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ABSTRACT

Polyvinylidene fluoride (PVDF) has garnered interest due to its piezoelectric property and as a
non-toxic, conformable, and low-cost alternative to the popular piezoelectric ceramic. A novel
processing method through the combination of thermal and supercritical carbon dioxide (ScCO3)
has been used to successfully promote the formation of electroactive phases (i.e., S and y
phases), as well as its piezoelectric property. In this report, the processing-to-structure properties
and mechanisms that affect crystallization behaviors of electroactive phases were elucidated. It
was revealed that y crystal formation was through thermal processing while g phase was
nucleated through fast cooling and physical foaming of CO: bubbles. The results were
comparable to common processing method and literature, with a maximum electroactive crystal
phase of 72.2% and a corresponding piezoelectric coefficient of 7.7 pC/N. The findings in this
study could provide insight to future research work on PVDF, advancing its development in

piezoelectric applications.
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Chapter 1 Introduction

1.1 Background and Motivation

Piezoelectric effect is the appearance of an electrical charge when mechanical stress is applied
(Figure 1.1) [1]. Due to this property, piezoelectric materials have been utilized in a wide range
of industries from automotive to medical to military [2]. Their applications include tactile and
infrared imaging sensors, acoustic sound transducers, as well as possible nanogenerators [3] [4].
Barium Titanate (BaTiOs) was the first ferroelectric ceramic discovered and was used in many of
the mentioned applications, especially as multilayer capacitors. However, despite its excellent
piezoelectric property, BaTiOs has a low Curie temperature (i.e., 100°C). This makes its
polarization unstable due to the complex changes in its lattice [5]. Currently, the most commonly
used piezoelectric material is a ceramic, Lead Zirconate Titanate (PZT). Its excellent
piezoelectric property makes it ideal for many uses, but PZT has a high lead content and its lead
toxicity is causing concerns [6]. With the world moving away from such harmful elements and
emerging lead restrictions, the uses of PZT will eventually be eliminated. Polyvinylidene
Fluoride (PVDF) is a thermoplastic fluoropolymer from the polymerization of vinylidene
difluoride. This piezoelectric polymer provides an inexpensive, environmentally friendly, and
conformable alternative to the toxic PZT [7]. Moreover, PVDF and its copolymer with
trifluoroethylene (TrFE) have been found to be suited for the high frequency applications in the
100 MHz range, such as ultrasonic transducers in biomedical imaging, that PZT’s grain sizes will

not allow [8] [9]. However, despite all of PVDF’s great advantages, its piezoelectric property is

1



low and not yet ready to replace its ceramic counterpart PZT [10]. Therefore, the research on
PVDF and the promotion of its piezoelectric property has drawn extensive interests from
researchers all over the world, perceiving great potential for novel organic electronic devices and

energy harvesters.

292%3¢)
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(a) No net charge (b) Force the charges (c) Dipole moment
out of balance

Figure 1.1 Piezoelectric Effect

1.2 Polyvinylidene fluoride (PVDF) and its co-polymer

Polyvinylidene fluoride (PVDF) is a ferroelectric polymer that exhibits spontaneous electric
polarization and develops charge when external stress is applied [11]. This piezoelectric property
comes from the polymer’s unique crystal structure. PVDF is semi-crystalline and its crystalline
structure conforms in five distinct polymorphs (i.e. «, B, 7, 6, and &) [7]. « and 6 have trans-
gauche-trans-gauche (TGTG’) chain conformation, S has zigzag all-trans (TTT) chain

confirmation, and yand & have T3GTzG’ chain conformation. Out of these five polymorphs, «, 5,
2



and y phases are the most researched, with the two latter being electroactive. PVDF is most
commonly found in the non-polar « phase due to its stability; however it can be transformed into
the electroactive phases through various processing methods. Out of the two electroactive phases,
S phase has a higher dipole moment (i.e. 8 x 10°° Cm) per unit cell, and thereby has the best
piezoelectric property [12]. This is due to the particular alignment of the positive Hydrogen and
negative Fluorine atoms of PVDF, maximizing the polarization within the unit cell (Figure 1.2).
Therefore, the development of new processing strategies to promote PVDF’s piezoelectric
property through the increases in the degree of crystallinity and the electroactive crystal phases

are very desirable to convert PVDF into a commercially usable material.

e Hydrogen

® Fluorine

® Carbon

o~-phase

B-phase

v-phase

Figure 1.2 Crystalline structures of e, 8, and y phases of PVDF with positive Hydrogen and negative Fluorine

atoms, on a Carbon skeleton [7], Copyright 2013. Reproduced with permission from Elsevier.
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Ever since the discovery of the piezoelectric effect in PVVDF by Heiji Kawai in 1969 [2],
researchers have found increasing number of applications for PVDF in various fields. A common
PVDF application is in the biomedical field. Riberiro et al. [13] observed that the positively
charged g PVDF films can provide enough electrical stimuli for the growth of specific cells, a
quality advantageous in medical research such as cancer therapy [14]. Recent research involved
using PVDF films to replace the polyethylene separator membrane of conventional Lithium ion
batteries [15]. The piezoelectric potential from mechanical strain would drive Lithium ions to
migrate from the cathode to the anode, accompanied by charging reactions at the electrode [16].
There have also been continued research from 1984 until now on PVDF energy harvesters. Due
to PVDF’s flexibility, it was easily integrated into clothes, shoes [17], or even a dog’s rib cage
[18], using the natural motion to generate an electric charge to power wearable electronics. In
2015, Wong et al. [19] harvested vibration energy from PVDF when it was impacted by rain
drops. They looked at parameters such as rain drop size, fall velocity, and impact types of the
raindrop onto the material. While they were able to produce a maximum voltage of 3.5V, they
saw the limitations of this device to be used outdoors. More specifically, how this device will be
affected by the natural environment (i.e., sunlight and wind) while still being sensitive enough
for raindrop impacts.

PVDF copolymer with trifluoroethylene (TrFE) is the most studied piezoelectric
copolymer because it is able to crystallize predominantly in the g phase [20]. The introduction of
TrFE units to PVDF stabilized the all-trans (TTT) chain conformation, yielding a material with

high piezoelectric property. However, due to the third Fluorine atom per repeat unit from the

4



TrFE, the dipole moment of the PVDF chain is reduced [21]. PVDF-TrFE copolymer can be
produced as thin films or membranes with controlled micro-porosity, making it ideal for lithium-
ion battery applications. However, many processing methods are focused on pure PVDF, making

its enhanced version readily usable for any composite, post-processing step, or application.

1.3 Thesis organization

Chapter 1 summarized the background of piezoelectric materials, the motivation for this research,
and the selected piezoelectric polymer PVDF and its co-polymer, including its current
applications. Chapter 2 is a literature review of conventional processing methods utilized to
promote the electroactive phases of PVDF. These processing methods include those on pure
PVDF, such as mechanical stretching and annealing, as well as the use of high voltage and
nanofillers. Additionally, it includes background on the post processing poling step and common
methods to measure piezoelectric property. The chapter ends with the proposed research’s main
objectives. Chapter 3 and 4 discusses the two different experimental methods used in the novel
PVDF processing technique, including material used, film preparation, characterization analysis,
and its distinct processing phases utilizing temperature, pressure, and time. Chapter 4 will also
briefly compare the results of the proposed novel processing method to a current popular method.
Chapter 5 discusses the experimental procedure and results to successfully quantify the
piezoelectric property of the processed PVDF samples, including the electric poling post-
processing step. Finally, Chapter 6 concludes this research along with future work

recommendations. The appendices provide additional details of the work done for this research.



Chapter 2 Literature Review

Processing of PVDF can be accomplished through many strategies and conditions to promote
specific polymorphs and/or the crystallinity by aligning the crystal in specific conformations.
The processing methods compiled below were effective and good motivators for the current
PVDF research. These methods have been split into those that promote the electroactive g and y
crystals individually. Lastly, the post processing electric poling step and common methods to

measure and analyze the piezoelectric property of PVDF are reviewed.

2.1 Processing to promote S phase crystals

With the best piezoelectric property amongst all polymorphs, the g crystal phase of PVDF has
been the most extensively researched. Many different processing methods have been proposed to
achieve high g crystal phase content, each with their own advantages and disadvantages. This
section will cover common and notable processing methods which include mechanical stretching,
annealing, fast cooling, high pressure, electric poling, electrospinning, supercritical carbon

dioxide, and the use of nanofillers.
2.1.1 Mechanical Stretching

The most commonly used method to achieve a high g phase content is through uniaxial
mechanical stretching of PVDF films or filaments. This method relied on two main parameters:

temperature and an applied uniaxial stress. With a raised temperature, the mobility of the chain



groups increased. By applying uniaxial stress, the molecular chain groups rearranged from the
non-polar a phase to the polar g phase’s TTT conformation following the uniaxial tensile
direction (Figure 2.1) [22]. The optimal stretching temperature was found to be above the glass
transition temperature, ac (i.e., 80°C), which is the initiation temperature for a to g phase
transformation [23]. When the stretching temperature was below ac, the high viscosity of the
material resulted in low chain mobility. This meant that the PVDF molecular chain groups
composed of Carbon, Hydrogen, and Fluorine atoms were not free to move, lowering its
probability to change its conformation. However, when the temperature went beyond 100°C, the
mobility of the chain groups increased too much, decreasing the g phase content. Therefore, the

optimal temperature was observed to be between 80°C to 100°C [22] [24].

@ HHEF
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Figure 2.1 Structures of (a) non-polar a phase and (b) electroactive g phase of PVDF with Hydrogen and
Fluorine atoms on a Carbon skeleton.
Kim et al. [25] stretched PVDF films by 40% at 90°C. They saw no transformation from

a to the S phase and concluded that the stretch ratio (i.e., final to initial length) was too low
7



causing a low £ phase content. The optimal stretch ratio was found to be approximately five [22]
[26] and the stretching speed was observed to have minimal effect on the $ phase content [26].
Many found that the deformation process from mechanical stretching led to a partial
destruction of the crystalline structure, resulting in a decrease in the degree of crystallinity [27]
[28]. Mechanical stretching PVDF vyielded a maximum £ phase content, Fs, of 80% and a

corresponding degree of crystallinity, yc, of 40.6% [29].

