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ABSTRACT

Optimization of Polymer-based Nanocomposites for High Energy Density
Applications.(May 2012)
Amira Barhoumi Ep Meddeb, B.E., Tunisia Polytechnic School;
M.S., Tunisia Polytechnic School

Chair of Advisory Committee: Dr. Zoubeida Ounaies

Monolithic materials are not meeting the increasing demand for flexible,
lightweight and compact high energy density dielectrics. This limitation in performance
is due to the trade-off between dielectric constant and dielectric breakdown. Insulating
polymers are of interest owing to their high inherent electrical resistance, low dielectric
loss, flexibility, light weight, and low cost; however, capacitors produced with dielectric
polymers are limited to an energy density of ~1-2 J/cc. Polymer nanocomposites, i.e.,
high dielectric particles embedded into a high dielectric breakdown polymer, are
promising candidates to overcome the limitations of monolithic materials for energy
storage applications. The main objective of this dissertation is to simultaneously increase
the dielectric permittivity and dielectric breakdown without increasing the loss, resulting
in a significant enhancement in the energy density over the unmodified polymer. The
key is maintaining a low volume content to ensure a high inter-particle distance,
effectively minimizing the effect of local field on the composite’s dielectric breakdown.

The first step is studying the particle size and aspect ratio effects on the dielectric



properties to ensure a judicious choice in ordesltain the highest enhancement. The
best results, as a combination of dielectric coristass and dielectric breakdown, were
with the particles with the highest aspect ratiartler improvement in the dielectric
behavior is observed when the nanoparticles surfacenemically tailored to tune
transport properties. The particles treatment I¢adigetter dispersion, planar distribution
and stronger interaction with the polymer matrbheTplanar distribution of the high
aspect ratio particles is essential to limit théhacement of local fields, where
minimum local fields result in higher dielectricelakdown in the composite. The most
significant improvement in the dielectric propestis achieved with chemically-treated
nano TiQ with an aspect ratio of 14 at a low 4.6vol% loagliwhere the energy density
increased by 500% compared to pure PVDF. At thaslilng, simultaneous enhancement
in the dielectric constant and dielectric breakdowgturs while the dielectric loss

remains in the same range as that of the pristhger.
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NOMENCLATURE

Polyvinylidene fluoride
N,N-Dimethylacetamide
N,N-Dimethylformamide
Nano sphere

Micro sphere

Nano rod

Nano wire
3-aminopropyltriethoxysilane
Alternating current
Direct current
Capacitance

Particles volume fraction
Electrical displacement
Electric field

Activation energy
Dielectric breakdown
Frequency

Boltzman constant

Ellipsoidal particles depolarization factors
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R Particles radius

U Electrical energy density

€ Dielectric constant

€0 Dielectric constant of vacuum

€1 Polymer matrix dielectric constant
€2 Particles dielectric constant

" Dielectric loss

Tan@) Loss tangent

a Non-polar PVDF phase

B Polar PVDF phase

Shape factor when used for breakdown measurements
Y Polar PVDF phase

p Electrical resistivity
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CHAPTER |

INTRODUCTION AND PROBLEM STATEMENT

1. Motivation

Power requirements for mobile electronic devicedyrid electric vehicles and
military applications are increasing along with @ed for lightweight, compact, high
energy density capacitors. At the same time, mtnolmaterials are reaching a plateau
in terms of energy storage capabilities due tottade-off between dielectric constant,
dielectric loss and voltage breakdown [1]. For egkanceramics have high dielectric
constant but high dielectric loss and low dielectireakdown; on the other hand,
polymers have high dielectric breakdown and lowslbsit a low dielectric constant.
Polymer nanocomposites have the potential to oweecthese limitations through a
synergistic coupling of high dielectric constantnaoparticles in high dielectric
breakdown polymer matrices.

Many variables affect the composites effective props such as the inherent
properties of polymer matrix and particles, thetipbr size, particle content and the
interaction between the particles and the polymar.the particle size decreases, the

interfacial surface area to volume ratio increadesl as it reaches below 100nm, the

This dissertation follows the style of IEEE Trartsats on Dielectrics and Electrical
Insulation.



effect of the interface on the composite’s progsrtbecomes significant. As a matter of
fact, 5nm spherical particles have 200 times thdase area of {@m particles.
Furthermore, the particle aspect ratio affectsgasicle distribution in the composite,
and hence, it impacts the resulting local field.s&onger interaction between the
particles and the polymer matrix results in a bettspersion of the patrticles, less
nanovoids around the particles and more restriatibthe polymer chains movement,
which consequently impacts the effective properties

Numerous research studies have shown that theiaddif high dielectric
ceramic particles to a polymer matrix leads to arhamcement in the dielectric
properties, ranging from measurable but small gmiScant [2-27]. However these
studies lack a deeper examination of how the dieteproperties can be optimized by
tailoring the aforementioned variables. In this kyowve propose to tailor the particles
size, aspect ratio, content and interaction with plolymer matrix in order to improve
the composite’s properties by simultaneously ingirea the dielectric constant and
dielectric breakdown without increasing the loss Wso propose to study the effect of
adding metallic nanoparticles, to the two-phase mmsite, on the dielectric and
electrical properties.

It has been reported in the literature that addingery low content metallic
nanoparticles to a polymer, below percolation thoés, led to an increase in dielectric
breakdown and electrical resistivity [28-33]. Thisenomenon is attributed to a quantum
mechanics effect called Coulomb blockade effectqoantum confinement. At the

nanoscale, some materials properties change; nathelyelectrical and electronic



properties of metallic particles such as silver gottl [34-38]. These metallic particles
become insulating at a certain size in a specifedioom. This phenomenon happens
when the energy required to transfer an electrovutyh a metallic particle is higher than
the thermal energy available in the system.

The energy required for the electron transfer splaerical particle of radius R is

written as:

e2

E = (I-1)

- 8m g R

The thermal energy i€r=k,T

where
e Electron charge
€0 Vacuum permittivity
€ Medium dielectric constant
R Particle radius
Kp Boltzmann constant
T Temperature (K)

This quantum confinement phenomena happens \#herkr, therefore the maximum

radius of the particles below that the Coulomb kédate effect happens is:

e? _8.34107°

R < Rmax - 8megekpT - T (|-2)

Trapping more charges in the composite would leadhigher dielectric

breakdown since the creation of a conductive pathuldv require more energy.



Therefore, to the two-phase composite giving thghést dielectric constant and
breakdown, Ag nanoparticles were added to takerddga of the Coulomb blockade

effect and further increase the breakdown and h#recenergy density.
2. Background and literature review

(a) Dielectric properties

(i) Low-electric field properties

Dielectric materials are insulators that can beduse store electrical energy
through charge separation by an external eledeld {39]. When the electric field is
applied, the material responds by redistributing ¢harges to some extent. This
phenomenon is called polarization of the mateEgjuation I-3 gives the capacitance of

a parallel plate capacitor, having a dielectrioA®stn the plates.

C = ¢C, (1-3)

where G is the vacuum capacitance anid the capacitor's material permittivity that is

related to the polarization P by (I-4).

e=1+4— (I-4)

SoE

with ¢ is the vacuum permittivity (8.854 1€F/m) and E is the applied electric field.

The complex permittivity of a material can be veittas:

e =& —je (I-5)



wheree’ and ¢” are the real and imaginary parts of the permititjwrespectively, and

j =+—1. ¢ represents the materials ability to store chaage it is related to the
materials capacitance whit& represents the dielectric loss, the energy datsip by the

material under an applied electric fiettland€” may be visualized by the Figure I-1.

g %
Ewe’C, &F

Ewe"C,

Figure I-1. Current-voltage diagram of a dielectwith loss [40]

In an ideal condenser, of geometric capacitangg With instantaneous
polarization, the charging currentwEC, is 90° out of phase with the alternating
potential. In a real material, a loss currenbeE,, in-phase with the potential, is

present. The angkeis the loss angle. The tangentas the loss tangent:

Loss current g
tan(6) - Charging current - ? (I-G)

The relative permittivity of a material, also calldielectric constant; is related to the

real part of permittivity by:



e =¢gp.& (I-7)

¢” Is calculated by (I-8):

e = ¢'.tan (8) (1-8)

The parametersg’, ¢’ and tand) are frequency dependent. A polymer composite
dielectric response is governed mainly by four ppéion mechanisms:

Electronic polarization: An electric field will cause a slight displacemefitthe
electron cloud of any atom in the polymer molecuith respect to its nucleus. However
the displacement is small because the applied feeldsually weak compared to the
intra-atomic field at the electron by the nucledgpically, the time required for
electronic polarization is around 0second and the contribution to the dielectric
constant is about 2.

Atomic polarization: Under an electric field, atomic nuclei's arrangemes
distorted in the polymer molecules. And becauselenuare heavier than electrons,
atomic polarization does not happen at higher fegies (>1& Hz) and its
contribution to the system’s polarization is snratlean electronic polarization. In the
case of polymer, atomic polarization is only ongheof the electronic polarization.

Dipolar polarization: Also called “orientation polarization”. If the poher has
a permanent dipole, the dipole tends to alignfitagth the applied electric field. The
inherent dipoles require molecular motion to respdo the applied electric field;

therefore dipolar polarization highly depends onlgoole-molecule interaction in the



polymer. Orientation polarization can have a sigaift contribution in the material’s
polarization; however it is slow. It requires318econd.

Interfacial polarization: Maxwell pointed out that in heterogeneous dielestr
accumulation of virtual charge at the interfacesaetin two media of different electrical
properties results in a polarization [40]. Electopratomic and dipolar polarizations are
all due to charges that are locally bound in atamd molecules. However in addition to
the bound charges, charge carriers exist in thenmahand can migrate through for some
distance in the dielectric. If the carriers moveitnerconstrained either by being trapped
in the material or at an interface, space chargesamacroscopic field distortion happen.

Such a distortion appears as an increase in therial& capacitance, and
therefore its dielectric constant. Interfacial p@ation may be detected in a polymer
composite even in the absence of polarization tdrpoarticles, or even if the particles
are nonpolar. In any composite with materials offedent electrical properties,
interfacial polarization is expected. It mainly lugnces the low frequencies dielectric
properties (18 — 1G Hz).

Table I-1 and Table I-2 list common polymers andhoecs’ dielectric constants.
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Figure 1-2 Frequency depender of the dielectric constant

Table I-1 List of dielectric constant of common polyn used for capacito [41]

Polymer Dielectric permittivity
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Poly(ether ketone ketone)
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Table I-2. List of dielectric constant of commonamics used for capacitors [41]

Composition Dielectric permittivity
BaTiO; 1,700
PMN-PT (65/35) 3.640
PbNb,Os 225
PLZT (7/60/40) 2,590
510, 3.9
AlsO3 9
Tar0s 22
Ti02 80
SrTiOs3 2,000
Z10 25
HfO, 25
HISi04 11
L8203 30
Y203 15
o-LaAlO; 30
CaCusTi401o ~60,000
La 3SrpoNiO4 ~100.000

(i) High-electric field properties

Dielectric breakdown is the irreversible failure af dielectric material by
transition from insulating to conductive state whairbjected to a high electric field.
Each material has a range of electric fields atctvithe catastrophic failure happens.
This range depends on the material, the defectsitglem the sample, duration of
exposure to the electric field and the conditiohshe measurement. Table 1-3 shows

some examples of common polymers’ dielectric breakd



10

Table I-3 List of dielectric breakdown of common polymesed for capacitor[41]

Polymer Dielectric Strength
(V/nm)
Polyethylene (LD) 200
Polyethylene (HD) 200
Polyethylene (XL) 220
Polypropylene (Biaxially
oriented) 200
Polystyrene 200
Polytetrafluoroethylene 88-176
Poly(vinylidene fluoride) 10.2
Polycarbonate 252
Polyester 300
Polyimide 280
Epoxy resin 25-45

Dielectric breakdown is a statistical phenome It can be intrinsic or extrins,
initiated by defect in the material of the surromgdenvironment.[4243] In order to
improve a system’s performance, it is important understand what causes
breakdown. Dielectric breakdown in polymeric systesmsot well understoc [41, 44].
Dielectric breakdowmphenomenc can be summarized as follows:

»  The breakdown has a statistical characteristicstaiollows a Weibull distributio
[44-47].

» The intrinsic breakown, representing the “true” strength of the materhas no
thickness depender [44, 48, 49]. Itlies in a very narrow band for differe
materials, and it can be achieved with the thinsastples and with the ortest
duration of applied electric fields as showrFigure I-3.

»  The final result of breakdown is alway<e formation of a plasma chant
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“Intrinsic”
breakdown

long times

Figure I-3 Schematic representatiof the relationship between the breakdown fie,, the time
to breakdown, and the sample thickness d [44]

» The presence of defe, such as free volume and additivesside the materic
shortens the time for failure to hap| [50].

»  Mechanical stress can induce the dielectric breakgldhis is mainly due to tr
electrostatic forces that pull the electrodes tcheathers when the electric field
applied (Electromdtanical breakdowi [44].

» The increase in the electrical conductivity andgemature within the sample pl.
cause/effect roles in accelerating the dielectreakdown: arinjection of electron:
into the polymer causes it to heat by Joule eff@bich then gives more energy
more electrons to travel through the sample, tloeeefncreasing the electric
conductivity. These processes are called electramd thermal brekdowns.

