at 90°C
irradiated 100 Mrad at 90°C

∆H=37J/g
T m=135.2°C

irradiated 75 Mrad at 90°C

∆H=34 J/g
T m=134.2°C

unirradiated

∆H=33 J/g
T m=140.2°C
∆H=29 J/g
T m=167.5°C
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Figure 3-19: DSC first heating thermograms of P(VDF-HFP) (10 wt.% HFP) under various
irradiation conditions (heat of fusion and melt temperature are listed beside the melting
endotherms).
All of the irradiated samples show a very broad melting peak with melt temperatures lower than
that of the highest melting point in the unirradiated sample. This is an indication that the
irradiation is breaking up the crystalline morphology into a less ordered morphology with a wide
distribution of ordering and lamellae thickness. While the melting temperatures are decreased
and the peaks are broadened, the heats of fusion systematically increase with the irradiation dose
meaning that the irradiation actually increases the amount of crystallinity. This is consistent with
a study by Zhudi et.al where they report an increase in crystallinity and decrease in melt
temperature with increase in irradiation dose in PVDF.[77] The authors account for a decrease in
melt temperature from defects introduced into the crystalline structure and the increase in
crystallinity arises from chain scission and crystallization of small crystallites in the amorphous
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regions. Essentially, the chain scission reduces molecular weight and improves chain mobility in
the amorphous phase so that the chains can rearrange and crystallize. Consistent with the gel
content measurements, the sample irradiated at 125 Mrad and room temperature is affected the
least while the samples irradiated at 90°C are affected more and more as the irradiation dose is
increased. The first heating DSC results for the P(VDF-CTFE) samples irradiated under various
conditions are shown in Figure 3-20 with the heats of fusion and melt temperature listed next to
the melting peaks.

Heat Flow (W/g)

irradiated 125 Mrad, RT
ΔH=26 J/g
Tm=145.2°C

irradiated 125 Mrad, 90°C
irradiated 100 Mrad, 90°C

ΔH=27 J/g
Tm=140.6°C

irradiated 75 Mrad, 90°C

ΔH=28 J/g
Tm=142.2°C
ΔH=29 J/g
Tm=146.8°C

unirradiated

ΔH=29 J/g
Tm=162.6°C
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Figure 3-20: DSC first heating thermograms of P(VDF-CTFE) (15 wt.% CTFE) under various
irradiation conditions (heat of fusion and melting temperature are listed beside the melting
endotherms).
The P(VDF-CTFE) experiences similar effects as seen with the P(VDF-HFP) copolymer in that
the melting peaks become broader and the melt temperature is decreased upon irradiation.
However, the effects for this material are different in that the crystallinity is not increased due to
irradiation as seen in P(VDF-HFP). This means that the irradiation does introduce defects and
breaks up some degree of ordering in the crystalline state but the chain scission does not lead to
any increases in crystallinity. It seems that the irradiation does not induce crystallization in the
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amorphous component to the degree observed in P(VDF-HFP) and is probably even destroying
some crystallinity with the defects. The lack of crystallization in the amorphous phase could be
explained from the greater composition of the bulky CTFE group (15 wt.%) as compared to the
HFP groups in P(VDF-HFP) (10 wt.%). When chain scission occurs in P(VDF-CTFE) the
molecules will not be as free to rotate due to steric hindrances from the CTFE group, thus
impeding crystallization. Consistent with the gel content measurements, the samples with dose of
125 Mrad at room temperature seem to have the smallest effects from irradiation.

3.7.2 Structural characterization
XRD was utilized to characterize any change in crystalline structure induced by
irradiation and the diffraction patterns obtained on unirradiated P(VDF-HFP) and samples
irradiated at 90°C are shown in Figure 3-21. Visual analysis of these patterns does not indicate
any significant differences in structure but a detailed peak fitting reveals that irradiation has some
effect on converting some of the β-phase crystallites to α-phase. All samples here were annealed
with a two-step annealing process as described in the experimental section, which was different
than the processing conditions for samples investigated in section 3.5.

These annealing

conditions led to a more polar phase in the samples here than those studied in the previous
section. For example, integration of the area of α-phase and β-phase peaks and calculating their
ratio to the total crystalline peak areas specifies a crystalline structure of 39.5% α-phase and
60.5% β-phase for the unirradiated sample.

The same material with identical stretching

conditions but without annealing has a structure consisting of 62.5% α-phase and 37.5% β-phase.
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Figure 3-21: XRD patterns and peak assignments for P(VDF-HFP) (10 wt.% HFP) blown film
stretched 6× and annealed and irradiated at 90°C.
The effects of annealing on the crystalline structure of PVDF has been widely studied and it is
known that annealing at high temperature can induce crystallization of the γ-phase from the αphase, but formation of β-phase occurs only during annealing at very high pressure as according
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to Lovinger’s diagram in Figure 1-8.[30] However, these samples are highly stretched before
annealing which means that there is a high degree of molecular orientation in both crystalline and
amorphous regions. The annealing induces crystallization in the amorphous regions that have
some degree of orientation that makes it possible that the β-phase would be more favorable than
the α-phase.
The peak fitting of the diffraction patterns from the irradiated samples showed very little
change in peak positions but clear changes in peak ratio of non-polar to polar phases.
Considering the fraction of the α-phase, it was calculated as 39.5%, 41.7%, 44.5%, and 52.2% for
the unirradiated, 75 Mrad, 100 Mrad, and 125 Mrad samples, respectively. This conversion to a
more non-polar phase is similar to that seen with irradiated P(VDF-TrFE) [1] and may be useful
for energy storage applications where the non-polar phase contributes less ferroelectric energy
losses than the polar phases.

The effects of irradiation on the structure and morphology of

P(VDF-HFP) are summarized with the data compiled from the gel content measurement, DSC,
and XRD experiments shown in Table 3-9.
Table 3-9: Summary of irradiation effects on P(VDF-HFP) from gel content, DSC, and XRD
analysis.
Sample
Unirradiated
75 Mrad, 90°C
100 Mrad, 90°C
125 Mrad, 90°C

Gel content (%)
0
90.1
91.5
92.1

α-phase (%)
39.5
41.7
44.5
52.2

β-phase (%)
60.5
58.3
55.5
47.8

ΔH (J/g)
29
33
34
37

Tm (°C)
167.5
140.2
134.2
135.2

The XRD patterns of P(VDF-CTFE) under various irradiation conditions are compared in
Figure 3-22. The unirradiated sample has a structure which is more nonpolar than that of the
P(VDF-HFP) sample due to a greater amount of defects in P(VDF-CTFE). Comparing the
fractions of the α-phase in the unirradiated samples, the P(VDF-HFP) has 39.5% and the P(VDFCTFE) has 49.8%.
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Figure 3-22: XRD patterns and peak assignments for P(VDF-CTFE) (15 wt.% CTFE) blown film
stretched 6× and annealed and irradiated at 90°C.
Overall, the P(VDF-CTFE) shows more dominant changes in the diffraction patterns as
irradiation dose is increased as compared to P(VDF-HFP). For instance, it is clear that the low
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angle peaks associated with the (100) and (020) planes of the α-phase increase with intensity as
the irradiation dose is increased. There is also the development of a strong shoulder in the peak at
about 20° representing an increase in the intensity of the (110)α peak. A quantification of the
peak fitting results along with the gel content, heat of fusion, and melting temperatures are
compared in Table 3-10. One anomaly in this data is the reduction in gel content from 100 Mrad
to 125 Mrad, which is also reflected in the crystallite phase composition from XRD. It is not
believed that this is due to inaccurate dose, since the trends seen from the DSC results are
consistent. Perhaps there is an optimum dosage of irradiation in this material for inducing
crosslinking and once this threshold is passed the level of crosslinking is reduced due to overall
molecular degradation.
Table 3-10: Summary of irradiation effects on P(VDF-CTFE) (15 wt.% CTFE) from gel content,
DSC, and XRD analysis.
Sample
Unirradiated
75 Mrad, 90°C
100 Mrad, 90°C
125 Mrad, 90°C

Gel content (%)
0
88.0
90.8
89.7

α-phase (%)
50.2
52.8
60.1
52.3

β-phase (%)
49.8
47.2
39.9
47.7

ΔH (J/g)
29
29
28
27

Tm (°C)
162.6
146.8
142.2
140.6

3.7.3 Dielectric characterization
The dielectric constant and loss (tan ∂) measured at 1 kHz as a function of temperature
upon heating of P(VDF-HFP) irradiated under varying conditions is shown in Figure 3-23A.
The first trend that can be seen from the dielectric constant is that the irradiation causes a
decrease in dielectric constant of 34% at room temperature going from unirradiated to irradiated
at 125 Mrad. This can be attributed to crosslinks constraining the polarization. Essentially,
crosslinks reduce molecular mobility which limits large amounts of dipolar polarization. The
peak in dielectric loss at approximately -25°C coincides with the glass transition in the
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amorphous phase and decreases in intensity upon irradiation due to the increase in crystallinity.
At temperatures above 70°C the irradiated samples show higher loss than unirradiated,
presumably due to conduction of ionic defects created during irradiation.
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Figure 3-23: Dielectric constant and loss (tan ∂) measured at 1 kHz upon heating for P(VDFHFP) (A) and P(VDF-CTFE) (B) annealed and irradiated at 90°C.
The dielectric data for P(VDF-CTFE) under various irradiation conditions is shown in Figure 323B and does not show significant changes in dielectric constant like seen in the P(VDF-HFP)
which is consistent with gel content measurements showing there is not as much crosslinking in
the P(VDF-CTFE). The one sample that shows some reduction in dielectric constant is the
sample irradiated at 100 Mrad, also consistent with gel content, DSC, and XRD measurements
showing that this is the sample most affected by irradiation. Again the loss peak associated with
Tg is decreased slightly, but there is not a large increase in crystallinity like seen in P(VDF-HFP).
This suggests that the magnitude of this peak is not related simply to the amount of amorphous
component but is probably also related to the segmental mobility in the amorphous phase, which
is constrained by crosslinks.
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3.7.4 Evaluation of D-E loops
In order to test the hypothesis that crosslinking induced by irradiation can reduce
ferroelectric losses and improve energy storage efficiency, the D-E loops were measured for both
P(VDF-HFP) and P(VDF-CTFE) as presented in Figure 3-24.
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Figure 3-24: D-E loops measured at 10 Hz and 150 MV/m for P(VDF-HFP) (A) and P(VDFCTFE) (B) annealed and irradiated at 90°C and varying dosage.
One of the advantages of using irradiation as a method of crosslinking is that it is a relatively
simple procedure. However, irradiation can introduce other unwanted defects into the film that
can act as ionic conductors. This resulted in the high field (>150 MV/m) loops being lossy due to
conduction and is the reason for analyzing the loops at 150 MV/m where there is minimum
conduction and the loss originates from ferroelectric losses.

The P(VDF-CTFE) sample

irradiated with 100 Mrad was omitted due to poor sample quality. The trends seen with the loops
are consistent with the low field dielectric measurements in that the P(VDF-HFP) has a higher
polarization at the measured field and also has a higher low field dielectric constant than P(VDFCTFE). Additionally, the irradiation has more of an effect on reducing the polarization of
P(VDF-HFP) than P(VDF-CTFE), also consistent with the low field measurements. From visual
inspection of the loops it can be seen that the ferroelectric switching phenomenon at fields greater
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than 50 MV/m is more dramatic in the P(VDF-HFP) than in the P(VDF-CTFE), which is
consistent with a greater amount of β-phase in P(VDF-HFP). This also results in a lower energy
storage efficiency in unirradiated P(VDF-HFP) than P(VDF-CTFE) at 150 MV/m as detailed in
Table 3-11.
Table 3-11: Summary of data correlating structure of P(VDF-HFP) and P(VDF-CTFE) to energy
storage efficiency at 150 MV/m for copolymers of varying irradiation dosage.
Dose
Unirradiated
75 Mrad, 90°C
100 Mrad, 90°C
125 Mrad, 90°C

P(VDF-HFP) (10 wt.% HFP)
P(VDF-CTFE) (15 wt.% CTFE)
β content (%) Efficiency (%) β content (%) Efficiency (%)
60.5
53.0
49.8
64.8
58.3
61.2
47.2
66.0
55.5
64.1
39.9
47.8
72.3
47.7
72.7

Due to the fact that the efficiency is lower in P(VDF-HFP) due to greater ferroelectric losses,
there is more room for improvement in this polymer than the P(VDF-CTFE), which is quantified
by the improvement of energy storage efficiency from 53.0% to 72.3% when comparing
unirradiated to irradiated at 125 Mrad and 90°C. The efficiency also improves as a result of
irradiation in P(VDF-CTFE), from 64.8% in unirradiated samples to 72.7% in samples irradiated
at 125 Mrad and 90°C. It is interesting to note that both materials irradiated at 125 Mrad and
90°C are very similar in terms of crosslinking density as characterized by gel content (~90-92%),
β-phase content (~48%), and energy storage efficiency at 150 MV/m (~72%). In summary, this
study shows evidence that irradiation can successfully create crosslinks in P(VDF-HFP) and
P(VDF-CTFE) that, in turn, reduces the amount of the polar β-phase and thus reduces
ferroelectric losses and improves energy storage efficiency. While this method may not be
practical for capacitor applications due to defects introduced from the irradiation causing an
increase in conduction at high electric fields, the concept of utilizing crosslinking to reduce
ferroelectric losses has been demonstrated.
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3.8 Summary
A study of the effects of uniaxial stretching on the structure and energy storage
capabilities of P(VDF-HFP) has produced some useful information. As expected, the crystalline
structure can be converted to a more polar phase as the stretching ratio is increased similar to
what is observed in PVDF. However, the nonpolar to polar phase conversion is not as complete
as seen in the homopolymer due to the bulky nature of the HFP defects in the copolymer. This
effect is compared for films created through simple melt pressing to extruded and blown films
and results are clear that a lesser degree of stretching is required in the blown films to create a
similar degree of phase conversion. This is presumably due to orientation built into the blown
films during the extrusion and blowing process which makes less subsequent stretching required
to obtain the level of orientation needed for the phase change. The structure of the films is further
related to the energy storage by measuring the D-E hysteresis loops and calculating the energy
storage efficiency. The results show that initial stretching is successful in reducing losses due to
a reduction in conduction and thus improving the energy storage efficiency. However, as the
stretch ratio is further increased and the β content is increased the ferroelectric losses begin to
reduce the efficiency. It seems that there is an intermediate stretch ratio (4-5×) and structure (<
30% β-phase) optimum for maximizing the efficiency.
The processing-structure relationships were further studied by investigating biaxially
stretched films at the Naval Undersea Warfare Center. DSC results have concluded there is some
difference in the semicrystalline morphology between the Solef and Kynar grades of P(VDFHFP), with the Kynar grade having a higher melting temperature and crystallinity.