2.1.2 Annealing

Annealing of PVDF films has also shown to promote S phase formation by increasing PVDF’s
molecular chain group mobility. Satapathy et al. [30] observed that the ideal temperature for this
process was just above o, as previously observed for the mechanical stretching process. At low
temperatures (i.e., < 80°C), the temperature was not sufficient to destroy the crystalline order
present in the PVDF film, resulting in no change of phase. « to £ transformation was initiated
around 90°C, with the g phase formation optimized at 100°C due to the increase in chain group
mobility. However, above 115°C, the excessive increase in chain mobility caused g phase chain
groups to revert back to the more stable « phase. Benz et al. [31] observed that the annealing
method does not create or destroy crystals but rather transform the crystal phases to one another,

such as the a to g transformation.

2.1.3 Fast Cooling

Soin et al. [32] quenched PVDF samples from 100°C to -20°C, and observed a transformation



from 90% a phase to 98% £ phase, the nucleation of f phase being favored at low temperatures
[33]. They also observed that fast quenching at this low temperature induced a strong thermal
field gradient, causing the crystals to align along this thermal field direction. Gradys et al. [34]
observed that increasing the cooling rate above 150 K/s enhanced the formation of S phase.
Further increase of the cooling rate to 2000 K/s caused « crystallization to stop, resulting in the
formation of only g crystals. Oka et al. [35] explained these concepts following that the
nucleation of g crystals are lower than that of the « crystals. During slow quenching, the sample
spends most of the time in the high temperature region. This time is long enough to complete the
nucleation of a crystals. After this process, there is no room in the sample for the nucleation of S
crystals when the sample reaches the lower temperature region, resulting in a dominant « phase
sample. During fast quenching, the time to pass through the high temperature region is too short
for the nucleation of a crystals to occur in an appreciable amount. Therefore, the nucleation

mainly proceeds in the lower temperature region leading to form predominantly S phase sample.

2.1.4 High Pressure

Melt crystallization of PVDF samples at high pressure starting from 14.5 kpsi to 91 kpsi resulted
in 81% g phase crystals [36]. When this pressure was further increased to 116 kpsi, PVDF
samples with 100% g phase crystals were yielded. This was coupled with an increase in
temperature to 234°C. It was observed that g crystals started to form above 50 kpsi, the tight
conformation of the £ phase being more stable at high pressures and temperatures compared to

that of the o phase [37].



Scheinbeim et al. [36] illustrated their findings, depicting at which temperature and
pressure the nucleation of S phase can be achieved (Figure 2.2). From this graph, the formation
of /g phase crystal will occur at temperatures above 230°C and pressures above 50 kpsi, similar to

the findings by Matsushige et al. [37].

320F
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Temperature (°C)
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0 | 2 3 3 5 6 7
Pressure (Kbar)

-

Figure 2.2 Plot of the melting of a crystals (e), crystallization of a crystals (o), and the crystallization of S
crystals (o) at high temperatures and pressures. The dotted lines represent different initial and final

processing conditions. [36], Copyright 2018. Reproduced with permission from AIP Publishing.

2.1.5 Electric Poling

Electric poling utilizes an applied high electrical field to align the dipoles of the PVDF matrix,
10



resulting in polarization. There are two different electric poling methods: contact and corona
poling. While contact poling has a simpler setup, corona poling had been able to better promote
p crystals. Corona poling utilizes a high voltage applied to the tip of the needle to ionize the air
above the polymer (Figure 2.3). The polarized ions in the air travel down to the PVDF sample
below due to the charged metal grid in between and the ground plate underneath the sample.
Mahadeva et al. [38] observed that without a charged metal grid in between, very few ions
reached the sample below due to the small potential difference between the grid and the ground
plate underneath sample. As the applied voltage to the metal grid was increased, the ions could
easily pass through the grid and reach the sample. With an optimal applied voltage of 2 kV to the

metal grid, Fs content of 85% was yielded.

Dry Air or Argon Corona Voltage
|1~ Source Ve
Corona |
Tip

i
|I
Applied Voltage
Source Va

Figure 2.3 Schematic of Corona Poling [39], Copyright 2018. Reproduced with permission from 10P

Publishing.
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2.1.6 Electrospinning

A more recently reported approach to promote £ phase formation in PVDF is electrospinning.
This can simultaneously induce mechanical stretching and electric poling in a single processing
step [40]. In this approach, a high voltage of 15kV is applied at the opening of a small nozzle
[41] . The voltage is high enough for the polymer solution inside the nozzle to overcome surface
tension and eject itself out of the nozzle and onto a moving collector plate (Figure 2.4). This
method has been advantageous for mass production of nanofibers. The morphologies and the
crystal forms are controlled through variations in applied voltage, spinning temperature, flow
rate, nozzle size, and the distance between the nozzle and the collecting plate [42] [43]. Zheng et
al. [44] observed that lowering the spinning temperature, decreasing the flow rate, and reducing
the separation distance between the nozzle and the collecting plate promoted the formation of g
crystals in the electrospun PVDF fibers. Zhong et al. [45] observed that the mechanical
stretching portion of the electrospun PVDF fibers was responsible for the high g phase content.
This was proven to be true when the mechanical stretching portion was removed and it produced
predominantly a phase samples.

While one key advantage of electrospinning is not requiring any post-processing step, the
electrostatically driven jet of polymer solution can only yield electroactive PVDF fibers in
submicron to nanoscale. PVDF nanofiber arrays are also produced with random orientation so

the polarities cancel out one another such that the overall electric outputs are close to zero [42].

12



High voltage power supply

N/

4—— Syringe needle

L r
Solution —p Distance between
reduced electrode and
I collector

Moving collector

John Wiley and Sons.

Figure 2.4 Schematic of electrospinning method [42], Copyright 2014. Reproduced with permission from

2.1.7 Supercritical Carbon Dioxide

An uncommon method to increase PVDEF’s electroactive S phase content is through supercritical
carbon dioxide (ScCO2) processing. Carbon dioxide (COz) is environmentally benign, non-
flammable, chemically inert, inexpensive, and non-toxic, allowing processing at moderate
conditions [46]. CO. is also commonly used due to its well-known properties and its

condensability at certain pressures. This causes a more rapid sorption process, allowing an
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enhanced CO2 induced plasticization effect on the material [47] [48]. Xiang et al. [49] observed
that during ScCO> processing at high pressures, the PVDF sample underwent fast crystallization
which favored the formation of £ crystals. Shieh et al. [50] did not see a change when varying
pressures from 1200 to 7000 psi, but that may be due to their low operational temperature of

140°C.

2.1.8 Nanofillers

While all the previous processing methods dealt with pure PVDF, the addition of nanofillers has
yielded great results in the formation of g crystals [51]. Martins et al. [52] saw a strong
interaction between the positive CH> dipoles of PVVDF and the negatively charged surfaces of the
CoFe>04 nanofillers (Figure 2.5). This dipole-ion interaction resulted in a stabilized TTT
conformation on the negative surfaces of the nanofillers. Thakur et al. [53] utilized the effects of
the stronger hydrogen bonds between the Fluorine atoms of PVDF and —OH groups of Ni(OH):
fillers to form a larger number of g crystal conformation that they have denoted as TTTT
conformation. They achieved a g crystal phase content of 82% and a degree of crystallinity of
53.8%. Sebastian et al. [54] observed that while negatively charge nanofillers promoted the g

phase nucleation in PVDF, positive surface nanoparticles failed to nucleate the £ phase.
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Figure 2.5 Schematic of hydrogen bonds between PVDF and Ni(OH): filler to form a longer TTTT B phase

conformation [52], Copyright 2012. Reproduced with permission from American Chemical Society.

2.2 Processing to promote y phase crystals

While most researchers focused their efforts to promote the formation of £ phase crystals in
PVDF, some researchers have attempted to identify potential methods to facilitate the formation

of the electroactive y phase crystals.
2.2.1 Annealing

Various studies revealed that melt crystallization at extremely high temperatures (i.e., close to
the melting temperature of y phase crystals) and at very slow cooling rates [55] promoted the

formation of y phase crystals. Silva et al. [56] observed the formation of y crystals from the «
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phase spherulites already present in the polymer. Due to y phase’s high stability, the amount of y
crystals increased with increasing temperature. Using a crystals as seeds, many had observed that
processing at extremely high temperatures (i.e., >160°C) for long periods (i.e., 95 hours)
combined with a slow cooling rate (i.e., 2°C/min) enhanced the y phase due to its slow
crystallization rate [57] [58]. It was observed that prolonged isothermal crystallization time
nucleated the » phase, the result of a direct a to y phase transformation. This crystal phase had a
melting point 8°C higher than the regular y phase melting peak (i.e., 180°C) because the

transformation took place during a long annealing process and therefore, the crystals formed

were more organized [59].

2.2.2 Nanofillers

Similar to using nanofillers to promote the nucleation of the /S phase, the addition of fillers was
also used for the promotion of y phase. Using a PVDF nanocomposite with montmorillonite clay,
it was observed that the sample tended to crystallize in the y phase below a processing
temperature of 210°C. Above this temperature, the elimination of interlayer water caused a
reduction in interlayer spacing of the nanoparticle fillers. This resulted in a reduction of contact
area between the negative fillers and the PVDF dipolar moments [60], reducing the nucleation of
y phase crystals. Lopes et al. [61] observed a critical nanoparticle size where the nanofillers lose
its nucleation efficiency if it is too small relative to polymer macromolecules (Figure 2.6(a)).
Beyond the critical size, more of the monomer chains were in contact with the nanoparticle

surfaces, resulting in effective transformation to the y phase conformation (Figure 2.6(b)). It was
16



also observed that while the ion-dipole interactions from the addition of nanofillers provide
energy for the formation of the TsGTsG’ y conformation, these interactions also reduced the
mobility of polymer chains, resulting in lower growth rate of y crystals compared to that of «
crystals [62]. Therefore, longer time was needed to adjust to the proper conformation for the

nucleation of yphase.

(a) (b)

Figure 2.6 PVDF dipoles interacting with: (a) small 6nm Ag nanoparticles; and (b) large 60 nm Ag

nanoparticles. [61], Copyright 2013. Reproduced with permission from John Wiley and Sons.

2.3 Post processing electric poling

Contact electric poling has a simple setup of two electrodes on either side of the sample and an
applied electric field across the sample thickness to align the dipoles of the material, resulting in
polarization (Figure 2.7). Due to polarization’s nonlinearity with applied electrical field, the
alignment of dipoles can only be achieved if the applied electrical field is greater than the
material’s coercive field (i.e., point where dipoles start to switch directions) [63]. However, if the
applied electrical field is too high, breakdown of the material could occur. This will be evident

by signs of burning, flashovers, and/or increase in the current in the circuit due to the applied
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voltage physically breaking through the material and creating a direct path through [64]. Wang et
al. [65] used a dielectric plate in between the electrode and the sample to limit the current
through the polymer and reduce the probability of a dielectric breakdown. For typical PVDF, the

coercive and breakdown field is around 0.05 — 0.12 kV/um and 0.42 kV/um, respectively [66].

