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ABSTRACT

The B-crystallization of PVDF was investigated in this study. Nanocomposites were prepared
by melt mixing PVDF, and 80/20 w/w PVDF/PMMA blends, with non-activated and (5 and
10 min) mechanically activated BaTiO; nanoparticles. The samples were then quenched in ice
water followed by annealing at 80 °C for 24 hours. The sizes of the BaTiOs particles were
reduced through mechanical activation prior to mixing, and the activated BaTiO;
nanoparticles interacted better with the polymer matrix. The BaTiO; nanoparticles were well
dispersed in the polymer matrix, but also formed agglomerates. The B-phase was only
detected in the blend and the blend nanocomposites. The non-activated BaTiO; nanoparticles
favoured the o-phase crystallization of PVDF/PMMA, while the mechanically activated
nanoparticles induced the B-phase. The thermal stabilities of PVDF and the PVDF/PMMA
blend decreased with the addition of BaTiO; nanoparticles. At a fixed filler content, the
storage modulus and dielectric constant increased with an increase in activation time. The
crystallization and melting temperatures of the matrix were slightly affected by the

introduction of activated BaTiO; particles.
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CHAPTER 1

GENERAL INTRODUCTION

1.1. Background

Piezoelectricity can be defined as the ability of certain materials to expand or contract under
the influence of an applied electric field. Examples of piezoelectric materials include quartz,
barium, strontium, and some polymers such as PVDF. The use of poly(vinylidene fluoride)
(PVDF) in piezoelectric or dielectric applications has attracted much interest over the past
decades. PVDF is a polymorphic, semi-crystalline polymer which crystallizes into at least
four crystallographic phases, namely the o-, y- and &-phases, but most importantly the [-
phase. Each phase of PVDF has a specific conformation, and it is possible to transform from
one phase to the other [1-4]. The a-phase of PVDF has a monoclinic unit cell and is the most
stable phase from a thermodynamic point of view. This polymorph is non-polar,
piezoelectrically inactive, and has a TGTGT’ conformation in which T and G are the trans and
gauche chain conformations, respectively. In the a-polymorph, the chains are packed in the
unit cell in such a way that the molecular dipoles are anti-parallel and there is no net (crystal)
dipole [5]. The a-phase of PVDF is obtained by slow cooling from the melt or quenching at
temperatures greater than 30 °C [6]. The y-phase is polar and has an orthorhombic unit cell
with a TTTGTTTG’ conformation. This polymorph can be obtained by crystallization from
some highly polar solvents, high temperature annealing, or high pressure crystallization. The
v-phase is an intermediate phase between the a and B-phases [7]. The 6-phase is a polar phase
of the a-phase. This phase has been identified as one having the same chain conformation as
the a-phase, but the carbon-fluorine bonds are aligned in one direction around the chain

direction and every other chain is rotated, resulting in a net dipole [8].

Over the past years, the B-phase of PVDF has attracted much interest because it is the one
giving PVDF the piezo, pyro and dielectric properties. In the B-phase, PVDF is used in
applications such as capacitors, sensors, and actuators [9-13]. The B-phase is polar and has a
TTTT’ conformation in which all the fluorine atoms are located on the same side of the
polymer chain [14,15]. However, the fluorine and hydrogen atoms in the B-phase are on the
opposite sides of the polymer backbone, resulting in a non-zero dipole moment. It is very

1



challenging to induce the B-phase in PVDF, and this phase can be induced from other phases
of PVDF under appropriate conditions and methods, or a combination of both. These include
stretching/drawing, quenching, polymer blending and the incorporation of fillers. The oriented
B-phase can be obtained from the a-phase by stretching/drawing the PVDF film. A maximum
fraction of an oriented B-phase is achieved at a stretch ratio of five and a temperature of 80
°C, whereas the unoriented -phase can be obtained by rapid quenching from the melt. The
critical quenching temperature for B-phase formation was reported to be 30 °C. Quenching
PVDF at temperatures below 30 °C results predominantly in the B-phase, while above this
temperature (30 °C) the a-phase dominates [16-18]. A quenching temperature below 30 °C
must be selected with caution, because quenching at temperatures lower than 0 °C, as in the
case of liquid nitrogen, may result in a highly brittle B-phase PVDF film with cracks, thus
limiting the applications of this material. Subsequent annealing of the quenched PVDF results
in an improvement of the B-phase [19]. The B-phase PVDF cannot be used for applications
requiring high temperatures, because high temperatures destroy the - crystals thus giving rise

to a-crystals during cooling to room temperature [6].

Polymer blending is an essential method for producing polymeric materials from existing
polymers. A polymer blend is a mixture of at least two polymers or copolymers. The
advantages of polymer blending include cost effectiveness and less time-consumption than the
development of new monomers as the basis for new polymeric materials. Additionally, a wide
range of material properties is within reach by merely changing the blend composition [20]. In
addition to its polymorphic character, another interesting aspect of PVDF is its ability to form
blends that are miscible or partially miscible with certain carbonyl group containing polymers,
such as polyacrylates, polyketones and polyacetates [21]. The miscibility of PVDF with
carbonyl containing polymers is thought to occur through the dipole/dipole interaction
between the >CF, groups of PVDF and the >C=0 groups of the above-mentioned polymers,
and to the hydrogen bonding between the double bonded oxygen of the carbonyl group or the
acidic hydrogen of the —CH,—CF,— group [22-24]. PMMA was, however, blended with PVDF
in this study because of its ability to force PVDF to crystallize in the B-phase when quenched
from the melt at PMMA contents of less than 30 wt.% [25,26]. This is attributed to the
reduction of the crystallization rate of the a-phase with the incorporation of PMMA, which in
turn makes quenching more efficient thus increasing the crystallinity of the B-phase crystals

[26].



Another way of obtaining the B-phase of PVDF is by the inclusion of small amounts of fillers
such as clay, TiO,, and carbon nanotubes [27-29]. In the presence of the filler, PVDF chains
bind onto the surface of the filler particles which forces them to crystallize in the B-phase. As
the sizes of the fillers become smaller, large specific surfaces and defects form which
improves the process [5,28,30-32]. For these reasons mechanical activated BaTiO; is a good
filler because it possesses a large surface areca and many defects to improve P-phase

formation. This BaTiOj; still maintains the tetragonal structure it had before activation [33].

Piezoelectricity in potential piezoelectric materials can be optimized by a poling process
[34,35], which is achieved by putting a material in a constant electric field to force the dipoles

to align in the same direction.