This

difference in morphology may be related to the chemical composition of the copolymer, i.e., the
average composition and the distribution of the composition. Based on the higher melting
temperature, higher crystallinity, and sharper melting peak, the Kynar grade may have a slightly
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higher average composition with a more homogeneous distribution of the composition. This
difference in morphology led to different results when attempting to biaxially stretch the films.
Assuming that the hypothesis is true that a certain level of crystalline melting is optimum for
obtaining a high biaxial stretching ratio, the stretching results of the Solef grade suggest that it is
optimum to have approximately 82% crystallinity remaining when stretching.

Most of the

stretching temperatures attempted with the Kynar grade were too low, with too much crystallinity
remaining, due to the higher melt temperature in this grade. It is suggested that the Kynar be
stretched at a temperature of 154-155°C to obtain the highest quality film with a high stretch
ratio.
FTIR and XRD were agreeable in the detection of a decrease in α-phase as biaxial stretch
ratio was increased. Both techniques indicate that the α-phase is predominant even at the highest
stretch ratio of 4×4 and the results seen here are promising since the goal is to achieve a high
level of orientation without developing large amounts of polar phases. The results here show that
uniaxial stretching of blown films and biaxial stretching of extruded films produce a similar
crystalline structure dependence on stretch ratio.

This means that there may not be any

significant advantage to biaxially stretching P(VDF-HFP) films for capacitor applications unless
the biaxial orientation is more successful in blocking conduction or improving electric breakdown
strength than uniaxial stretching. However, there is also some biaxial orientation in the uniaxially
stretched films from the film blowing process, which probably contributes to the similarity in
structure.
Melt pressed and extruded unstretched films were structurally compared to address
concerns that greater amounts of orientation in extruded films would lead to higher amounts of
polar phases and/or uneven orientation in the machine and transverse directions of the extruded
film. FTIR detected some all-trans conformation in both melt pressed and extruded films with
slightly stronger intensity in these peaks for the extruded sample. The XRD results were not in
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perfect agreement, indicating only pure α-phase based on the diffraction angles of the detected
peaks. The reason for this is that FTIR is more sensitive to detecting the TTTT or T3GT3G'
conformation than XRD which can only detect differences in the crystal unit cell which may be
very small when comparing these two samples. The XRD patterns do show higher orientation in
the extruded film than the melt pressed film based on differences in peak intensities. Both of
these samples probably have some amount of trans sequence that is being detected by FTIR and is
higher for the extruded film than the melt pressed but the crystalline structure is probably mostly
in the α-phase since there is no other structure detected by XRD. FTIR in transmission with a
polarizer showed mostly uniform orientation in both directions, meaning that after the biaxial
stretching process any orientation from the extrusion process is negligible.
The final section of this chapter covers characterization of electron irradiated blown and
stretched films of P(VDF-HFP) and P(VDF-CTFE). The results consistently show that the
irradiation has more of an effect on the P(VDF-HFP) than P(VDF-CTFE). The measured gel
content suggests that crosslinking increases with an increase in dose except for the highest dose in
P(VDF-CTFE). DSC results show irradiation causing a decrease in melt temperature for both
materials and an increase in crystallinity in P(VDF-HFP) which is probably due to formation of
small crystals in the amorphous phase from chain scission. Measurement of dielectric constant as
a function of temperature shows that irradiation reduces the permittivity in both materials. The
XRD data shows promising results with irradiation showing a systematic increase in the nonpolar
α-phase and decrease in β-phase in both materials, which may be useful for minimizing
ferroelectric losses. Analyzing the D-E loops at an electric field of 150 MV/m supported the
hypothesis, showing an increase in energy storage efficiency with an increase in irradiation dose
in both materials. There is a strong correlation between crosslinking, crystal structure, and
energy storage efficiency in both copolymers.
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Chapter 4

Giant Electrocaloric Effect in Ferroelectric Polymers
Near Room Temperature
4.1 Introduction
The development of novel cooling technologies is imperative to overcoming hurdles in
energy conservation, environmental pollution control, and the miniaturization of electronics. By
and large the most widely utilized refrigeration technology for both domestic and industrial
applications is the vapor-compression cycle, which employs a working fluid to absorb heat from
an insulated unit and transfer it to an ambient environment through continuous cycles of
compression and expansion. One of the major disadvantages of this method are environmental
concerns with most of the widely used refrigerants such as Freon (trade name for a family of
haloalkane refrigerants) that have been shown to contribute to depletion in the ozone layer and
need to be phased out in many parts of the world due to government regulations beginning with
the Clean Air Act of 1990.

Subsequently, this has led to much effort in developing new

environmentally friendly refrigerants that offer improved performance compatibility with existing
refrigerators and can be mass-produced. Unfortunately, it has been a great challenge to develop
new refrigerants that offer the same performance as those traditionally used, making it
worthwhile to explore other refrigeration technologies that do not operate on the vaporcompression approach.

On the other hand, vapor-compression cooling is a very mature

technology and it would not be an easy task to replace it due to cost issues and the fact that so
many working refrigeration systems rely on it. One of the new technologies that has gained much
attention as a refrigeration technique is the magnetocaloric effect (MCE), which is a magnetic
field induced entropy and temperature change in a material. Essentially this effect exists in
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magnetoelectric materials where by operating above the ferromagnetic-paramagnetic transition, a
phase change can be induced by applying or removing a magnetic field. At the current time, the
MCE is used only in high end niche applications due to downfalls such as high required magnetic
fields, eddy currents which reduce cooling efficiency, and high cost. Similar to the MCE, the
electrocaloric effect (ECE) is an electric field induced entropy and temperature change in a
dielectric material. It is often highest in ferroelectric materials where by operating near the Curie
transition temperature phase changes can be induced by applying or removing an electric field.
Due to the greater cooling effects detected in MCE materials as opposed to ECE materials, much
more work has been focused on this area and there has been more of an effort to develop cooling
devices based on the MCE.[78- 80] However, large commercialization of cooling devices
7

operating on an electric field instead of a magnetic field would be much more convenient due to
the availability of electricity. Hence, there is significant cause to progress the ECE technology
through developing materials with greater cooling capacity and efficiency.
In this chapter we explore the ECE in ferroelectric polymers. The background section
first covers the fundamentals of the ECE and advancements that have been made over the years
on ECE and MCE materials. The rational for large ECE in ferroelectric polymers is then
discussed based on the current understanding of the materials. The first polymer studied is the
normal ferroelectric poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)] (55/45 mol.%)
copolymer.

The selection of the copolymer composition is discussed along with the ECE

properties and how they are related to the phenomenological theory of ferroelectrics. The ECE
properties of two compositions of the relaxor ferroelectric terpolymer poly(vinylidenefluoridetrifluoroethylene-chlorofluoroethylene) [P(VDF-TrFE-CFE)] are then presented and discussed
along with the difference in the effects from that discovered in the normal ferroelectric
copolymer. Additionally, the results of a study looking at the effects of crystallinity on ECE in
terpolymer are presented.

The final materials studied are the relaxor ferroelectric electron
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irradiated P(VDF-TrFE) copolymers, irradiated at 50, 75, and 100 Mrad dose. The effect of dose
will be evaluated and the results compared to the other materials studied. Finally, we will
summarize the results of all polymers studied here and quantitatively compare their ECE
properties with the best ECE and MCE materials as reported in the literature.
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4.2 Background
4.2.1 Fundamentals of the electrocaloric effect
In a simple sense, the ECE is an electric field induced isothermal entropy change and
adiabatic temperature change in a dielectric material. The ECE is schematically illustrated in
Figure 4-1 for a polar polymer such as P(VDF-TrFE), where it can be seen that the effect can
work in two directions.

Figure 4-1: Schematic diagram of ECE in polar polymers.
When the polymer is under no applied electric field, there is random orientation of dipoles or a
high degree of disorder (high entropy state). After application of an electric field, the dipoles
become highly ordered causing a decrease in entropy and enthalpy (heating of the surroundings.
The process can also work in the reverse direction starting with the material under electric field in
a low entropy state. When the field is removed, the dipoles become highly disordered and there
is an increase in entropy and enthalpy (absorption of heat and cooling of the surroundings).
In a refrigeration cycle, an ECE material can be used as the working material that absorbs
entropy from a cooling load. This working material is then thermally isolated from the cooling
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load and the excess entropy is transferred from the working material to a heat sink by applying an
electric field and the process is repeated. This process can be described with a cycle similar to
the Carnot refrigeration cycle as diagrammed in Figure 4-2 where it can be seen that both ΔS and
ΔT are important for maximizing the refrigeration capabilities of the material.

Figure 4-2: Schematic illustration of a possible thermodynamic refrigeration cycle based on
ECE effect (similar to a Carnot cycle).
From the path of A to B and then B to C, an applied electric field is raised from E1 to E2, which
induces a polar-ordered phase. From A to B, the ECE material experiences an adiabatic
temperature change ΔThc from Tc to Th, and then from B to C, it ejects heat (entropy) to the heat
sink at Th while the material entropy is reduced from Sc to Sh (isothermal entropy change ΔS).
From the path of C to D and then D to A, the applied electric field is reduced from E2 to E1 and
the ECE material loses polar-ordering. Accompanying this, the ECE material experiences a
decrease in temperature from Th to Tc from C to D (adiabatic temperature change) and then
absorbs heat (entropy) from the cold load (isothermal entropy change). Because the ECE
materials of interest are insulators, the above electric field (refrigeration) cycle has the potential
of very low electric loss and consequently, the cooling devices based on the ECE have the

124
potential to reach very high efficiency. The refrigerant capacity (RC) is often used to compare
the performance of different refrigerants.[81,82] Following the definition of Wood and Potter in
Equation 4.1

RC = ΔThc ΔS E

4.1

where ΔSE is the entropy change at the cold (at the temperature Tc) and hot (at the temperature Th)
reservoirs of the cycle and ΔThc=Th-Tc.[81,82]
The ECE is advantageous over the thermoelectric effect (Peltier effect) for solid state
cooling due to large amounts of extra heat generated from DC conduction (Joule heating). ECE
devices utilize dielectric materials so there is very little conduction and Joule heating is typically
not a factor. One aspect of dielectric materials that may reduce efficiency is dielectric heating
from dielectric losses, especially at high electric field, that may work against cooling generated
from the ECE.
Because the ECE is very difficult to directly measure with a high level of accuracy under
adiabatic conditions, it is often useful to describe the effects based on the Maxwell relations.[838 8 8 8 8

89] The thermodynamic potential of a system can be defined by Equation 4.2 where G is the

Gibb’s free energy, S is entropy, T is temperature, E is electric field, and D is electric
displacement.

δG = −S∂T + DδE

4.2

⎛ δG ⎞
⎛ δG ⎞
−S =⎜
⎟
⎟ ,D = ⎜
⎝ δT ⎠ E
⎝ δE ⎠ T .

4.3

From here it can be determined that

From the symmetry of second derivatives we know that

δ ⎛ δG ⎞
δ ⎛ δG ⎞
δ 2G δ 2G
=
⎜
⎟ =
⎜
⎟ =
δE ⎝ δT ⎠ E δT ⎝ δE ⎠ T δEδT δTδE

4.4
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and the Maxwell relation can be derived as described in Equation 6.6 where δD/δT is the
pyroelectric coefficient.

⎛ δS ⎞
⎛ δD ⎞
−⎜ ⎟ = ⎜
⎟
⎝ δE ⎠ T ⎝ δT ⎠ E

4.5

From the Maxwell relation the change in entropy and temperature can be deduced from Equations
4.6 and 4.7, respectively, where T is the temperature and C is the specific heat.
E2

⎛ δD ⎞
ΔS = − ∫ ⎜ ⎟ δE
δT ⎠ E
E1 ⎝

4.6

E2

T ⎛ δD ⎞
⎜
⎟ δE
C ⎝ δT ⎠ E
E1

ΔT = − ∫

4.7

Therefore, it is possible to deduce ΔS and ΔT with a series of measurements of electric
displacement (D) vs. temperature (T) under different electric field as demonstrated by many other
researchers.[85,88- 91]
9

The ECE can also be deduced from the phenomenological theory of ferroelectrics. For a
material with a second order phase transition, the free energy can be expressed as

G = G0 +

1
1
β (T − TC )D 2 + ξD 4 − ED
2
4

4.8

where G0 is the free energy of the paraelectric phase, β and ζ are phenomenological coefficients,
T is temperature, TC is Curie temperature, D is electric displacement, and E is electric field.[84]
The entropy change can then be deduced by differentiating free energy in Equation 4.8 with
respect to temperature at constant electric displacement as shown in Equations 4.9 and 4.10.