J/ \hﬁﬁﬂilllilil

Figure 2.7 Reorientation of PVDF dipoles via contact electric poling.

Other than voltage, there are many factors that affect the polarization of a material such
as electrode, poling temperature, poling time, and medium. Poor contact of pressed on electrodes
may lead to local discharges, breakdown, or non-homogenous poling fields [67]. Therefore,
evaporated, sputtered, or painted electrodes are recommended for the superior contact. While
many had recommended poling at an elevated temperature (i.e., 85 — 103°C) [67] due to the
increased dipole mobility, Sessler [68] observed that if poling time was long enough,
polarization is only a function of poling field. Poling temperature, in this case, affected only the
rate of polarization, not the final degree of polarization. Blevin [69] observed that between
poling temperatures of 20°C to 100°C, poling temperature had little effect as long as poling time
was sufficient. With piezoelectric property reaching saturation at a poling time of 30 minutes,

long poling times were implemented (i.e., 1 hour) to negate effects associated with poling time
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[38] [70]. Additionally, Mopsik et al. [71] observed that poling at room temperature avoided
non-uniform temperature problems that would induce non-uniform polarization. Kenney et al.
[66] compared contact poling in an oil versus air medium and saw very little difference in the
breakdown time. Many papers reported a standard poling field of 0.1 kV/um at room

temperature to successfully pole PVDF [72] [73].

2.4 Measurement of Piezoelectric Property

A material’s piezoelectric property can be quantified by measuring and calculating for its
piezoelectric coefficient, dij. The i and j variables are the directional components for the induced
charge and stress applied, respectively (Figure 2.8). The directionality is important because
PVDF is anisotropic due to their unique crystalline structure [74]. The most commonly measured
piezoelectric coefficients is ds3 because it can apply a greater stress along the thickness of the
material. The ds3 value can be obtained using the normal load method [75]. This method uses a
round metallic tip to apply a force downwards towards the sample, causing a compressive stress
on that section of the sample, and measures the charge induced in the same direction. While it is
a simple setup, the stiff tip applying force on thin films will always have air gaps, which may
result in a large measurement errors [76]. To determine ds1, a simple tensile setup can be used,
applying tension in the 1 direction and measuring the charge developed in the 3 direction [77].
The most popular method is the cantilever method. With one end of the film fixed and the other
end free, the film will experience uniaxial strain along its 1 direction when a load is applied at

the free end causing a deflection. This method has high sensitivity and reliability in data due to
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the measurement procedure being similar to real sensor applications. However, the assumptions
of zero strain along the 3 direction and uniformity of uniaxial strain along the beam that are
necessary to use this method are precarious [78].

Newman et al. [70] applied heat treatment followed by poling and achieved a ds; of 7.0
pC/N. Wang et al. [79] and Das-Gupta et al. [80] used particularly high electric fields (i.e., >0.2
kV/um) to obtain ds: values of 7.2 pC/N and 5.8 pC/N through contact and corona poling,
respectively. Haghiashtiani et al. [81] measured the piezoelectric coefficient of a carbon fiber-
reinforced PVDF but got a ds; value much lower than expected, due to with the majority of the
stress developed on the carbon fiber layer and not the PVDF sample. Kaura et al. [82]
simultaneously applied mechanical stretching and corona poling at an elevated temperature and
obtained a significantly high ds; value of 60 pC/N. This was twice the ds1 values if the two

processing steps occurred sequentially.

3 = polarization direction

/.
7 2 = stretching
| / —~—> transverse
direction

I

1= stretching machine direction

Figure 2.8 Directional axis for piezoelectric coefficient measurement [1], Copyright 2018. Reproduced with

permission from Emerald Publishing.
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2.5 Objectives

The main objectives of this research have been split into long term objective, looking at the big
picture, and short term objective, exploring the first starting steps and goals of the proposed

research.

2.5.1 Long term objective

The long term objective of the proposed research is to develop PVDF with excellent
piezoelectric property by altering its crystal structure using industrial viable methods. The
successful completion of this objective would successfully replace the toxic piezoelectric
ceramic PZT and spearhead PVDF into commercial applications including energy harvesters.

This is an objective that will be achieved beyond this research.

2.5.2  Short term objectives

The short term, and main, objective of the proposed research is to elucidate the crystallization
and crystal phase formation of PVDF under different processing strategies, mainly utilizing
thermal and supercritical carbon dioxide (ScCOz2) processing. By understanding the mechanisms
that control the crystal phase using a more industrially viable method, the electroactive crystal
phases (i.e., # and ») can be promoted, leading to an enhancement in piezoelectric property.
Therefore, this is an important initial step to achieve the long-term goal of producing a PVDF
polymer with an enhanced piezoelectric property to replace the toxic PZT.

It is hypothesized that by using a combination of thermal and ScCO: processing, PVDEF’s
21



electroactive y and S phases will be promoted, respectively. The thermal processing through
multiple temperature profiles and prolonged time will allow molecular chain groups to orient
themselves in the stable y phase due to its tight conformation. By utilizing CO2 in the
supercritical state, more CO: is able to dissolve within the polymer at a faster rate due to having
high diffusivity, density, and solubility, the combined properties of both gas and liquid. ScCO>
processing will allow CO> bubble growth inside the polymer and generate stress within the
PVDF matrix. It is possible that the stress generated from bubble growth could be comparable to
the strain caused by mechanical stretching to align PVDE’s crystal dipoles. While mechanical
stretching is commonly used, this process is irregular between samples and even resulting in
non-piezoelectric regions within the sample. ScCO2 processing is adaptable to any existing
processing lines and the polymer processed can be readily used, making it an industrial viable

method.
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Chapter 3 Thermal and ScCO: Processing of PVDF — Temperature

Profile 1

3.1 Materials

Commercially available PVDF (Kynar 741, from Arkema, with molecular weight of 282,000
g/mol) was used. Carbon dioxide (CO, from Linde Gas Inc.) of 99.8% purity was used as the
physical blowing agent and/or the plasticizing medium of PVDF. Both PVDF and CO, were
used as received without further modification. The supercritical CO2 medium was obtained by
injecting pressurized CO> gas into the PVDF polymer melt in the batch foaming chamber at an

elevated temperature.
3.2 Film preparation

Weighed amounts of PVDF powder were loaded into a circular disc mold of 1220mm in diameter

and 500um in thickness, and subsequently compression molded into film samples using literature,

by the following procedures:

Step 1. Based on PVDF density, 10g of PVDF powder was filled into the circular disc mold.
The mold was loaded into the compression molding machine (4386 CH, from Craver
Press) pre-set at 185°C.

Step 2.  The mold was equilibrated at the pre-set molding temperature.

Step 3. The material was compression-molded by applying 5,000, 10,000, and 15,000 Ibs-
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force for 30s at each pressure (i.e., a total of 90s).
Step 4. The molded sample was cooled to room temperature in the compression molding

machine with the heater turned off and constant applied pressure.

The molded samples obtained without additional processing is denoted as the “as-molded

PVDF sample” for the rest of the report.

3.3 Experimental Process

As-molded PVDF samples were loaded into a batch foaming chamber to undergo thermal and
ScCO; processing (Figure 3.1). All samples were pre-cut into square-shaped samples of 0.5” x
0.5” before being processed. Figure 3.2 illustrates the three-stage temperature profile in the
thermal and ScCO: processing method using temperature profile 1. A brief description of each
stage is summarized in Table 3.1. Parametric studies were conducted to study the effects of
various processing parameters of each stage on PVDEF’s crystalline structures. This aims to
evaluate the optimal physical foaming condition of PVDF as well as the initial observation on
the novel processing method’s effect on PVDF’s crystal structures. The processing conditions

utilized in these parametric studies are summarized in Table 3.2.
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Figure 3.2 General temperature profile used in the thermal and ScCO: processing of PVDF using
temperature profile 1.
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Table 3.1 Description of each stage in thermal and ScCO: processing of PVDF using temperature profile 1.

Stage Description

S1 The as-molded PVDF sample was heated to the saturation temperature (Tsat).

S2 ScCO, was injected into the batch foaming chamber to saturate the PVDF
sample at saturation pressure (Psat) for 15 minutes. After time had elapsed, high
pressure ScCO. was rapidly released from the chamber to initiate physical
foaming of PVDF. The processed sample was removed from the foaming

chamber and quenched in an ice bath to stabilize resultant microstructure.

Table 3.2 Experimental conditions for parametric studies using temperature profile 1

Processing Parameters Value Unit
Saturation Temperature (Tsat) 100, 120, 140, 160, 180 °C
Saturation Pressure (Psat) 1200, 2000, 2500 psi

From previous experiments it was found that 15 minutes was enough to saturate the PVDF
sample with ScCO». For comparison purposes, some PVDF samples were processed without the

presence of ScCO..

3.4 Characterization of PVDF

PVDF samples that underwent thermal and ScCO: processing with or without ScCO> were

characterized by their morphology and crystal content using various equipment and standards.
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3.4.1 Volume expansion ratio

The volume expansion of PVDF samples after ScCO, foaming was determined using ASTM
D792 standard. After measuring its weight in air and in water, the volume expansion ratio (VER)

can be determined by Equation (1).

VER = p X (mair - mwater) (1)

Myjr X pwater@Tw

Here mair and Muater are the sample’s weights measured in air and water, respectively, Tw
is the water temperature, pwater@Tw IS the density of water at Tw, and p is the density of bulk PVDF

(i.e., 1.780 g/lcm?®).

3.4.2 Scanning electron microscopy (SEM)

The foam morphologies of PVDF samples were characterized by SEM (Quanta 3D FEG, from
FEI Company). PVDF foam samples were cryo-fractured to expose their cross-sections and the
fractured surfaces were sputter-coated with gold (Desk V Sputter, from Denton Vacuum) to
make it conductive. For PVDF foam samples, the cell population density (No) with respect to the

unprocessed volume was determined by Equation (2):

3
n x M?\2
NO=VER><< v ) (2)

Here n is the number of cells in the SEM micrograph, M is the magnification factor, and

A is the area of the micrograph.