Electronic breakdown iusuallyindicated by very small sparks and ticking dur
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the electric field ramp; it may take up to 10 setoefore catastrophic failure
happens. Up to a certain electric field, the sanmplable to dissipate the excess
power from electrons movement into heat. Than whemnitical electrical field is
reached, thermal runaway takes place saturatinglifsgpated power causing the
temperature to increase without control creatihgla in the sample in most times.

» In polymers, the breakdown is most likely thermalhd electronically driven [51].
In reference [52] it is claimed that the electramsneling would cause the
ionization of the polymer macromolecules initiahgithe dielectric breakdown at
an ultimate (theoretical) breakdown field of'¥fm, if no defects are considered to
be present. In reference [53] it is stated thapafymers discharge may cause a
drastic increase in temperature that the polymer mealt creating a cavity in the
material.

» The dielectric breakdown happens usually as a tresulcompetition and/or
cooperation between different mechanisms: Eleattdhermal, electromechanical

and partial discharge.
(b) Nanodi€electrics

Monolithic materials are limited with their inheteproperties to satisfy the
demands for higher energy storage capacitors. iBhidue to the trade-off between
dielectric constant and dielectric breakdown. Bameple, polymers have high dielectric
breakdown, but most of them have a dielectric @ntstower than 10. On the other
hand, ceramics have dielectric constants, in thgaaf thousands sometimes, but also

they have very low dielectric breakdown. A univérsgationship between dielectric



constant and dielectric breakdc, & a (¢)
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12 is proposed in referend1] based on

experimental measurements as showFigure 1-4.
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Figure I-4 Dielectric breakdowws dielectric constant, coefficient is 0 [1]

The term “NanoDielectrics” was proposed in 2([54] as “a mult-component

dielectric possessing nanostructures, the

preseheéhich lead to changes in one

several of its dielectric propertiesThis notionincludes nanostructured ceramics

tailored poymer nanocomposite[54]. Polymer nanocomposites are polymers in h

particles with at least one dimension in less th@@nm are homogeneously disper

In contrast to conventional microcomposites, nanguusite require lower particle

loading to show aignifican improvemenin effective properties due to the tremous

interfacial surface areaetween the nanoparticles and the polymer i [55]. Polymer

nanocomposites represent promising candidates éocome te limitation facedby



14

monolithic materials and conventional microcompesiin terms of energy density due
to the enhanced electrical properties [55-57].

Enhancing the dielectric properties of polymersthiy addition of nanoparticles
has been extensively studied [2-20, 54-57]. A vadkection of particles have been used
for this purpose such as barium titanate (BaJiB-9], titanium dioxide (TiQ) [10-13],
zinc oxide (ZnO), aluminum oxide (&D3) [14-16] and zirconium dioxide (Zr{p[17].
Roy et al stated that the addition of silica napbesical particles to the polymer matrix
reduces the carriers mobility; hence increasesbtieakdown electric field [2]. The
treatment of the silica nanoparticles further iased the dielectric breakdown. The most
significant improvement in breakdown (65%) was vatpolar coupling agent, however
with that coupling agent the dielectric properiis not increase. Dou et al investigated
addition of BaTiQ (100nm diameter) to PVDF, and saw a decreasedndiblectric
breakdown of about 35% in the case of untreateersgl BaTiQ particles [7]. They
attributed the decrease to the low dielectric bdeakn of BaTiQ. In the same reference,
the treatment of the spherical particles is showmtrease the composite’s dielectric
breakdown by around 125% up to 7 volume percerditgpof the particles; at higher

contents, the composite’s dielectric breakdown eleses (Figure I-5).
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Figure I-5 Functionalization effect on the dielectric breakth of BaTiC:-PVDF composite[7]

In reference [9]BaTiCs particles (75nm diameter) are added to epoxy abl6o
loading. The effect of the functionalization solvevas studiedn order to achieve tr
highest dielectric constant which was slightly t@glthan 50 at 1kHz. This result w
achieved when the particles were functionalizedylene; the BaTiQ particles were
found to have a better compatibility with the epaxwatrix wken treated in xylen
solvent. When compared to the pure epog’~ 3 at 1kHz, the BaTi@epoxycomposite
in reference [9]achieved a much higher dielectric constant, howether particles
content is very high which may cpromise the epoxy’dielectric loss and breakdov
as well agnechanical propertieYang and Kofinas [11] report that welispersed Tif,
sphericalnanoparticles were synthesized utilizing a blocgatgmer as a templaiand
resulted inan increase in the copolymer’s dielectric consés well as a decrease in t
loss. Chu et al. measurad increase of 45% in enerdensity is achieved witl.6 vol%

ZrO, sphericalnanoparticles in a PVDFerpolymer matrix [17]. lrreference[17], the
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terpolymer matrix is chosen because of its fdielectric constanthowever it also has

very high dielectric loss.
(c) Particles size and aspect ratio effects

The interfacial surface area between the partieled the polymer matri
becomes more dominant as the particles size dec [21]. When a nanocomposi
contains 5wt% nanopatrticles having a diameter oihd(the resulting total surface au
is around 3.5kfim®. Between the particles and the matrix, there isyerlahat ha:
different properties than botcomponents; one can say it ensures continuity @
system if we assume a good interaction betweepdheles and the matr Depending
on the strength of the interaction, the thicknekshe layer variesFor any measurt
physical propertythere shuld be no abrupt discontinuity when goingrr the particle
to the polymerat least in the nano to mesos. Figure I-6is a schematic of given

physical property’sontinuity from theparticle to the polymer matrix.
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Figure I-6 Physical property continuity between the parded the polymer matr
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The interaction zone becon more significantis the particles size decree as depicted

in Figure I-7.

oy

0@ @ s
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Figure I-7. Schematic of size effect on interfacial volume.

If we take, as an example, a 1vol% composite wptiesical particles ar if one
considers the interphase has a thickness of 5renyolume percent of the interpha
increases dramatically as the particles size eter decreasésom 1 micron to 5nm a
shown in Figure I-8The interphase volume perceyv, for particles with a radius R af

loading volume percem is calculated using (I-9vhere t is the interphase thickn.

(R+t)3-R3

VI =Vp—F3 (1-9)
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Figure I-8 Interphase volume percent in a 1vol% compowhere thdnterphase thickne is
assumed to be 5nm.

Generally the interphase thickness is estimatedange from 10 to 30nm
suggested by Tanaka in the m-core model [58]. In the multtere modelas displayed

in Figure I-9,the interphase idescribed as being made up of three layers:

(1) Bonded layer: This layecorresponds to the polymer chatightly bonded to the

particleswhen the particles are chemically tre:. It has a thickness around 1t

(2) Bound layerThis layer is an interfacial region composed oayel of polymel
chains interacting with the first layer and thetjgdegs. It usually has a thickne of 2 to

9nm depending on the polyn-particle interaction strength.

(3) Loose layer: More flexible polymer chains ieting with the second lay
(bounded layer). This third layer generally hasfedédnt chain mobility an
conformation. It might have rnre free volume when compared to the first and s#

layers. The third layer has a thickness in the eaofgens of nanomete
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Figure 1-9 Multi-core model for nanoparticle-polymer interfacgg] [

In addition to the three layers, the difference aodtrast in electrical properti
between the particles and tmatrix creates charges distribution around theigast A
layer analogous to th&terr diffuse layer is superimposed on the three afor¢imesd
layers.Depending on the sign of ttparticle surface charges, positive or negative,
mobile carriers prest in the polymer, if any, distribute themselveghe interface in
counter-charge mannerhis charg-driven layer has a significant effect on the digrec
and electric properties of polymer nanocompo [58-60]. These interfacial layers alt
the polymer chains conformation, mobility and phgsi properties of the regic
surrounding the particles. And the larger the faigal surface area is, the moreect
the interfacial region properties have on the cositps effective propertie

The particles size effect on the (ctive dielectric properties h been

investigated in [15, 60, §where micron sized spherical TiQarticles resulted in mol
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enhancement in the dielectric permittivity compat@ehanoscaled particles as shown in

Figures 1-10 and I-11.

12.00
i % TiO,-Epoxy Composite System

Loy —8—0.1% nano TiO,

10.00 —8—0.5% “E:‘\O.TIO._
= 1 —a— 1% nano TiO,
& 900 —— 5% nano TiO,
w g —— Unfilled
E 8004 —o— 10% nano TiO,
= 4 —d— 10% micron TiO:
E 7.00 %}\ —#— 5% micron TiO,
= ~
5 6.004 s
o
¢ 5004
3 4.00 ]
T 004
= g

3.00 Migron-filler size = approx. 0.5 um
1 MNana-filler size = approx. 50 nm
-3 At i e L

10° 10" 10° 10°
Frequency [Hz]
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Figure I-11. Dielectric constant for Ti@poxy composites with nanoparticles (23nm) congbare
to micropatrticles (0.om) [60]
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In these studies, the limited enhancement in tledeclric properties by the
addition of nanoparticles is justified by the highiaterfacial polarization in the
microcomposites. Furthermore, pulsed electro-acoy&PA) measurements showed
that the nanocomposite has lower charge levels aoedpto the microcomposite [60].
Moreover, the nanoparticles can restrict the motibtine end-chains of the polymer and
hence reduce their ability to follow the applied Agectric field. The addition of
nanoparticles resulted is less electric field dighas and therefore higher dielectric
breakdown compared to the microcomposites.

The effect of particles aspect ratio was studiedeilerence [22] where it was
stated that higher aspect ratio particles havedrifgical fields along their longitudinal
axis resulting in higher effective dielectric caarstand lower dielectric breakdown. Guo
et al. showed that for the same volume fractiond-gibaped Ti@polypropylene
nanocomposites have significantly higher dielecttamstant than the sphere-shaped
TiO2-polypropylene nanocomposites. This shape effectrelsted to the higher
polarization resulted when using rod-shaped padielccording to the Maxwell-Garnet
models and it was demonstrated theoretically by pgoimg the models for spherical
versus ellipsoidal particles as shown in Figure l-Equations (I-10) and (I-11) present
the models used in Figure 1-12 for spherical angssidal particles, respectively.
Whereg; ande; are the polymer and particles dielectric constameispectively, c is the

volume fraction and Nare the depolarization factors:

(1-10)

g2+2€1+2c(e3—¢€1)
Eefr = &1
Ex+2&1—c(e2—¢&1)

c Eeff
R Ny I-11
eff 1 3 ( 2 1) Z]—X.y,Z Eeff‘l'Nj(gZ_Eeff) ( )
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Figure 1-12 Normalized calculated effective permittivitiees- €1)/(e2- €1)) for polypropylene
composite dielectrics wi TiO, spherical (solid line) and ellipsoidal particlesigtiec
line) [22]

On the other hand, the composite with-shaped TiQ@ nanopatrticles exhibite
lower dielectric breakdown compared to the corredptg composites with spheric
particles. And this was associated with enhancedliloed electric field arounte high
aspect ratio particles2f]. Wang et al studied the energy storacggpabilities of
composites made of Tghano rods and PVDF copolymers [12fang et al measure
an 45% incease in the energy storage with the addition @bIP@ TiO, nano rod to the
P(VDF-TrFECTFE) matri> reaching an energy storage of 6.9J/cc. This reis
significant because the resulting energy densitymach higher than what
commercially available,namely ~2J/cc for biaxially orieatl polypropylen. The
composite’s loss was in the same range as the golmatrix thatis relatively higl

(around 0.08)Sodano et a[23] studied the effect of adding PZT nano wires andor
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rods to a PVDF matrix. It was stated in referer®] that the higher aspect ratio nano
wires resulted in better effective properties asgared to the nano rods in terms of
dielectric constant and energy. At 50vol% contéing energy storage showed a 30%
increase compared to the pure PVDF. However whempeoed to the pure PVDF, the
nano wires PZT-PVDF breakdown decreased with théicfes addition. In reference
[24], it is stated that the particles dielectriaistant is the key to higher energy density
composite compared to their aspect ratio. This lo@mn was made after comparing the
effect of adding either high aspect ratio orgamycalodified montmorillonite (0MMT)

to epoxy or high dielectric constant Bagi€pherical particles; they assessed the impact
of both fillers on the effective dielectric proped, namely dielectric constant, dielectric
breakdown and energy density. They measured amdserin the effective energy
density by adding the BaTiOparticles; while the energy density did not shawy a
change with the addition of the oMMTSs. It is womlbting that there are too many
differences in these two systems; particles inhepeoperties, aspect ratio, distribution
(possible percolation for the oMMT patrticles), makithis comparison not suitable to
make a simple conclusion about the particles intigoeoperties’ importance in driving
the higher energy density of resulting composites.