⎛ δG ⎞
⎜
⎟ = − ΔS
⎝ δT ⎠ D

4.9

1
Δ S = − β ΔD 2
2

4.10
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According to Equation 4.10, the entropy change should have a linear relationship with the square
of electric displacement and β could be deduced from the slope. By differentiating G with respect
to D from Equation 4.8, the relationship between electric field and electric displacement or the
dielectric equation of state can be calculated as described in Equation 4.11.

E = β (T − TC )D + ξD 3

4.11

Considering the case when E = 0,

D2 =

β (T − TC )
.
ξ

4.12

Furthermore, the reciprocal permittivity can be calculated with further differentiation of Equation
4.11 as expressed in Equations 4.13 and 4.14.

1

ε

= β (T − TC ) + 3ξD 2 , T < TC
1

ε

= β (T − TC ), T ≥ TC

4.13

4.14

The β and ζ phenomenological coefficients can then be obtained with Equations 4.13 and 4.14
with measurements of permittivity versus temperature and remnant polarization versus
temperature.

4.2.2 Advances in ECE and MCE materials
The first study on the ECE was reported in 1930 in Rochelle salt by Kobeko and
Kurtschatov, however no numerical values were reported.[92] In 1963, Wiseman and Kuebler
measured the ECE of Rochelle salt again and obtained ΔT = .0036°C and ΔS = 28.0 J/(m3K)
(1.56×10-2 J/(kgK)) under an electric field of 1.4 kV/cm at 22.2°C as derived from the Maxwell
relation.[93] Throughout the next couple of decades, the research then focused on ferroelectric
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ceramic materials and inorganic dipolar materials as well as single crystals.[83,85,91,94- 97]
9 9

Some of these studies on ceramics and single crystals included KH2PO4 crystal, SrTiO3 ceramics,
Pb(Sc.5Ta.5)O3 ceramics, and Pb.98Nb.02(Zr.75Sn.20Ti.05).98O3 ceramics. For KH2PO4 crystal, ΔT =
1°C under 11 kV/cm electric field at -150°C was deduced from the Maxwell relation and the
entropy change was 2.31×103 J/(m3K) (or .99 J/(kgK)).[94] For SrTiO3 ceramics, ΔT = 1°C and
ΔS = 34.63 J/(m3K) (6.75×10-3 J/(kgK)) under 5.42 kV/cm electric field at a temperature of 269°C was deduced from the Maxwell relation.[96] For Pb.98Nb.02(Zr.75Sn.20Ti.05).98O3 ceramics,
ΔT = 2.5°C and ΔS = 1.73×104 J/(m3K) (2.88 J/(kgK)) at 30 kV/cm and 161°C was deduced.[85]
All of these results indicate that ECE in ceramic and single crystals is not large, the maximum
temperature change measured was about 1-2°C which was deemed not particularly useful for
practical applications. One may apply higher electric field to induce larger ΔD, and consequently
larger ΔT and ΔS, but this is limited by the electrical breakdown strength of these materials.
A major breakthrough in ECE materials was reported in 2006, when Mischenko et al.
carried out studies on ECE in ceramic thin films to investigate the ECE near the F-P transition
temperature.[88] In their study, Pb(Zr,Ti)O3 thin films at 350 nm thickness were employed
which allowed an electric field as high as 480 kV/cm to be applied to these films. An adiabatic
temperature change of 12°C was obtained (as deduced from Equation 4.8) at an operating
temperature of 226°C, which is near and above the F-P phase transition temperature (222°C).
Both the high electric field applied to the thin film and the operation temperature near the F-P
transition contribute to the large ΔT as observed. On the other hand, the isothermal entropy
change is estimated to be 7.9 J/(kgK), which is not high compared with the magnetic alloys
exhibiting giant magnetocaloric effect (MCE) near room temperature, where ΔS higher than 30
J/(kgK) was observed as discussed below.[82] As has been pointed out, for high performance
refrigerants, a large ΔS and ΔT is required.[81] Combining the entropy change and temperature
change of the Pb(Zr,Ti)O3 thin films, the refrigerant capacity is about 95 J/kg.
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As mentioned above, there has been much research on materials possessing the
magnetocaloric effect (MCE), which is a magnetic field induced isothermal entropy and adiabatic
temperature change. Similar to the electrocaloric effect in ferroelectric materials, the MCE can
be very high when operating near the ferromagnetic-paramagnetic transition in magnetoelectric
materials. For instance, an impressive entropy change of 18 J/(kgK) has been induced with an
electric field of 5 T at near room temperature in MnFeP.45As.55.[98] Similar values near room
temperature were also demonstrated in MnAs1-xSbx where a magnetic field change of 5 T resulted
in an entropy change of 30 J/(kgK) and temperature change of 13 K, resulting in a refrigerant
capacity of 390 J/kg.[99]

While the values above were calculated based on the Maxwell

relations, a direct measurement of 10 K temperature change with a magnetic field of 7 T at about
7°C was reported in Gd5Si2Ge2.[100] Combined with a ΔS of about 12 J/(kgK) as calculated
from the Clausius-Clapeyron equation, the refrigerant capacity of this system is about 120 J/kg.
The direct measurement of temperature change in this system was slightly lower than that
calculated from the Maxwell relations based on a first order transition due to the large hysteresis
associated with this type of transition which leads to an inefficient cooling cycle. The hysteresis
was able to be reduced in Gd5Ge2Si2 by the addition of iron (presumably creating a magnetic
nanostructure) but not without a reduction in entropy change from about 20 J/(kgK) to 7
J/(kgK).[82] Due to the greater cooling effects detected in MCE materials as opposed to ECE
materials, much more work has been focused on developing cooling devices based on the MCE
materials, but the technology has not been widely commercialized.[78-80]

4.2.3 Rational for large electrocaloric effect in ferroelectric polymers
Most of the research on the ECE, as detailed above, has focused on inorganic
ferroelectric materials operating near the ferroelectric-paraelectric (F-P) transition.

Some
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ferroelectric polymers such as P(VDF-TrFE) also possess such transitions below the melt
temperature as detailed in the phase diagram in Figure 1-7, providing possibility for ECE in
polymers. The polarization mechanism in ceramic ferroelectrics is usually ionic in nature, where
an external electric field induces small ionic displacement in the lattice which may be limited in
the magnitude of entropy change it can generate.[87] For example, the enthalpy change of a F-P
transition for a very strong order-disorder ceramic system (triglycine sulphate, TGS) is 2 J/g (or
entropy change ΔS~6.13 J/(kgK)), while for BaTiO3 it is .93 J/g (ΔS~2.3 J/(kgK)).[87] In other
words, although ceramic materials may offer high adiabatic temperature change, the isothermal
electric entropy change may not be very high. On the other hand, the polarization mechanism in
polar polymers is typically orientational (dipolar) where external fields can induce more long
range molecular movement through dipole ordering and disordering, which in a schematic sense
could result in a higher entropy change than ionic displacement.
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Figure 4-3: DSC thermogram for P(VDF-TrFE) (68/32 mol.%) indicating large enthalpy change
associated with the F-P transition.
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Take for example the copolymer P(VDF-TrFE) (68/32 mol.%) with a F-P transition at about
100°C as detailed in the DSC thermogram in Figure 4-3. This measurement indicates a large
enthalpy change (ΔH = 20.9 J/g) associated with the F-P transition, which equates to an entropy
change of about 55 J/(kgK), comparable to that of the giant MCE materials.[82,98-101] Thus, by
operating the material above the F-P transition temperature and applying and deapplying an
electric field, it is possible that a large ECE can be obtained. Based on a specific heat of about
2.3 J/(gK) at 110°C (as measured by modulated DSC), this polymer has the potential to achieve
an adiabatic temperature change of near 10°C.
The F-P transition temperature of P(VDF-TrFE) occurs above room temperature and is
highly dependent on copolymer composition as detailed in the phase diagram in Figure 1-7. This
provides the opportunity to examine copolymers of different composition and transition
temperature to evaluate which composition may provide the best performance in terms of ECE.
There are several factors which have to be taken into consideration in the material selection, one
of which being the transition temperature, which preferably would be as close to room
temperature as possible.

Additionally, for VDF/TrFE ratio greater than (60/40 mol.%) the

transition is first order, which means hysteresis will cause dielectric heating and reduce the
efficiency of the ECE cooling device. This effect may be combated with defects modification to
the P(VDF-TrFE) copolymer, which eliminates the polarization hysteresis by converting the
material to a relaxor ferroelectric, which would significantly reduce the dielectric loss as
illustrated in Figure 4-4. This modification also moves the dielectric constant peak to room
temperature and eliminates the thermal hysteresis, both advantageous for practical utilization of
the ECE.[14,44] This phenomenon is very similar to that in the magnetocaloric material of
Gd5Ge2Si2 with giant MCE where the addition of iron reduces the hysteresis loss and improves
the efficiency by reducing the domain size.[82] In this chapter results of ECE in both the normal
ferroelectric P(VDF-TrFE) copolymer and the relaxor ferroelectric polymers (irradiated P(VDF-
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TrFE) and P(VDF-TrFE-CFE) terpolymers) are examined. The difference in properties between
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the different materials will be compared to gain information on the underlying mechanisms.
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Figure 4-4: Comparison of the polarization hysteresis of the normal ferroelectric polymer (blue
curve) and relaxor ferroelectric polymer (red curve) at room temperature.
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4.3 Experimental
4.3.1 Sample preparation
P(VDF-TrFE) of composition (55/45) mol.% was purchased from Solvay and samples
were created as both free standing thick films and thin films on a substrate. The thin films were
created by first dissolving the polymer in dimethylformamide (DMF) solvent at a concentration
of 12 wt.% polymer by stirring at room temperature for several hours. Glass substrates were
prepared by thorough cleaning with acetone, ethanol, and distilled water and evaporating bottom
electrodes of a bottom layer of chromium and a top layer of aluminum with thickness
approximately 40 nm. The chromium aids in adhesion of aluminum to glass. Spin coating was
performed in a nitrogen environment in a glove box where the substrates were heated
immediately prior to coating to ensure the elimination of moisture. The solution was directly
filtered onto the substrate through a PTFE syringe filter of pore size 1 μm. Spin coating was
carried out on a Laurell Technologies Model WS 400B spin coater at a spin speed of 2000 rpm
for 2 minutes resulting in a film thickness of approximately 1 μm. The samples were then
annealed at 140°C in a vacuum oven for 2 hours and slow cooled to room temperature to remove
excess solvent and improve crystallinity. Aluminum was then evaporated for top electrodes.
Thicker films of approximately 9 μm thickness were solution cast from DMF at approximately
70-80°C and annealed under the same conditions as thin films for differential scanning
calorimetry (DSC) and dielectric measurements.
P(VDF-TrFE) (68/32) mol.% was also purchased from Solvay and was spin coated and
annealed under identical conditions as described above and thicker films (t ~ 15μm) were solution
cast as described above for DSC and dielectric measurements to evaluate the potential for testing
the ECE properties of this composition of copolymer. The thin film samples were irradiated with
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an electron energy of 1 MeV at the National Institute of Standards and Technology (NIST) with
the assistance of Dr. Fred Bateman. Before irradiation, the sample temperature was increased to
140°C and then cooled to 100°C where the temperature remained for the irradiation to ensure the
crystalline phase was in the paraelectric phase during irradiation. Samples were irradiated with a
dose of 50, 75, and 100 Mrad as controlled by the irradiation time.
P(VDF-TrFE-CFE) terpolymer of composition (59.2/33.6/7.2 mol.%) and (64.3/27.6/8.1
mol.%) was supplied by Piezotech of France and was dissolved in DMF solvent at a
concentration of 10 wt.% polymer to solvent and spin coated under the condition described above
for the copolymer resulting in a film thickness of approximately 1 μm. The films on substrates
were subsequently annealed at 100°C in a vacuum oven for 2 hours and slow cooled to room
temperature. Additionally, thicker films of approximately 10 μm thickness were solution cast
from DMF at about 70-80°C and annealed under identical conditions to the thin films for DSC
and dielectric measurements. Quenched samples of (59.2/33.6/7.2 mol.%) terpolymer were also
created to induce low crystallinity samples. The quenched samples were prepared identically to
all other samples with an annealing step after spin coating to eliminate residual solvent.
Following the first annealing step, the samples were heated to over 200°C where all crystallites
were melted and quickly quenched in ice water. Free standing films were also created under
identical conditions.

4.3.2 Measurements
The electroding pattern used on spin coated films is diagrammed by the mask drawings in
Figure 4-5. The pattern labeled (A) was for the bottom electrodes and (B) for the top electrodes
and they were positioned so that the top electrodes would overlap the bottom creating 9 different
test areas of 1 mm2 area. A portion of the polymer was dissolved away with acetone over the 3
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mm × 3 mm squares on one side in order to electrically connect to the bottom electrodes. Wire
leads were connected to the bottom electrodes via conductive silver epoxy. Dielectric and D-E
loop measurements were performed by probing the top electrode at the 2 mm × 2 mm square.
Probing away from the test area helps to improve electric breakdown strength by preventing a
mechanical force from being applied directly to the test area.