1.2. Aims and objectives of the study

The main objective of this study was to prepare and characterize polymer nanocomposites
with piezoelectric properties. This is mainly achieved by B-phase nucleation of PVDF after
melt mixing it with 20 wt.% PMMA, quenching in ice water and subsequent annealing. PVDF
and PMMA were selected because of their high compatibility. The efficiency of non-activated
and mechanically activated BaTiOs to induce B-phase formation on PVDF and 80/20 w/w
PVDF/PMMA was also investigated. The idea was to incorporate piezoelectric nanofillers in a
polymer matrix to increase its dielectric constant. The morphologies of the samples and the
development of a B-phase were investigated using Fourier-transform infrared spectroscopy
(FTIR), Raman spectroscopy, X-ray diffractometry (XRD) and scanning electron microscopy
(SEM). The thermomechanical and thermal properties of the nanocomposites were
investigated by using dynamic mechanical analysis (DMA), thermogravimetric analysis
(TGA), and differential scanning calorimetry (DSC). The dielectric properties were

investigated by using a dielectric spectroscopy.



1.3.

14.

Outline of the thesis

The layout of the thesis is as follows:

» Chapter 1: General introduction
Chapter 2: Literature review
Chapter 3: Materials and methods

Chapter 4: Results and discussion

YV V VYV V

Chapter 5: Conclusions
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CHAPTER 2

LITERATURE REVIEW

2.1 Barium titanate (BaTiO;) nanoparticles

A number of studies have been done on ceramics, especially their use as fillers for polymeric
materials [1-3]. The purposes of incorporating fillers were to either reinforce or improve the
dielectric properties of polymer matrices. With this in mind, the ceramic filler of particular
interest is barium titanate due to its remarkable ferroelectric properties, which are essential in
the electronic industries, and its environmental friendliness when compared to lead containing
ceramics such as lead titanium zirconate. BaTiO; has a critical temperature (Tc) of 120-130
°C and a perovskite structure, which is an ideal cube. The perovskite cubic structure is stable
above T, but transforms to a hexagonal structure around 1460 °C. The cubic structure also
transforms to a tetragonal structure on cooling to temperatures between T and 0 °C [4,5].
The tetragonal phase of BaTiO; is very important because of its large dielectric constants,

which are required in the electronics industry.

Over the past decades, a number of methods have been proposed for synthesizing BaTiOs,
namely sol-gel, solid state reaction, hydrothermal, co-precipitation and the polymeric
precursor method [4]. The most commonly used methods for BaTiOs synthesis are the solid
state reaction and hydrothermal methods [4,6-9]. During a solid state reaction BaTiOs is
produced by reacting solid barium carbonate with titania, and calcinating the mixture at 700-
1200 °C [4,6]. This method results in large BaTiO3 nanoparticles that are highly agglomerated
and have poor electrical properties [6]. Due to the miniaturization of electronic devices there
is a large demand for nanosized BaTiOs;. To achieve this, intensive ball milling over long
periods of time during the reaction is employed [10-12]. Even though this method seems to
serve the purpose of obtaining fine BaTiO3 nanoparticles, it cannot be easily implemented on

a laboratory scale because it requires sophisticated equipment.

The hydrothermal method involves heating an aqueous suspension of insoluble salts in a
closed system, i.e an autoclave, at a moderate temperature and pressure so that the formation
of the desired phase occurs. Unlike the solid state reaction method, the hydrothermal method
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ensures the production of BaTiO; in a single processing step and does not require
sophisticated equipment. In the synthesis of BaTiO; by the hydrothermal method, fine BaTiO;

nanoparticles with an average size of less than 200 nm were obtained [7-9].

2.2 Poly(vinylidene fluoride) (PVDF)

PVDF is a fascinating fluoropolymer which is used in many applications because of its good
thermal stability, and excellent mechanical, weathering, chemical and processing properties.
Its outstanding mechanical strength and excellent chemical resistance make it suitable for
wastewater treatment where it is used as a membrane for filtering water. Its weathering
resistance ensures it is a material of choice for use in coatings. The good thermal stability of
PVDF is attributed to the high electronegativity of the fluorine atoms situated on the chain and
the high bond dissociation energy of the C—F bonds. PVDF undergoes thermal degradation to
primarily yield hydrogen fluoride. Other chemical reactions such as crosslinking of the
polymer and the formation of carbon-carbon double bonds may occur during the thermal
degradation [13]. Several studies [14-17] investigated the thermal degradation of PVDF by
using thermogravimetric analysis and pyrolysis. In these studies, the TGA curves showed a
single degradation step and a char residue beyond the degradation temperature. The single
degradation step is caused by the dehydrofluorination of hydrogen fluoride in PVDF.
However, there is a study where the TGA curves of PVDF showed double degradation steps,
which were attributed to dehydrofluorination, and the formation of a double bonded C,H;F;

[18].

PVDF is a polymorphic, semi crystalline polymer that crystallizes in at least four
crystallographic phases, namely alpha (o), gamma (y), delta (3), and most importantly the beta
(B) phase. The B-phase is of prime importance because of its high dielectric constant, as well
as piezoelectric and pyroelectric properties, which are essential in the electronics industry.
Many studies have been devoted to transforming PVDF from its stable a-phase to the unstable
B-phase [19-21]. It has been shown that mechanical drawing of the a-phase PVDF at stretch
ratios of 4 and 5 at 80 °C results in the maximum amount of B-phase as detected by FTIR
[19,20]. The authors attributed this transformation to a change from a spherulitic to a micro
fibrillar structure, which induced an all-trans planar zigzag conformation into the crystals.
However, the B-phase has also been obtained by annealing the y-phase PVDF attained by
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casting in dimethyl sulfoxide [21]. The maximum [B-phase was attained when annealing was
performed at 90 °C for 5 hours as seen on Raman spectroscopy and FTIR. The authors
attributed the observed results to a decrease in viscosity of the PVDF, which in turn increased
the chain mobility. Consequently, the thermal energy was sufficient to reorganize the structure
of conformers from the TTTGTTTG’ sequence of the y-phase to the TTTTTTTT’ sequence of
the B-phase.