Different studies show various levels of improvetsan dielectric constant and
energy density with different particles, shapes amzés. It is mostly agreed upon that
high aspect ratio particles are promising choiaehigh dielectric constant composites.
Furthermore, It seems nanoparticles-modified polysteuld exhibit more important

improvement due to expected size effect and peatetditune interface to control and
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optimize. A dramatic enhancement at low conteniclviexceeds any behavior predicted
by rule of mixture, is expected. Indeed, in tradiil composites, the effective properties
are a function of particle content and particleeir@mt properties; in hanocomposites, a
number of other variables affect the final progertsuch as particle size, dispersion,

distribution and interfacial interaction with thelpmer.
(d) Three-phase composite: Coulomb blockade effect

The higher a material's resistivity is, the betitesulating properties it has. In
reference [28], it is claimed that the additionAd nanoparticles (15nm diameter) to
20wt% BaTiQ-PVDF increases the composite’s resistivity andakdewn from
1400MQ.m to 2700M2.m and from 190MV/m to 290MV/m, respectively, aDBwt%
loading. Higher than this content, both propertiexrease. This is justified by the
Coulomb blockade effect, meaning that the Ag nartag@s are playing the role of
insulating islands blocking electrons transportreguiring higher energy than what is
available in the system. L&t al. studied the effect of in-situ synthesis of Ag
nanoparticles in Carbon black (CB)-epoxy compositethe dielectric properties [29].
They stated that the addition of Ag nanoparticlés an average size of 7nm resulted in
a decrease in the dielectric loss and claimedttiimis caused by the Coulomb blockade
effect. However the two-phase CB-epoxy composite,dielectric constant at 10kHz is
in the range of 1500, which means that for the Kkdde effect to happen at room
temperature, the Ag particles size has to be iratigstrom range. Magt al. showed a
five-fold increase in the resistivity of epoxy byet addition of 10nm Ag particles and

claimed that the Ag nanoparticles are restrainitlegteons transport at high electric
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fields [30]. The same group studied the electrigedperties of Ag/PMA/EVA and
showed an increase in resistivity and dielectrieakdown with the addition of Ag
nanoparticles and related this behavior to Couldtdzkade effect [31]. They also
showed a higher enhancement of the composite’stingsi when the Ag size is 10nm
compared to 20nm. In reference [32], the additibrA@ nanoparticles of a diameter
between 20 and 30nm to PVA matrix results in amease in the system’s resistivity.
This increase is more significant at cryogenic terafure because the available thermal
energy in the system decreases with the temperabeesame group studied the effect
of adding PVP-coated 15nm Ag particles to epoxyrixia@n increase in the resistivity

and dielectric breakdown was measured as showigurd=1-13 [33].
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Figure I-13. Resistivity and breakdown increasdnaitidition of 15nm Ag particles to epoxy
[33]
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3. Problem statement

Conventional microcomposites are not meeting desafud flexible and
lightweight high energy density dielectrics. Lintitans in performance are based on
their dependence only on the inherent propertieh@fpolymer matrix and the added
particles; the effective properties follow the rdemixture. However nanocomposites
promise more enhancements due to the high intaifacea between the nanoparticles
and the matrix. A stronger interaction between ghdicles and the polymer, through
particles functionalization, further increases theulting improvements. Furthermore,
other variables play a significant role in imprayithe effective properties of the
nanocomposites. Tailoring the particles size, dsp@®, content, interaction with the
polymer matrix, their distribution in the composéad the polymer matrix phase leads
to the optimization of the composite’s effectiveperties and simultaneously increase
the dielectric constant and the breakdown withagniBcantly increasing the dielectric
loss. This is done in this work through the follagisteps;

» Study of particles size and aspect ratio effects othe dielectric properties,
dielectric breakdown and hence the energy densityf the composites:

In this step, TiQ particles of different sizes and shapes - nan@rgsh micro
spheres, nano rods and nano wires - are added Dé Pdlymer matrix. TiQ particles
are chosen for this study because they are comatigravailable in different shapes and
forms and they have a relatively high dielectriostant, between 70 and 100, that does
not depend on the patrticles size, unlike ferroalegarticles. Polyvinylidene fluoride

(PVDF) is a very attractive thermoplastic polymér 7, 28, 62-66]; it has the highest



27

dielectric constant among commercially availablembpolymers. The composites

effective properties; dielectric properties andleb&ic breakdown, are measured and

compared in order to access the effect of thegestsize and aspect ratio.

» Optimization of the effective properties by varying the particles content,
interaction with polymer matrix and orientation in the composite:

In this step, the particles that lead to the bésictve dielectric constant and
dielectric breakdown along with maintaining a lowldctric loss are selected to further
improve the effective properties. The particles @remically treated to strengthen the
interaction with the polymer matrix. The functiozald particles content is varied in
order to obtain an optimum content for the highesprovement. Furthermore, the
particles distribution is qualified and relatedite composites dielectric properties.

» Study of internal charge behavior and dielectric beakdown mechanisms:

In this step, the composites internal charge bemdsiinvestigated for a better
understanding of the dielectric and electrical prtips of the composites. Thermally
stimulated currents measurements are carried othenomposites with functionalized
particles. Furthermore, activation energies fordtiterent systems are calculated using
dielectric spectroscopy relaxations. For a betterfggmance for any system, it is
important to understand the failure mechanismsethee breakdown mechanisms are
investigated.

» Three-phase composites study:
To further investigate role of interface in conlirg transport of electrons,

metallic ‘trapping sites’ are considered. A verwloontent of Ag nanoparticles, namely



28

0.05wt%, is added to the two-phase composite irrotal investigate the effect of the
metallic particles on the system’s dielectric andectical properties. The
nanocomposite’s dielectric properties and dielecttreakdown are measured. The

nanocomposite’s electrical resistivity is measwaerbom temperature and at -100°C.
4. Contributions of this work

The particles inherent properties are not the ofalgtor that affects the
composite’s effective properties. In this work, #féect of the particles size and shape
on the low and high-field dielectric properties afpolymer-based nanocomposite is
probed in order to select the particles that ghesttighest improvement when compared
to the pure polymer which was not fully studieddsef

Chemically treating the particles in order to imgahe composite’s effective
properties has been reported in the literatureragiqusly mentioned in the literature
review section. However, optimizing a selected cosite in terms of particles content,
interaction with the matrix and distribution wast moeviously reported. The resulting
improvement is 500% in the energy density withousignificant increase in the
dielectric loss with a low particles content of vbB%6, which did not sacrifice the
polymer’s flexibility and lightweight. The improvesnt in energy density seen in the
literature ranges from 30% at 50vol% particles ingd23] to 45% at 1.6vol% particles
loading [17].

The addition of Ag nanoparticles led to an increasegging from 30 to 40% in

the electrical resistivity at both room temperatanel at -100C. Furthermore, an increase
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in the dielectric breakdown, hence energy densstymeasured with a low content of

0.05wt% Ag nanoparticles.
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CHAPTER I

EXPERIMENTAL METHODOLOGIES

1. Materials

Polyvinylidene Fluoride (PVDF) Kynar 301 is purchdsrom Arkema Inc. TiQ
rutile nano rods (NR) (10x40nm) and nano wires (N#¥80nmx1.68m) are products of
Nanostructured & Amorphous Materials, Inc and Iaheh Corporation (USA),
respectively. TiQ anatase nano spheres (NS) (15nm diameter) and sptreres (MS)
(0.5um diameter) are purchased from Nanostructured & fpmaus Materials, Inc and
Sigma Aldrich, respectively. Rutile TiOparticles have a relatively high dielectric
constant around 100 and anatase;Tparticles have a dielectric constant around 70.
Table 1I-1 shows a summary of the Tifarticles dimensions with some micrographs of
the particles we took and others we got from thedee. The solvents used in the
composites ar&,N-Dimethylacetamide (DMAc) an®l,N-Dimethylformamide (DMF)
which were purchased from Sigma-Aldrich. For pé&sc functionalization,
3aminopropyltriethoxysilane (APS), Methanesulfordacid, toluene and isopropanol
alcohol were purchased from Sigma-Aldrich.

The chemicals used for the synthesis of Ag paHicle-situ are
3aminopropyltriethoxysilane (APS), and silver ritrdAgNQ;) were purchased from
Sigma-Aldrich. PVP-coated Ag particles, with a 6rdiameter, were provided by

NanoComposix.
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Table II-1. Summary of TiO2 particles dimensions

Particles Dimensions Aspect ratio
o 15 1
I\SﬂriJ%rgres 0-5um 1
Nano Rods 10x40 nm 4
Nano Wires 130nm x 1.em 14

2. Composites synthesis
() TiIO2-PVDF composites synthesis

For Chapter Ill, 10wt%, corresponding to 4.6vol%FPVDF, composites with
the different particles (NS, MS, NR and NW) wereegared. The non-treated TiO

particles were dried at 196 for 12 hours under vacuum prior to mixing in orde

T http://www.nanoamor.com/inc/pdetail?v=1&pid=391

* http://www.nanoamor.com/inc/pdetail?v=1&pid=392
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remove the moisture. Three techniques were usdaeipreparation of the composites:
high shear mechanical mixing with ultrasonicatiofiowed by magnetic stirring. The
first two techniques are used to pre-disperse #ngctes in the solvent. After 6 hours of
mixing, the particles were added to the dissolv&DP solution and magnetically
stirred. Degassing is an important step beforeingaghe solution on glass plates to
remove air bubbles which affect the films porosityd hence their dielectric properties.
For the composites with non-treated Fi@fter degassing the solution, it is and dried at
room temperature. After 2 or 3 days of drying ie thesiccator, the films were dried
under vacuum for 3 hours at 60°C, the free-stanflingg are characterized. The films

thickness is between 27 andu0.
(b) TIO2-PVDF composites synthesis with functionalized particles

For Chapter IV, three contents, 5, 10 and 20wt%evpeepared, corresponding
to 2.3, 4.6 and 9.2vol% TiPVDF composites. The functionalization of pi@articles
is carried out using 3-aminopropyltriethoxysilan&Pg) in two steps: etching and
functionalization as shown in Figure II-1. The etghconsists of magnetically stirring
TiO, particles in a 10 vol% mixture of Methanesulfoaad and distilled water at 110°C
under reflux for 4 hours. Then the particles a@ahbghly washed using distilled water
and filtered, then dried under vacuum at 120°CZérhours. The dried particles are
grinded and mechanically mixed in Toluene and A&SSfhours. The particles are then
washed and filtered thoroughly using isopropanoblabl and then dried under vacuum
at 120°C for 12 hours. APS is a polar compound tféeérs a good compatibility

between TiQ particles and PVDF through hydrogen bonding. Hoe particles
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dispersion, the same three techniques as the @sesin Chapter 112. (a) ; high shear
mechanical mixing, ultrasonication and magneticisg. After degassing the solution, it
is cast using the doctor blade and dried underwacat 130C for 1hour then slowly
cooled down to room temperature. After drying ungegcuum for 3 hours at 8G, the

free-standing films are characterized. The filmskhess is between 18 and.60.

|
.

OH OH oH ¢ 9 o

C 9 . :
TiO, TiO,

Figure II-1. Etching and Functionalization of TiQarticles

(c) Three-phase composites synthesis

In the three-phase composites chapter, Chaptent%, would be used instead of
vol% for more clarity. 3wt% NW-0.05wt% Ag-PVDF comgites were synthesized,
which is equivalent to 1.4vol% NW-0.0086vol% Ag-P¥DThe NWs used in this
section are treated following the same proceduf@hapter 112. (b) . Two techniques are
used to incorporate the Ag nanoparticles in the,-RUDF composites: ex-situ and in-

situ.
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For the ex-situ composites, PVP-coated Ag nanapestiare pre-dispersed in
DMF under high-sonication at 450W power for 40 nésu After that, the Ag-DMF
solution is added to a dissolved PVDF solution¥MF) and magnetically stirred for 8
hours at 400rpm. During this period of time, tréal@O, NWs are pre-dispersed in
DMF with mechanical stirring (600rpm) and bath sation. Then NWs-DMF solution
is added to Ag-PVDF and magnetically stirred ovghnhiat 400rpm.

For the in-situ synthesized Ag particles, silvetrate and the coupling agent
(APS) were added to the PVDF polymer and solveMKpPand magnetically stirred for
40 hours at 400rpm. After 32 hours from the stathe process, pre-dispersing the NW
particles in the solvent is started to last fordits under mechanical stirring and bath-
sonication. After that, (NWs+DMF) solution is add&dthe polymer solution were the
Ag nanopatrticles are then formed and well dispersed

Once the solution is ready, it is degassed, thest ga a glass plate using a
doctor-blade and put in a humidity-controlled eowiment (desiccator) for 2-3days until

dry. Then it is dried at 60°C under vacuum for 3iiso
3. Scanning electron microscopy

The dispersion of Ti@particles in the films was investigated by imagthgir
cross-sections using Quanta 600 field emissionrsegrelectron microscope (FESEM)
(for Chapters Il and IV), Hitachi S-3500 (For ChaplV) and NanoSEM 630 (For
Chapter V). The latter is equipped with Energy-dispve X-ray spectroscopy (EDS)
technique, which is used for elemental analysisortter to image cross-sections of the

different films, samples were fractured in liquitkogen due to polymer’s ductility. The
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crack is initiated by a sharp razor blade. The sarspthen fixed on a Ted pefiapecial
fixture using a double-sided carbon tape. Contatiwinare critical to be avoided when
doing microscopy, therefore before samples prejgaraBEM fixtures are cleaned with
acetone. Prior to imaging, the cross-sections weated with a conductive layer (3-8nm
thickness) to avoid charging due to the electrosmbén the SEM. FEI Quanta 600 has a
resolution that ranges from 1.2 to 3nm and it wsedwinder 10kV. Hitachi 3500N has a
resolution of 3.5nm and was used under 20kV. Anaid$EM 630 has a resolution

ranging from 1 to 3nm and was used under 10kV.
4. Transmission electron microscopy

The dispersion in the three-phase composites idifigdausing Philips420
transmission electron microscope (TEM). Philips428s a 0.34nm resolution. The
acceleration voltage was varied between 100 andk\W2fepending on the samples
charging. In order to acquire high resolution inmagusing TEM, samples thickness has
to be less than 100nm. Samples were superglued épaxy block, so that they can be
held in an ultramicrotome. Then thin sections,uah 90nm, were collected onto 200
hex mesh copper grids at cryogenic temperatureOf@R Cryogenic temperature is

required for low Tg polymers in order to obtainratle surface to be sectioned.
5. Fourier transform infrared (FTIR) spectroscopy

PVDF is polymorphic; it has three possible phaseson-polar phase;, or a
polar phasep or y. Different phases have different dielectric projesr [66-69], for

examplea-phase has the highest dielectric constant whiphase exhibits piezoelectric
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and pyroelectric characteristics. FTIR identifiesieth phase is dominant in the pure
polymer and the composites with and without paticiwhether used as received or
functionalized. Attenuated Total Reflectance ATRHRTmeasurements identify the
dominant phase in PVDF with and without particlBesults presented in Chapter Il
were done using a Nicolet 380 FTIR spectrometerasdeements presented in Chapters
IV and V were carried out using a Bruker IFS 66/5IR Spectrometer. For each
sample, a couple of measurements are run to etfsaineniformity and repeatability of
the measurements. FTIR does not require specifitpkageometry. The most important
preparation step is to make sure the sample’s@irfanot contaminated and cleaning it
while wearing gloves right before the measuremé&hé most distinguishable peaks for

the most common phases of PVRER andy, are summarized in Table 11-2.