Figure 4-5: Diagrams of masks used for depositing bottom electrodes (left) and top electrodes
(right) (all dimensions are mm).
The thickness of the thin films was determined by measuring the capacitance of the
sample.

First, the dielectric constant was measured with a Hewlett Packard LCR meter

(HP4284A) for the thicker films of which an accurate thickness measurement was performed.
Based on this dielectric constant and the capacitance measurement of the thin films, the thickness
was calculated. The dielectric constant and loss was then measured as a function of frequency on
the thin films. The dielectric constant and loss was measured as a function of frequency and
temperature on the free standing films with evaporated aluminum electrodes of 6 mm diameter on
a similar LCR meter equipped with a temperature chamber (Delta Design).
Modulated differential scanning calorimetry (MDSC) was performed on the free standing
films with a TA Instruments (DSC Q100) in a nitrogen atmosphere with heating and cooling rate
of 10°C/min and nitrogen flow rate of 20 mL/min. to evaluate enthalpy changes associated with
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the F-P transition and crystalline melting as well as to measure heat capacity over the range of
temperatures where ΔT is to be calculated.
Bipolar D-E hysteresis loops were measured on the thin film samples with a SawyerTower circuit connected with a Trek 610C power supply and LeCroy 200MHz oscilloscope. The
samples were submersed in a bath of silicon oil with heating capabilities. The AC electric field
was applied with a frequency of 1 kHz in order to reduce the amount of measured conduction,
especially at high temperature. Each series of measurements was done at one electric field as the
temperature was varied.

For example, the first measurement was done at 25 MV/m and

subsequent measurements were taken at the same field on the same test area as the temperature
was increased at intervals of 5 or 10°C. The probe was then moved to a different test area (not
necessarily a different sample) to do a measurement at higher field as the temperature was
increased, and so on and so forth.
The electric displacement was calculated as the average of the positive and negative
value and plotted as a function of temperature for each electric field tested. The D vs. T data was
then fit to a 2nd or 3rd order polynomial and differentiated to calculate (dD/dT) as a function of
temperature for each set of data at different electric fields. dD/dT was then plotted as a function
of electric field for each temperature measured and the data was fit to a Gaussian function and
extrapolated to E = 0 to allow for integration from 0 to E. The entropy change was then
calculated by integrating the Gaussian function according to Equation 4.7. The temperature
change could then be calculated by multiplying ΔS by (T/C), where T is the operation
temperature and C is the heat capacity (as measured by MDSC).

The lost energy due to

hysteresis was determined by calculating the difference in stored and released energy by
integrating the electric field with respect to electric displacement.
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4.4 Electrocaloric Effect in Ferroelectric P(VDF-TrFE)
4.4.1 Selection of the copolymer composition
As presented in Figure 4-3, P(VDF-TrFE) (68/32 mol.%) shows great potential for large
ECE based on the large enthalpy change associated with the F-P transition as measured by DSC.
The disadvantage of this polymer is that the transition temperature is rather high at about 100°C
and the operation temperature must be above the transition. In order to measure the ECE in this
polymer the D-E loops must be measured with high electric fields at high temperature, which
results in large levels of conduction. Conduction in the loop measurements is difficult to separate
from the actual polarization and is a source of error in the ECE measurements. On a more
practical note, large levels of conduction lead to Joule heating and electrical breakdown which
would be major problems for a device utilizing the ECE in this material. Furthermore, the (68/32
mol.%) copolymer shows thermal hysteresis with the F-P transition, which is undesirable.
Consequently, the copolymer composition of (55/45 mol.%) was studied because it has a lower
transition temperature at about 65°C where high field measurements can be conducted with little
or no conduction.

Heat Flow (W/g)

0.4
Tc = 65.2°C
ΔH = 6.8 J/g

0
‐0.4

Tm = 155.4°C
ΔH = 25.6 J/g

‐0.8
‐1.2
‐1.6
20

40

60

80

100

120

140

160

180

Temperature (°C)

Figure 4-6: DSC thermogram for P(VDF-TrFE) (55/45)mol.% upon first heating.
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The downfall of the 55/45 composition compared to the 68/32 composition is smaller enthalpy
change associated with the F-P transition (ΔH = 6.8 J/g) than that seen in the 68/32 copolymer
(ΔH = 20.9 J/g) as indicated by the DSC results (Figure 4-6).
The transition temperature can also be detected with peaks in dielectric constant and loss
at about 70°C as presented in Figure 4-7A. Upon heating and cooling the sample there is no
hysteresis present in this transition indicating it is a continuous transition and not a true first order
transition. On the other hand, the (68/32 mol.%) composition copolymer shows large hysteresis
in the transition as detected by measuring dielectric constant and loss as seen in Figure 4-7B.
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Figure 4-7: Dielectric constant and loss (tan ∂) at 1 kHz as a function of temperature for P(VDFTrFE) (55/45)mol.% (A) and (68/32)mol.% (B) upon first heating and cooling.
The peak is very difficult to detect from the first heating data due to large amounts of conduction
at temperatures above 100°C, but there is a change in slope in dielectric constant at about 100°C
which is probably due to the transition temperature and is consistent with the DSC results. Upon
cooling, there is a large thermal hysteresis in this transition with the transition temperature being
at about 70°C. Thus, the F-P transition in the 68/32 composition would be much less attractive
for obtaining the ECE because 1. there is too much conduction at the temperature of the
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transition, and 2. the transition is much closer to first order than that in the (55/45) composition
with a large thermal hysteresis.

4.4.2 The electrocaloric properties of P(VDF-TrFE) (55/45)
As discussed in the background section, the electric field induced adiabatic temperature
change can be deduced from the pyroelectric coefficient through the Maxwell relation (δD/δT)E =
(δS/δE)T and the pyroelectric coefficient can be measured with D-E loop measurements as a
function of temperature and electric field. Presented in Figure 4-8 are some of the D-E loops
measured at 1 kHz and an applied field of about 200 MV/m at varying temperature for P(VDFTrFE) (55/45 mol.%).
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Figure 4-8: D-E loops of P(VDF-TrFE) (55/45 mol.%) measured at 1 kHz and various
temperatures.
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The loop measured at 30°C is typical of a ferroelectric material with a square shape and large
hysteresis due to the remnant polarization associated with the polar ferroelectric phase. As the
material is heated to the F-P transition at 65-70°C, the loop loses all remnant polarization and
becomes very slim, characteristic of the paraelectric phase. When the temperature is further
increased above the F-P transition the polarization level continues to decrease and at 100°C the
loop begins to open up due to conduction. The problem with conduction is what sets the upper
temperature limit for the measurements.
Based on the data from the loops in Figure 4-8 and those measured at lower fields not
shown, the electric displacement as a function of temperature is presented in Figure 4-9. It can be
seen that the displacement is not greatly affected by the change of temperature at low field but as
the field is increased to 100-200 MV/m the temperature dependence increases, meaning there is
an increase in the pyroelectric effect.
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Figure 4-9: Electric displacement (D) as a function of temperature for P(VDF-TrFE) (55/45
mol.%) measured at 1 kHz and several electric fields.
The pyroelectric coefficient (δD/δT) was calculated as a function of temperature and field by
fitting the data in Figure 4-9 to a polynomial function and differentiating with respect to
temperature. The pyroelectric coefficient was then plotted as a function of electric field at several
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temperatures as demonstrated in Figure 4-10. At just above the transition temperature (80°C) the
pyroelectric coefficient is maximized at approximately 100-150 MV/m where the effective
dielectric constant is maximized based on qualitative inspection of slope of the D-E loop. As the
field is increased the polarization becomes saturated and the pyroelectric coefficient is reduced.
As the temperature is increased the peak is suppressed which is consistent with the D-E loops that
become more linear at high temperature.
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Figure 4-10: Pyroelectric coefficient (dD/dT) as a function of electric field for temperatures near
and above the F-P transition in P(VDF-TrFE) (55/45 mol.%).
The Gaussian functions were extrapolated to E = 0 and integrated to calculate the entropy change
as defined by Equation 4.7 and the entropy change as a function of temperature and electric field
is presented in Figure 4-11A. The results are very promising, with an entropy change greater than
55 J/(kgK) at 80°C and an applied field of 209 MV/m.
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Figure 4-11: Entropy change (A) and temperature change (B) at temperatures from 80°C to
110°C and different electric fields for P(VDF-TrFE) (55/45 mol.%).
Over the entire tested temperature range the entropy change is at least 40 J/(kgK), which is very
high compared with other ECE and MCE materials. For instance, the ferroelectric ceramic
Pb(Zr0.95Ti0.05)O3 thin films can only reach an entropy change of about 8 J/(kgK) at an operating
temperature of about 220°C.[88] Furthermore, the MCE materials can achieve a maximum
entropy change of about 30 J/(kgK).[98,99]

The trend of decreasing ECE with increasing

temperature is typical to that observed in other normal ferroelectric materials and is expected for
temperatures above the F-P transition, because a higher field is required to induce the polar phase
as the temperature increases.[84,87,95,96]
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Figure 4-12: Specific heat capacity measured as a function of temperature upon heating of
P(VDF-TrFE) (55/45 mol.%).
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The specific heat capacity (Figure 4-12) shows a large peak at about 65°C from the F-P
transition, which is consistent with the large enthalpy change detected. The heat capacity was
measured at 0 electric field, which is not exactly accurate for calculating ΔT from the ECE
according to Equation 4.8, which indicates that heat capacity should be measured as a function of
applied field. However, the heat capacity does not change much with temperature above the F-P
transition suggesting that it will also not change much with electric field. The temperature
changes calculated from Equation 4.8 are presented in Figure 4-11B, showing the same trend with
temperature as the entropy change. The maximum temperature change of about 12°C is similar
to that in the ferroelectric thin films but at temperatures closer to room temperature.[88]
Considering the data for the copolymer at 80°C with a ΔS of 60.79 J/(kgK) and ΔT of 12.63 K,
the RC is 767.8 J/kg. The small hysteresis in the D-E loop can contribute some heating but
should only reduce the RC by about 5%. The temperature dependence of the ECE data and the
hysteresis effect are summarized in Tables 4-1 and 4-2, respectively.
Table 4-1: Summary of ECE data for P(VDF-TrFE) (55/45 mol.%) at 209 MV/m.
Temperature
(°C)
80
90
100
110

ΔS (J/(kgK))
60.79
50.82
44.95
43.86

ΔT(K)

RC (J/kg)

12.63
11.19
10.10
10.00

767.8
568.7
454.0
438.6

Thermal energy
(Q) (J/kg)
21471.0
18463.5
16766.0
16800.0

Table 4-2: Hysteresis effects on ECE data for P(VDF-TrFE) (55/45 mol.%) at 209 MV/m.
Temperature
(°C)
80
90
100
110

Lost energy
from hysteresis
(J/kg)
1130
1210
960
1670

Fraction of
lost energy
(%)
5.3
6.6
5.7
9.9

Corrected
ΔT (K)

Corrected
ΔS (J/(kgK))

Corrected
RC (J/kg)

11.96
10.45
9.52
9.01

57.57
47.48
42.35
39.51

688.5
496.2
403.2
356.0
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The data indicates that even taking into account the dielectric heating, ΔT remains above 9°C and
RC above 350 (J/kg) over the entire temperature range tested. The thermal energy is the product
of temperature change and heat capacity and the lost energy from hysteresis was calculated by
integrating the D-E loops.

4.4.3 Phenomenological theory
As described in the background section, the phenomenological theory of ferroelectrics
can be utilized to predict the ECE properties of P(VDF-TrFE) and calculations were made to
compare with the experimental results. Using the experimental data of the permittivity versus
temperature, and the D versus temperature, Tc, β and ξ can be obtained: Tc=68 oC, β=2.4×107 (K1

), ξ=3.9×1013 (m4C-2). By solving Equation 4.11 for D as a function of temperature under

different E, the entropy and temperature change can be found.

Figure 4-13: ΔS and ΔT for the P(VDF-TrFE) (55/45 mol.%) copolymer with a 209 MV/m
electric field derived from the phenomenological theory.
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The experimental data obtained are compared with the results derived on the basis of the
phenomenological theory, presented in Figure 4-13.[84,87,102,103] ΔS and ΔT based on the
theory are higher than the experimental values by about 15% at 80°C and 25% at 110°C. Several
effects can cause the difference between these. (i) The experimental films contain an amorphous
phase (> 25wt.%), whereas the phenomenological theory deals with the crystalline phase only.
(ii) Besides the contribution from the pure crystalline phase, the conversion between the
crystalline and amorphous phases will also contribute to the ECE.[104] (iii) The ECE from the
phenomenological theory is derived for the ferroelectric polymer under mechanical stress-free
conditions, whereas the experimentally measured ECE is from polymer films that are subject to
the mechanical constraints of the substrate.
The phenomenological theory also predicts that ΔS is proportional to the square of
electric displacement (Equation 4.10) and β is a constant which does not change with
temperature.[84,88] Here we determine the β coefficient based on high field D-E measurements
by plotting entropy change versus electric displacement squared and calculating the slope as
shown in Figure 4-14. The data for the P(VDF-TrFE) copolymer shows a linear relationship
between ΔS and the square of D at high polarization level (at E > 100 MV/m) as would be
expected based on the phenomenological theory.