2.3 PVDF nanocomposites

2.3.1 Morphology and polymorphic phases

The most commonly used methods for preparing PVDF nanocomposites are solution mixing
and melt mixing. Unlike melt mixing, solution mixing promotes improved dispersion of the
filler in the PVDF matrix. The dispersion of the filler in the polymer matrix and the
morphology of the resulting polymer nanocomposites are highly significant because they
serve as a basis for predicting how the material will perform. The morphology and crystalline
phases of PVDF nanocomposites are normally investigated using scanning electron
microscopy (SEM), transmission electron microscopy (TEM), optical microscopy, Fourier-
transform infrared (FTIR) spectroscopy, Raman spectroscopy and X-ray powder
diffractometry (XRD). Studies on the dispersion of BaTiO3; in PVDF/BaTiO3; nanocomposites
prepared by solution mixing and long sonication times revealed non-agglomerated and well
dispersed nanoparticles in the polymer matrix [22-24]. However, the dispersion in a
composite with 20 vol.% investigated in [25] was not homogenous. The authors reported that
the volume fraction of PVDF in the composite was high and that the PVDF had not been
absorbed, resulting in an inhomogeneous dispersion of BaTiO; nanoparticles in the composite.
Their reason seems to be inadequate, since a total sonication time of 30 minutes was used,
while other authors used sonication times far greater than 30 minutes and obtained

homogenously dispersed nanocomposites at that content [22,23].

Several researchers [26-29] investigated the morphologies of a number of PVDF
nanocomposites. Generally, PVDF crystallized exclusively in the a-phase. However, the size
of the a-phase spherulites decreased with the addition of nanofillers. It is generally expected
that the addition of nanofillers in PVDF induces the B-phase at the expense of the a-phase.
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This is attributed to the nanofillers disrupting the a-phase crystallization process. These
studies confirm what is already known that the B-phase in PVDF is induced by the
incorporation of nanofillers. Similar behaviour was observed on addition of silica
microparticles [30]. The sizes of the spherulites decreased with an increase in silica content.
However, in this case the microparticles did not induce the B-phase. This may be due to the
size of the filler and the lack of defects. These properties play a major role in binding PVDF
chains tightly to the particles in order to induce the -phase.

2.3.2 Thermal properties

The thermal properties of a polymeric material are important because they give information
about conditions that a material has to bear before failure. Unlike metallic materials,
polymeric materials have a low use temperature, which reduces their use in making certain
products. A good solution is to incorporate nanofillers to improving their thermal properties.
In the automotive industry, most car manufacturers are now using nanocomposite materials
instead of metallic materials for making body panels. This results in a car with light body
panels and thus less fuel consumption. DSC and TGA are the most used techniques for
investigating the thermal properties of nanocomposites [18,30-33]. Studies on the thermal
stabilities of PVDF nanocomposites reveal that the thermal stability and char content of PVDF
increased with an increase in nanosilica content [30-32]. The increase in the thermal stability
was attributed to the good dispersion and thermal transmission properties that enable the silica
nanoparticles to strongly hinder the volatility of the decomposed products and thus limit the
continuous decomposition. There is a study in which the thermal stability of PVDF decreased
with increases in the filler content [18]. The decrease in the thermal stability was attributed to
a decrease in the surface area caused by an increase in the size of the filler as its content
increased. In another study the decrease in the thermal stability with an increase in nanofiller
content was ascribed to the catalytic effect of the nanofillers [33].

Various studies on PVDF nanocomposites have been conducted for analyzing the effect of the
addition of different fillers on the melting characteristics [14,18,29,34,35]. In these studies,
the nanocomposites displayed either a single or a double melting peak. The double melting
peaks were related to either the melting of crystals with different sizes or to polymorphism.
Generally, the authors stated that this phenomenon was due to polymorphism, which was

attested by their XRD and FTIR results confirming the presence of both a- and B-phases.
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They also stated that the a-phase crystals melt at temperatures lower than the B-phase crystals.
A single melting peak, which shifted to higher temperatures as the nanoparticle content
increased, was attributed to the development of B-phase crystals [18,29,34,35]. Other studies
on PVDF nanocomposites, however, revealed that the melting point of PVDF decreased with
an increase in the filler content [36,37]. Since PVDF displayed only the a-phase, the authors
assumed that the decrease in melting temperature was due to the presence of or increase in the
B-phase, which was detected by FTIR and XRD. They also mentioned that the B-phase
crystals melt at lower temperatures than the a-phase crystals, which is contrary to what the

previously mentioned authors stated.

2.3.3 Mechanical properties and thermomechanical behaviour

The mechanical and thermomechanical behaviour of PVDF nanocomposites are generally
investigated by tensile testing and dynamic mechanical analysis (DMA), respectively. Tensile
testing is normally performed at room temperature, whereas DMA is performed by heating
polymers from very low temperatures to high temperatures. DMA studies on PVDF
nanocomposites have been reported in a number of studies [18,33,38,39] in which various
nanofillers were used. An overall increase in the storage modulus with an increase in the
concentration of the nanofillers over the whole temperature range was observed. The increase
in storage modulus was attributed to the reinforcing effect of the nanofillers due to their high
aspect ratios. However, in some studies the nanocomposites with low filler content had higher
storage modulus values than ones with high filler content, due to the better lattice packing at
low content. An increase in the crystallinity of PVDF was also one of the reasons for the

increase in storage modulus at low loadings.

The tensile properties of PVDF in various PVDF nanocomposites generally showed higher
tensile modulus values compared to the pristine polymer due to the reinforcing effect and
good dispersion of the nanofillers in PVDF [40,41]. However, in one study the modulus was
lower at high filler loadings [40]. The authors did not mention the reason for these lower
values. It is, however, known in the nanocomposites world that poor dispersion and
agglomeration at higher filler loadings might have a detrimental effect on the tensile

properties of the nanocomposites.
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2.3.4 Dielectric properties of PVDF composites

Because of its high dielectric constant, barium titanate (BaTiOs) is one material used for
making ceramic capacitors. However, ceramic materials are brittle, suffer from low
mechanical strength, and thus cannot be exposed to large electric fields [42]. To overcome
this, polymers are often mixed with ceramics. The frequency dependences on the dielectric
constants (¢) of PVDF/BaTiO; composites were investigated [22,23]. In both cases € of the
composites decreased with increases in frequencies, but a significant decrease was observed
around a frequency of 3 x 10° Hz in study [22]. The authors attributed the large decrease to a
dipole relaxation of the nanocomposites lagging behind the fast change of the applied field.
Moreover, with reference to PVDF, the dielectric constant increased on addition of BaTiOs.
The high ¢ in the composites was attributed to the high ¢ of BaTiOs. Studies on the dielectric
properties of PVDF/carbon nanotubes showed increases in the dielectric constants as carbon
nanotubes were incorporated, and the authors related it to the formation of capacitor networks
[40,43]. The dielectric constants of PVDF/BiCl; and PVDF/graphite composites were also
investigated [27,44]. An increase in € was observed as graphite and BiCl; nanofillers were
added. These results were attributed to the high dielectric constants and conductivities of the

nanofillers, as well as the increase in the number of charge carriers.