Table II-2. Characteristic peaks for PVDF phasgsandy [70-74]
Wavenumber (cm-1) PVDF Phase

532 a -phase
614 a -phase
764 a -phase
796 a -phase
812 v -phase
833 v -phase
840 B -phase
1233 v -phase

1276 B -phase
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6. X-Ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a qualiNg spectroscopic
technique useful in identifying the elemental cosipon, chemical state and electronic
state of the elements that exist on the surfadbematerial. XPS spectra are obtained
by irradiating the sample’s surface with low-energyl.5 keV) X-rays, in order to
provoke the photoelectric effect. The energy spectof the emitted photoelectrons is
determined by a high-resolution electron spectremethe binding energy of the
electron in the atonBE, is equal to the x-ray energy, less the electron kinetic energy,
KE, and the spectrometer work functign,

BE =hv—KE — ¢ (II-1)

The number of electrons detected is proportionath® concentration in the
sample and every binding energy peaks are chaisitdo each element [75]. Kratos
Ultra XPS was used to study the surface chemidttiieo TiO, particles as-received and
chemically treated. Kratos Ultra XPS has a deptbroh and a surface sensitivity that

ranges from 1 to 10nm.
7. Differential scanning calorimetry (DSC)

DSC is an effective thermal analysis tool to chemaze the physical properties
of a polymer such as degree of crystallinity, aifstation and melting temperatures, in
the case of a semicrystalline polymer, and glaamssttion temperature [76, 77]. While
varying the temperature at a constant rate, DSCsumnes the difference in heat flow

between the sample and a reference at the samernaome. The reference in our case is
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an empty aluminum pan similar to the pan wherestimaple is enclosed. The samples
weight ranges between 4 to 6mg. And since the DS@tia constant pressure, the
change in heat flow corresponds to the enthalpygbs Figure II-2 shows an example
of a DCS curve showing the crystallization and mglttemperatures and the fusion
enthalpy from which the degree of crystallinitydisrived. Usually two cycles of heating

and cooling are carried out. The first cycle is mumrder to remove any thermal history

the sample might have.
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Figure 1l-2. Example of DSC curve for Ti®VDF composite

The degree of crystallinityX., is calculated using the enthalpy of fusion at the

melting point AH(Trm), using (11-2).



39

= oS X 100% (11-2)

where 4H,X(T,) is the enthalpy of fusion of the totally crystadli polymer measured at the
equilibrium melting pointT, [78]. In the case of PVDE(H,. is set to 104.4 J/g, which is in the
range of what is mentioned in the literature [79]. 8he obtained degree of crystallinity from
DSC is corrected with respect to the weight fractad the polymer Wey) in the composite

following (11-3) [81]

Xc_Corrected = XC/WPoly (11-3)

To investigate the effect of the particles on tegrée of crystallinity of PVDF,
DSC measurements were carried out on three sampleasch composite using a Q20
TA instruments DSC. Heating and cooling cycles weagied out from 30°C to 220°C
with a rate of 10°C/min. Melting and crystallizatitemperature are determined from the
heat flow curves obtained from the first heating anoling, respectively. After heating
the sample beyond the melting point and slowly iogpit, PVDF changes from to a
phase, therefore the degree of crystallinity wdsutated from the first heating in order

to get the proper PVDF phase crystallinity.
8. Polarized Raman spectroscopy

Raman spectroscopy is utilized to detect moleculzations in materials. When
the light beam comes in contact with a materiad, gbnstituent photons may be
absorbed, scattered or transmitted. If the enerfyaro incident photon excites a

molecule, its energy would be promoted by the nedteand measured as the loss
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between the incident light and the light collectadthe detector. This absorbed light’s
energy corresponds to a specific molecular vibrmatibat characterized the tested

material. Figure 1I-3 displays a schematic of Rarsp@ctroscopy technique.
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2 + grating(s) o | Pettier effect = 200 K
Raman | § | Liquian,= 140k
(backscattered) | &
A4 Options:
= Fiber optics
Sample » Diamond anvil cell (DAC) o
= Cryostat/furnace o Laser
= Motorized “XYZ" stage

Figure 11-3. Schematic of Raman spectroscopy tepie[82]

Raman scattering is the inelastic scattering oftqi by some excitation of a
material. Usually the excitation implied by Ramaatsering is a vibrational mode of the
atoms of the tested material [83]. Based on the t3pd energy of vibration, various
information can be obtained such as chemical stractcrystallinity, intermolecular
interactions and domain orientation in polycryst@l materials. TiQ nanopatrticles in
particular show strong interactions with Raman radee different TiQ crystal
structures, anatase, rutile or brukite, have distRaman fingerprints [84-86]. In this
study WITec polarized Raman was used to investigfaehigh aspect ratio particles

orientation in the composites. A laser with a 422wawvelength was used. For each
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composite, two cross-sections were obtained bytureng a sample parallel and

perpendicular to the solution casting direction.rédetails about the cross-sections can
be found in Chapter IV1. (b) . For each samplep&swere characterized and then the
intensity of the scattered light was averaged. m@asurements were normalized with

respect to one peak that has an angle-indepentensity.
9. Tensile testing

Mechanical properties were characterized usinghatrdn 5866 machine using a
10kN-loading cell. The strain rate was set to 1mm/@dog-boned shape samples were
cut using a template die and a press. Three sammaes tested for the characterized
composites and the average of the Young’'s moduasscalculated. A model composite
was used to correct for the machine’s compliandleviing the procedure presented in
reference [87]. For the system’s compliance coimactsamples with five different
lengths were cut using a sharp razor (three saniptesach length). For the different
samples, the load was measured as a function pladement and plotted as shown in
Figure II-4.

For each load step, F, the actual measured dispteAL, accounts for the
machine’s compliance,{as:

AL = Al + C,F (11-4)

The real strain has to be corrected for using XlI-5

AL—CgF

ETensile = Lo (11-5)
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And the linear section of the load is plotted afu=ction of the real strain and t

Young’s moduluss calculated as the graph’s sic
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Figure Il-4 Methoc for determining system compliance, Cs=2."°

10. Electrical characterization
(a) Low-electric field measurements
(i) Dielectric spectroscopy

Two techniques were used fdielectric spectroscopy measureme. The
measurements shown @hapter Il were obtained using ldovocontrol Alphi-A high
performance frequency analy at Texas A&M University This analyzer measures 1
dielectric andelectrical properties over a wi range of frequencies from 10 rz to
20MHz. The measurements ve carried out at room temperatuRFior to making th

measurements, dm diameter silver circular electrodes 100nm thicknes were
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deposited on both sides of each sample using anEQ@®ards Auto 306 Metal
Evaporator.

For Chapter IV and Chapter V, the dielectric spmsttopy was carried out using
an Agilent LCR and an oven monitored via a homdtaoftware in the Dielectric
Studies Center, Pennsylvania State University. #duknique allows measurements over
the frequency range of 20Hz-10MHz and temperattarging from -140°C to 250°C.
The output data for this technique are real pathefcapacitance, loss tangent and real
part of conductance as a function of frequency. dieéectric constant, is calculated
using (11-6), where C’ is the capacitance real paaind A are the sample’s thickness and
electroded area, respectively. And the electricadactivity, o, is calculated using (ll-

7), where G’ is the conductance real part.

_txc’
- AXEg

(1I-6)

_txG’

4 (11-7)

Prior to making the measurements, 1-cm diameteersitircular electrodes,
100nm thickness, were deposited on both sides cf eample using a Kurt Lesker
Lab18 evaporator.

In both cases, for each composite, three samples tested and the average was

calculated for each of the properties.
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(ii) Electrical resistivity measurements

Resistivity measurements were run at room tempeyadad at -100°C for the
three-phase composites using a pA-meter/voltagecsdiHewlett-Packard HP 4140B)
associated with a Kepco bipolar operational poweppl/amplifier. A function
generator HP 3478 controls the oven. All the eqeipinis computer-monitored via
software built in the Dielectric Center at Pennaylia State University. The voltage is
ramped to 500V with a step of 50V and the outputent, |, is measured by the pA
meter.

The electric field-current measurements are liryefitied in order to obtain the
slope. The sample’s resistivity was calculatedofwihg (I1-8), where D is the electrode

diameter, which is equal 1cm.

p= (1I-8)

(b) High-€electric field measurements

(i) Thermally stimulated currents (TSC)

Thermally stimulated currents technique is a powetbol to investigate the
dielectric relaxations in a polymeric system getextdy different polarizations occuring
in the system [88, 89]. It was first introduced Bycci and Fieschi in 1964 [90]. The
principle of TSC is to orient the dipoles presanthie material by applying an electric
field at a high temperature, and then freeze tipelds by decreasing the temperature

under the constant electric field. Subsequent hgaif the sample with no electric field
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causes the oriented dipoles to relax releasindeatrieal current, which is measured as
a function of temperature.

The sample is heated to a poling temperaty;einl our case F90°C, for 30
minutes. An electric field Ep, Ep=30MV/m, is applito pole the sample for 20minutes.
With the electric field held at Ep, the temperatisrdecreased toy I Tp=-100°C, in order
to freeze the dipoles present in the sample. Affeninutes, the electric field is switched
off and the sample is short-circuited for an adsifrtime of 10 minutes to remove the
frictional and stray charges present [91]. The ter@ajre is subsequently ramped to a
temperature F>T,, in our experiment J=170°C. The procedure is summarized in

Figure II-5.

Temp, 170°C

90°C |- \
\ t
_luuuc - - - .

E

Ep=3[]Mme _________________

-

Figure II-5. Schematic of TSC experiment: tempeeatnd electric field profiles as a function
of time
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(i) DC breakdown

Two techniques for dielectric breakdown measurementre used. The
measurements in Chapter Ill, the measurements gareed out at Lynntech (College
Station, Texas) using a DC QuadTech hipot testae $ample was immersed in a
Fluorinert FC-77 high dielectric strength fluid ieduce the air effect on the breakdown
measurements. The bottom electrode in this teclenmja polished metal electrode. The
top electrode is a 1 cm diameter steel cylindericlwis around 75mm long; the top
electrode’s weight ensures a full contact withshenple. For a smooth contact, to avoid
edge breakdown, the top electrode edge that woeldhlbcontact with the sample is
curved.

The DC breakdown measurements in Chapter IV angt€h& were carried out
at the Center for Dielectric Studies (CDS), PSUhimsecond technique, the sample was
put on top of a conducting metal electrode. Thedlggtrode is a commercial one-side
electroded polypropylenguh film renewed after each measurement. When thetriele
field is applied, electrostatic forces pull the telectrode to the sample reducing the
surrounding air effect on the dielectric breakdowhis method minimizes the critical
stresses that might be created if the electrodiep®sited on the sample’s surface [92].
A plastic spacer that has a 1cm diameter hole aggmthe sample from top electrode to
make sure the contact between the electrode andatmple is a 1cm diameter disk.
Figure 11-6 shows a schematic of the fixture usedthe second technique dielectric
breakdown measurements. A Trek Model 30/20 higkagel amplifier system is used to

control the output voltage and monitor the currgata Labview program.
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Figure II-6. Schematic of the second technique digedielectric breakdown measurements.
For each composite, at least 12 measurementskane wath a 500V/s ramp.

Weibull model is the statistical analysis tool getly used for electric or

mechanical failure study. It is represented (11-9):

P(E) =1—exp {— (Eib)ﬁ} (11-9)

where P is the cumulative probability function ofaiable E andg is the shape factor,
which corresponds to the measurements scatteriragmgder. The parametey, S the
scale parameter which is the value of E at whid)¥{.6321 (that is 1-1/e where e is
the exponential constant) and it is consideredfailare point, dielectric breakdown in
our study. The shape fact@k, is a measure of the range of variability of & thrger

is, the narrower the range of E is. The shape fastanalogous to the inverse of the
standard deviation of the normal distribution. Bos study, the scale parametey, &d

the shape factofi, were calculated using Matlab function “wblfit”.
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The maximum energy density, of a material of digleconstant, is calculated
using (11-10).