27



3.4.3 Differential scanning calorimetry (DSC)

DSC (Q20, from TA Instruments) was used to characterize the melting temperatures and the
degree of crystallinity (yc) of PVDF samples. This was done by analyzing the heat flow through
the sample as a function of temperature. Thermal analyses were conducted from 40°C to 220°C

at a ramping rate of 10°C/min. yc was calculated using Equation (3).

f
= 1009
Xc A e * Y% (3)

Here AH: is the heat of fusion of the PVDF sample and A4Hs. (i.e., 104.7 J/g) is the heat of

fusion of 100% crystalline PVVDF.
3.4.4 Fourier transform infrared spectroscopy (FTIR)

Infrared spectra of PVDF samples were obtained by a FTIR spectrometer (VERTEX 70/80, from
Bruker) by averaging signals from 24 scans from 400 cm™ to 1500 cm™ at a resolution of 1 cm™.
It had been common practice to denote the 763 cm™ band as the non-polar o phase and the 840
cm? band as the S phase [83]. However, some literature has denoted the 840 cm™ band as the y
phase [59]. Due to the presence of common peaks that appear in multiple crystal phases during
FTIR characterization, it has been a challenge to distinguish the PVDF polymorphs. To
overcome this challenge, the peak-to-valley height ratio method reported by Cai et al. [84] was
used to differentiate the three main polymorphs by extending the known absorbance bands of the
crystal polymorph beyond the 700 — 900 cm™ range to use fand yexclusive bands.

The peak-to-height valley ratio methods denoted the 763 cm™ band as the « phase and
28



the 840 cm™ band as the electroactive (EA) phase. If the # band at 1275 cm™ was present but not
the  band at 1234 cm™, the entire EA band at 840 cm™ would comprise entirely of the g phase

and Equation (4) would be used.

F — AEA
EA ™ 126 x A, + Ag,

x 100% (4)

Here Fea is the fraction of electroactive crystal phase in PVDF’s crystalline region, Aga
and A, are the absorbance bands of the electroactive and « phases, respectively. If both 1275 and
1234 cm® bands existed, Fea would be subdivided into fractions of g and y crystals. This could

be done using Equations (5) and (6).

Fs=F A 100% 5

= X|—————]| X

B EA ”[ﬂ I ”[y 0 ( )

E, =F S— — 100% 6
= X X

v EA A Hﬂ A Hy 0 ( )

Here Fs and F, are the fraction of g and y phases, respectively, AHgand 4H, are the
height differences between the peak of 1275 cm™ and 1234 cm™ to their nearest valleys,
respectively, as illustrated in Figure 3.3. By using the height to the nearest valley and not the
absolute value, this more accurately represents the content of each polymorph. It is important to
note that Fs and F, are the fraction of gand y phases out of the crystalline region of the polymer.
To obtain the total g and y phase content in the entire polymer, y. would need to be taken into

consideration.
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Figure 3.3 Visual representation of AHgand 4AH,for the peak-to-valley height ratio method

3.4.5 X-Ray Diffractometer (XRD)

Diffraction peaks of PVDF were obtained using a XRD (Miniflex 600, from Rigaku) over a scan
range from 10° to 30°, and a scan step of 0.02 at a speed of 2 s per step. Common « peaks were
observed at 20 = 18.4° and 19.9°, S peak at 20.6°, and y peak at 20.3° [22]. XRD was used as an
additional support for the peak-to-valley height ratio method in distinguishing PVDF

polymorphs.
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3.5 Effect of ScCO: processing using temperature profile 1 on foam

morphology

The effect of the expansion of CO2 gas leading to a volume expansion in PVDF was observed
with varying Tsat and Psa.. When pressurized CO2 gas was released from the exhaust valve, the
sudden pressure drop led to thermodynamic instability in the PVDF-CO, system and resulted in
cellular structures within the PVDF matrix. From Figure 3.4 it can be observed that the
saturation temperature (Tsa) of 160°C led to the highest volume expansion ratio (VER),
regardless of saturation pressure (Psat). When Tsat was too low (i.e., < 140°C), the PVDF matrix
was too stiff to generate cellular structures. However, when Tsat Was too high (i.e., 180°C), the
foam structure could not sustain, resulting in excessive gas loss and a decrease in VER. The
optimal physical foaming was observed at 2000 psi and 160°C, resulting in a VER of 15.4. Using
SEM, the CO. foam morphologies of PVDF samples processed at 2000 psi were observed
(Figure 3.5). The morphology changed from solid polymer matrix (at 100°C and 140°C), to
uniform cellular structure (at 160°C), and finally to collapsed foam structures with big voids and
gas pockets (at 180°C). The foam morphologies corresponded with the VER obtained and this
further supported the relationship between saturation temperature and the CO- cellular structure

property in PVDF.
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Figure 3.4 Effect of ScCO2 on the volume expansion ratio of PVDF prepared using temperature profile 1 at

various saturation temperatures and saturation pressures
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Figure 3.5 SEM micrographs (at 500x magnification) of PVDF processed with ScCO: using temperature

profile 1 at 2000 psi and various saturation temperatures: (a) 100°C; (b) 140°C; (c) 160°C; and (d) 180°C

At Tsat Of 160°C, it was observed that an increase in saturation pressure, Psa, from 1200
psi to 2000 psi resulted in an increase in VER (i.e., 3.8 to 15.4). CO; gas had an increased
condensability with Psa increase, causing a more rapid sorption process and allowing an
enhanced CO: induced plasticization effect. This resulted in an increase in chain group mobility,

allowing more freedom, and bigger and more uniform bubble growth compared to that of the
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lower Psat (Figure 3.6(a) and Figure 3.6(b)). However, when the Psq increased from 2000 psi to
2500 psi at Tsat of 160°C, the VER decreased from 15.4 to 11.4. Such decrease in VER is
evidenced by thin cell walls with multiple pin holes causing ruptures at 2500 psi (Figure 3.6(c)).
The rupture of cell walls could be attributed to the significant plasticization effect induced by
ScCO; and the rapid foam expansion at this high level of saturation pressure. Psat of 2500 psi was

the maximum saturation pressure used due to safety limitation of the batch foaming system.

Figure 3.6 SEM micrographs (500x magnification) of PVDF processed with ScCO: using temperature profile

1 at Tsat 0f 160 °C and various saturation pressures: (a) 1200 psi; (b) 2000 psi; and (c) 2500 psi
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3.6 Effect of ScCO: processing using temperature profile 1 on the degree of

crystallinity

From the previous section, it has been concluded that at the right condition, CO, bubbles are
nucleated and are able to expand to effect PVDF morphology. This section will observe the
presence of ScCO> and its expansion on PVDF’s crystallinity. As seen from the thermogram of
an as-molded PVDF sample (Figure 3.7), the onset of melting of PVDEF’s crystals is around
140°C. By 180°C, all the crystals have melted, corresponding with PVDF’s melting temperature,
Tm, of 168°C. This melting of crystals can also be seen in the degree of crystallinity, yc, of the
processed samples, regardless of saturation pressure (Figure 3.8). Above a saturation temperature

of 140°C, crystals starts to melt and y. decreases below the as-molded sample’s yc of 51%.
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Figure 3.7 Melted crystal percentage and thermogram for as-molded PVDF sample
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Figure 3.8 Comparison of the effect of ScCO2 using temperature profile 1 on the degree of crystallinity of

PVDF samples at various saturation temperatures and pressures.

At Tsat of 140°C and below, there is little or no melting of crystals. Therefore, the pre-
existing crystals in the PVDF matrix were used as seeds for crystal growth. When PVDF samples
were subjected to a ScCO- environment, the plasticization effect from ScCO- increased PVDF’s
molecular chain mobility and decreased its melting temperature. An optimal level of plasticizing
effect enhanced the chain mobility around the pre-existing crystal nuclei and thereby promoted
crystal perfection during gas saturation. This combined with the annealing effect on the pre-
existing crystals increased the yc, as evidenced by the y. peaks in the 120°C to 140°C Tsat region
(Figure 3.8). However, when Tsat increased to 160°C, the onset of melting (i.e., 140°C) and the

suppression of the melting point by ScCO: plasticizing effect disrupted the pre-existing crystal
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structure. This led to a scarce number of seeds for crystal perfection despite the high mobility of
PVDF’s molecular chain groups. Moreover, the fast CO2 consumption during the physical
foaming process rapidly increased the melting temperature back to its original temperature. This
did not allow sufficient time for the crystals to grow. As a result, the degree of crystallinity
decreased despite the high volume expansion ratio observed at 160°C. Each saturation pressure
achieved a maximum degree of crystallinity of approximately 54% at their own distinct
saturation temperatures.

At the same saturation temperature but lower saturation pressure, there is a lower degree
of plasticization effect. This resulted in a larger amount of existing crystals prior to physical
foaming, hindering PVDF’s foamability. This was also supported by the non-uniform cell
structure and thick cell walls at this low Psat, previously seen in Figure 3.6(a). As Psat increased
from 1200 psi to 2000 psi at a steady Tsat of 160 °C, yc decreased from 48% to 44%. This was
due to the higher degree of plasticization effect and high foamability, which reduced the amount
of crystals but yielded uniform cell structures as previously observed in the SEM from Figure

3.6(b).

3.7 Effect of ScCO: processing using temperature profile 1 on the

electroactive phases

FTIR analysis was conducted for PVDF samples processed using temperature profile 1 with and
without the presence of ScCO2 to observe its effect on the distinct three main polymorphs (i.e., «,

S, and »). With this analysis, the presence and change in the content of the three main
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polymorphs can be individually qualified. Figure 3.9 shows the FTIR absorbance curves for the
as-molded PVDF sample as well as samples processed at Tsat of 160°C, and without and with
ScCO,. Peaks at wavenumbers 763 cm™, 840 cm™, and 1275 cm* are present in all three FTIR
spectra but there is no peak at 1234 cm™. This indicates that only « and S phases were present,
and thereby the Fea peak at 840 cm™ consisted entirely of £ crystals. It can also be observed that
the EA phase peak at 840 cm™ increased when processed at Tsat of 160°C, and even more when it
was subjected to a ScCO, environment at 2000 psi. The S phase peak at 1275 cm™ is also the
most pronounced at this condition, thereby indicating a growth in g crystals due to ScCOx.
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Figure 3.9 FTIR absorbance graph of PVDF: (a) as-molded sample; processed sample using temperature

profile 1 at Tsat = 160°C and (b) without ScCOz; and (c) Psa = 2000 psi

At Psat of 2000 psi and various saturation temperature (i.e., 140°C, 160°C, and 180°C),

there is again no peak at 1234 cm* present, indicating that there are no y phase, and Fea peak at
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840 cm™ equaled to Fs (Figure 3.10). Tsar of 160°C had the most prominent 840 cm™ and 1275
cm peak, which was also the condition with the highest VER. The increase in S phase peak at
the highest VER could deduce that the formation of g phase is related to the foaming induced
strain during the rapid depressurization of the foaming chamber. The peaks at 763 cm™, 840 cm™,
and 1275 cm™ seemed to be less pronounced at Tsa of 180°C, the condition where there was
significant melting of crystals and the lowest y.. As Tsat increased beyond PVDF’s melting
temperature of 168°C, the crystalline structure transformed to the unorderly amorphous phase

due to the excessive chain group mobility. As the quantity of the distinct polymorphs decreased,

so did the overall degree of crystallinity, the same trend observed in Figure 3.8.
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Figure 3.10 FTIR absorbance graph of PVDF processed with ScCO: using temperature profile 1 at Psat = 2000

psi and Tsa of (b) 140°C; (c) 160°C; and (d) 180°C
39



Chapter 4 Thermal and ScCO: Processing of PVDF — Temperature

Profile 2

Temperature profile 1 provided the optimal physical foaming condition of PVDF at Psa: of 2000
psi and Tsat of 160°C, resulting in a VER of 15.4. It also provided the initial evidence towards
foaming induced strain causing an increase in £ crystals, as observed by the FTIR absorbance
curves. Temperature profile 2 took this optimal condition into consideration and added an
additional heating step, which heated the PVDF sample to an elevated heating temperature
beyond its melting temperature before the injection of ScCO..