2.4 Poly(methyl methacrylate) (PMMA)

Poly(methyl methacrylate) (PMMA) is an important member in the family of polyacrylic and
methacrylic esters. It has several properties allowing it to be used in many applications. For
example, its outstanding optical clarity allows it to be used as a replacement for glass.
Because of its low toxicity and compatibility with human tissue, it is used for bone cements,
contact and intraocular lenses, screw fixation in bone, filler for bone cavities and skull defects,
and vertebrae stabilization in osteoporotic patients. On the other hand, PMMA shows poor
abrasion resistance and thermal stability, which limits its use in certain applications [45]. Due

to its low thermal stability, PMMA is used at temperatures less than 80 °C.

Over the past decades, a number of thermal degradation mechanisms of PMMA have been
proposed [46-48]. However, PMMA is widely believed to undergo degradation by main chain

random scission and homolytic scission [49]. During the degradation by main chain random
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scission, PMMA primarily degradates to yield an isobutyryl macroradical and a primary
macroradical. The isobutyryl macroradical further undergoes -scission with the generation of
methyl methacrylate monomers, while the primary macroradical is believed to undergo B-
elimination with the formation of methallyl-terminated PMMA, CO, CO,, methoxy and
methyl radicals. In the homolytic scission of the methoxycarbonyl group, the remaining
polymer radical can undergo B-scission to form an isobutyryl macroradical and a methallyl-
terminated PMMA chain. The newly formed radical can then cleave to give another isobutyryl
macroradical, which will depolymerize, and a series of small molecules, which depend upon
the small radicals formed in the previous step [49]. However, the main product formed during
the degradation of PMMA is methyl methacrylate irrespective of the degradation path
followed [50].

2.5 PMMA nanocomposites

2.5.1 Morphology

A few studies have reported on PMMA/BaTiO; nanocompositers. In these studies, core-shell
structures of PMMA/BaTiO; nanocomposites have been prepared via in situ atom transfer
radical polymerization and free radical emulsion polymerization [51,52]. Generally, SEM
results showed well embedded and homogenous dispersion of BaTiO3; in the PMMA matrix.
Additionally, no debonding was observed between the PMMA and BaTiO; nanoparticles. The
effect of titania on the morphology of PMMA have been investigated in a number of studies
[53-55]. In these studies, the nanocomposites were prepared by melt mixing, iz situ, and graft
polymerization. Generally, there was a uniform dispersion of titania nanoparticles in the
PMMA. Unfortunately, the nanoparticles agglomerated in the matrix forming aggregates with
diameters of several micrometers. The main challenge in the field of polymer nanocomposites
is the prevention of aggregates because they transform nanofillers to behave like microfillers
which might serve as weak reinforcing particles in certain instances. However, it was shown
that bead milling modified titania (anatase) where a silane coupling agent was used as a
modifier resulted in non-agglomerated titania in PMMA [56]. Recently, a study on rutile and
anatase titania showed that in melt mixed PMMA/TiO, nanocomposites, the rutile titania

system had smaller agglomerates than the anatase titania system [57]. Based on these studies
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[56,57], it can be assumed that bead milling modified rutile titania might have offered a

simple solution for preparing non-agglomerated PMMA/TiO; nanocomposites.

2.5.2 Thermal properties

A number of studies have reported the glass transition temperature (T,) of PMMA composites
using DSC [58-61]. In these studies, different types of clays and preparation methods were
used. Generally, T, increased with the incorporation of clay, irrespective of the preparation
method. The authors attributed the behavior to the strong interaction between PMMA and
clay, as well as the confinement of PMMA chains within the clay layers consequently
restricting chain mobility. However, a sudden decrease in T, at high clay loading was also
observed, but a clear explanation for this behaviour was not given. The investigation of T,
using DSC in PMMA/TiO; nanocomposites has been the subject of many studies [53,55,62].
Generally, an increase in T, with the incorporation of titania nanoparticles was observed and it
was attributed to the strong interaction between PMMA and titania which decreased chain
flexibility. However, increases in T, were significant where methacrylic acid and 2-
hydroxyethyl methacrylate were used as coupling agents for PMMA/TiO, systems [63,64].
The authors attributed the increases in T, to the strong interfacial bonding between these
coupling agents and PMMA.. Interestingly, in the studies where 6-palmitate ascorbic acid (6-
PAA) was used as a coupling agent, T, decreased with increases in titania loading [65,66].

This was attributed to the plasticizing effect of TiO,/6-PAA on PMMA.

The influence of zirconia on the thermal stability of PMMA has also been investigated
[67,68]. Generally, the thermal stabilities improved with the incorporation of zirconia
nanoparticles. The improvements in the thermal stabilities were attributed to the fact that
zirconia nanoparticles trapped the generated free radicals during degradation, while resisting
the out-diffusion of decomposition products in the process. The degradation of PMMA/ZrO,
in nitrogen and air showed different degradation temperatures proving that degradation
mechanisms are different in nitrogen and in air [69,70]. The incorporation of inorganic
nanoparticles in polymer matrices is known as a simple way of improving the thermal stability
of pure polymers. Nevertheless, it was found that the incorporation of rutile titania in PMMA

had no significant effect on the thermal stability. The authors stated that the lower activation
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energy in PMMA/TiO, (rutile) implied that rutile titania acted as a catalyst for thermal

decomposition [57].

2.5.3 Mechanical properties and thermomechanical behaviour

Mechanical and thermomechanical investigation of PMMA/TiO, nanocomposites [62,71]
showed a decrease in the tensile and dynamic modulus increased on filler loading. These
observations were attributed to the stronger interfacial adhesion between PMMA and the
titania nanoparticles through physiochemical interactions. Recently a study of melt mixed
PMMA/TiO, showed that anatase titania immobilized the PMMA chains above T, which
shifted the storage modulus to higher values, whereas below T, anatase titania had no
influence on the storage modulus [57]. Interestingly, low contents of rutile titania (1 and 2
w.t%) plasticized the PMMA below T, thus shifting the storage modulus to lower values,
while effective immobilization of PMMA occurred above T, at high rutile titania content (5
wt.%). Even though increases in storage modulus and T, values were observed in [57], they
were small compared to values reported in another study for a similar system [71]. Clearly, a
detailed analysis of both studies is needed. Even though a good dispersion of titania in PMMA
was observed in both studies, it is possible that the dispersion was much better in [71]. This
can be attributed to a number of factors, i.e. the use of much smaller titania nanoparticles and

more effective mixing methodology.