U= ?Ebz (11-10)

(i) AC breakdown

Electrical displacement is measured under diffeegamtiied AC electric fields at
100Hz for the different composites. The Trek m@&&PO high voltage amplifier system
is used to control the applied electric field a@0V/s ramp via a Labview program.
Before applying the electric field, the sample isumted in a two-pin fixture and
immersed in a high dielectric strength insulatimgid, Galden HT200. The maximum
recoverable energy is computed based on the intiegii&11):

U=[E.dD (1-112)

This integral represents the area between the Beg &nd the ordinate as indicated in
Figure 1I-7. The lost energyl,, is computed by integrating the area inside tlog lat is

associated with the sample’s dielectric loss. stesn’s efficiency is calculated as:

)
U+Up

n=1- (11-12)
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Figure II-7. Representation of-E loops and the corresponding recoverable ancelustyie
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CHAPTER Il

SIZE AND ASPECT RATO EFFECTSON DIELECTRIC PROPETIES

1. Composites morphology characterizatio

(a) Particles dispersion

Representative crc-section micrographsmaged using Quanta 600 FESEM,
4.6vol% TiG-PVDF composites with the different particles (NSSMR and NW are
shown in Figure IlI-1.Figure lll-1 shows a uniform dispersion @&gglomerate as-

received particles all the composite.

Figure lll-1. Fracture SEM of nc-treated TiQ-PVDF composites with.6vol%(a) NS, scale
5um (b) MS scale um (c) NR, scale 500nm (d) NW, scalem
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Figure II-3. Continued

(b) Fourier transform infrared (FTIR) spectroscopy

Figure 111-2 shows FTIR spectra of pure PVDF and composites Wi, NS,
MS, NR and NWdried at room temperature. They show a dominanchey-phase,
which is a polar phaseyith the peaks at 812, 833 and 123" being characteristiy
peaks as shown iable 1I-2. These FTIR spectra show that anyanges in the

composies properties are not due tphase change.
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Figure IlI-2. ATR FTIR spectra of (a) pure PVDF ahévol% TiO2-PVDF with (b) NS (c) NR
(d) MS and (d) NW dried at room temperature.

(c) Differential scanning calorimetry (DSC)

Table IlI-1 lists the degree of crystallinity ofetldifferent composites. The values
shown in Tablel are the average of three measutemetih a standard deviation less
than 3, which is in the range of the equipmentisrerThe degree of crystallinity of the
TiO,-PVDF composite with nano spheres (NS) is simibathie pure polymer. However
in the other composites, there is an increase endidgree of crystallinity. With the
addition of the inorganic particles, there mightabeompetition between nucleation sites
creation and crystallization inhibition [93]. Tharficles may act like nucleation sites
and tend to increase the crystallinity degree.h&t4ame time, the particles can restrain
the polymer chains movement particularly when tloeirvature is comparable to the

polymer radius of gyration, inhibiting the crysiadition process [94]. However there is
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still no general conclusion on how the added pasiovould affect the degree of

crystallinity of the polymer matrix [95].

Table Ill-1. Degree of crystallinity of Ti&PVDF composites

% Crystallinity

Pure PVDF 47+1.02
4.6vol% NS 47+1.13
4.6vol% NR 51+0.33
4.6vol% MS 54+2.90
4.6vol% NW 53+1.90

2. Low-field dielectric properties

Dielectric constant is influenced by polarizatiohmigh is composed of atomic,
electronic, dipolar and interfacial polarization&s the applied AC electric field
frequency increases, dipoles fail to follow thectie field, leading to a decrease in the
dielectric material’s polarization hence its di¢tecconstant decreases. For the polymer,
as the frequency increases, it becomes hardeh#&CtF dipole to orient with the AC
field. Moreover, the Ti@ dielectric constant decreases with the increaseenuency
leading to an overall decrease in the effectivéediec constant of the composites. [96]
Figure 111-3 compares the dielectric constant oé ttifferent 4.6vol% Ti@PVDF

composites to the pure PVDF dielectric constard asction of frequency. And Figure
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IlI-4 compares the dielectric loss of the 4.6vol% ,-PVDF composites to the pu

polymer.
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Figure 1lI-3. (a)Dielectric constant of pure PVDF and 4.¢% TiO2PVDF composite (b)
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Figure lll-4. Dielectricloss of pure PVDF and 4.6vol% TiG2/DF composite

The nanocomposite made with tlnano rodsshows the highest cectric
constantand dielectric losat low frequencies. The nano ehave the smallest diame
among all the particles and 4 times the aspeda ddtthe sphereand the secor highest
surface areafter the nan spheres. This indicates that the p&scinterfacial surfac
area and aspect ratio both play an important rodefining thedielectric behavior of th
compositeThe expansive interfacial surface area leads tighaihterfacial polarizatior
On the other hand, the high aspect ratio eres the local fieldéeading to an increas
in the dielectric constant as well as the dielectoss In the case of nano spher
although they have a higher interfacial surface dhan the nano rods, their isotro
shape leads to lowemhancement ithe local fields. At frequenciezbove 10kHz, all
the composites’ dielectric consts become close to the pure PVDF constant or

lower. This might be caused by the particles anolgothe polymer’s chains ar
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inhibiting their movement at high frequencies. Teectric loss follows the same trend
as the dielectric constant; the composite with nevas has the highest loss at low
frequencies. This behavior confirms that the isted! polarization is the dominant
mechanism in the NR-PVDF composite at low frequesn{97].

Figure 11I-5 summarizes the size and aspect raffeces on the dielectric
constant of TiQ-PVDF composites showing the highest improvemehieaed with the
NRs, then followed by NWs. In Figure IlI-5, the lietric constants experimentally
measured at 1Hz are compared to valueg) (calculated by Maxwell-Garnet model

given by the following (l111-1):

DY e ey
YZeq+Nj(ep—¢1)
1_%Zj=xyzg 1-\:-}1\(/?-2 8—1)
YZeq+Nj(ep—e1)

Egff = €1 + & (1-1)

whereeg; ande; are the dielectric constants of the polymer matix the particles,
respectively. c is the volume fraction of the [mdest, 0.046 in this case. To solve this
equation, the pure polymer’s dielectric constaniidt is taken from the experimental
measurements4=8.15). For the nano and micro sphergs,70 and for the nano rods
and nano wires, the dielectric constant»#s110. The Nfactors are the depolarization
factors. For spherical particles;=4/3. For prolate spheroids (witb>aa=a,, &, a and

a, are semi-axes of an ellipsoid in the three ortinagalirections), N N, and N are

given by (llI-2) and (111-3).

N, = 1< (n (ﬂ) ~ 2e) (11-2)

2e3 1—e



57

N, =N, = %(1 —N,) (I1I-3)

2
where the eccentricity is = fl —
az

The highest difference between the experimentakoreaents and the model is
for the case of nano rods composite. This is bec#us model do not account for the
interfacial polarization. In reference [16], alumimanoparticles (10-15nm diameter)
added to a polyimide matrix resulted in an effeetirelectric constant of 15 at 20vol%
loading. The measured value exceeds the dielemnstant of both components in the
composite. This was explained by interfacial palaiion in the nanocomposite. The
interphase effect was highlighted in reference [i$using Vo-Shi model, [98], where
an interphase around the nanopatrticles is includetie model as a third phase with
different properties than the particles and thermatiowever, in order to use this
model, one should be able to estimate the integpliaskness and its properties. It is
critical to account for the interphase effect i thffective medium models when the

particles are in the nanoscale, hence the intalfaffiects can no longer be negligible.
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Figure IlI-5.Size and aspect ratio effects on ,-PVDF dielectric consta

3. High-field dielectric properties

Table 11I-2 summarizes the dielectric constsDC breakdown electric field ar
electrical @ergy density of pure PVD and 4.6vol% Ti@PVDF composits with the
different particles.Under DC condition,energy density is calculateusing (l1-10).
Figure 111-6 shows the Weibull plot of the failure probabilitgrfall the composites
compared to the pure PVDF. All the composites haveigher slope than the pu
showing a narrowed distribution and good homoggnieitthe compositesAll these
composites have a dominance of fty-phase.Among the different compositeshe

highest energy densities obtained are withnano rod and nano wir€O, particles.
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This is because these two composites have highelectlic constants than the

composites with spherical particles.

Table 11I-2. DC Breakdown measurements for PVDF &iol% TiQ-PVDF composites

Thickness g tan(o) Ep
sample  um)  @ikHz  @ikHz  mvim) B UWO)
Pure PVDF 27+3 7 0.018 247 6.5 1.88
4.6vo0l% NS 27+3 7.4 0.066 177 11 1.03
4.6vol% MS 3043 6.1 0.029 193 17 1.01
4.6vol% NR 29+3 13.7 0.145 159 26 1.53
4.6vo0l% NW 40+3 8.9 0.028 198 21 1.54
5 il
i;: ' & i
= Pure PVDF
£ 4.6v0l% NS
4.6vol% MS
: 4.6v0l% NR
4.6vol% NW

Electric field (MV/m)

Figure 111-6. Weilbull plot for the different compides compared to the pure PVDF

There

is a decrease

in dielectric breakdown

in abvol% TiO-PVDF

composites; this might be due to the inherent lodiedectric breakdown of Ti©

particles or defects created by the addition of piaeticles. However there is less
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decrease in the breakdown in the composite withonaines although these particles
have a higher aspect ratio compared to nano radish@nspherical particles. In reference
[22], it is stated that particles with higher adpetio induce higher local fields along
their longitudinal axis when it is parallel to tlapplied electric field. With their long

longitudinal axis (1.em) and high aspect ratio of 14, the nano wiresepréd have a

planar 2D distribution due to the solution castieghnique. The planar distribution
reduces the local fields that are now along theonaines transversal axis as shown in

Figure IlI-7.

Sample’s
- aill thickness

E E X

Figure IllI-7. Schematic of electric field distoniavith the presence of aligned vs randomly
dispersed NW

Under AC conditions, energy density is calculatethg (1I-11). Figure 111-8
shows the electrical displacement at 50MV/m. In Dedeps, the higher slope is
indicative of higher dielectric constant and thedevi the hysteresis loop is associated
with a higher loss in the sample. As shown in Fegllir8, the composite with nano rods
has the highest dielectric constant and loss anadinthe composites, confirming the

dielectric measurements.
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Figure I1I-8. D-E loops of 4.6vol% Ti©PVDF at 50MV/m 100Hz

Figure 1lI-9 shows the electrical energy storageadanction of voltage for the
different composites compared to the pure PVDF. 4 6gol% composites with NS, MS
and NR reach the dielectric breakdown at a lowed fcompared to the pure polymer.
However the composite 4.6vol% NW-PVDF fails at #ane range of electric field as
the pure. The 4.6vol% composites follow the samendrin the AC breakdown
measurements as well as the DC breakdown measuenid®e composite with nano
wires has the highest breakdown and energy deasibyeakdown as compared to the
composites with nano rods and spherical particles.

Up to 127MV/m, 4.6vol% NR-PVDF has the highest gyedensity, but this
high energy density is accompanied with the lovedstiency among all composites as
shown in Figure I1I-10. This low efficiency is assated with the high loss of 4.6vol%
NR-PVDF composite. As shown in Figure IlI-10, themposite with nano wires have

the highest efficiencies as compared to the otbeposites.
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Figure 111-9. Energy density of 4.6vol% TiPVDF from D-E loops as a function of electric
field
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Figure 111-10. Energy efficiency of 4.6vol% T¥PVDF from D-E loops as a function of electric
field
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CHAPTER IV
PARTICLES CONTENT, FUNCTIONALIZATION AND

ORIENTATION EFFECTS ON DIELECTRIC PROPERTIES

The best results for dielectric constant and diakebreakdown are measured for
the nano wires (NW)-PVDF composite. With the NWs:dl fields enhancement was
limited due to the particles planar distributioadeng to the least decrease in dielectric
breakdown compared to the pristine polymer, wtike dielectric constant increased and
the loss was maintained. The decrease in the thieldreakdown is mainly caused by
the inherent breakdown of the inorganic particlHserefore, the NWs are chemically
treated and the content is varied in order to ob&a optimized performance, meaning
the highest improvement in the energy density, dhase content, orientation, and
interaction. Three contents are tested: 2.3, 4b6%#2vol%, corresponding to 5, 10 and
20 wt%, respectively. The composites were syntleesiallowing the procedure detailed

in Chapter I1.2.

1. Particles and composites characterization

(a) Treated particles characterization using XPS

NWs were treated according to the method detailegdhapter I12. using APS, a
silane-coupling agent. In order to verify that ftianalization took place successfully on
the surface of titania, XPS measurements were atedwon titania powder before and

after functionalization. Figure 1V-1 shows the XR®asurements of the as-received and
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APS-treated Ti@nano wires. There is presence of Si and N atom$iesurface of th
treated particle®riginating from the silar-coupling agent. Abou2/3 of the nitrogel
atoms are positively chargewhich most likely indicates that the N is able t@vé a
strong non-cealent interaction with the fluorine atoms in PVRE expectedFigure
[I-1). A more detailed&KPSanalysis is presented in Table I\sthowing a decrease in t
percentage foli and O after the particles treatment owing ¢wering the Ti(; surface
and the reaction with thsilane-couplingagent, which is in agreement with w was

mentioned in reference89, 100].