To elucidate the effect of bubble growth-induced strain on the formation of PVDF’s
electroactive phases and to explore the potential of ScCO2 processing to tailor PVDF’s
crystalline structures, the saturation temperature and saturation pressure for the base case of

samples prepared under temperature profile 2 were kept at 160°C and 2000 psi, respectively.
4.1 Experimental Process

The same PVDF and CO> gas from temperature profile 1 was used, as well as the fabrication of
the as-molded PVDF samples of 500um thickness. Figure 4.1 illustrates the five phase
temperature profile used in the temperature profile 2 of the thermal and ScCO; processing
method. A brief description of each phase is summarized in Table 4.1.

The evolution of crystal polymorphs in PVDF after each processing step were studied to

elucidate the multi-stage crystallization mechanism. To decouple the effect of each phase on
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PVDEF’s crystallization behaviors, PVDF samples were taken out of the chamber after the
completion of each phase and quenched in an ice bath to stabilize their microstructures.
Furthermore, parametric studies were conducted to study the effects of the main processing
parameters in each phase on PVDEF’s crystalline structures. This aimed to evaluate the
processing-to-structure relationships of PVDF in each processing phase and to provide insights
in the promotion of PVDF’s eclectroactive crystal phase content. The processing conditions
utilized in these parametric studies are summarized in Table 4.2 with the base case processing

conditions bolded. The degree of crystallinity, yc, and the fraction of ¢, £, and y polymorphs in

each sample were analyzed by DSC and FTIR, respectively.
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Figure 4.1 The general temperature profile used in the thermal and ScCO: processing of PVDF using

temperature profile 2
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Table 4.1 Description of each phase in thermal and ScCO: processing of PVDF using temperature profile 2

Phase | Description
P1 The as-molded PVDF sample was heated to the heating temperature (TH).
(Crystal melting)
P2 The heated sample was held at T for a holding time (tnoid). (Isothermal crystallization)
P3 The temperature was slowly lowered to the saturation temperature (Tsat) for the ScCO-
processing. (Non-isothermal crystallization)
P4 ScCO; was injected into the batch foaming chamber to saturate the PVDF sample at the

saturation pressure (Psat) for 15 minutes. After time had elapsed, high pressure ScCO-
was rapidly released from the foaming chamber at a certain pressure drop rate, -dP/dt, to
initiate physical foaming of PVDF. The processed sample was removed from the

foaming chamber and quenched in an ice bath. (ScCO, foaming)

Table 4.2 Experimental conditions for parametric studies using temperature profile 2

Processing parameters Values Units
Heating Temperature, Tn 170, 180, 190, 200 °C
Holding Time, thoid 0, 15, 45, 120, 300, 1440 min
Saturation Temperature, Tsat 120, 140, 160 °C
Saturation Pressure, Psat 1200, 2000, 2500 psi
Pressure drop rate, -dP/dt 48, 55, 123, 164, 191 MPa/s
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4.2 Effect of each phase on the crystallinity and crystal phases of PVDF

By quenching the sample after each phase, the main effect of each phase and its specific
parameters on PVDEF’s crystallinity and crystal structure can be distinguished. Figure 4.2 plots
the total yc and a, £, and y phase content in the processed PVDF samples after each of the five
processing phases. Temperature profile 2 introduces the other electroactive phase, y phase, that
was absent when utilizing temperature profile 1. With the presence of both £ and y phases, the
peak-to-valley height ratio method was used to separate the content of the electroactive phase
into Fs and F,. Each processing phase was concluded by quenching the sample in ice water to
stabilize its microstructure. Therefore, the effect of this unavoidable step was observed in each
phase analysis and was considered when elucidating the results obtained.

The as-molded PVDF sample only contained a and g crystals (Figure 4.2). After phase
P1, y of the quenched PVDF sample decreased from 52% to 43%, and £ crystal content
increased moderately. In addition to the melting of crystals during heating, the rapid cooling
induced by the ice bath during the quenching process provided a shorter timespan for
crystallization, lowering its yc. Furthermore, the low temperature environment and rapid cooling
favored the nucleation of £ crystals, causing the moderate increase in S phase content [34] [35].

In phase P2, the sample underwent isothermal crystallization at Tw for a preset period
(i.e., thaia = 300 min). The long thaa at high temperature caused a direct  to y transformation,
following what was observed previously in literature [59]. This led to the introduction of »’

phase, which has a higher melting temperature than the typical y phase but is an electroactive

43



phase nonetheless [7]. During phase P3, the sample underwent non-isothermal crystallization as
the temperature was slowly dropped from Ty (i.e., 180°C) to Tsa (i.e., 160°C). This process
significantly increased the y phase content, which was initiated at pre-existing « nuclei [56].

In phase P4, PVDF underwent a second stage of isothermal crystallization with or
without the presence of ScCO. at 2000 psi for 15 minutes. Without ScCO: (i.e., Figure 4.2(e)),
phase content slightly increased due to the isothermal crystallization around the pre-existing «
crystals. The annealing of « phase in the vicinity of its melting point and the vibrational energy
of the crystals induced conformation fluctuation and preferentially stabilized in the y phase [7].
With ScCO; (i.e., Figure 4.2(f)), the induced plasticization effect promoted PVDF’s chain
mobility and suppressed its melting temperature. This potentially led to partial melting of »
polymorph formed in the previous phase. Furthermore, the foam expansion and fast cooling from
the rapid pressure drop during ScCO- release favored a to £ phase transformation and /S phase

crystallization, respectively, increasing £ phase content.
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Figure 4.2 Degree of crystallinity with respect to e, 8, and y polymorphs in processed PVDF samples after
each phase: (a) as-molded PVDF; (b) after P1; (c) after P2; (d) after P3; (e) after P4 without ScCO2; (f) after

P4 with ScCO:a. [Processing conditions: Tn = 180°C, thod = 300 mins, Tsat = 160°C, and Psat = 2000 psi].
4.3 Effect of heating temperature (Tw) on the electroactive phase content (P1)

The effect of Th on PVDF’s crystallization behaviours were observed by heating PVDF samples
to different Twin phase P1, and then processed using the base case conditions in the rest of the
processing phases. Figure 4.3 plots the fractions of g and y crystal phases in the processed PVDF
samples calculated by the peak-to-valley height ratio method. It can be observed that the ycrystal

phase content increased as Tw was raised from 170°C to 180°C. However, when PVDF was
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heated to above 180°C, it did not possess any y phase. a crystal’s melting temperature ranges
from 167°C to 172°C. Literature review suggested that the presence of « crystal seeds facilitated
y crystal nucleation from the melt [51]. When Tw was too high, the majority of « crystals melted,

leaving an insufficient amount of o nuclei to initiate y phase nucleation.
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Figure 4.3 Effect of Tn on the fraction of g and y crystal phases. [Processing conditions: thoa = 0 min, Tsat =

160°C, Psat = 2000 psi, -dP/dt = 191 MPa/s].

In addition to FTIR, XRD and DSC analysis were used to confirm the FTIR results. XRD
diffraction was conducted for PVDF processed using Ty of 180°C and 200°C (Figure 4.4). The
electroactive S and y phases have bordering peaks at 20.6° and 20.3°, respectively. Due to their
close proximity, this peak has been denoted as the electroactive (EA) phase. This peak is the

most pronounced when Ty is 180°C, which has the highest Fea of 72%. Tw of 200°C has a much
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lower Fea of 30%, meaning there is a greater content of « crystals (i.e., 70%). Accordingly, this
condition has very strong peaks at 18.4° and 19.9°, both characteristics of the a phase. This
qualitative XRD analysis provides additional evidence and supports the use of FTIR as the main
analysis for the characterization of PVDF’s polymorphs.

The DSC thermograms shown in Figure 4.5 further support this observation and have
been previously used as complimentary analysis technique to the FTIR in characterizing
polymorphs [7]. The y melting peak at 180°C was absent as Tw reached 190°C and above. Instead,
the melting peak with a shoulder at 167°C (i.e., £ crystal melting peak) became sharper, agreeing
with the positive relationship between Tw and £ content revealed by FTIR analysis. Therefore, it
can be suggested that the absence of y crystals enhanced g crystal nucleation. As T increased
from 180°C to 190°C, the g crystal content increased by 10%, along with the disappearance of y
crystals. Due to the tight conformation of y crystals, its presence restricted the dissolution of
ScCO> into the PVDF matrix, and thereby suppressed the volume expansion ratio of PVDF

samples during bubble expansion.
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Figure 4.4 XRD diffraction peaks of PVDF using temperature profile 2 at Tw of: (a) 180°C; (b) 200°C.