2.6 PVDF/PMMA blend and composites

2.6.1 Polymorphic phases and morphology

Blending PVDF with acrylic polymers such as PMMA is known to be another way of
obtaining the desired polymorph of PVDEF. Over the past decades, a number of studies have
been done on PVDF/PMMA blends [72-76]. In these studies, PVDF/PMMA samples were
either prepared by melt or solution mixing and more importantly quenched followed by
annealing. The presence of the B-phase in the samples was detected using FTIR and XRD.
Interestingly, in the studies where solution mixing was used for preparation [72,74], PVDF
exhibited the B-phase which decreased in intensity on incorporation of PMMA. It seems like

the presence of PMMA reduced the crystallization rate of the B-phase while promoting the a-
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phase. However, a study on extruded and quenched PVDF/PMMA blends displayed PVDF
exclusively in the a-phase [75]. An increase in PMMA content resulted in an a-phase
reduction, which completely disappeared beyond 40 wt.% PMMA. The crystallization rate of
the a-phase was reduced while B-phase formation was induced in the process. It is clear that
PMMA can either reduce or improve the B-phase depending on the processing technique

employed.

The effect of rutile titania on the polymorphic phases of PVDF in PVDF/PMMA extruded
samples have been investigated [77,78]. In both studies, FTIR revealed that the addition of
TiO, at low contents reduced the intensities of certain a-phase peaks (744 and 765 cm™)
implying interaction between TiO, and PVDF in the blend composite system. The authors
stated that the stable a-phase was changed to the unstable f-phase on addition of low contents
of TiO; (< 30 wt.%). However, XRD showed that both the a- and B-phase were present at low
contents, but one of the studies [78] revealed that incorporation of TiO, beyond 30 wt.%

resulted in the disappearance of both phases.

Studies on the morphologies of PVDF/PMMA blends using optical microscopy and SEM also
showed the presence of spherulites [72,74,75]. On addition of PMMA to PVDF, the sizes of
the spherulites decreased and the number of spherulites increased due to reduced
crystallization regions in PVDF. PMMA segregated into the interlamellar or intercrystalline
regions of PVDF. At 80 wt.% PMMA and above, the spherulites disappeared but longitudinal
shapes similar to PMMA were observed [74]. PVDF and PMMA are known to be miscible
over a wide composition range. SEM micrographs of melt and solution mixed PVDF/PMMA
blends over a wide composition range showed the absence of phase separation indicating
miscibility [75,79]. The miscibility between PVDF and PMMA is due to the dipole/dipole
interaction between the >CF, groups of PVDF and the >C=0 groups of the above-mentioned
polymers, and to the hydrogen bonding between the double bonded oxygen of the carbonyl
group or the acidic hydrogen of the ~CH,—CF,— group.

SEM results of melt mixed PVDF/PMMA/TiO, composites showed that the incorporation of
rutile TiO, at 2-5 wt.% contents results in homogenous dispersion and non-agglomeration of
TiO; in the matrix, but aggregates of particles were observed at 10 wt.% TiO, [77]. Another
study on extruded PVDF/PMMA/TiO, composites showed homogenous dispersion and non-
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agglomeration of rutile TiO; at 5-15 wt.% contents, but aggregation of particles occurred at 30
wt.% [78]. The reason why aggregates are observed at higher contents may be related to the
preparation method and the nanoparticle size. In study [78], an extrusion speed of 50 rpm and
rutile TiO; of 210 nm diameter were used, whereas an extrusion speed of 30 rpm and rutile
TiO, of 260-300 nm were used in study [77]. Clearly, higher extrusion speeds have a tendency

of breaking aggregates into smaller aggregates and single particles.

2.6.2 Thermal properties

The effect of TiO, on the thermal degradation of PVDF/PMMA has also been investigated
[77,78]. In these studies, the degradation of the blend composites displayed a single mass loss
step compared to the pure blend, which displayed two mass loss steps. In the absence of TiO,,
PVDF/PMMA had an onset temperature of degradation (T.,) of 359 °C, while the
incorporation of TiO; in the blend lowered T, to 327 °C [77]. The decrease of T, in the
presence of TiO, was attributed to the metal oxide-catalyzed oxidative decomposition
pathways in the composites and not to the degradation of TiO, since it is stable to
temperatures above 600 °C. The blend had a residual char between 500-800 °C, and it was
attributed to the formation of hydrogen fluoride, which led to unsaturation in the polymer
backbone. This resulted in products that did not decompose easily. The residual char increased
with the incorporation of TiO,, which was attributed to a reaction between the chelating
ligands of the titanium ion and hydrogen fluoride resulting in new products that were hard to
decompose. However, study [78] revealed that the presence of TiO; in the blend increased the
onset temperature of degradation (T,,), whereas a decrease in T,, with TiO, loading was
observed in study [77]. It is not clear why the systems investigated in the two studies showed

different behaviour, but maybe the particle size of TiO, played a role.

The a- and B-phases of PVDF have been reported to have different melting temperatures [14].
Even though a- and B-phases have been detected in melt mixed PVDF/PMMA/TiO,, the
melting curves displayed only single melting peaks in study [77], but double melting peaks in
study [78]. The melting temperatures of the composites are the same as those of the blends in
each study, but the crystallinity decreased with the addition of TiO,. Another study on
reduced graphene oxide-PMMA/PVDF composites showed that with the incorporation of
poly(methyl methacrylate) functionalized graphene (MG), the melting peak of PVDF is split
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into two peaks [17]. The authors attributed the low and high melting peaks to the melting of a-
and B-crystals respectively. As the content of MG increased to 5 wt.%, only the high
temperature melting peak was observed in the DSC curve implying that the B-phase was fully

formed.