As-received Ti0,

‘J‘H'//\_,..rf"‘""* \.J\_‘MM% M\\J

Figure IV-1 XPS measurements of-received and APS-treated Ti®ano wire
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Table IV-1. Analysis of XPS data; atomic percentagehe TiQ surface
Ti2p O 1s Cls

As received TiQ

23.7 61.0 153
) ) . Ti 2p O 1s C 1s Si 2p N 1s
Functionalized Ti@ = .- 498 274 4.0 3.2

(b) Effect of functionalization on particles dispersion and interaction with the polymer

Figure IV-2 displays the effect of Tikhano wires (NW) functionalization on the
dispersion and the interaction between the pastialed the matrix. In Figure V-2 (a),
some voids surrounding the particles can be seemeah in Figure 1V-2 (b) the particles
are embedded inside the polymer matrix showinganger interaction as a result of the
particles functionalization. In the 2.3vol% NW-PVI@Bmposite with as-received NWs,
agglomerations can be seen in the cross-section;SkiMreas treated NWs are
individually dispersed and have a planar distrilmutparallel to the film’s surface. The
planar distribution is due to the good dispersidnthe particles combined with the
solution casting technique used to make the cortggo8ims as mentioned in 2. . Figure
IV-3 shows cross-sections of 4.6 and 9.2vol% F(NRVPF composites. Both
composites have good dispersion and strong interatietween the particles and the
polymer matrix. However in the 9.2vol% compositee NWs no longer have a clear 2D
distribution. This can be due to the higher numidfgparticles constraining each other’s

alignment during the solution casting at 9.2vol%.
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(b)
Figure IV-2 Effect of functionalization on Ti, NWs dispersion and interaction with PV
(2.3vol% NW-PVDF) (a) Non-treated (b) Functionalized

¥
SE 15-Sep-11 AramMo WD 8.0mm 20.0kV x4.0k 10um

(a) (b)
Figure IV-3. Crossection SEM of (a) 4.6vol% F(N\-PVDF and (b) 9.2vol% F(NV-PVDF

For the 2.3 and 4.6vol% F(N\-PVDF compositesRaman spectroscopy furth
proves that the particdenot only have a planar distribution, but alsoehavpreferre:
orientation which is parallel to the solution cagtidirection (). Figure IV-4 shows a

schematic of how would the particles be distributee cros-section along the® and
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90° directions, giving thexfy) and §,2) planes, respectively. Raman intensity was
normalized with respect to a peak present at 876ivat did not any dependence upon
orientation of the sample. Figure IV-5 shows noireal Raman spectroscopy of cross-
sections in the two 0° and 90° directions for 2% and 9.2vol% composites. For 2.3
and 4.6vol% composites, the intensity of the Rawibration at 612 cil is higher along
the O direction, parallel to the casting directiothe Raman vibration at 612&m
corresponds to the vibration along the long axisuile TiO, [86]. However for the
9.2vol% composite, there is no difference in thierations intensity, which indicates a

random distribution of the patrticles.

(y,2) cross-section

i ] — o ©
y :/ — o o .
— =~ I ° %,
X
\ x-axis // 0°
= —

(x,y) cross-section

Figure IV-4. Schematic of the particles distribatio the composite the cross-sections when the
fracture is in 0° Vs 90° directions
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Figure IV-5. NormalizedRaman spectroscopy cross-sections of (a) 2.3vol#) 4.6 and (c)
9.2vol% F(NW)-PVDF
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(c) Polymer phaseinvestigation using FTIR

The patrticles funabnalization does not seem to affect PVDF dominards. The
pure PVDF has a dominancey-phase as indicated by the arrows=igurelV-6. With
the addition of the treated partic, the polymer phase does not seem to ch The

main peaks fop-phase are 812, 833 and 1cmi’ as it was mentioned i@hapter I1..

—(a) Pure PVDF

iy b o

=] 4.6val%
=—{d) 9.2vol%

400 600 200 1000 1200 1400
Wavenuml ber [cm-1)

Figure IV-6. ATR FTIRspectra of (a) pure PVDF, 1 2.3vol%(c) 4.6vol% and (d) 9.2vol¢
TiO,-PVDF withfunctionalzed nano wires. The red arrows indicaeeaks

(d) Composites degree of crystallinity

Table 1V-2 shows that the functionalization of T, particlesdid not drastically
affectthe degree of crystallinity of the PVDF polynfor the 2.3vol% NW-PVDF. The
2.3 and 4.6vol% nanocomposites I degree®f crystallinity comparable to that of pt

PVDF. On the other hand, the 9.2vol% F(N-PVDF degree of crystallinity is tr
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lowest among all the composites with 35%, comp#oetl7% in the pure polymer. This
might be due to an increase in the viscosity aedptiesence of more particles inhibiting
the polymer chains from forming crystalline regiomgh the increase in the particles

content [93].

Table IV-2. Degree of crystallinity of F(NW)-PVDPmposites
% Crystallinity

Pure PVDF 47+1.02
2.3v0l% NW 45+1.90
2.3v0l% F(NW) 46+2.70
4.6v0l1% F(NW) 47+2.68
9.2v0l% F(NW) 35+2.21

2. Mechanical properties

The composites’ mechanical properties were meastmgdiensile testing.
Mechanical properties are important to make suaé @h enhancement in the dielectric
properties did not compromise the composites mecakproperties. Furthermore,
mechanical testing is a good means to access tkeaation strength between the
particles and the polymer matrix. Figure IV-7 showilse Young’'s modulus
measurements for the different NW-PVDF compositesygared to the pure PVDF.
Figure V-7 also shows the lower and upper bounddeted using Halpin-Tsai models
for aligned wires. Haplin-Tsai model is a micromagits model where the equations are

written as [101]:
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1+
Bys = T By (IV-1)
E
Zr—1
E
=t V-2
n 5_;_’_5 ( )
With § = 22 + 400 for B
Andé =2 % + 40c1° for B
where ¢ Particles volume fraction.
Em Matrix Young’s modulus, from experimental measuretae
E; Particles Young’s modulus considered 230GPa [102].1

EuandE. Upper and lower bounds, corresponding to the Yang’
modulus parallel and perpendicular to the partjcles
respectively.

L Particle length, 1.am.

d andw Particles width and thickness, correspond to tramditer,
130nm.
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2 Functionalized
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Figure IV-7. Young’'s modulus as a function of Fi@ano wires content

Pure PVDF has a measured Young’'s modulus of 1.66@p&.3vol%, the
Young's modulus increases for both as-received taggted nano wires (NW) to be
around 2GPa. However at 4.6vol%, the as-receiveticles led to a decrease in the
Young’s modulus to 1.5GPa, which is lower than iedeled lower bound. This might
be caused by particles agglomerations and weakattten between the particles and the
polymer. On the other hand, the functionalized ipl@d led to a further increase in
Young's modulus with 4.6 and 9.2 vol% loading irating a strong interaction between
the functionalized particles and the polymer. Theasured Young's modulus of the
composites with functionalized particles fall beémethe lower and upper bound

calculated using the Halpin-Tsai model for aligimggh aspect ratio particles. It is worth



73

indicating that the Young's modulus used in the elddr TiO, is one of the highest

values found in the literature.
3. Low-field dielectric properties
(a) Effect of functionalization

Figure 1V-8 shows the effect of the functionalipation the dielectric properties
of 2.3vol% NW-PVDF. There is an increase in theletigic constant after the
functionalization through all the frequencies ramgele the loss tangent remains in the

same range.

35 7

- ¥ Purs PVDF
_— | 2.3val% NW
| T 23wl FiNW)
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fay 85 :_:- A & ,:___|
:‘gi :—r: = =
Fig go Sog,
TEERE ixxxxxaasl xR
=] T T 1
107 02 10! 10" 10 108 10 1o
Fraquency (Hz)
()

Figure IV-8. (a) Dielectric constant and (b) loaedent of pure PVDF and
2.3vol% treated and non-treated FiIW -PVDF composites
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Figure IV-8. Continued

The experimental measurements of 2.3vol% F(NW)-P\udiectric constant
were compared to Bruggeman models for aligned wegallel and perpendicular to the
applied electric field [104] as shown in Figure ®-The comparison with the classic
model was limited to the range of frequencies 10ntdHzkHz in order to remain in the

guasi-static regime [105] The equations for the taaxlels are written as:

eg=ce+(1—c0)g (IV-3)
1
P E2—€] (&1 2 :
1 €= Er—&1 (EL) (IV 4)

where c is the volume fraction, 0.023 in this ins& g; ande, are the matrix and
particles dielectric constants, respectively. Amdand gy are the effective dielectric

constant for aligned wires perpendicular and pelratio the wires alignment,
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respectively.g. and gy correspond to tt lower and upper bounds for the mode

effective didectric constant, respective

a5

X Purs PVDF

g - —[ L 2. 3al% N
L= T 23wol% F(NW)
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Figure IV-9.Comparison of theielectric constant of 2.3vol% F(NWHVDF composit to
Bruggemamodels for alignewires (Parallel and perpendicular to the particlegatient

This comparison shows that the dielectric constdnthe composite with -
received nano wires (NW) exceeds the upper bouhalafrequencies, then it beconr
between the lower and the uppeounds. However, the nanocomposite v
functionalized particles has a dielectric constaigher than the upper bound predic
by the effective medium model at all frequenciesisTindicates that the particle
functionalization led to a significe inteiphase that increases the effective diele
constant.

Figure IV-10shows an increase in dielectric constant with tl@, nano wires

(NW) content. AndFigurelV-11 shows the dielectric loss for the @ifént composite
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compared to the pure PVL At 2.3 and 4.6 vol% loading, the dielectric los®wh a
slight increase compared to that of the pure PVDits indicates that the increase in
dielectric constant did not originate from theace charge refad contributio. On the
other hand, at 9.2 vol% NW, the dielectric lossndedd behavior compared to pt
PVDF, 2.3 and 4.6vol% composites. This can beedl&d an increase of space charg
the composite, and therefore an increase in thetriglal ccnductivity at 9.2 vol% a
shown in Figure IV-12It can also be related a possibleparticles percolation at 9
vol% content. At 9.2vol%, the Ti, particles inherent properties dominate t

composite’s effective propertis
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Figure IV-1Q Dielectric constant of pure PVDF and, 4.6 and 9.20l% treated Ti(; NW -
PVDF composites
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Figure IV-12.Electrical conductivit of pure PVDF and 2.3, 4.6 and @06 treated Ti(; NW -
PVDF composites
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4. High-field dielectric properties
() DC breakdown

As shown in Table IV-3, the dielectric breakdowrcraases from 172 to
188MV/m when 2.3vol% NWs are added. Furthermorejndreases from 188 to
195MV/m when the NWs are functionalized. The digiecbreakdown increases with
the TiG, content up to 4.6vol% reaching 328MV/m, and thethecreases at 9.2vol% to
147MV/m. The highest energy density is measuredh whe 4.6vol% F(NW)-PVDF
composite with an improvement higher than 500% whkempared to the pristine

polymer from 0.94 to 5J/cc.

Table IV-3. DC Breakdown measurements for PVDF [didd TiO,-PVDF composites

Sample Th&li:;} > @fl;Hz 5‘?&3’2 (M57m) B (J/Lcj:c)
Pure PVDF 22+3 7.2 0.018 172 9 094
2.3v0l% NW 283 8.8 0.021 188 7 1.37

2.3vol% F(NW) 2542 9.0 0.020 195 8 151
4.6v0l% F(NW) 1942 10.5 0.023 328 4 5.00
9.2v0l% F(NW) 1942 12.8 0.069 147 4 122

Figure IV-2 and Figure IV-3 show that the 2.3vol¥N®)-PVDF has the best
dispersion among the composites with treated pestiédt 4.6vol% content, there is an
optimum correlation between dispersion, planarritistion and electrons scattering

resulting in the highest dielectric breakdown. A2WI% content, the particles inherent
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dielectric breakdown along with a smaller intertjudes distance result in a decrease in
the composite’s dielectric breakdown. The 9.2vol8mposite has the highest dielectric
loss, which is inter-related with the electricahdactivity, o, by (IV-5), whereos is the
static conductivity [106, 107].

0 = 0, + weegtan (6) (IvV-5)

An increase in the dielectric loss and electricalductivity leads to the decrease
in the dielectric breakdown of 9.2vol% compositesagwn in Figure [V-13. This is

because higher charge density in the system |eaal$otver dielectric breakdown [108].