[Processing conditions: thoid = 0 min, Tsat = 160°C, Psat = 2000 psi, -dP/dt = 191 MPa/s].
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Figure 4.5 DSC thermograms of PVDF processed at different Tu: (a) 170°C; (b) 180°C; (c) 190°C; (d) 200°C;

(e) 220°C. [Processing conditions: thoid = 0 min, Tsat = 160°C, Psat = 2000 psi, -dP/dt = 191 MPa/s].
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As Ty increased from 170°C to 200°C, the VER steadily increased from 3.3 to 12.0, along
with their g content (16.4% to 29.4%). It is interesting to note that although increasing Tn to
220°C yielded the highest g content (i.e., 33.7%), its VER decreased to 5.6. This was caused by
the excessive gas loss to the surrounding at high saturation temperature. SEM micrographs in
Figure 4.6(a) and Figure 4.6(b) indicated that although large uniform cells are omnipresent,
evidence of cell ruptures were observed with a higher magnification, causing the VER decrease.
Nevertheless, the initial expansion of the individual cells, evidenced by the large cell sizes and
thin cell walls, promoted « to S phase transformation and increased the S phase content at Tw of

220°C to a maximum of 33.7%.

Figure 4.6 SEM micrographs of processed PVDF samples at different magnifications: (a) 500x; and (b) 2500x.

[Processing conditions: Tu = 220°C, thoid = 0 mMin, Tsat = 160°C, Psat = 2000 psi, -dP/dt = 191 MPa/s].
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4.4 Effect of isothermal crystallization time (thoiq) 0N the electroactive phase

content (P2)

The effect of holding time (tnoid) during phase P2 (i.e., after PVDF had been heated to Tw) on the
resultant electroactive phases of PVDF were studied parametrically. When PVDF samples were
quenched just after the completion of phase P2 (i.e., raise temperature to Tn, hold for thod, and
then quench in ice water), the appearance of y crystals were observed when thoig Was increased to
300 minutes (Figure 4.7). Following literature, the prolonged isothermal crystallization at a high

temperature in phase P2 induced a direct « to y transformation, introducing the »’ phase [59].
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Figure 4.7 Effect of thaa at Tw of 180°C on the fraction of g and ycrystal phases. Processing was completed up

until phase P2 and then the PVDF samples were quenched in an ice bath.

To elucidate how the presence of y’ crystals influenced the remaining processing phases
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(i.e., P3 and P4), PVDF samples that had undergone isothermal crystallization at 180 °C for
various thoig, ranging from 0 minute to 1440 minutes (i.e., 24 hours), were subjected to the rest of
the processing phases using the base case conditions. DSC thermograms clearly showed an
increase in the melting peak at 190°C, which represented the more thermally stable »’ phase, as
thoid increased to 1440 minutes (Figure 4.8) [56]. This »’ phase has a melting peak higher than the

typical yphase due to its stability from forming over a longer period of time.
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Figure 4.8 DSC thermograms of PVDF samples processed with different thod: (2) 15 min; (b) 45 min; (¢)120
min; (d) 300 min; (e) 1440 min. [Processing conditions: T = 180°C, Tsat = 160°C, Psat = 2000 psi, -dP/dt = 191

MPa/s].

Figure 4.9 plots yc with respect to the «, S, and y polymorphs in PVDF. Experimental

results reveal that despite the introduction of y’ crystals from the long thoigat Tw during phase P2,
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increasing tnois decreased the final overall y phase content while increasing the « phase content. It
is believed the direct « to y transformation during the long thols exhausted the « crystal nuclei
that were essential to the formation of y crystal phase during phase P3 (i.e., non-isothermal
crystallization). Furthermore, the slow cooling during P3’s non-isothermal crystallization from
Th to Tsat enhanced the nucleation of o polymorphs from the melt, increasing its content. The
content of £ polymorph was independent of thoig and held steady around 11%, with its VER
ranging from 4.3 to 4.9. This can be attributed to the virtually invariant foaming behaviour where
the cell sizes of samples with thog 0f 0 and 1440 min were 7.9 and 7.5 pm, respectively (Figure

4.10).
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Figure 4.9 Effect of thod On the degree of crystallinity with respect to «, £, and y polymorphs in processed

PVDF. [Processing conditions: Tn = 180°C, Tsat = 160°C, Psat = 2000 psi, and -dP/dt = 191 MPa/s].
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Figure 4.10 SEM micrographs at 1000x magnification of processed PVDF samples showing very similar
foaming behavior at different holding times: (a) 0 min; and (b) 1440 min. [Processing conditions: Tw = 180°C,

Tsat = 160°C, Psat = 2000 psi, -dP/dt = 191 MPa/s].

4.5 Effect of non-isothermal crystallization on the electroactive phase content

(P3)

Varying the saturation temperature (Tsat) indirectly adjusted the non-isothermal crystallization
time, allowing investigation of its effects on PVDF’s electroactive phase content. Ty and thoid
were set to 180°C and 0 minute, respectively, due to the high £ and y contents previously
obtained in these conditions. The corresponding non-isothermal crystallization time for Tsat of
120°C, 140°C, and 160°C were 43, 30, and 20 minutes, respectively. It can be observed that the »
crystal phase content has a positive relationship with the duration of non-isothermal

crystallization time (Figure 4.11) due to y polymorph’sslow crystallization rate [53]. Decreasing
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Tsat to extend non-isothermal crystallization time allowed sufficient time for y polymorph to
nucleate from existing « crystal seeds. The maximum fraction of 65.6% y phase content was
achieved when Tsat Was reduced to 120°C (i.e., non-isothermal crystallization time of 43 mins). It
IS interesting to note that the fractions of S and y crystal phases have an inverse relationship, Fz
reaching a low of 3.9% at the maximum F,. This inverse relationship will appear more hereafter

and will be discussed in detail later in the report.
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Figure 4.11 Effect of Tsaron the fractions of gand ycrystal phases. [Processing conditions: Th = 180°C, thoa = 0

min, Psat = 2000 psi, and -dP/dt = 191 MPa/s].
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4.6 Effect of saturation pressure (Psa) and pressure drop rate (-dP/dt) during

ScCO:2 processing and foaming on the electroactive phase content (P4)

During phase P4, PVDF samples were subjected to ScCO2 processing at different Psxt and the
sample underwent physical foaming during CO: release at various —dP/dt. There is a strong
positive relationship between g crystal content and Psa: (Figure 4.12). When Psa increased to
2500 psi, a high Fz of 28.5% was achieved. Increasing Psat dissolved more ScCO: into the PVDF
matrix and the higher pressure gradient increased -dP/dt during gas release. Both promoted
thermodynamic instability in the PVDF-ScCO- system, resulting in an increased cell nucleation
rate and led to bigger and more uniform cell morphology (Figure 4.13). In addition to cell
uniformity, the increase in Psa also enhanced VER. The highest Psat of 2500 psi resulted in a high
VER of 8.8 while Pss: of 1200 psi had a VER of 2.3. It can be concluded that the strain along the
cell walls during foam expansion mimicked the strain by mechanical stretching to induce a to g
phase transformation. Therefore, an enhanced VER caused by an increase in Psa resulted in a
higher S phase content. There was a decrease in y crystals as Psat increased from 2000psi to
2500psi. This could be correlated to the yto £ phase transformation that occurs when a sample is
stretched at higher temperatures (i.e., 130°C) [85]. The high temperature facilitated crystal
orientation and coupled with applied strain, the T3GT3G’ conformation of y crystals were more
comfortable converting to f’s TTT conformation over that of a’s TGTG conformation. As the

foam expansion mimicked the strain from mechanical stretching, this yto g transformation could

have occurred as well.
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Figure 4.12 Effect of Psat 0n the fractions of gand ycrystal phases. [Processing conditions: Th = 180°C, thoia = 0

min, Tsat = 160°C, and -dP/dt = 191 MPa/s].
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Figure 4.13 SEM micrographs at 1000x magnification of PVDF samples foamed using Psat0f: (a) 1200 psi; (b)
2000 psi; and (c) 2500 psi. [Processing conditions: Th = 180°C, thod = 0 min, Tsat = 160°C, and -dP/dt = 191

MPa/s].

Pressure drop rate was varied by partially closing the metering valve to control the gas
flow when the exhaust valve was opened. Consistent with the parametric studies for Psat, the fast

cooling associated with a high -dP/dt favored g phase nucleation, resulting in an increase from

57



8.8% to 20.8% from 48 MPa/s to 191 MPa/s, respectively (Figure 4.14). A reduced -dP/dt
decreased the cooling rate, which suppressed S phase nucleation and favored a phase nucleation.
At the lowest -dP/dt (i.e., 48 MPa/s), the reduced thermodynamic instability suppressed cell
nucleation rate, resulting in a low VER of 1.8. The resultant low VER failed to effectively apply

strain on the PVDF matrix and contributed to the decrease in the S phase content.
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Figure 4.14 Effect of —dP/dt on the fractions of gand y crystal phases. [Processing conditions: Tu = 180°C, thold

=0 min, Tsat = 160°C, and Psat = 2000 psi].
4.7 Relationship between yand gcrystal of the processed PVDF samples

Both g and y crystals are electroactive crystals of PVDF and both are very desirable to enhance
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PVDEF’s piezoelectric property. Our processed samples allowed a co-existence of both g and y
crystals. To optimize and enhance both crystal phases, the relationship between g and y crystals
must be analyzed. The positive relationship between g phase content and PVDF’s VER has
become very evident through various parametric studies. The processing conditions with the
highest Fsusually had the highest VER. High VER is beneficial to S phase formation, which can
be attributed to the high local strain introduced on the cell wall of PVDF foam during bubble
expansion. Another relationship that was observed throughout parametric studies was the inverse
relationship between g and y crystals. It can be identified that while the mechanism for g and »
crystal formations are independent, they indirectly affect each other through the ScCO, foaming
step. y crystals are formed by thermal processing, either non-isothermal or isothermal
crystallization, with the presence of existing « crystals. g crystals, on the other hand, are formed
during the physical foaming of CO2 bubbles causing local strain on the PVDF matrix. Parametric
experiments revealed that PVDF foams would have lower VER and g phase content when there
existed a high content of y crystals prior to foaming. This was observed during parametric
analysis for non-isothermal crystallization (i.e. P3) and the reverse during parametric analysis for
heating temperature (i.e., P1), where the absence of y crystals resulted in high g content and VER.
y crystals has a melting temperature 10°C higher than that of the a and g crystals. The naturally
compact chain group conformation of the y phase limited the amount of ScCO- dissolved into the
polymer matrix. Therefore, the amount of CO: available for bubble growth decreased. This

ultimately resulted in a reduced £ phase content due to the lower degree of local strain within the
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cell walls. Figure 4.15 clearly shows the opposing trends of #and y phase content as VER varied,
plotting values obtained from all parametric experiments observed up until now (i.e., TH, thold,
Tsat, Psat, and -dP/dt). Therefore, to obtain a high fraction of electroactive phase content, a good

balance of both and y phases are needed.
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Figure 4.15 Relationship between F, (circle) vs. VER vs. Fg (square) of samples processed through thermal

and ScCO: using temperature profile 2 and various parametric variations.