2.6.3 Mechanical properties and thermomechanical behaviour

The mechanical properties of PVDF/PMMA/TiO, nanocomposites have also been reported in
studies [77] and [78]. Generally, increases in tensile strength and elongation at break were
observed when TiO, was incorporated in the blend, but a maximum increase was reached at 2
and 10 wt.% TiO; in studies [77] and [78], respectively. The maximum improvement at these
contents was attributed to the optimum dispersion of TiO; in the blend. Further addition of
TiO, decreased the tensile strength and elongation at break. The authors attributed the
decrease in mechanical properties to the defects caused by agglomeration of TiO,, which in

turn made stress concentrations to occur in PVDF/PMMA.

DMA was used to study the thermomechanical properties of PVDF/PMMA/carbon black
composites [80]. In this study, the tan & curves of PVDF/PMMA and PVDF/PMMA/carbon
black showed a glass transition at similar temperatures. The authors found that carbon black
had no influence on the glass transition temperature of the blend. A study on multi-walled
carbon nanotube/poly(methyl methacrylate) (MWNT/PMMA) composites showed that the
addition of 0.5 wt.% PVDF increased the storage modulus of MWNT/PMMA [81]. This was
attributed to improved interfacial adhesion between MWNT and PMMA due to the presence
of PVDF.
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CHAPTER 3

MATERIALS AND METHODS
3.1 Materials
3.1.1 Poly(vinylidene fluoride) (PVDF)

PVDF was supplied in powder form by Solvay Solexis, Brussels (Belgium). It has a melt flow
index (MFI) of 0.7 g/10 min (230 °C, 10 kg), a melting point of 173 °C, and a density of 1.78

g cm”.

3.1.2 Poly(methyl methacrylate) (PMMA)

Commercial grade poly(methyl methacrylate) (PMMA, Altuglas® V920T) produced by Bayer
Materials Science, Italy was used. It has a melt flow index (MFI) of 1 g/10 min (230 °C, 3.8
kg) and M,,= 350 000.

3.1.3 Barium titanate (BaTiO;)

BaTiO; powder (p.a. 99.9%) was supplied by Aldrich via the University of Belgrade, Serbia.
It was mechanically activated for 0, 5 and 10 min respectively in a planetary ball mill (Fritsch
Pulverisette 5) with a zirconia jar and zirconia balls (10 mm in diameter). The ball/sample
mass ratio was 20:1, while the tray and vial rotation speeds were 317 and 396 rpm

respectively.

3.2 Sample preparation

Table 3.1 shows the different compositions of PVDF/PMMA/BaTiOs;. PVDF and PMMA
were first placed in an oven at 80 °C overnight to remove moisture. Desired quantities of
PVDF, PVDF/BaTiOs;, PVDF/PMMA and PVDF/PMMA/BaTiO; were prepared by mixing in
a beaker using a glass rod. Each mixture was transferred into a Brabender Plastograph 50 ml
internal mixer, and mixing was conducted for 15 min at a rotor speed of 50 rpm and 200 °C.
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The prepared samples were melt pressed at the same temperature and 50 bar pressure for 10

min to form sheets with dimensions of 10x8x1 mm. The ratio of PVDF to PMMA in the blend

and blend composites was kept at 80:20. The formed sheets were placed back into the 10x8x1

mm mold, covered with aluminum foil, and melt pressed under the same conditions. After 10

min, the sheets covered with aluminum foil were plunged quickly in ice water. Five minutes

later the aluminum foil was removed and the films dried by wiping with a paper towel. The

dried films were then annealed at 80 °C for 24 hours.

Table 3.1 Mass percentages of

samples used for preparing the blends and

nanocomposites
Sample name % PVDF % PMMA % BaTiO;
PVDF 100 0 0
PMMA 100 0 0
PVDF/BaTiO3(0 min) 96 0 4
PVDF/BaTiO3(5 min) 96 0 4
PVDF/PMMA 80 20 0
PVDF/PMMA/BaTiOs (0 min) 78.4 19.6 2
PVDF/PMMA/BaTiO; (0 min) 76.8 19.2 4
PVDF/PMMA/BaTiO; (0 min) 75.2 18.8 6
PVDF/PMMA/BaTiO; (5 min) 78.4 19.6 2
PVDF/PMMA/BaTiO; (5 min) 76.8 19.2 4
PVDF/PMMA/BaTiOs (5 min) 75.2 18.8 6
PVDF/PMMA/BaTiOs (10 min) 78.4 19.6 2
PVDF/PMMA/BaTiOs (10 min) 76.8 19.2 4
PVDF/PMMA/BaTiOs (10 min) 75.2 18.8 6

33 Characterization techniques

3.3.1 Scanning electron microscopy (SEM)

SEM is widely used for studying fracture and failure mechanics, particle size and shape, filler

orientation and dispersion in polymer matrices [1]. In SEM, the surface of the polymer is
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scanned using an electron beam with the reflected or back-scattered beam of electrons
collected and displayed on a cathode ray tube screen. The image represents the surface of the
scanned material. Polymer surfaces are overlaid with a conductive coating through sputtering
or evaporation prior to examination. Coating with a conductive element like gold ensures that
the charge deposited on the sample surface by the electron beam is able to leak away to earth

[2,3].

The morphology of the pure matrix polymers, PVDF/BaTiO; and PVDF/PMMA/BaTiO;
composites was investigated by a TESCAN VEGA 3 scanning electron microscope (SEM).
The composite samples were fractured after immersion in liquid nitrogen. They were coated

with gold and examined at acceleration voltage of 15 kV.

3.3.2 Fourier transform infrared (FTIR) spectroscopy

FTIR provides information on molecular vibrations. It is used for identifying different
functional groups by their vibration modes [4]. In ATR-FTIR spectroscopy, a beam of IR is
directed to the sample through a high refractive index crystal at an angle larger than the
critical angle so that internal reflectance occurs. The resulting internal reflectance forms an
evanescent wave, which extends into the sample. On the other end of the crystal the beam is

collected by a detector in which the spectrum is generated [5-7].

The presence of the B-phase in all the samples was investigated using a Perkin Elmer
Spectrum 100 FTIR spectrophotometer. The samples were analyzed in an attenuated total
reflectance (ATR) detector over a 600-4000 cm™ wavenumber range at a resolution of 8 cm™

over 16 scans.