350 1E-10
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1E-11

itlth

100

Dielectric breakdown {MV/m)
Electrical conductivity (S/cm)
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1] 0.02 0.04 0.06 0.08 0.1
Valume fraction

Figure IV-13. Dielectric breakdown and electricahductivity at 20Hz as a function of particles
content
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For the 9.2vol% F(NW)-PVDF composite, the decreasethe dielectric
breakdown and increase in the electrical condugtoan be associated with the “easier”
electrons transport through the sample as comptoethe composites with lower
content; in other words, a percolation-like behavibwe assume the nano wires still
have a planar distribution in the 9.2vol% compg®tee could consider the cross-section
of a composite to be visualized as a distributibdisks, a disk being the cross-section
of one nano wire. Under this assumption, circularss-sections of the 2.3, 4.6 and
9.2vol% composites can be represented as in Fiylel assuming a normal random
distribution of the nano wires (65nm radius) inmaidron-radius disk. This schematic do
not account for an interphase around the partidibs. addition of a 3-layer interphase
similar to the interphase proposed by Tanaka, [&&pntact and/or overlap between the
NWs in the 9.2vol% composite would have a highabpbility. On the other hand, as
shown by the SEM micrographs, the nano wires naydonhave a clear planar
distribution for the 9.2vol% F(NW)-PVDF compositehich would lead to a higher
probability of contact between the particles, legdio more paths for the electrons to
travel through the sample thickness. On the othedhin the 4.6vol% composite, most
probably the interphases around the particles waaotdoverlap, leading to trapping of
the mobile carriers rather than transferring th&he charges behavior in the composites
would be examined by TSC and activation energy mager IV5. to confirm the

aforementioned observations.
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(@) (b) ()

Figure IV-14 Schematic of nano wires distribution in (a) Zt§,4.6 and (c) 9.2vol'

(b) AC breakdown

Under AC conditions,he 2.3vol% NW-PVDF with treateg@articles he the

highest energy density.14J/c, as compared to the @ihcomposites and the pt

PVDF as shown in Figur&/-15.
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Figure IV-15. Energgensity of F(NW) TiO,-PVDF from DE loops as a function of elect
field
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As the F(NW) content increases, the AC breakdoworesses although the
energy density in all the composites are highen that of the pure polymer before the
breakdown occurs. Under AC conditions, the faileppens faster if the polymer chains
and dipoles cannot follow the electric field; whichn explain why the composites have
a lower breakdown than the pure PVDF under AC donh. It is possible that T¥O
particles decelerate the polymer chains when thetotfollow the electric field, which
may initiate the dielectric breakdown at a certectric field. Furthermore, the addition
of the TiG, nanoparticles increases the number of dipoleeptas the system, leading

to a lower dielectric breakdown under AC conditions
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Figure IV-16. Energy efficiency of F(NW) T¥PVDF from D-E loops as a function of electric
field

Figure 1IV-16 shows the efficiency of the composidgth treated particles; the

4.6vol% F(NW)-PVDF composite has the highest efficly although it fails before the
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pure and the 2.3vol% F(NW)-PVDF composite. Thecedficy follows a different trend
compared to the energy density. This may be relatede 4.6vol% F(NW)-PVDF film
having less defects than the 2.3vol% F(NW)-PVDF posite due probably to
processing. The presence of a fewer number of tefeche system, reduces the losses

therefore increase the efficiency.
5. Internal charges behavior

In addition to the particles distribution enhancetrgue to the functionalization, the
interaction between the particles and the polymatrimbecomes stronger which creates
deeper charge traps. The activation energy retatdse electrons transport; the depth of
the traps present in the system. The compositégton energy was calculated using
dielectric spectroscopy by investigating the retexa frequency shift when the
temperature increases [90, 109-111]. Relaxatioquigacy for the different temperature
are obtained from the loss tangent dependence mpetature and frequency.The
dielectric loss used for each composite is the apyeerof three samples. Temperature

dependence of the relaxation time follows the Anrbe equation:

©(T) = 19exp {5—‘;,} (IV-6)

wherert is the relaxation time (inverse of the relaxatiguency),t is the reciprocal
frequency factor, k is Boltzmann constant, T is t@perature in Kelvin and s the

activation energy. Applying the natural logarithbm) on (IV-6), we get:

Ln(t) = 5—‘7‘, + Ln(ty) (IV-7)
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And the activation energy is obtained by lineaitirfg Ln(tr) as a function of
1/T.

Table IV-4 shows a slight decrease of activatioergy from 1.03 to 0.99eV
when the as-received NWs are added. This mightuleeta a weak interaction between
the particles and the polymer. On the other hameketis an increase of the activation
energy from 0.99 to 1.19eV when the nano wires (N¥e)functionalized at the 2.3vol%
composite. This indicates that the particles fuomdlization resulted in a stronger
interaction between the particles and the polymatrimgy creating deeper trapping sites
at the interphase [2]. Furthermore, the activagoergy increases with the content of
F(NWSs) up to 4.6vol% to reach 1.35eV, then it dases at 9.2vol% to 1.05eV. This
trend coincides with the dielectric breakdown measwents and shows deeper traps in
the case of 4.6vol% composite breakdown henceelessrons mobility. Deeper traps in
the system leads to a higher electric field requiecreate a path for the electrons and

therefore create the insulating-conductive traosjtreaching the dielectric breakdown.

Table IV-4. Activation energy calculated from dietiéc spectroscopy
Activation energy (eV)

Pure PVDF 1.03
2.3vol% NW 0.99
2.3vol% F(NW) 1.19
4.6vol% F(NW) 1.35

9.2vol% F(NW) 1.05
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To further study the charges behavin the composites, thermally stimulai
currents (TSC) measurements are carried out. TSCpewerful tool to study dipole
and space charges relaxati(89]. Figure IV-17(a)shows the current releasef the

samples over the range of tempera-100°C to 130°C.
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Figure IV-17 TSC measurements (for all the temperatures range @pund Tg andc) at
higher temperatures
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TSC measurements show the dipolar relaxations e @morphous region
corresponding to the glass-rubber transition fortteé composites (around -40°C) as
shown in Figure IV-17(b). The 9.2vol% F(NW)-PVDFngposite has the highest peak.
This can be associated with the lowest degreeystallinity measured for the 9.2vol%
composite as shown in Table V-2, therefore thesgmee of more dipoles in the
amorphous regions as compared to all the otherlgamp

Another broad peak appears at higher temperatbeggjeen 30 and 90°C as
shown in Figure IV-17(c). This broad peak invohaesdlistribution of polarizations, and
corresponds to dipolar relaxations and space changhe crystalline regions along with
the charges accumulated at the boundaries betwaerphous and crystalline regions
[89, 91]. The three composites have a differentabiein when compared to the pure
PVDF at the higher temperatures. The pure PVDFahhglher peak expanded over a
broader range. When comparing the different contgediehavior at the temperature
range of 30°C to 100°C, it appears that the 2.3vBIi3dW) has a lower peak when
compared to 2.3vol% NW-PVDF. This can be relateddeper charges traps as a result
of the particles functionalization. The 4.6vol% FINPVDF composite has a slightly
lower peak than the 2.3vol% F(NW). On the otherdhahe 9.2vol% F(NW)-PVDF
composite has a narrower peak than all the otherposites; the current starts the
runaway around 50°C. The 9.2vol% current runaway dwer temperature can be
related to the higher electrical conductivity oetB.2vol% F(NW)-PVDF composite,

requiring less energy for the electrons to traiediigh the sample.
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The current decreases around 100°C for the pureRRViDwever it increases
again for the 2.3vol% NW-PVDF, 2.3vol% F(NW)-PVDR®9.2vol% F(NW)-PVDF
composites which indicates a spontaneous conduétionhese composites at higher
temperatures. On the other hand, the 4.6vol% F(IRWIDF composite has a behavior
closer to that of the pure PVDF rather than thesiothW-PVDF composites (2.3vol%
as-received, functionalized and 9.2vol% functiaredi TiQ nano wires). The lower
levels of current released in the 4.6vol%F(NW)-PV&fpared to the other composites
correlates with dielectric breakdown and activatemergy calculations; the 4.6vol%
F(NW)-PVDF composite has the deepest traps compartte pure PVDF and the other
composites.

For repeatability, another series of samples wéa@acterized using TSC to
insure the same behavior is followed in the différeamples of the same composite.
Averaging the output current is not feasible sitiee input temperature is different for
each measurement. Although the difference is namdtic, averaging x and y-data
might cause the loss of some information. Some &angpmparison is show in

Appendix A.
6. Breakdown mechanisms

Figure IV-18 shows the thickness dependence of pPMBF, 2.3 and 4.6vol%
F(NW)-PVDF composites. For the three films, the abdown decreases when the
thickness increases because more defects are priesghe system; which is in
agreement with the literature [51, 53, 112, 113he Thighest dependence on the

thickness is observed with the 4.6vol% F(NW)-PVDémposite. When the particles
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content increases, there is a higher chance thatdafects number would increase due to
possibility of creation of nanovoids around thetigées [51]. This explains the higher
dependence to the thickness seen with the 4.6vdi#nvwompared to the pure PVDF
and the 2.3vol% composite. At the lowest thicknd€am, it has the highest dielectric
breakdown, 328MV/m, among all the systems. Thishinigge due to the high aspect ratio
particles having a ‘close-to-perfect’ planar distition with such a thin sample. In this
case, there might be a combination of electrondtesaay and trapping, therefore
preventing the mobile carriers from creating a cmtithg path in an almost defect-free
system.

When carrying out the dielectric measurements,la Wwih diameter around 100
um can be seen at some instances. It was noticédhénse holes appear very rarely in
the case of pure PVDF, however they are relativetye probable in the composites.
This can be an indication of thermal breakdown iceuthe melting of the polymer in
the area where the breakdown is happening as shoWwigure IV-19. When a critical
electrical field is reached, thermal runaway tagkse saturating the dissipated power

and causing the temperature to increase drasticagting a plasma channel.
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Figure IV-19 SEM of a hole caused by breakdown on a (a) pui2RPsample and (b) 4.6vol'
F(NW)-PVDF sample

The catastrophic failure happens very fast, masbgily initiated by defects ar
mainly driven by electronic and thermal mechan. More studies should be carried
in order to fully characterize the complex mechanisf dielectricbreakdown in thi

polymer composites.
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CHAPTER V

THREE-PHASE COMPOSITE STUDY

1. Dispersion study

SEM imaging shows a uniform dispersion of 7i@ano wires. However the
silver particles were not easily detected. As shawhRigure V-1(b), there are spherical
particles that were imaged. Nevertheless, Energp&sive X-ray Spectroscopy (EDS)
did not confirm they are silver particles as shawirigure V-2. This might be because

of the low resolution of the EDS (500nm), while freaticles size is lower than 500nm.

(b)

Figure V-1. SEM images of 3wt% F(NW)-0.5wt% Ag-PVR#th (a) Ag ex-situ and (b) Ag in-
situ
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Figure V-2 EDS of 3wt% F(NW-0.5wt% Ag-PVDF (insitu) shown irFigure
V-1(b)

Figure V-3 show TEM images of ththree-phaseomposites with i-situ and
ex-situ Ag nanoparticles. A uniform dispersion is aoned with these TEM<The ex-
situ particles have a diameter of 6nm and tt-situ particles size ranges from 5
15nm. Furthermore, it canbe observed in Figure V-3b) and (d) that the A

nanoparticlesend to gather around the NW partic.
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() (d)

Figure V-3. TEM images of 3wt% F(NW)-0.5wt% Ag-PVIi&) and (b) Ag in-situ; (c) and (d)
Ag ex-situ

2. Composites phase using FTIR

As it is important to check on PVDF’s phase in tla@ocomposites, FTIR results
show that the addition of the silver particles, six and in-situ did not change the

dominant phase, which remains gamma as shown uré-\g-4.
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Figure V-4 FTIR spectra of F(NW-Ag-PVDF composites compared to the pure P’

3. Degree of gystallinity properties using DSC

The degree of crystallinitremained in the same range compared to the
PVDF with the addition of Ti(; nano wires (NW) and Ag separately. However in
three-phaseomposites, the degree of crystallinity increasemhmared to thtwo-phase
compositesand the pure PVL. This might be related to a dispersion challengéhe
threephase composites. It is easier to disperse théclearin a tw-phase composit
which leads to more nanoparticles inhibiting thelyper chains from formini
crystlline regions. However, in the case of the t-phase composite, the polyn

chains face less restraining from the particledaggrations
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Table V-1 Degree of crystallinity of thtwo- and three-phasmmposites compared to PV
% Crytallinity

Pure PVDF 47+1.02
0.05wt% Ag 47+2.15
3wt% F(NW) 45+1.85
3wt% F(NW)-0.05wt% Ag 50+2.83
3wt% F(NW)-0.05wt% Ag (In-situ) 55+3.08

4. Electrical properties study
(a) Dielectric spectroscopy

The two- andthree-phasecomposites have a dielectric constant slightly o

than the pure PVDF as shownFigure V-5.

X Pure PVDF
O 005w Ag
O 3% F(NW)
v Bwt% F{NWHD.054% Ag
o Bud% F(NWHD. 05w % Ag (In-situ)

I
ﬁﬁ*’i”h
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o ‘a(‘]i i Freq L;:;y [HZ;I 10° ﬁél’ 107

Figure V-5 Dielectric constant ctwo- and three-phase Ag-F(NW)-PVRBmpositeccompared
to the pure PVDF
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Moreover, Figure V-6 shows a slight increase in the dielectric loss cat
frequencies and a slight decrease at high freqaen&he low contents of treated ne
wires (3wt% F(NW)) and Ag nanoparticle0.05wt%) did not significantly impact tf

dielectric properties of PVD
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Figure V-6 Dielectric loss otwo- and three-phase Ag-F(NVWPVDF composites compared
the pure PVDF

In order for the Coulon blockade effect to occur, the Ag particles radias to
satisfy (I-2) where is the dielectric constant of 3wt%F(N-PVDF composite

e2 _ 83410°° (-2)
8megerkgT €T

R < Rpax =

The dielectric constant Gwt% F(NW)-PVDFat room temperatu is shown in

Figure V-7 andthe correspondir maximum radiusfor Ag particles, in order t
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Coulomb blockade effect to occ is displayed in same figur&Vith theparticles with
6.5nm diameterthe Coulomb blockade is expectedoccur, increasir the electrical

resistivity and dieletric breakdowrof the composite at room temperat
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Figure V-7 Dielectric constant c3wt% F(NW)PVDF and the correspondimaximum Ag
radius required for Coulomb blockade effect to @

(b) Resistivity measurements

The pure PVDF,two-phase and three-phasmmposites resistivity values &
measured at room temperature and-100C. Table V-2summarizes the resistivi
measurements for the different compos In both measureents, all the compositt
have higher resistivity compared to the pure PVDRe lowest resistivity in bot
temperatures is measured for 3wt% F(M-0.05wt% AgPVDF with ir-situ Ag

nanoparticles. The thrg@ias composite with exsitu Ag nanoparticles hasresistivity
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between those of Ag-PVDF and F(NW)-PVDF composikegure V-8 and Figure V-9
show the current measured by the different samples subjected to a voltage varying
from O to 500V. The x-axis represents the eledigld instead of voltage in order to

account for the different samples’ thickness.