4.8 Effect of cell morphology on the B phase content of PVDF

From the parametric studies from previous sections it can be summarized that large cells increase
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VER and subsequently, the g phase crystals. However, the analysis of the effects of cell
uniformity has yet to be analyzed. PVDF foams with similar volume expansion ratio but
different cell morphologies (i.e., cell population density and average cell size) could be
fabricated by different processing conditions. Two PVDF foams with similar VER prepared by
different processing conditions, as summarized in Table 4.3, were compared to elucidate the
effects of cell morphologies on S phase content.

While PVDF samples prepared using processing conditions 1 and 2 yielded foams with
similar VER, the fraction of £ phase content using processing condition 2 (i.e., 31.0%) was
significantly higher than that prepared using processing condition 1 (i.e., 20.8%). From SEM
micrographs, it can be observed that condition 1 yielded extremely non-uniform foam
morphology (Figure 4.16(a)). While there existed some large cells with cell diameters of 15um,
the vast majority of the cells were in submicron scale. With the presence of y crystals during
ScCO> foaming, the limited cell expansion in the proximity of crystals led to localized stress
fields, promoting the strain-induced nucleation of secondary cells with smaller sizes [86]. These
small cells would not be able to induce a high degree of strain, requiring the majority of the
strain from the minute number of large cells. This level of stress would be unable to effectively
align the molecular chains to the g phase. In contrast, condition 2 had very uniform and large cell
morphology, with an average cell diameter of 14um (Figure 4.16(b)). Without the presence of »
crystals, larger cells grew throughout the PVDF matrix. The higher degree of strain induced
facilitated the alignment of the molecular chains groups into the TTT conformation and resulted

in an increased g phase content. There is a strong positive relationship between average cell size,
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VER, and Fp which again confirmed the potential of using ScCO. foaming to mimic the

mechanical stretching-induced « to £ phase transformation.

Table 4.3 Experimental conditions for parametric studies of COz2 cell morphology

Processing parameters

TH thold Tsat Psat VER Fs
Condition1 | 180°C 0 min 160°C 2000 psi 4.4 20.8%
Condition 2 | 220°C 0 min 160°C 2500 psi 4.7 31.0%

Figure 4.16 SEM micrographs at 1000x magnification of PVDF samples prepared using: (a) condition 1; and

(b) condition 2.
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4.9 Comparison of thermal and ScCO: processing method and uniaxial

mechanical stretching to promote PVDF electroactive phase content

The proposed research was compared to the popular and most common mechanical stretching
method. From this comparison, we can confirm that our novel processing method is able to
achieve a comparable electroactive phase content. 100um thick as-molded PVDF samples were
mechanically stretched at 90°C, which was the ideal stretching temperature reported in literature
for various strain levels [26]. The resulting fraction of electroactive crystal phases (i.e., #and y
polymorphs) in PVDF processed by either thermal and ScCO- or uniaxial mechanical stretching
were compared (Figure 4.17). It must be noted that the maximum strain level that could be
applied to PVDF film samples in-house without breaking was three. y crystals were absent in the
mechanically stretched samples, and as expected, £ phase content increased with strain level.
Straining PVDF film by three times increased Fzto 68%, representing a significant increase from
the 31% Fz in the 100um as-molded sample. For PVDF samples that underwent thermal and
ScCO2 processing, the maximum fraction of 72% electroactive phase (i.e., including both S and
y phases) was achieved at the base case condition. This was slightly better than the highest
electroactive phase content achieved by mechanical stretching method. However, when taken
into account yc of the processed samples, the samples processed by thermal and ScCO2 method
was able to maintain the y: at 52% while the mechanically stretched sample destroyed crystals
and decreased its yc down to 43%. Therefore, the total electroactive crystal phase of the thermal

and ScCO. processed sample was 50% higher than that of the mechanical stretching method. An
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interesting comparison can be made between PVDF with strain level of 200% to thermal and
ScCO2 processed PVDF with VER of 12. This VER is equivalent to a linear strain of
approximately 2.3. If £ phase content with respect to yc (i.e., product of the overall y and the
fraction of g phase crystal) of the PVDF foam sample was compared to that of the mechanically
stretched sample with a strain rate of two, it was found that both samples yielded a total £ crystal
content of about 17.5%. Therefore, it can be concluded that the local strain caused by the cell

growth during ScCO> foaming did in fact effectively mimic the mechanical stretching method.
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Figure 4.17 Fractions of g and ycrystal phases of PVDF prepared at: (a) as-molded 100um PVDF sample; (b)
mechanically stretched to 200%; (c) mechanically stretched to 300%; (d) thermal and ScCO: processing at

base condition.
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Chapter 5 Piezoelectric property of micro-and-nanostructured

PVDF

Before measuring and calculating for PVDF’s piezoelectric property, a common post-processing
step of electric poling must be completed. The dipoles of PVDF are in random orientation,
therefore the electric poling step allowed reorientation of PVDF’s dipoles along a common
direction to properly measure the material’s true piezoelectric property. After this common step,
its piezoelectric property can be determined by measuring and calculating for the charge
produced and its piezoelectric coefficient, respectively. The piezoelectric coefficient can
properly represent the piezoelectric property due to its units of C/N, defined as the amount of

charge produced per unit of force applied.
5.1 Experimental Procedure

PVDF films were prepared so that the post-processing electric poling step and the piezoelectric
coefficient measurement step could be conducted in succession without significant time delays.
Therefore, preparation was conducted while considering the main conditions for both steps. First,
the processed PVDF films using temperature profile 2 were compressed to 100um in the
compression molding machine (4386 CH, from Craver Press) at room temperature for
approximately 24 hours. By lowering the sample thickness, it ensured that the high voltage
applied during the electric poling step would exceed the coercive field of PVDF and successfully

align the dipoles. Characterization analysis proved that this compression step did not
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significantly affect the crystallinity or crystal phases of the processed sample. The now 100um
PVDF samples were cut into rectangular pieces of 0.5” X 1.5” to best fit the size of the tensile
setup in the piezoelectric coefficient measurement stage. Silver epoxy adhesive (#8331-14G, MG
Chemicals) was used as the conducting electrodes on both side of the PVDF sample and put on
manually into a 6mm x 6mm square in the centre. To prevent arcing or flashovers during poling
that will permanently damage the material, the electrodes were kept at the centre and ensured it
did not reach the edge of the film [67]. The application of the silver epoxy was done as thinly as
possible to prevent clamping affects on the polymer and to not limit piezoelectric performance
[67]. Aluminum wires were attached to the electrodes also using silver epoxy. The wires were
coiled on top of the electrode on either side during poling to ensure it does not short circuit the

system.

5.1.1 Electric Contact Poling

To align the PVDF dipoles, a high voltage power source (ES30, Gamma) with a maximum
output voltage of 30 kV was used to create the electrical field over the thickness of the sample.
The power supply A homemade electric contact poling setup was designed, with high importance
on safety due to the use of high voltage (Figure 5.1). Two cylindrical 6061 Aluminum alloys
0.25” thick and 0.5” in diameter were used as electrodes for the poling system. A glass-mica
ceramic square plate of 0.25” x 2” x 2” was used as the dielectric plate, to limit current flow in
the PVDF sample and reduce the probability of electrical breakdown [65]. Due to the air voids

present in the foamed PVDF films, the breakdown voltage is expected to be lower than standard.
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The entire system was covered by high density polyethylene (HDPE) as the insulating material,
with holes to tight fit the Aluminum electrodes. To keep the entire system in place and provide a
compression force for better contact between the electrodes and the sample, two nylon threaded
rods and nuts were used. Lastly, the entire system was placed within a plastic box and inside a
fume hood with glass doors. This was to reduce the exposure to the electromagnetic fields
(EMFs) from the high voltage during operation. The SolidWorks drawings of the homemade
contact poling setup, its components, and their dimensions can be seen in Appendix A.

All samples were poled at around 0.07 kV/um for 30 minutes at room temperature,
following the average values found in literature to sufficiently pole PVDF samples. Some sample
could not be poled above 0.07 kV/um because their thickness could not be made any thinner and
the applied voltage was limited at 30 kV. After poling, the setup was short circuited and then
grounded overnight to dissipate any remaining charge that could hinder the piezoelectric

coefficient measurements.

Al Electrode

Silver
DC High Voltage

Power Supply

Q

Electrode
PVDF film

Dielectric plate

Al Electrode

Figure 5.1 Simple schematic drawing of the contact poling setup. (Note that drawing is not to scale)
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5.1.2 Piezoelectric coefficient

The piezoelectric coefficient, ds1, of the poled and unpoled PVDF samples were determined by
using a simple tensile setup (Figure 5.2) Tensile stress was applied along its longest side (i.e., 1
direction) and its developed charge on the electrode surface area was measured along the
thickness of the sample (i.e., 3 direction). The applied tensile stress was supplied by a rheometer
(Discovery Series Hybrid Rheometer HR-3, TA Instruments) and its developed charge was
measured by an electrometer (Model 6514 System Electrometer, Keithley). The resulting

piezoelectric coefficient was calculated using Equation (7).

Q X (WpypF X tpypr)

d —
31 — F
X (Welectrode X lelectrode)

()

Here Q is the induced charge, F is the force applied to the P\VDF sample, wpvpr and tpvpr
are the PVDF sample’s width and thickness, respectively, and Welectrode and leiectrode are the silver

electrode’s width and length. HR-3 applied a constant tensile force of 5 N for 45s.
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Figure 5.2 Tensile setup for piezoelectric coefficient, dsi, measurement

5.2 Results & Discussion

The determination of the ds: values were conducted on four main conditions: 100um thick as-
molded sample, best F, case, best Fs case, and best Fea case of the processed PVDF samples.
The detailed processing conditions and its crystal content can be seen in Table 5.1. For all three
samples that exhibited optimal crystal contents, thoig Was set to 0 min and —dP/dt was 191 MPa/s.
As stated previously, g crystal has the highest dipole moment per unit cell out of all the
polymorphs, giving rise to a large spontaneous polarization. It can be observed that before poling,
the best Fs case with 34% £ crystal has a slightly higher dz1 compared to the best F, case with
66%y crystals, even though this is twice the £ crystal content (Figure 5.3). After poling, while

both ds;1 values increased, the best Fgincreased significantly. This was expected as with voltage
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alone, it is easier to affect the crystalline structure of g crystal than the dense, tight conformation
of the ycrystals.