3.3.3 X-ray diffraction (XRD)

XRD is used whenever it is necessary to know the state of chemical combination of the
elements involved or the particular phases in which they are present [8]. Generally, this
technique operates by generating a beam of X-rays which are diffracted by crystalline
structures into particular directions. The measured intensities and angles of the diffracted

beams can be used to form a picture of the crystalline structure of the investigated sample [9].
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The crystalline phases of the samples were investigated using a D8 Advance diffractometer
(BRUKER AXS, Germany) with PSD Vantec-1 detectors and Cu-K, radiation (A = 1.5406 A),
a tube voltage of 40 kV, a current of 40 mA and a V20 variable slit. Samples were scanned in

locked coupled mode with 26 ranges from 0 ° to 60 ° with a step size of 0.04 °.
3.3.4 Raman spectroscopy

Raman spectroscopy is used for investigating the structural properties of materials. During the
analysis, Raman spectra are obtained by irradiating a sample with a laser source of visible or
infrared monochromatic radiation. During irradiation, the spectrum of the scattered radiation
is measured at some angle (usually 90 ©) with a suitable spectrometer [10]. Raman scattering
and infrared absorption spectra often resemble one another closely for a given molecule.
However, for some problems, Raman spectroscopy offers more useful information than

infrared spectroscopy [10].

Raman spectroscopy was also used for investigating the presence of the f-phase in selected
samples and the effect that mechanical activation of BaTiO; has on the [-phase
crystallization. A fully automated Raman microscope (Horiba Jobin Yvon LabRam ARAMIS)
was used for the Raman spectroscopy measurements of selected samples. The incident laser
was a He-Ne laser at 633 nm. The data was collected over the Raman shift range of 200 to
3200 cm™ using a count time of 5 seconds with 10 averaging cycles. The samples were

measured under a microscope using a 100x objective.
3.3.5 Differential scanning calorimetry (DSC)

DSC is a technique in which the difference in energy inputs into a sample and reference is
measured as a function of temperature, or time, while they are subjected to a controlled
temperature program. DSC can be used for measuring the glass transition temperature and
crystallization kinetics, assessing the degree of crystallinity, and studying the melting
behaviour of polymers [11]. There are two types of DSC, namely power-compensated and
heat flux DSC. In power-compensated DSC, separate furnaces and heaters are used for
heating the sample and reference pan whereas in the heat flux DSC the sample and the

reference pan are heated in the same furnace by the same heat source [12].
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In this study, DSC analysis was performed using a Perkin Elmer DSC 7 differential scanning
calorimeter. The instrument operated under nitrogen atmosphere with nitrogen flowing at a
rate of 20 ml min". It was calibrated using the onset temperatures of zinc and indium
standards, as well as the melting enthalpy of indium. Samples with masses between 5 and 10
mg were sealed in aluminum pans. All the samples were heated from 25 to 210 °C at a rate of
20 °C min™, cooled to 25 °C at 20 °C min™', re-heated to 210 °C at 20 °C min™, and cooled to
25 °C at 100 °C min™'. Each composition was analyzed three times to confirm accuracy. First
heating and first cooling were reported. The melting and crystallization temperatures, as well

as melting enthalpies, are reported as average values with standard deviations.
3.3.6 Thermogravimetric analysis (TGA)

TGA measures the amount and rate of change in the weight of a material as a function of
temperature or time in a controlled atmosphere. During the analysis, the sample is kept in a
controlled furnace, the temperature of which is measured by a thermocouple. The balance
allows continuous mass determination of the sample as the temperature increases [13,14]. A
plot of mass as a function of temperature or time represents the thermogravimetric results.
TGA is used for measuring thermal stability, decomposition kinetics, composition, estimated

lifetime, oxidative stability, moisture, and volatile contents [13].

The influence of BaTiO3; and PMMA on the thermal stability of PVDF was investigated using
a Perkin Elmer STA 6000 Simultaneous Thermal Analyzer. Samples with masses between 20
and 25 mg were heated from 30 to 750 °C at a heating rate of 10 °C min™ and a nitrogen flow

rate of 20 ml min™.
3.3.7 Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis is the measurement of the mechanical response of a material as
it is deformed under periodic stress, and it is used for characterizing the viscoelastic properties
of polymers. Viscoelasticity is the property of materials that may exhibit the characteristics of
both a liquid and a solid. The dynamic mechanical analyser simultaneously measures both
elastic properties (modulus) and viscous properties (damping) of a material. Such information
is essential for the growing trend of the use of polymers as replacement for metals in
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structural applications [15,16]. DMA is used to evaluate storage modulus (E’), loss modulus

(E”), and damping coefficient tan 6 (E”’/E’) as a function of time, temperature or frequency.

A Perkin Elmer Diamond DMA in tension mode was used for determining the dynamic
mechanical properties of the samples. DMA was used for evaluating the effect of BaTiO3 and
PMMA on the glass transition temperature of PVDF. The following settings were used during

the analysis:

Frequency 1 Hz

Strain 20 pm
Temperature range -90to 110 °C
Temperature program mode Ramp
Heating rate 3 °C min™
Preloading force 98 mN
Sample length 20 mm
Sample width 5-5.5 mm
Sample thickness 1.2-1.5 mm

3.3.8 Dielectric properties

Dielectric behaviour refers to the variation of the dielectric constant, loss factors, dielectric
loss, alternating current conductivity, and direct current conductivity as a function of
frequency, composition, voltage, pressure, and temperature. Due to the high dielectric
constant of BaTiOs, the effect of BaTiOs on the dielectric behaviour of PVDF/PMMA in
selected samples was investigated. The samples in the form of discs (D = 13 mm, d = 1 mm)
were cut from the middle of the sheets. Electrodes were made on the major faces, using soft
graphite. Dielectric spectroscopy measurements were performed on a Hameg 8118 instrument
in a frequency range 60 to 180 kHz and a temperature range 175 to 380 K, using Temperature
Controller Lake Shore 340. The heating rate was 2 °C min™', and the acquisition step was 10
°C with 1.5 V applied voltage. Conductance (G) and susceptance (B) were measured in the C,
measurement model of the instrument. In this case the AC conductivity (c,.) can be calculated

from Equation 3.1.

36



. =NB’+G’ 3.1)

ac

The loss tangent (tan ) is calculated from Equation 3.2.

tano = G/B = G/2nfC 3.2)

where f is frequency and C is the capacity. The capacity is also obtained from Equation 3.3.