Table V-2. Resistivity measurements at 25 and €00°

p (10 Q.m)
At 25 °C At -100°C
Pure PVDF 184+17 12547+2279
3wt% F(NW) 235+22 13777+650
0.05wt% Ag (6nm) 240450 16941+421
3wt% F(NW)-0.05wt% Ag (6nm) 253+54 15153+429

3wt% F(NW)-0.05wt% Ag (In-situ)  334+90 17510769
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The resistivity values measured at -100C are higien the ones measured at
room temperature. This is due to the lower therema&rgy available in the systems at -
100C to transfer the mobiles carriers presents xpected that the resistivity would
increase when the temperature decreases [114-ht@jever more measurements at
other temperatures are required to predict the ¢eatpre dependence trend particularly

around the polymer’s glass transition temperature.
(c) Diélectric breakdown

Table V-3 summarizes the dielectric constant ansk ltangent at 1kHz, DC
dielectric breakdown and energy density of threasphcomposites compared to the pure

PVDF and the two-phase composite.

Table V-3. Dielectric properties of three-phase posites compared to the pure PVDF and two-
phase composite

Thickness E, g tan(d) U
@m) Mvim) P @ikHz  @lkHz (Jlco)

Pure PVDF 2043 172 9 72 0020 0.94
0.05Wt% Ag-PVDF 29+2 188 4 64 0020 0.99
3wt% F(NW)-PVDF 26+3 265 12 73 0019 2.8
ﬁ"&tgff(l(r’]\f‘é\i’t)dg"05"vt%‘\g 2843 276 & 66 0024 2.23
3wt% F(NW)-0.05W%Ag - 53,3 288 10 75 0026 276

PVDF (Ex-situ)
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With the addition of the Ag nanopatrticles to thet@nF(NW)-PVDF composite,
in-situ and ex-situ, there is an increase in tle¢edtric breakdown. This can be related to
the increase in resistivity for the three-phase posites. The ex-situ 3wt% F(NW)-
0.05wt% Ag-PVDF has an energy density the highesrgy density among all the
composites. The addition of 0.05wt% Ag nanoparsiclex-situ) led to a 20% increase
compared to the two-phase composite and about T@b8pared to the pristine polymer.
However the energy density remained in the samgerdar the in-situ three-phase
composite when compared to the two-phase compusite functionalized TiQ nano

wires. Furthermore, there is a slight increasdéndielectric loss.

(d) Activation energy calculations

Using the same procedure described in Chapter H¥, dctivation energy is
calculated from the dielectric spectroscopy. Tabk summarizes the activation energy
for the pure PVDF, two- and three-phase compositas. 0.05wt% Ag-PVDF has the
highest activation energy, 2.12eV, followed by thesitu 3wt% F(NW)-0.05wt% Ag-
PVDF composite, 1.69eV. The 3wt% F(NW)-PVDF compmsias a higher activation
energy of 1.36eV compared to the pure PVDF. Thdtiaddof Ag nanoparticles resulted
in a further increase in the activation energy carag to the 3wt% F(NW)-PVDF
composite for both ex-situ and in-situ composites has activation energies of 1.69 and
1.40eV, respectively. This increase in activatiorrgy indicates that the addition of Ag
nanoparticles led to the creation of deeper tregzgjiring higher energies to transfer the
electrons and therefore creating a conductive frattugh the composite. The activation

energy calculations correlate with the electricagistivity and dielectric breakdown
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measurements, where deeper traps in the systens leachigher resistivity and

breakdown electric field.

Examples of activation energy calculations are shwAppendix B.

Table V-4. Activation energy calculated from digtecspectroscopy

Activation energy (eV)

Pure PVDF 1.03
0.05Wt% Ag 2.12
3wt% F(NW) 1.36
3wt% F(NW)-0.05wt% Ag 1.69
3wt% F(NW)-0.05wt% Ag (In-situ) 1.40

The resistivity measurements show that the threse@ltomposite has higher
resistivity compared to the ex-situ three-phase pmsite. On the other hand, dielectric
spectroscopy shows that the ex-situ three-phas@asite has a higher activation energy
compared to the in-situ composite. These diffedeehaviors might be due to the
different mechanisms involved in the measuremeassthe dielectric spectroscopy
comprises measurements under AC conditions, howeassstivity measurements are
done under DC conditions. Moreover, it might be sine that the composites
processing has an effect on the three-phase cotepqsrformance. More studies are
required to fully identify the transport mechanishregopening in these composites. In
either case, it is interesting that the additionnadtallic nanoparticles, Ag, led to an

increase in resistivity and activation energy. Thisght be due to the quantum
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confinement, where the nanosized Ag particles mioghticting as trapping sites for the
electrons, electrons scattering due to the Ag nartigtes or the interphase around the
Ag nanoparticles. The contrast between the polymagrix and the Ag particles inherent
electrical properties might create an interphase ttaps mobile carriers present in the
composite. Further investigation is required ineortb make a clear-cut conclusion

about what mechanisms are governing this behavior.
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CHAPTER VI

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

The main objective for this study is optimizing @lymer composite for energy
storage applications using a low content of pasido maintain flexibility and low
dielectric loss. To fulfill this objective, titanidielectric particles having a range of sizes,
aspect ratios, volume content and surface chenveémng studied in order to make a
judicious choice when incorporating them in theypwér composite.

As a first step, we investigated the role of sind aspect ratio of the dielectric
particle on dielectric constant, loss and breakdoivresulting composites. Composites
with nano spheres (NS), micro spheres (MS), nads (BlR) and nano wires (NW) at
4.6vol% loading were characterized. We found tludh laspect ratio and size impact the
dielectric constant value, where a combination ighhaspect ratio and characteristic
length resulted in the greatest enhancement aigiectric constant, as shown in Figure
l1I-5. Specifically, addition of TiQ NR to PVDF polymer matrix resulted in the highest
enhancement in the dielectric constant especiallgva frequencies. This improvement
is due to a combination of high interfacial surfactea and enhancement in local fields
due to the random distribution of the high aspatibrparticles. The effect of the aspect
ratio on the dielectric constant was modeled beativte medium approach (EMA);
however the interfacial area effect was not acceaifdr in the EMA, which explains the
difference between the effective dielectric constaculated and the measured value at

1Hz for the composite with NRefode 9 andeexperimentar39)
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As for dielectric breakdown, the particles with tinghest aspect ratio, i.e., NW,
had the highest dielectric breakdown among theigfit composites. This is most likely
related to the NW’s planar distribution in the nemimposite. A planar distribution
resulted from the solution casting technique (skapter Il); a 2D distribution results in
a limited enhancement in local fields because thglied electric field is along the
particles transversal axis rather than their lamdital axis. Limiting the local field
enhancement increases the dielectric breakdowrghwhiturn increases the material’s
energy density. Since the dielectric breakdowg), Has a higher effect on the energy
density compared to the dielectric constant, bex#us energy density is proportional to
Ep?, the nanocomposite containing NW, the particleth whe highest aspect ratio, had
the highest energy density among all the composit&snote however that, despite the
fact that the NW-PVDF nanocomposite had the higheseérgy density of all
nanocomposites at this stage, it did not comparerédle to the pure PVDF. This might
have been caused by a weak interaction betweepadtireles and the polymer matrix
and particle agglomerations; these two factors tereeno voids in the composite
causing a decrease in the dielectric breakdown.

As a second step and in order to enhance the atitmabetween the particles
and the polymer matrix, the NW particles were cloathy treated with a silane-coupling
agent. The particle functionalization resulted in anhancement in the dielectric
constant without a significant increase in the etigic loss, as compared to the as-
received NWs. Furthermore; the particle’s treatneritanced the dielectric breakdown

up to 4.6vol% loading of the NW patrticles. At 4.8%0 an enhancement of 500% was
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measured for the energy density compared to tistineipolymer due to a simultaneous
increase in dielectric constant and dielectric kdean, while the dielectric loss
remained in the same range as that of the puremaslyMicroscopy study and Raman
spectroscopy showed that the NWs have a prefetegthip(2D) distribution, parallel to
the film’s casting direction. This planar distritort further contributed to the
enhancement in the dielectric properties, wherearease in the dielectric breakdown
was possible despite the high aspect ratio geomairyg to the small local fields along
the particles’ transversal axis. Moreover, the ipirtfunctionalization resulted in an
increase in the activation energy in the composgitech contributed to the enhancement
in the dielectric breakdown. At such a low contetiie polymer’s lightweight,

processability and flexibility were maintained aswn in Figure VI-1.

Figure VI-1. Flexible NW-PVDF composite
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An investigation of the thickness effect on the posites’ dielectric breakdown
showed that there is an important dependence okniss for the higher particle content
(4.6vol% F(NW)-PVDF). The thinnest film, t=ffn, resulted in the highest dielectric
breakdown. This can be related to the smaller nunobedefects present in thinner
samples; in addition, a thinner sample will promatbetter planar distribution of the
high aspect ratio particles. Therefore processiag plays a big role, where a thinner
nanocomposite might result in more significant ioy@ment in the energy density.

As a third step, we investigated the effect of agdiano metallic particles to the
two-phase composite and monitored the dielectrap@ries and electrical resistivity.
Ag nanoparticles were added to a 3wt% F(NW) botingusex-situ and in-situ
techniques. An increase in the dielectric breakdawd resistivity was measured. This
increase can be due to an interphase effect, guacbnfinement due to the presence of
Ag nanoparticles, also called Coulomb blockade ctffand/or electrons scattering.
However, there was a slight increase in the digteldss despite the low content of the
added particles. This might have been due to aggiations of the Ag nanoparticles. A
better dispersion of the Ag nanoparticles mightllemmore trapping sites and therefore
enhance the dielectric response of the composite.

As a summary, a 500% improvement in energy dengity measured at a low
content of 4.6vol% high aspect ratio TGi(particles with a low dielectric loss,
comparable to that of the pristine PVDF. The preirgstechnique produced a planar
distribution of the TiQ nano wires in the composite; a further alignmédrthe particles

might lead to an even higher enhancement. At 9%ydhe processing procedure used
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was not able to yield a planar distribution of ttao wires resulting in a decrease in the
dielectric breakdown. A possible solution for tleisallenge is to manipulate the nano
wires mechanically or electrically to align thenm Additional research path would be to
focus on the effect of the PVDF phases, includimg monpolam-phase. Varying the
processing procedures to obtain different PVDF etasould affect the composites
properties going from a linear to a non-linear rain the electrical displacement
response as a function of electric field. Exploratger high dielectric polymers, such as
PVDF co and terpolymers would be interesting frdme fpoint of view electrical,
dielectric and piezoelectric properties of the comife [17, 117, 118]. Finally, the
addition of a very low content of Ag nanoparticteghe two-phase Ti©PVDF resulted

in an increase in the dielectric breakdown andtetat resistivity. However a slight
increase in the dielectric loss was measured, rposbably due to agglomerated
particles. An enhancement in the particles disparsvould result in better effective
dielectric and electrical properties, so focusingunctionalization of Ag to lead to even
better dispersion would be a good future focus. ddwer, the in-situ Ag nanoparticles
processing led to polydispersity in the Ag, withtmde diameter varying from 5 t015
nm. More control on the particles size to get masperse nanoparticles with the
smallest size possible promises to achieve theebkiginterfacial area between the
particles and the polymer matrix and hence thedsgimterphase effect on dielectric and

electrical properties.
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APPENDIX A

For repeatability, another series of samples wéaacteized using TSC t
insure the same behavior is followed in the différeamples of the same compos
Averaging the output current was not a good ideaesithe measuring temperature
different for each measurement. Although the d#ifere is not dramic, averaging x an
y-data might cause the loss of some informations Wworth noting that the-axis has

different scales in different grap
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APPENDIX B

This appendix shows some examples of activationrggnestimation fron
dielectric spectroscopy relaxatiorFigure B-1 shows an example loks tangent as a
function of frequency at different temperature fpure PVDF. The relaxatic

frequencies for the different temperatures areaektd from this plc
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Figure B-1 Dielectric loss as a function of frequency atet#nt temperatures for re PVDF

The following figures show the linear fitting of (Xf) as a function of 1/T. Th

slope is Ea/k, where Ea is the activation ent
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Figure B-3.Linear fitting of Ln(1/f) as a function of 1/T, wheef is the relaxation frequency a
T is in Kelvin, for 0.05wt% Ag-PVDF
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Figure B-4 Linear fitting of Ln(1/f) as a function of 1/T, wteef is the relaxation frequcy and
T is in Kelvin, for3wt% F(NW)-0.05wt% Ag-PVDF
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Figure B-5.Linear fitting of Ln(1/f) as a function of 1/T, whef is the relaxation frequency a
T is in Kelvin, for3wt% F(NW)-0.05wt% Ag-PVDF (In-situ)
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From these plots, the activation energy is caledldtom the linear fitting slope

as shown in Table B-1.

Table B-1. Activation energy calculations from kmditting slope

Slope Ea (eV)
Pure 1.20E+04 1.03
0.05wt% Ag 2.46E+04 2.12
3wt% F(NW) 1.58E+04 1.36
3wt% F(NW)-0.05wt% Ag 1.96E+04 1.69

3wt% F(NW)-0.05wt% Ag (in-situ) 16296 1.40
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