It is interesting to note that while the 100pm as-molded PVDF and the best Fz case had
very similar g crystal content, the ds; of the latter was significantly higher, especially after poling.
One possibility could be that for the best Fz case, the CO. bubbles were able to better align the
crystalline structure in a common direction compared to the heat and pressure treatment of the
100um as-molded PVDF. Better molecular alignment of PVDF with enhanced electroactive
crystals phase content would create a larger dipole moment, resulting in the higher ds; value.
Another possibility is that after poling, the voids left by the expansion of the CO, bubbles could
have been internally charged with opposite polarity, enhancing piezoelectric property. It had
been observed in piezoelectret foams that when a large voltage is applied, Paschen breakdown
occurs in the air voids causing an electrical discharge [87]. This electrical breakdown will only
happen in the air voids because the dielectric breakdown of air is much lower than that of the
PVDF polymer. This would internally charge the air voids and deposit charges onto the surfaces
of the pores. When the material is stretched during piezoelectric coefficient measurement, the air
voids would also be stretched, increasing the distance between the void’s charged surfaces which
would increase the overall dipole moment in the material. Since the best Fz case had the one of
the biggest average cell diameter of 25um, it would have the most internally charged void
surfaces after poling, accounting for its much larger ds; value. Both before and after poling, the
sample with the best Fea had the highest piezoelectric coefficient of 4.2 and 7.7 pCI/N,

respectively, due to its high content of both g and ycrystals.
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When a 110um thick poled PVDF sample from Measurement Specialties (MSI) was
measured, the obtained ds; value was half of what was reported in their specifications. It was
speculated that the piezoelectric setup in-house was not able to apply the same level of stress as
in the literature (i.e., 5 MPa in-house versus 20 — 40 MPa in literature [74]). There are three
factors that could account for this. One would be the large size of the polymer which was limited
by manual application of the silver epoxy onto the PVDF sample. Second would be the
rheometer’s limited applied force. Lastly, due to the stiffness of the silver epoxy electrodes, this
could not be transferring all the stress to the PVDF sample [81], resulting in lower stress being
developed on the PVDF sample and subsequently, a lower piezoelectric property. Additionally,
the charge in the ambient surroundings could have hindered the charge measurements made by
the electrometer. To prevent this and obtain more accurate measurements, a Faraday’s cage is
recommended for the future due to its ability to isolate the system using a metal shied [88]. Once

these problems are fixed, the da1 values are expected to increase closer to its true value.

Table 5.1 Fraction of S, y, and electroactive phases of different PVDF samples and their processing conditions

Name TH(°C) | Tsat(°C) | Psat(psi) | Fs (%0) Fy (%) Fea (%)
100pum as-molded PVDF | - - - 31.0 - 31.0

Best F, 180 120 - 4.3 66.2+15 | 70.5

Best Fz 220 160 2000 33.7+13 |- 337

Best Fea 180 160 2000 20.8 51.4 722+29
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Il Before poling
8 4 |l After poling

(a) (b) (c) (d)

Figure 5.3 Piezoelectric coefficient da1 values before and after poling: (a) 100um as-molded PVDF; (b) Best F,

sample without the presence of ScCOz2; (c) Best Fgsample; and (d) Best Fea sample.
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Chapter 6 Conclusion and Future Directions

6.1 Conclusion

Overall, this research was able to use the novel processing method of thermal and ScCO; to
enhance the electroactive crystal phases (i.e., S and ») and piezoelectric property of PVDF. The
two temperature profiles used were able to fully elucidate the various mechanisms to
individually nucleate the distinct polymorphs, while allowing them to co-exist within the same
sample. The final results obtained were higher than the common mechanical stretching method in
terms of crystallinity and its piezoelectric property was comparable to literature.

By utilizing temperature profile 1, this provided the initial investigation of physical CO;
foaming of PVDF and its effect on the crystalline structure and the distinct polymorphs. The
sudden pressure drop during the ScCO. gas release led to thermodynamic instability in the
PVDF-CO2 system and resulted in the nucleation of CO> cellular structures within the PVDF
matrix. The optimal physical CO, foaming of PVDF with a maximum VER of 15.4 was at a
saturation temperature, Tsat,0f 160°C and a saturation pressure, Psat, of 2000psi. If Tsat was lower,
the PVDF matrix was too stiff to generate cellular structures, and if Tsat was higher, the foam
structure would rupture. With a lower Psa, there was lower plasticization effect, reducing chain
mobility and gas condensability. With a higher Psat, the plasticization effect was too significant
and the resulting increase in foam expansion ruptured the cell walls, lowering its VER. It was
also observed that the degree of crystallinity, yc, increased when the sample was subjected to an

optimal level of plasticizing effect. In particular, a sufficient amount of pre-existing crystals was
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needed to act as seeds to promote crystal perfection during annealing. Evidenced by this, the
decrease in yc was observed as the temperature increased beyond the materials’ onset melting
temperature, reducing pre-existing crystals. A maximum y..of 54% was achieved for all Psx at its
own distinct Tsa. There was no presence of y crystals, but only « and g crystals, using
temperature profile 1.

Temperature profile 2 built upon temperature profile 1 with addition of multiple steps while
utilizing the optimal foaming conditions of 2000 psi and 160°C. Parametric studies revealed that
y phase nucleation was achieved through isothermal and non-isothermal crystallization before
ScCO2 processing. The isothermal crystallization caused a direct « to y transformation,
introducing the » phase. Non-isothermal crystallization was the main mechanism for y phase
nucleation. With sufficient pre-existing « crystals to act as seeds and long non-isothermal
crystallization time, a maximum fraction of y phase content of 65.6% was achieved.

/3 phase nucleation had a positive relationship with CO» foam expansion during the ScCO>
processing phase. By increasing Psat, more ScCO- dissolved into the P\VDF matrix and its higher
pressure gradient promoted the thermodynamic instability in the PVDF-ScCO> system resulting
in an enhanced cell nucleation rate. The increase in cell size and VER caused more strain on the
PVDF sample, inducing « to g phase transformation that wasas commonly seen in the
mechanical stretching method. Additionally, the fast cooling caused by a high -dP/dt favored the
nucleation of S phase. The significance of foam morphology and uniformity became evident

when PVDF samples processed at two different conditions exhibited similar VER values but very
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contrasting S phase contents. The sample with the larger g content displayed more uniform
cellular structure under SEM. With large and uniform cellular structure, a maximum Fz of 33.7%
was achieved.

While the mechanism for £ and y phase formations were found to be independent, they
indirectly affected each other through the ScCO. processing step. When there were large
amounts of ycrystals present, its tight conformation hindered the growth of bubbles and lowering
J phase content due to lack of local strain on the PVDF matrix. Evidently, the samples with the
highest VER and S phase content had no presence of y crystals. It can be concluded that to
obtain a high fraction of electroactive phase content, a good balance of both £ and y phases are
needed.

The highest fraction of PVDF electroactive phase achieved by thermal and ScCO;
processing (i.e., 72.2%) was shown to be slightly higher than that yielded by mechanically
stretching PVDF film by 300% (i.e., 68.4%). Additionally, 200% stretched sample and ScCO:
processed sample with VER of 12 (i.e., linear strain of 2.3), had a similar total £ crystal content
of 17.5%, proving the successful mimicking of CO. gas strain to that by the mechanical
stretching method. Multiple temperature and pressure phases within this processing approach
were conducted in a single batch foaming chamber, representing an industrially viable process.
Overall, this method revealed the potential of using thermal and ScCO: processing for the
individual and combined promotion of the electroactive #and y phase nucleation.

After electric poling at 0.07 kV/um for 30 minutes at room temperature, the piezoelectric

coefficient, ds1, value was measured. As expected, ds; increased after electric poling for all
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samples due to better alignment of the dipoles. S crystal’s high dipole moment was affirmed
when the best Fs case with 34% £ crystal had higher dz; compared to the best F, case with 66%y
crystals, twice the g crystal content. The thermal and ScCO> processed samples had a higher da:
values compared to as-molded samples, before and after poling, despite having similar g phase
content. It can be elucidated that the expansion of the CO2 bubbles could have better aligned the
dipoles, and/or it is due to the many internally charged gas voids within the polymer, increasing
the overall dipole moment in the sample. A maximum ds; of 7.7 pC/N was achieved after poling

the best Fea case, having a good balance of both g and ycrystals.

6.2 Future Directions

The main goal of this research was to understand and elucidate the crystallization and crystal
formation of PVDF under various conditions. The current processing method could be enhanced
by applying constrained foaming. This will allow expansion in one direction which will apply a
greater strain on the polymer than expansion through 3 directions (i.e., the current volume
expansion). Additionally, the post-processing step of electric poling could be enhanced by
replacing it with corona poling. This method is able to apply a greater voltage without breaking
down the material due to not directly applying the voltage onto the polymer itself. With a higher
applied voltage, the dipoles will be better aligned along a common direction.

Through this study, the independent processing methods for g and y phase nucleation
were explored. Using this knowledge, future research on piezoelectric polymer PVDF will most

likely explore sustaining a high y phase while increasing the g phase, or vice versa, by splitting
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up the thermal and ScCO> processing method and combining it with other processing method/s.
This could include thermal processing to increase its y content, and then mechanically stretching
to increase its S content. Another method could be the addition of fillers and then subjecting the
sample to a ScCO, environment. It is possible that the fillers may organize itself around the
surfaces of the bubbles to assist in the alignment of the crystalline structures. Additionally, the
use of air voids to increase the piezoelectric property could be explored as well. With an
abundance of cell sizes and densities from SEM micrographs, the effectiveness of internally
charged voids could be parametrically examined, along with poling voltages.

Promotion of the overall degree of crystallinity of PVDF are of interest as well. Many
methods, including mechanical stretching, led to a partial destruction of the crystalline structure,
lowering the degree of crystallinity [27] [28]. Overall, without a high degree of crystallinity, a
high electroactive phase content, whether S or y or both, will not enhance the piezoelectric
property enough. The earlier stages of this study suggested that an optimal level of plasticizing
effect coupled with pre-existing crystals promoted yc Utilizing this as a stepping stone and
realizing the importance of yc, the next focus could be on increasing the degree of crystallinity.

Using this study, the long term goal to enhance the piezoelectric property of PVDF can
be achieved. The success of this goal could replace the current toxic piezoelectric ceramic PZT
and be used in more application involving complex shapes and durability. The author hopes that
in the future, a great enhancement of PVDF’s piezoelectric property will also propel its uses
towards energy harvesting applications, such as nanogenerators, that can be easily integrated into

currently existing tools.
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SYSTEM
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