However, at low field there is some

nonlinearity similar to that reported by Wiseman and Kuebler for ferroelectric Rochelle salt.[93]
This small nonlinearity at low field is caused by the residual remnant polarization possibly due to
the sample nonuniformity. As indicated in Figure 4-14, there is no systematic change of β with
temperature, suggesting that β is a constant,[84,88] and the variation of β is caused by the
experimental error. For the copolymer at 80°C, β is calculated as 6.00×107, which is comparable
to that calculated from low field dielectric measurements (β ~ 2.4×107). Furukawa reported a
similar value for β of 3.5×107 at 20°C for P(VDF-TrFE) (65/35) mol.%.[102] As the temperature
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is increased to 90, 100, and 110°C, the β is calculated as 5.40×107, 5.97×107, and 5.66×107,
respectively.
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Figure 4-14: Relationship of ΔS with D2 for P(VDF-TrFE) (55/45 mol.%) at temperatures above
the F-P transition with fitting to a linear function to calculate the β coefficient.
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4.5 Electrocaloric Effect in Relaxor Ferroelectric P(VDFTrFE-CFE)
4.5.1 P(VDF-TrFE-CFE) (59.2/33.6/7.2 mol.%)

4.5.1.1 ECE properties of annealed samples
The relaxor ferroelectric polymers have the potential for possessing attractive ECE
properties due to their large polarizability, small polarization hysteresis, and dielectric peak near
room temperature. As seen in Figure 4-15, the terpolymer possesses a peak in dielectric constant
at about 23°C, which is very broad and frequency dependent, characteristics of a relaxor
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Figure 4-15: Dielectric constant and loss (tan ∂) as a function of temperature for P(VDF-TrFECFE) (59.2/33.6/7.2 mol.%).
Considering that this peak is much closer to room temperature than the P(VDF-TrFE) copolymer,
this material may be capable of ECE properties much closer to room temperature, providing the
potential for room temperature refrigeration. Upon heating and cooling of the material there is no
hysteresis in the peak indicating that this is not a typical first order ferroelectric-paraelectric
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transition. The peak in the loss tangent at about -10°C is from segmental relaxations associated
with the glass transition in the amorphous phase.
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Figure 4-16: DSC thermograms of first heating and cooling of P(VDF-TrFE-CFE) (59.2/33.6/7.2
mol.%).
Furthermore, the DSC thermograms upon heating and cooling (Figure 4-16) show no evidence of
a latent heat associated with a F-P transition which is consistent with the characteristics of a
relaxor ferroelectric. The heat flow is very linear through the room temperature region where the
transition occurs and peaks are only present for crystalline melting upon heating and
crystallization upon cooling.
The D-E loops measured at 1 kHz and about 300 MV/m upon heating are shown in
Figure 4-17. At 30°C the loop is very slim because of the relaxor nature with small polarization
domain sizes and little remnant polarization.

As the temperature is increased the electric

displacement decreases as was also seen in the normal ferroelectric copolymer indicating a
negative value of the pyroelectric coefficient. At temperatures over 40°C the loops begin to
broaden due to conduction, which ultimately determines the upper temperature limit for
measurement. Conduction sets in at lower temperatures in the terpolymer than the copolymer due

148
to impurities in the terpolymer that is synthesized in a lab scale as compared to the copolymer
that is more mass produced with presumably better purification.
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Figure 4-17: D-E loops at 300 MV/m and 1 kHz for P(VDF-TrFE-CFE) (59.2/33.6/7.2 mol.%)
upon heating.
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P(VDF-TrFE-CFE) (59.2/33.6/7.2 mol.%) upon heating.
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The electric displacement plotted as a function of temperature and electric field as acquired from
the D-E loop measurements is presented in Figure 4-18. After fitting to a polynomial function
and differentiating, the pyroelectric coefficient (dD/dT) was calculated as a function of electric
field and temperature as displayed in Figure 4-19.
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Figure 4-19: Pyroelectric coefficient (dD/dT) as a function of electric field and temperature for
P(VDF-TrFE-CFE) (59.2/33.6/7.2 mol.%).
It can be seen that the area under the curves increases as temperature increases and that the peak
in the curve also increases to higher field as the temperature is increased. For instance, at 30°C
the pyroelectric coefficient is maximized at about 110 MV/m while at 60°C it is maximized at
about 180 MV/m. The peaks also become much broader as the temperature is increased. Like
the copolymer, this can be qualitatively related to the effective dielectric constant as obtained
from the D vs. E relationship on the D-E loops. The maximum pyroelectric coefficient obtained
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here of about -6×10-4 C/(m2K) is less than that obtained in the P(VDF-TrFE) copolymer of about
-8×10-4 C/(m2K).
The calculated entropy change as a function of temperature and electric field is presented
in Figure 4-20A for applied fields of 100, 204, and 307 MV/m. With an electric field of 307
MV/m at 55°C, an entropy change of near 60 J/(kgK) can be achieved. Like the P(VDF-TrFE)
copolymer, this value is about 7 times greater than that in the ferroelectric ceramics and 2 times
greater than the best MCE materials.[88,99] However, for this terpolymer the applied field (307
MV/m) is higher than that required to achieve similar entropy change in the copolymer (209
MV/m). This is due to the fact that the dielectric constant at the operating temperature of the
copolymer (K = 65 at 80°C and 1 kHz) is higher than that in the terpolymer (K = 48 at 55°C and
1 kHz) meaning that more of a field is required to induce the same polarization level in the
terpolymer as in the copolymer.

A)

B)
14

70

12

307
204
149
100

40

o

50
30
20

307
204
149
100

8
6
4
2

10
0

E (MV/m)

10

ΔT ( C)

ΔS (J/(kgK))

60

E (MV/m)

30

35

40

45

50

55
o

Temperature ( C)

60

0

30

35

40

45

50

55

60

o

Temperature ( C)

Figure 4-20: ΔS (A) and ΔT (B) vs. temperature for P(VDF-TrFE-CFE) (59.2/33.6/7.2 mol.%).
Another difference from the copolymer observed here is the trend of increasing entropy change as
temperature is increased above the transition temperature. The results indicate that in this class of
relaxor ferroelectric polymers, there exists several polarization mechanisms and each of them
contributes to the ECE differently. The proportion of these polarization mechanisms will change
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with temperature, resulting in a change in the ECE with temperature. This observation is in fact
consistent with the understanding of the relaxor ferroelectrics.[14,44,59,105,106] In the relaxor
ferroelectrics, there exist nanopolar regions and as the temperature is lowered toward the broad
dielectric constant peak and below, the population of the nanopolar regions increases and so does
their contribution to the polarization response. Further lowering the temperature, partial polar
regions become frozen, demonstrating breathing behavior instead of thermally activated flip
behavior at temperature higher than the permittivity peak temperature.[107] Since the ECE is
carried out above the transition temperature, the flip behavior should be predominated. The
experimental result indicates that the polarization response from the reorientations decreases and
meanwhile the polarization response from the field induced dipolar polar-nonpolar process
increases, which contributes greatly to the entropy change and results in an increase in the ECE
effect with temperature in the experimental temperature range here and in [89].
The specific heat capacity as measured by MDSC over the temperature range tested was
measured and presented in Figure 4-21.
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Figure 4-21: Specific heat capacity of P(VDF-TrFE-CFE) (59.2/33.6/7.2 mol.%).
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It can be seen that Cp gradually increases over the temperature range but there is no peak
coinciding with the peak in dielectric constant again illustrating that this does not correspond to
any phase transition. The peak at approximately 120°C is from melting of the crystallites and the
change in slope at about -5°C is associated with the glass transition in the amorphous phase.
Calculated from ΔS, Cp, and T, the temperature change as a function of temperature and electric
field is shown in Figure 4-20B. Again, the maximum temperature change is about 12°C at 55°C
which is similar to the P(VDF-TrFE) copolymer. The advantage of the terpolymer is an operating
temperature closer to room temperature but the disadvantage is higher required field. With a
temperature change of approximately 4°C

and entropy change of 20 J/(kgK) at 30°C, the

terpolymer shows better potential than any other ECE material for realizing solid state cooling at
very near room temperature. A summary of the ECE data including the refrigerant capacity and
thermal energy is listed in Table 4-3 along with the effects of hysteresis listed in Table 4-4.
Table 4-3: Summary of ECE data for P(VDF-TrFE-CFE) (59.2/33.6/7.2 mol.%) at 307 MV/m.
Temperature
(°C)
30
40
50
60

ΔS (J/(kgK))
21.02
35.60
53.99
69.50

ΔT(K)

RC (J/kg)

4.08
6.97
10.57
13.62

85.8
248.1
570.7
946.6

Thermal energy
(Q) (J/kg)
6364.8
11152.0
17440.5
23154.0

Table 4-4: Hysteresis effects on ECE data for P(VDF-TrFE-CFE) (59.2/33.6/7.2 mol.%) at 307
MV/m.
Temperature
(°C)
30
40
50
60

Lost energy
from hysteresis
(J/kg)
1040
1010
1220
2049

Fraction of
lost energy
(%)
16.3
9.1
7.0
8.8

Corrected
ΔT (K)

Corrected
ΔS (J/(kgK))

Corrected
RC (J/kg)

3.41
6.34
9.83
12.42

17.55
32.39
50.19
63.38

59.8
205.4
493.4
787.2
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According to integration of the lost energy due to irreversible polarization as calculated by
integrating the D-E loops, dielectric heating will lead to a reduction in total cooling ability from
the ECE by 16.3%, 9.1%, 7.0%, and 8.8% at 30, 40, 50, and 60°C respectively. The increase in
loss from 50 to 60°C is from conduction, not dielectric loss. In other words, loss will lead to an
increase in temperature with an applied field of 309 MV/m of .67, .63, .74, and 1.2°C at 30, 40,
50, and 60°C, respectively. Subtracting this hysteresis effect from the ECE cooling ability and
recalculating ΔT, ΔS, and RC indicates a real maximum RC of 787.2 J/kg.
To further quantify the results, we analyze the relationship between ΔS and electric
displacement. For a material with central symmetry, the entropy change ΔS should not depend on
the sign of the polarization. This suggests that ΔS is proportional to the square of the electric
displacement, i.e.,

1
Δ S = − β ΔD 2
2

4.15

where β is a coefficient. We write Equation 4.15 in the form which can be easily compared with
the result from the normal ferroelectric polymer.[84] The relaxor ferroelectric P(VDF-TrFECFE) terpolymer displays a linear relationship between entropy and square of electric
displacement as seen in Figure 4-22, with no anomalies at low polarization as seen in the normal
ferroelectric copolymers. On the other hand, the coefficient β shows a nearly linear increase with
temperature because as the temperature increases there is a reduction of the nanopolar region
contribution and increased contribution from the regular dipolar order-disorder process to the
polarization response resulting in an increase in β as well as the entropy change. The slope of ΔS
vs. D2 for the terpolymer at 30°C specifies a β coefficient of 1.23×107 that increases to 2.08×107,
3.32×107, and 4.56×107 as the temperature is increased to 40, 50, and 60°C, respectively.
Therefore, even in the experimental temperature range the total polarization response from the
dipolar order-disorder process causes an increase of the ECE. It is expected that when the
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temperature increases further so that the electrical field induced polarization change from the
dipolar order-disorder process decreases with temperature. The larger β coefficient observed for
the P(VDF-TrFE) copolymer than observed here for the highest β in the relaxor terpolymer
indicates that even at the highest experimental temperature (60°C) in the relaxor ferroelectric
terpolymer there are still nano-polar regions present in the polymer causing lower ECE compared
with that of the normal ferroelectric polymers. It should be noted that the phenomenological
theory is not applicable for the relaxor ferroelectrics including the P(VDF-TrFE-CFE)
terpolymers.

5

1.50x10

o

60 C

5

3

ΔS (J/(m K))

1.25x10

o

50 C

5

1.00x10

o

40 C

4

7.50x10

o

30 C

4

5.00x10

4

2.50x10

0.00

0.000

0.005
2

0.010
2

0.015

0.020

4

D (C /m ) (offset)
Figure 4-22: ΔS-D2 at 30-60°C for P(VDF-TrFE-CFE) (59.2/33.6/7.2 mol.%).

4.5.1.2 The impact of crystallinity on ECE
As a semicrystalline polymer, both crystalline and amorphous phases may contribute to
the ECE, which will be studied in this section by comparing the ECEs between the quenched
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samples with well annealed ones as described in the preceding section that show different
crystallinity.
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Figure 4-24: XRD patterns for P(VDF-TrFE-CFE) (59.2/33.6/7.2 mol.%) quenched (A) and
annealed (B).
The DSC analysis confirms a difference in the crystallinity between the quenched and annealed
samples, with a heat of fusion of 19.8 J/g for the quenched sample in contrast to 23.4 J/g for the
annealed sample, indicating a 15% reduction in the crystallinity of the quenched samples
compared with the annealed samples as shown in Figure 4-23.

Additionally, the annealed
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samples show a slightly higher melting temperature (Tm = 124.7°C) as compared to the quenched
samples (Tm = 123.7°C). The XRD data was collected at an angle of about 18.5° for the (110)
and (200) diffraction peaks as presented in Figure 4-24.[108] There was no change in peak
position and no noticeable change in peak width as measured by the full width at half maximum,
indicating no change in the lattice constant and crystallite size (about 35 nm) within the
experimental error.
The dielectric properties as a function of temperature for both quenched and annealed
terpolymer films are presented in Figure 4-25.
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Figure 4-25: Temperature dependence of permittivity for P(VDF-TrFE-CFE) (59.2/33.6/7.2
mol.%) quenched and annealed.
An obvious decrease in permittivity is observed for the quenched terpolymer over the measured
temperature range, caused by the reduction in the crystallinity, which is consistent with the results
occurring in relaxor ferroelectric complex compounds.[109]. Moreover, the broad dielectric
constant peak also moves to higher temperature, occuring at 23.3°C for the annealed sample and
31.6°C for the quenched one, which is related to the dipolar ordering-disordering transition. This
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may be related to more crystallization in the P(VDF-TrFE) portion than the CFE portion in the
quenched sample and thus moving the transition temperature closer to that of the P(VDF-TrFE)
copolymer. This is consistent with the phenomenon observed in a study of the influence of
crystallization conditions on the microstructure of the terpolymer where results suggest that
within the same crystallite there are some regions with higher CFE content and other regions with
lower CFE content.[45] Since crystallization with regions of higher CFE content is more difficult
and a slower process than regions with lower CFE content, it is reasonable that the quenched
terpolymer samples here would have crystallites with lower CFE content than the annealed
samples. This means that essentially the crystallites of the quenched sample may have a higher
fraction of the P(VDF-TrFE) component than the annealed sample. As in conventional relaxor
ferroelectrics, compositional fluctuation will occur during a wide phase transition process, which
makes the permittivity – temperature peak lower and broader, demonstrating traditional peak
temperature shifting with frequency.[109] The quenching process makes this so-called diffuse
phase transition occur in the terpolymer more prominently. Additionally, the peak in dielectric
loss characteristic of the glass transition occurs at -2°C for the annealed sample and -9°C for the
quenched sample suggesting a shift of the average glass transition temperature in the quenched
sample compared to the annealed sample. Amorphous chains in the quenched sample may be less
constrained by neighboring crystallites since the level of crystallinity is less than the annealed
sample.
The crystallinity also has an effect on the high field polarization response as can be seen
from the electric displacement – electric (D-E) field loops shown in Figure 4-26 measured with
an applied electric field of about 300 MV/m. The polarization of annealed terpolymer is larger
than that of the quenched one by approximately 12%. Considering that the ECE is dependent on
high levels of polarization to create large dipolar ordering and disordering that leads to large
electric field induced isothermal entropy change, it is reasonable that the quenched terpolymer
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sample would demonstrate less entropy change than the annealed sample. The isothermal entropy
change calculated from Maxwell relations for an applied field of about 300 MV/m is shown in
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Figure 4-26: D-E loops at 300 MV/m and 1 kHz for P(VDF-TrFE-CFE) (59.2/33.6/7.2 mol.%)
quenched and annealed.
The ratio of entropy change of the annealed sample to quenched is 1.58, 1.32, and 1.16 at 30°C,
35°C, and 40°C, respectively, which is consistent with the ratio of crystallinity of 1.18. In
addition to a lower entropy change in the quenched sample, MDSC results show a higher heat
capacity in the quenched sample which further reduced the electric field induced adiabatic
temperature change in the material as shown in Figure 4-27B.

For example, at 40°C the

quenched sample has a specific heat capacity of 2.09 J/(gK) and that of the annealed sample is
1.60 J/(gK).

This is consistent with studies on other semicrystalline polymers that show

amorphous components contribute more to specific heat capacity than the crystalline
regions.[110- 112]
1

The largest contributor to specific heat capacity in polymers is skeletal

vibrations which theoretically should be equal for both amorphous and crystalline phases.
However, longer-range molecular vibrations and motions also contribute to heat capacity and are
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more prevalent in amorphous states than crystalline states, thus resulting in amorphous polymers
having higher specific heat capacity than crystalline polymers.
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Figure 4-27: Entropy change (A) and temperature change (B) as a function of temperature at 300
MV/m for P(VDF-TrFE-CFE) (59.2/33.6/7.2 mol.%) quenched and annealed.
The entropy change versus square of electric displacement at 30°C displays a linear
relationship which is similar to that in the annealed sample, with a β coefficient of 1.04×107,
slightly lower than that of the annealed sample as would be expected with a lower isothermal
entropy change in the quenched sample. The β-coefficient increases to 2.28×107 at 40°C, similar
to the trend observed with the annealed sample and consistent with the increase in entropy change
with temperature observed in this system.

4.5.2 P(VDF-TrFE-CFE) (64.3/27.6/8.1 mol.%)
Considering that the properties of P(VDF-TrFE-CFE) can show composition dependence
and several compositions are available for study, we investigate the ECE properties of a second
terpolymer composition (64.3/27.6/8.1 mol.%). The DSC thermogram for this composition of
terpolymer upon first heating and cooling is presented in Figure 4-28. Compared with the
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(59.2/33.6/7.2 mol.%) composition, this composition has a slightly higher melt temperature and
slightly lower crystallinity.
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Figure 4-28: DSC thermograms upon first heating and cooling for P(VDF-TrFE-CFE)
(64.3/27.6/8.1 mol.%).
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161
The biggest difference is the detection of some small amount of latent heat associated with a
transition at 17.4°C that coincides with the peak in dielectric constant. While this small latent
heat is characteristic of the normal F-P transition seen in P(VDF-TrFE), for all intents and
purposes this can still be considered more of a continuous transition than first order transition.
The dielectric properties as a function of temperature are shown in Figure 4-29 are very similar
to that seen in the other composition with a peak in dielectric constant at about 25-30°C. This
peak does not show any thermal hysteresis and is not associated with any phase transition.
Furthermore, the shift in peak position with frequency is characteristic of the relaxor nature.
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Figure 4-30: D-E loops measured at approximately 400 MV/m and 1 kHz upon heating for
P(VDF-TrFE-CFE) (64.3/27.6/8.1 mol.%).
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Figure 4-31: Electric displacement as a function of temperature and electric field for P(VDFTrFE-CFE) (64.3/27.6/8.1 mol.%).
The film sample quality in this composition of terpolymer was improved compared to
that of the (59.2/33.6/7.2 mol.%) composition and the maximum applied electric field was able to
be increased to 400 MV/m when measuring the D-E loops (Figure 4-30). Consequently, the
maximum measured electric displacement was near .1 (C/m2). A plot of electric displacement
versus temperature for all fields tested is then shown in Figure 4-31. Consistent with that seen in
the other composition of terpolymer, dD/dT is maximized at about 150 MV/m.
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Figure 4-32: Entropy change (A) and temperature change (B) as a function of temperature and
electric field for P(VDF-TrFE-CFE) (64.3/27.6/8.1 mol.%).
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The calculated entropy change is slightly lower than the other composition tested but the testing
field was able to be increased to 400 MV/m resulting in a maximum entropy change of more than
70 J/(kgK), the highest measured thus far. Again, there is an increasing trend with temperature
due to the effects of nanopolar regions at low temperature. Combining with the heat capacity, the
maximum temperature change was calculated as approximately 14°C at 60°C and a field of 400
MV/m at presented in Figure 4-32B. The refrigeration coefficients (RC) and effects of hysteresis
were calculated for the results at 300 MV/m to compare with the other composition as shown in
Tables 4-5 and 4-6. The data indicates that at temperatures above 30°C the hysteresis has less
than a 10% reduction in cooling ability and the results are consistent between the compositions.
After the hysteresis correction, the maximum RC calculated is 651.4 J/kg at 302 MV/m.
Operating this material at 400 MV/m provides with the highest ECE data for all materials studied
here. The RC at 60°C before considering dielectric heating is 992.5 J/kg, and taking into account
a 9.7% loss in energy from heating, the RC is 809.0 J/kg.
Table 4-5: Summary of ECE data for P(VDF-TrFE-CFE) (64.3/27.6/8.1 mol.%) at 302 MV/m.
Temperature
(°C)
30
40
50
60

ΔS (J/(kgK))
23.22
38.42
50.41
63.16

ΔT(K)

RC (J/kg)

4.29
7.16
9.36
11.76

99.6
275.1
471.8
742.8

Thermal energy
(Q) (J/kg)
7035.6
12028.8
16286.4
21050.4

Table 4-6: Hysteresis effects on ECE data for P(VDF-TrFE-CFE) (64.3/27.6/8.1 mol.%) at 302
MV/m.
Temperature
(°C)
30
40
50
60

Lost energy
from dielectric
heating (J/kg)
1280
1070
1040
1340

Fraction of
lost energy
(%)
18.2
8.9
6.4
6.4

Corrected
ΔT (K)

Corrected
ΔS (J/(kgK))

Corrected
RC (J/kg)

3.51
6.52
8.76
11.01

18.99
34.98
47.16
59.16

66.7
228.1
413.1
651.4
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Again, we can analyze the relationship between ΔS and D2 for determination of the β
coefficient and comparison to P(VDF-TrFE) and the (59.2/33.6/7.2 mol.%) terpolymer. At low
field the entropy change shows linear dependence with D2 consistent with what was observed in
the copolymer and other composition of the terpolymer as can be seen in Figure 4-33.
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Figure 4-33: ΔS vs. D2 at varying temperature for P(VDF-TrFE-CFE) (64.3/27.6/8.1 mol.%).
On the contrary, at high field the entropy change saturates due to the saturation of the polarization
as evidenced in the D-E loops. The (59.2/33.6/7.2 mol.%) composition does not saturate at as
low as a field, which may provide for the ability to achieve higher entropy change as the field is
increased. The saturation is also delayed as the temperature is increased, which is consistent
between the ΔS-D2 relationship and the D-E loops. Consistent with the trend of increasing
entropy change with temperature and consistent with the other composition of terpolymer, the
slope increases with temperature due to the contribution of nanopolar domains at low
temperature. The calculated coefficients were 1.63×107, 2.36×107, 3.16×107, and 4.14×107 at 30,
40, 50, and 60°C, respectively, showing values not significantly different from the (59.2/33.6/7.2
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mol.%) terpolymer since they were calculated from the low field data before significant
saturation.
Comparing the D-E loops of the two compositions of terpolymer studied (Figure 4-34), it
can be see that at 30°C and approximately 300 MV/m the (64.3/27.6/8.1 mol.%) composition has
a higher polarization level. The polarization in this composition is consistently higher over the
entire tested temperature range as detailed on Table 4-6. Based on this trend in high field
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Figure 4-34: D-E loops at 30°C and 300 MV/m for different compositions of P(VDF-TrFECFE).
On the other hand, it can also be seen that the (64.3/27.6/8.1 mol.%) composition has a more
abrupt saturation in its polarization at about 150 MV/m, which may lead to a consistently lower
pyroelectric coefficient over the entire temperature range when compared to the (59.2/33.6/7.2
mol.%) composition. It is reasonable that the competing effects of higher polarization level in
one composition and higher pyroelectric coefficient in the other, that there would be no
significant difference in the entropy change outside the experimental error of these measurements
as detailed with the data comparison on Table 4-7.

Hence, this comparison suggests the
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importance of both the level of polarization and the pyroelectric coefficient in contributing to the
electric field induced entropy change.
Table 4-7: Comparison of ECE data for P(VDF-TrFE-CFE) (59.2/33.6/7.2 mol.%) (A) and
(64.3/27.6/8.1 mol.%) (B) at 302 MV/m.
Temperature (°C)
30
40
50
60

D (C/m2)
A
B
.0792 .0853
.0784 .0848
.0767 .0836
.0745 .0828

dD/dT (C/(m2K))
A
B
-4.08×10-5 -2.00×10-5
-1.34×10-4 -8.13×10-5
-2.09×10-4 -1.43×10-4
-3.03×10-4 -2.04×10-4

ΔS (J/(kgK))
A
B
21.02 23.22
35.60 38.42
53.99 50.41
69.50 63.16
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4.6 Electrocaloric Effect in Relaxor Ferroelectric Electron
Irradiated P(VDF-TrFE)
With the results presented in section 4.5 suggesting that the relaxor ferroelectric polymers
are capable of possessing excellent ECE properties, we now investigate the ECE in the other type
of relaxor ferroelectric polymer, irradiated P(VDF-TrFE). The effects of different irradiation
dosage on the room temperature dielectric properties of P(VDF-TrFE) (68/32 mol.%) are
presented in Figure 4-35A. It is obvious that small amounts of irradiation have a dramatic effect
on the dielectric constant of the polymer with the dielectric constant at 1 kHz increasing from
11.7 to 46.2 going from unirradiated to irradiated with a dose of 50 Mrad. This effect is
consistent with that previously observed in studies of converting P(VDF-TrFE) to a relaxor with
irradiation.[1,14] As the dosage is increased to 75 and 100 Mrad, the dielectric constant is
reduced, probably due to high levels of crosslinking creating disorder in the crystalline phase and
reducing molecular mobility. These results suggest that a low irradiation dosage is probably
optimum for maximizing the ECE due to the high dielectric constant.
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Figure 4-35:
(A) Room temperature dielectric constant and loss (tan ∂) as a function of
frequency and (B) D-E loops at 1 kHz and 30°C for P(VDF-TrFE) (68/32 mol.%) irradiated at
varying dosage.
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The effects of irradiation are consistent with the high field polarization as well, with 50 Mrad
dose resulting in the highest level of electric displacement at 300 MV/m and 30°C as shown in
Figure 4-35B. Again, the results suggest that 50 Mrad may be the optimum dose for maximizing
ECE due to the high polarization level and for this reason most of the data discussed in this
section is regarding the samples with 50 Mrad dose. The temperature dependence of the D-E
loops for 50 Mrad at 300 MV/m is presented in Figure 4-36, showing similar results to that seen
in the terpolymer. On the contrary, the loop at 30°C for the irradiated samples shows slightly
more hysteresis than the terpolymer, probably due to a difference in transition temperature. The
terpolymer also seems to have more conduction at high temperature and field as detected from the
D-E loop measurements, probably due to chemical impurities not removed after synthesis.
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Figure 4-36: D-E loops at 1 kHz and varying temperature for P(VDF-TrFE) (68/32 mol.%)
irradiated at 50 Mrad.
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Figure 4-37: D vs. temperature for all fields measured for P(VDF-TrFE) (68/32 mol.%)
irradiated at 50 Mrad.
The D-E data is plotted over temperature for all fields tested in Figure 4-37 and shows that the
pyroelectric effect is maximized at approximately 100-200 MV/m. It is interesting to note the
data at 97 MV/m, which shows greater temperature dependence at low temperature than high
temperature. The higher field data shows greater temperature dependence as the temperature is
increased to 50-60°C.
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Figure 4-38: Entropy change (A) and temperature change (B) as a function of temperature
measured for P(VDF-TrFE) (68/32 mol.%) irradiated at 50 Mrad.
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The entropy change plotted in Figure 4-38A shows similar results as seen in the terpolymer with
ΔS as high as 55 J/(kgK) at 60°C and 308 MV/m. A similar trend is observed with temperature
again suggesting the contribution of nanopolar domains at low temperature although the entropy
change begins to saturate. This may suggest a different mechanism at high temperature than that
observed in the P(VDF-TrFE-CFE) terpolymer.

The heat capacity used to calculate the

temperature change for samples of all doses was measured from a sample irradiated at 75 Mrad,
which may provide some small error for the 50 Mrad and 100 Mrad samples. The temperature
change for the 50 Mrad sample is slightly smaller than terpolymer as shown in Figure 4-38B with
a maximum ΔT of about 9°C. The ECE properties for this material are summarized in Tables 4-8
and 4-9.
Table 4-8: Summary of ECE data at a field of 308 MV/m for P(VDF-TrFE) (68/32 mol.%)
irradiated at 50 Mrad.
Temperature
(°C)
30
45
50
60

ΔS (J/(kgK))
18.74
42.93
48.12
54.84

ΔT(K)

RC (J/kg)

3.10
7.11
7.97
9.23

58.1
305.2
383.5
506.2

Thermal energy
(Q) (J/kg)
5673.0
13651.2
15541.5
18275.4

Table 4-9: Hysteresis effects on ECE data at a field of 308 MV/m for P(VDF-TrFE) (68/32)
irradiated at 50 Mrad.
Temperature
(°C)
30
45
50
60

Lost energy
from dielectric
heating (J/kg)
1566
1409
1296
1160

Fraction of
lost energy
(%)
27.6
10.3
8.3
6.3

Corrected
ΔT (K)

Corrected
ΔS (J/(kgK))

Corrected
RC (J/kg)

2.24
6.38
7.31
8.65

13.52
38.50
44.11
51.41

30.3
245.6
322.4
444.7

The data suggests that without dielectric heating the material can reach a maximum RC of 506.2
J/kg at 60°C and an applied field of 308 MV/m. Under these conditions the dielectric heating
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will only cost 6.3% of the total thermal energy, resulting in a corrected RC of 444.7 J/kg, about
32% lower than that in the terpolymer under similar conditions.
Consistent with the data from the relaxor ferroelectric terpolymer, the entropy change
shows a linear dependence on square of electric displacement that is temperature dependent as
displayed in Figure 4-39. The β coefficients obtained from linear fitting are 8.58×106, 2.00×107,
2.82×107, and 3.46×107 for 30, 40, 50, and 60°C, respectively, which is consistently lower than
the terpolymers over the tested temperature range. With the terpolymer and irradiated copolymer
displaying similar polarization levels, the difference in entropy change may be related to more
nanopolar domains in the irradiated samples.
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Figure 4-39:
Mrad.

ΔS-D2 at varying temperature for P(VDF-TrFE) (68/32 mol.%) irradiated at 50

Without showing all data for the samples irradiated at 75 and 100 Mrad for simplicity, the
isothermal entropy change and adiabatic temperature change measured at approximately 300
MV/m in the samples of 3 different irradiation doses are presented in Figure 4-40 for a
comparison. It is clear that 50 Mrad is the optimum dose for achieving a high ECE at near room
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temperature. The higher doses decrease the polarization level as detailed above which is directly
related to the electric field induced entropy and temperature change. Furthermore, the low
irradiation dose may be more desirable due to the contribution from the nanopolar domains as
discussed for the terpolymer. It is possible that a high irradiation dose will result in more and
smaller domains that will not be very effective at generating large entropy change. Additionally,
the 100 Mrad sample seems to have a higher transition temperature than the others, with the ECE
only occurring at temperatures above 60°C and peaks at about 70°C. This may be related to a
high degree of crosslinking that restricts molecular mobility and requires a higher temperature to
activate the dipolar ordering-disorder transition.
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Figure 4-40: ΔS (A) and ΔT (B) at approximately 300 MV/m as a function of temperature for
P(VDF-TrFE) (68/32 mol.%) irradiated at 50 Mrad, 75 Mrad, and 100 Mrad.
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4.7 Summary
This chapter presents the first known work on investigating the ECE in polymeric
materials and suggests huge potential for utilizing this effect for solid state cooling. Here we
present electric field induced isothermal entropy change and adiabatic temperature change in
several P(VDF-TrFE)-based polymer systems greater than the best effect reported in inorganic
materials.

Additionally, the ferroelectric polymers have operating temperatures near room

temperature, whereas the best ceramics must be operated at temperatures greater than 200°C.
Figure 4-41 compares the ECE properties at the maximum E-field of the polymers investigated,
allowing for easy comparison of ΔS and ΔT values as well as their operating temperatures and
temperature dependences.
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Figure 4-41: Comparison of ΔS (A) and ΔT (B) for the different ferroelectric polymers.
The normal ferroelectric P(VDF-TrFE) (55/45 mol.%) is discussed first where we report
maximum values of more than 55 (J/(kgK) entropy change and 12°C temperature change at an
operating temperature of 80°C and applied field of 209 MV/m. While the temperature change in
this material is similar to that of the (PbZr0.95Ti0.05O3) material, the operating temperature is lower
and the entropy change is more than 5 times greater resulting in a much larger refrigerant
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capacity. Taking the hysteresis of the polarization into account, the maximum obtainable RC is
688.5 J/kg. This data deduced from Maxwell relations is verified with calculations based on the
phenomenological theory of ferroelectrics, where the theoretical data is typically 15-25% greater
than the experimental data. This variation is reasonable considering that the phenomenological
theory solely considers the crystalline portion of the polymer when in reality it is a
semicrystalline polymer and amorphous regions will also make some contribution to the
polarization of the material. The trend of decreasing ECE with temperature is consistent with
other normal ferroelectric materials because as the temperature is increased further above the F-P
transition temperature, more of an electric field is required to switch the ferroelectric phase to
paraelectric phase. The ΔS values are plotted with respect to D2 and show a linear dependence
where the slope is proportional to the β phenomenological parameter, consistent with the
phenomenological theory. The β coefficient is temperature independent suggesting the same
mechanism at all temperatures (presumably an electric field induced P-F transition).
The relaxor ferroelectric P(VDF-TrFE-CFE) terpolymer shows similar ΔS and ΔT values
as the copolymer, but with a higher required electric field (~300 MV/m) due to the lower
dielectric constant of the terpolymer at the operating temperatures. However, the terpolymer is
advantageous over the copolymer because the operating temperature is from 30-60°C, which
could be useful for near room temperature operation. The terpolymer shows an opposite trend
with temperature than the copolymer, with ΔS and ΔT increasing with increasing temperature.
This difference is consistent with the literature on ECE in other relaxor materials and is due to the
contribution of nanopolar domains to the total polarization response at low temperature.
Fundamentally, nanopolar domains are not very effective at creating large entropy change when
polarized. As the temperature is increased, the nanopolar domains make less of a contribution to
the polarization and most of the response originates from a dipolar order-disorder transformation
which is much more effective at generating large entropy change.

Although the
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phenomenological theory cannot be applied to relaxor ferroelectrics, the ΔS data shows linear
dependence with D2 and the β coefficient can be calculated for comparison to the
phenomenological coefficient of the normal ferroelectric copolymer. Unlike the copolymer, the β
coefficient of the terpolymer is temperature dependent due to the contribution of the nanopolar
regions.
In order to investigate the effect of crystallinity on the ECE in polymers, quenched
samples of terpolymer were prepared and the results were compared to the annealed sample
results. DSC results confirmed lower crystallinity in the quenched sample but XRD suggests
very little difference in the crystalline structure between the samples. The electrical property
measurements show strong correlation between dielectric constant, high field electric
displacement, and isothermal entropy change with crystallinity. In other words, the quenched
sample shows slightly lower ECE than the annealed sample and the ECE has a direct correlation
with crystallinity. Furthermore, the quenched sample possesses a higher heat capacity which
further reduces adiabatic temperature change.
The β coefficients calculated from the ΔS-D2 relationship for the copolymer and
terpolymers as a function of temperature are compared in Figure 4-42. For the copolymer, there

is no systematical change of β with temperature, suggesting that β is a constant and the
variation of β is caused by the experimental error.[84,88] For the normal ferroelectric
polymer at temperatures above the ferroelectric-paraelectric transition, the polarization
response is from the dipolar order-disordering process. The larger β coefficient observed
here for the normal ferroelectric copolymer than the highest β in the P(VDF-TrFE-CFE)
relaxor ferroelectric polymer indicates that even at the highest experimental temperature
(60oC) there are still nanopolar regions present in the relaxor ferroelectric terpolymer
causing lower ECE compared with that of the normal ferroelectric polymers.
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Figure 4-42: β as a function of temperature for the annealed terpolymer (dots), quenched
terpolymer (crosses), and P(VDF-TrFE) copolymer (open squares). Solid lines are drawn to
guide eyes and data points are shown.
The final portion of this chapter covers the ECE in irradiated P(VDF-TrFE) (68/32
mol%) of different irradiation dosage. The results clearly show that the lowest dosage (50 Mrad)
is most successful in creating a material which can generate a large ECE with ΔS and ΔT values
similar to the terpolymer with similar electric field and operating temperature. As the dosage is
increased to 75 and 100 Mrad, there are a couple of effects detrimental to the ECE. One is the
reduced polarization level and another is the shifting of transition temperature to higher
temperatures.
The data listed in Table 4-8 summarizes the best ECE results from the P(VDF-TrFE)
copolymer and P(VDF-TrFE-CFE) terpolymer and compares them with the best ECE and MCE
materials from the literature. Both polymers have great advantage over the best ECE material
(PbZr0.95Ti0.05O3) in terms of RC and operating temperature. The best MCE material (MnAs1xSbx)

can be operated relatively close to room temperature but possesses only about half the RC

of the ferroelectric polymers. The RC values listed here for the copolymer and terpolymer do not
take into account the hysteresis effects.
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Table 4-10: Summary comparing best ECE materials as reported here with the best ECE and MCE
materials in the literature.
Material
MnAs1-xSbx [99]
PbZr0.95Ti0.05O3 [88]
P(VDF-TrFE)
P(VDF-TrFE-CFE)

Operating
temperature
(°C)
7
226
80
60

Applied field

ΔS
(J/(kgK))

ΔT (K)

RC (J/kg)

5T
48 MV/m
209 MV/m
400

30
7.9
60.8
73

13
12
12.6
13.6

390
95
768
993
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Chapter 5

Conclusions and Future Work
The work in this dissertation demonstrates the ability to enhance the multifunctional
properties of poly(vinylidene fluoride) (PVDF)-based ferroelectric polymers by understanding the
structure-property relationships and modifying or selecting the optimum structure for the
property. Chapter 1 serves as an introduction to the scheme of this research and provides
background information on the PVDF-based polymers including the ability to modify the
crystalline structure by modifying the polymer chemistry or processing methods. Chapter 2
explores the piezoelectric activity in defects modified PVDF, i.e. poly(vinylidene fluoridehexafluoropropylene) [P(VDF-HFP)] and poly(vinylidene fluoride-chlorotrifluoroethylene)
[P(VDF-CTFE)] copolymers. A very large piezoelectric effect in the transverse direction was
measured for P(VDF-HFP) (both 10 and 12 wt.% HFP) in stretched and corona poled samples. A
d31 greater than 40 pm/V was measured in these samples, more than 2 times greater than that in
PVDF and poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)]. On the other hand, the
longitudinal response was not proportionally high, with a d33 of about 30 pm/V, which is typical
of PVDF and P(VDF-TrFE). What is unusual in these copolymers is that the d31 > d33, while for
PVDF and P(VDF-TrFE) d33 > d31, suggesting a different mechanism responsible for this large
piezoelectric response in P(VDF-HFP). The mechanical modulus of the 10% HFP copolymer
was measured as about 2 GPa, much greater than the 12% HFP composition, resulting in a high
electromechanical conversion efficiency with a electromechanical coupling factor in the
transverse direction (k31) of .18, approximately twice as high as PVDF or P(VDF-TrFE). This
means that this composition of P(VDF-HFP) is nearly twice as efficient at converting between the
electrical and mechanical energies, providing potential for use in transducer and sensor
applications.
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In an attempt to understand the origin of the large piezoelectric response, a detailed
structural analysis was conducted on the P(VDF-HFP) (10 wt.% HFP) copolymer by means of
XRD and FTIR. The results from several characterization methods are all consistent in detecting
a combination of nonpolar and polar phases present in the stretched samples. This is different
from pure PVDF homopolymer, which is comprised mostly of β-phase when stretched. The
destabilizing of the β-phase due to the HFP units acting as defects observed here is analogous to
that seen in P(VDF-TrFE-CFE) terpolymers where CFE acts as the defects. Based on the
understanding of a field induced phase transformation generating large electrostrictive responses
in the terpolymer, we hypothesized that a similar phase transformation could be responsible for
the large piezoelectric response in P(VDF-HFP). This mechanism would explain the greater d31
than d33 because based on the lattice constants of α-phase and β-phase PVDF, a phase
transformation of α-phase to β-phase should generate a larger d31 than d33. This large
electromechanical response differs from the terpolymer in that the terpolymer has a large
electrostriction while the copolymer shows large piezoelectricity. This is due to the remnant
polarization in the copolymer acting like a DC bias induced polarization with a superimposed AC
field generating a linear strain response with respect to field.
As the P(VDF-HFP) (10 wt.% HFP) copolymer studied here was compared with other
compositions and batches from commercial suppliers, it appeared to have some unusual
properties. The most peculiar of these properties is the high modulus in this material (~2 GPa)
compared to other compositions and batches of P(VDF-HFP) which typically have a modulus less
than 1 GPa. From DSC results it is clear that this high modulus also coincides with a high level
of crystallinity. This difference in properties from batch to batch is probably due to
inconsistencies in the copolymer composition due to the heterogeneous nature of the composition.
The heterogeneity of the composition means that the composition is difficult to control during the
synthesis and the average composition may vary from batch to batch.
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For future work it would be useful to further investigate the relationships between
P(VDF-HFP) composition (over a range of low HFP content) and the heterogeneity of this
composition on crystallinity, modulus, and crystalline structure. Based on the results presented
here, it is reasonable that very minimal HFP content may be needed to destabilize the β-phase and
facilitate field induced α to β-phase transformations, all while preserving crystallinity.
Furthermore, the results here demonstrate that corona poling is useful for obtaining a poled state
sufficient for large piezoelectricity.

Further work could be conducted on investigating the

difference in poling mechanism between direct contact poling and corona poling in these
polymers. It may be possible that trapped space charges induced by corona poling are somehow
related to the large electromechanical effects. In summary, it has been demonstrated that a
defects modification approach can be utilized to achieve large electromechanical responses in
PVDF homopolymer similar to that seen in P(VDF-TrFE) copolymers. This may open up a new
avenue

for

polymeric

transducers

and

actuators

with

excellent

electroactivity

and

electromechanical energy conversion efficiency.
Chapter 3 looks at approaches for enhancing the electrical energy storage capabilities of
PVDF-based polymers through processing techniques. A systematic study of the effects of
uniaxial stretching on the structure and energy storage efficiency of P(VDF-HFP) processed
through both melt pressing and extrusion and blowing has led to a more advanced understanding
about how to optimize the performance of the material as it is. The results show that a higher
stretching ratio is required to obtain the polar β-phase in melt pressed samples than blown films
due to the orientation built into the blown films during processing as detected by an XRD
analysis. The high field D-E loop measurements suggest that initial orientation in the material is
advantageous for reducing conduction and improving the energy storage efficiency. If this was
the only effect of stretching, the stretch ratio would be increased to the maximum obtainable.
However, in this polymer the stretching induces formation of the β-phase that leads to large
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ferroelectric losses. At low stretching ratios (< 5×) the composition of β-phase is low enough that
the ferroelectric loss is not significant and the effects of chain orientation are still positive with
the energy storage efficiency being maximized. As the stretching ratio is increased in films
prepared by both processing methods, the composition of β-phase increases above 30% and the
ferroelectric losses overshadow the initial improvements from orientation and the energy storage
efficiency decreases. Thus, the intermediate stretch ratio (~ 4-5 ×) resulting in about 30% βphase maximizes the energy storage efficiency (η ~ 75%) at an applied field of 400 MV/m.
Biaxial stretching of P(VDF-HFP) was further investigated at the Naval Undersea
Warfare Center (NUWC) in an attempt to achieve large molecular orientation while minimizing
the β-phase content. The results conclude that the same material processed into blown film and
uniaxially stretched 4× compared to extruded film biaxially stretched to 4×4 results in a structure
with very similar crystalline phase composition. While this may suggest that biaxial stretching is
not anymore effective at reducing conversion to β-phase than uniaxial stretching, there is also
some biaxial orientation in the blown films that contributes to the similar crystalline structure and
it would be useful to directly compare uniaxial to biaxial stretching of only extruded films. In
continuation of this research, it would be interesting to measure the electrical and ferroelectric
properties of the biaxially stretched films to further evaluate their potential as energy storage
materials. The biaxially oriented films may have advantageous over the uniaxially oriented films
in terms of electrical breakdown strength and conduction. The breakdown strength should be
carefully measured to ensure film quality and the ferroelectric hysteresis loops measured at high
electric field and varying frequency to study the ferroelectric and conduction losses.

While the

FTIR results with polarizer suggest rather uniform orientation in both directions, the XRD results
do show some orientation built into the films from the extrusion process and the biaxial stretching
process may have a different effect on the structure of melt pressed films than extruded films.
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Therefore, biaxial stretching of melt pressed films may be the most effective processing method
and needs to be analyzed.
While these studies of the effects of stretching on the structure and properties of the
P(VDF-HFP) are useful in understanding how to best utilize this material, the material as it is
needs to be improved upon. It may be beneficial to modify the chemistry of the polymer to a
structure more favorable to the α-phase. The first attempt at this approach has been taken by
electron irradiation, which has been shown to destabilize the β-phase in P(VDF-TrFE).[1] This
technique was also successful in P(VDF-HFP) and P(VDF-CTFE) reported here, with XRD
results showing increases in the composition of α-phase upon irradiation of both materials. This
technique is effective because crosslinks act as defects to the crystalline structure, increasing
interchain spacing and making it difficult to form the tightly packed β-phase crystals.
Additionally, crosslinks decrease the polarization domain size resulting in a decrease in the
hysteresis of polarization. The analysis of the D-E hysteresis loops measured at an applied
electrical field of 150 MV/m indeed shows an increase in electrical energy storage efficiency in
both copolymers as the irradiation dose is increased and there is a strong correlation between
crystalline structure and efficiency. However, the negative issue with inducing crosslinking
through electron irradiation is that the irradiation creates defects in the films which increase
conduction as evidenced in the measurement of high field D-E loops.
Moving forward with the advancement of P(VDF-HFP) and P(VDF-CTFE) polymers for
use in high energy density capacitors, there is a need for modification of the polymer chemistries
in order to minimize formation of the β-phase upon stretching. This would include careful
synthesis of both copolymers with precise control on composition in order to systematically
create copolymers of varying composition in an effort to find the optimum. As of now there are
only about 3 compositions of each copolymer available. It would also be interesting to explore
synthesis of new PVDF-based copolymers with other comonomer units of varying size and
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polarity that would be more effective at destabilizing the β-phase allowing for large amounts of
molecular orientation with little ferroelectric loss all while achieving high polarization.
Furthermore, the concept of reducing the ferroelectric loss through crosslinking has been
demonstrated here with the use of electron irradiation. While irradiation may not be practical due
to many adverse effects on the materials, there are other methods of crosslinking polymers which
would be worth exploring. This approach may involve careful synthesis of polymers with
chemistries conducive to reacting with crosslinking agents, where the crosslinking density and
chain length of crosslinks can be carefully controlled and there are no unreacted impurities which
may be detrimental to the dielectric properties. Another method for reducing loss in the P(VDFHFP) and P(VDF-CTFE) copolymers may be by blending them with lower loss polymers or
inorganic particles. Perhaps the biggest challenge to encounter with this method is with obtaining
miscibility in polymer blends or good dispersion in composites. To overcome these difficulties, it
may be useful to synthesize polymers with functional groups specifically designed to improve
interaction with the filler material. Perhaps even the polymer blends and crosslinking approach
can be combined to create crosslinked polymer systems with two immiscible polymers where one
polymer component provides high energy density and another reduces loss. From the data
analysis point of view, it would be useful to develop a method of estimating the contributions
from conduction loss and ferroelectric loss to the total energy loss in these materials.
Quantification of these contributions could lead to a better understanding of the origins of the
energy losses and how to reduce them.
Chapter 4 embarks into a new area of research in ferroelectric polymers, the
electrocaloric effect (ECE). ECE has been investigated for many years, but typically in inorganic
materials where the effect is usually too weak for practical use. In this work we provide rational
for studying the ECE in ferroelectric polymers, which is a property not yet probed in these
materials.

The results presented in Chapter 4 are very promising and could be a major
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breakthrough in solid state cooling technology. The normal ferroelectric P(VDF-TrFE) (55/45
mol.%) copolymer displays an entropy change greater than 55 J/(kgK) and temperature change
greater than 10°C with an applied field of 209 MV/m and an operating temperature of about
80°C.

This temperature change is similar with that reported in the best ceramic material

(PbZr0.95Ti0.05O3) but entropy change is much higher and the operating temperature much closer
to room temperature.[88]

The refrigerant capacity of the copolymer, taking into account

hysteresis effects, is approximately 688 J/kg compared to that in PbZr0.95Ti0.05O3 of about 68 J/kg.
The results deduced from Maxwell relations are consistent with that derived from the
phenomenological theory. For the normal ferroelectric material, the ECE shows a decreasing
trend as the temperature is increased above the F-P transition, which is consistent with other
reported results on ferroelectric materials. The entropy change shows a linear dependence with
the square of electric displacement, consistent with the phenomenological theory and the β
coefficient is temperature independent.
We further report on large ECE in relaxor ferroelectric P(VDF-TrFE-CFE) terpolymers
of two different compositions where similar ΔS and ΔT values to the copolymer are deduced
from Maxwell relations. The measurements of these materials were conducted at temperatures
even closer to room temperature (30-60°C) making them even more attractive than the
copolymer. One disadvantage is that a higher electric field is required to induce the same ΔS and
ΔT in the terpolymer than the copolymer due to a lower dielectric constant at the operating
temperatures in the terpolymer. The trend of ECE with temperature is opposite in the relaxors as
compared to the normal ferroelectric copolymer. The ECE increases as temperature is increased
due to the contribution of nanopolar domains to the polarization response at low temperature
which is not very efficient at generating large entropy changes. Similar to the copolymer, the
entropy change shows linear relationship with square of electric displacement, analogous to the
electrostrictive effect observed in the terpolymer. Unlike the copolymer, the β coefficient shows
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temperature dependence due to the nanopolar regions contributing to the polarization at low
temperatures. Moreover, the maximum β coefficient obtainable in the terpolymer is less than that
obtainable in the copolymer, providing further evidence of the ineffectiveness of nanopolar
domains at generating large entropy change. Furthermore, ECE was investigated on quenched
samples and it was determined that the ECE properties are directly related to crystallinity thus
suggesting that the entropy change originates mostly in the crystalline phase.
P(VDF-TrFE) copolymer was irradiated with various dosage to create relaxor polymers
and study any difference in the ECE properties with the terpolymer. Initial low field and high
field dielectric measurements suggested that low dose (50 Mrad) would be optimum for
maximizing ECE compared with higher doses (75 and 100 Mrad).

The 50 Mrad samples

demonstrated exceptional ECE performance near room temperature (30-60°C), but the ΔS and ΔT
values were slightly lower than the terpolymer.
The breakthrough work reported here for ECE in ferroelectric polymers opens up many
doors for further research in this area. While past work has suggested reasonable agreement
between ΔT deduced from Maxwell relations with directly measured adiabatic ΔT,[100] the
direct temperature change measurement is essential in these systems if the technology is to be
pushed forward to implementation in a device or commercialization. Commercialization of a
cooling device based on this technology undoubtedly would provide many engineering challenges
but the benefits would be far and wide. Some of the potential applications could be on-chip
cooling for electronics, domestic or industrial refrigerators, and perhaps even clothing with built
in cooling capabilities. It would also be interesting to explore other avenues for inducing large
entropy changes in polymers, such as mechanical strain, which is capable of inducing dipole
ordering and disordering in some polar polymers. This so-called “elastocaloric effect” may be
even larger than the ECE and more convenient in terms of engineering a device. Finally, we have
only uncovered the capabilities of ECE in a couple of polymeric materials but it is possible that
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the best material is yet to be discovered. There is a need for continuous research on many other
types of polar polymers that could generate even larger ECE. For instance, it would be exciting
to probe for ECE properties in different types of liquid crystal polymers, which can achieve a
highly ordered structure while in the liquid phase.
In conclusion, the range of work detailed in this thesis has demonstrated the significance
of structure-property relationships in the PVDF-based ferroelectric polymers. It is shown that the
properties of interest in this work are all closely related to the nature of the polarization response
in the material, which is closely related to the chemical and crystalline structure. We show that
minor modification of the chemical structure of PVDF through defects modification combined
with modification of the crystalline structure through processing and unique poling techniques
can be utilized to generate an exceptional electromechanical response.

Furthermore, the

importance of crystalline structure, modified by processing, on the electrical energy storage is
demonstrated. Finally, through an understanding of the electric field induced phase transitions in
P(VDF-TrFE) and P(VDF-TrFE-CFE), we demonstrate the ability to achieve a large
electrocaloric effect in these materials by utilizing the proper chemical structure. The
understanding of the structure/property relationships gained here could lead to the development of
ferroelectric polymers with novel chemical and crystalline structure conducive to achieving even
greater multifunctional properties useful for a myriad of applications in many military, healthcare,
domestic, and industrial technologies.
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