C=¢c,S/d (3.3)

where €’ is the real part of dielectric permittivity, &, is the vacuum permittivity, and S/d

describes the geometry of the samples (S = nD*/4).
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Morphology of samples

The SEM micrographs of PVDF, the PVDF/PMMA blend and the PVDF/BaTiO;
nanocomposites are shown in Figure 4.1. The fracture surfaces of PVDF and PVDF/PMMA
are uniform and smooth, but the micrograph of PVDF/PMMA shows phase separation. In the
PVDF/BaTiOs composites, the BaTiO; particles are well dispersed and embedded in the
PVDF matrix. Both the non-activated and 5 minutes mechanically activated BaTiO; particles
formed small agglomerates in the PVDF matrix. The distribution graph in Figure 4.2 shows
that most of the particles in both samples range between 0.1 and 0.2 pm. It is also clear from
this graph that mechanical activation did not significantly influence the size distribution of the

particles in PVDF.

SEM HV: 15 KV
o : 191 ym

;103 PRI IR
m Det: SE sm 5um

.00 kx _ Date(midly): 09725113

Figure 4.1 SEM micrographs of pure polymer, blend and nanocomposites: (a) PVDF,
(b) 80/20 w/w PVDF/PMMA, (c) 96/4 w/w PVDF/BaTiO; (non-activated), (d) 96/4 w/w

PVDF/BaTiO; (Smin activated)
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Figure 4.2 Distribution graphs of BaTiO; particle sizes in PVDF/BaTiO; composites

The SEM micrographs of the PVDF/PMMA/BaTiO; nanocomposites are shown in Figures
4.3 to 4.5. The BaTiO; particles are well dispersed and embedded in the PVDF/PMMA
matrix. Nanoparticle agglomerates are also present in these nanocomposites, and the number
of agglomerates increases with an increase in BaTiO; content. It seems like the agglomeration

is slightly higher in the case of the non-activated BaTiO; fillers.

— . ; = o ¥ L,
o e - '\‘:'»,

s {3

SEM HV: 15 KV WD: 11.24 mm " veoasTescan] SEMHV: 15kv WD: 10.48 mm VEGA3TESCANf]  SEMHV: 15 kV. WD: 10.08 mm
View field: 19.1 pm Det: SE 5um 5pm View field: 19.1 pm Det: SE 5pm 5pm View field: 19.1 pm Det: SE

SEM MAG: 10.0 kx _ Date(midiy): 09/17/13 SEM MAG: 10.00 kx _Date(m/dly}: 08/17/13 SEM MAG: 10.0 kx _ Date{midly): 08/18/13.

Figure 4.3 SEM  micrographs of 78.4/19.6/2.0 w/w PVDF/PMMA/BaTiO;

nanocomposites: (a) non-activated, (b) 5 min activated, (c) 10 min activated
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SEMHV:15kV | WD:11.66 mm
View field: 19.1 pm | Det: SE

Figure 4.4 SEM  micrographs of 76.8/19.2/4.0 w/w PVDF/PMMA/BaTiO;

nanocomposites: (a) non-activated, (b) 5 min activated, (c) 10 min activated

. ~
SEM HV: 15 kV WD: 8.38 mm VEGA3TESCAN]  SEMHV: 1. SEM HV: 15 kv WD: 10.57 mm
View field: 19.1 ym Det: SE |5 pm 5um View field: 19.1 ym Det: SE View field: 19.1 ym Det: SE

SEM MAG: 10.0 kx| Date(m/dly): 09/18/13

Figure 4.5 SEM  micrographs of 75.2/18.8/6.0 w/w PVDF/PMMA/BaTiO;

SEM MAG: 10.0 kx _ Date(m/dly): 09/18/13 SEM MAG: 10.0 kx _ Date(m/dly): 09/19/13|

nanocomposites: (a) non-activated, (b) 5 min activated, (c) 10 min activated

The distribution graphs of the PVDF/PMMA/BaTiO; nanocomposites are shown in Figures
4.6 to 4.8. It can be seen that the particles with diameters ranging between 0.1 and 0.2um are
dominant in the nanocomposites. Moreover, there are particles with diameters ranging
between 0.01 and 0.1 um in the case of the mechanically activated particles. This is attributed
to a breaking up of the agglomerates by the mechanical activation. There are more smaller
sized particles in the blend composites for 10 min activated BaTiO; (Figures 4.6 and 4.8). One
would expect to see the same for the samples containing 4 % BaTiOs (Figure 4.7), but the
trend looks different here. The reason for the discrepancy is probably that the SEM photos,
used to analyze the size distributions of the filler particles, did not show a statistically

representative sample of the particles.
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Figure 4.6 Distribution graphs of the BaTiO; particles in 78.4/19.6/2.0 w/w
PVDF/PMMA/BaTiO;

70

I 76.8/19.2/4.0 wiw PVDF/PMMA/BaTIO, (0 min)
[ 76.8/19.2/4.0 wiw PVDF/PMMA/BaTIO, (5 min)
60 - [ 76.8/19.2/4.0 wiw PVDF/PMMA/BaTO, (10 min)

% of total number of particles

0.01-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9
Particle size / um

Figure 4.7 Distribution graphs of the BaTiO; particles in 76.8/19.2/4.0 w/w
PVDF/PMMA/BaTiO;3
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Figure 4.8 Distribution graphs of the BaTiO; particles in 75.2/18.8/6.0 w/w
PVDF/PMMA/BaTiO3

4.2 Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of all the investigated samples are shown in Figures 4.9 to 4.12. According
to previously reported studies [1-4], PVDF has a-phase characteristic peaks at 615, 762, 795,
855, 976, 1150, 1180 and 1384 cm™. According to Sun et al. [5] the y-phase is represented by
peaks at 776, 812 and 833 cm™ [5]. Another study [6] reports the B-phase absorption band at
1278 ecm™, while the absorption band at 842 cm™ represents a combination of the B and -
phases [6]. The absence of P and y absorption bands at 842 and 1278 c¢cm™, and at 776, 812
and 833 cm™, in the FTIR spectra of PVDF (Figure 4.9) shows that PVDF crystallized
exclusively in the a-phase. The addition of non-activated and 5 minutes activated BaTiO; did

not induce B-phase formation in PVDF.

The addition of PMMA to PVDF reduced the intensities of certain a-phase peaks (615, 762,
976 and 1180 cm™), and new peaks emerged at 1278 and 842 cm’ implying the coexistence

of the B- and y-phases in PVDF/PMMA (Figures 4.10 to 4.12). This result confirms what has
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already been known, that blending of PVDF with PMMA is an alternative method to induce
B-phase crystallization in PVDF [5]. The presence of the carbonyl stretching peak at 1729 cm’
' confirms the presence of PMMA in the blend and the blend composites [7]. The B-phase is
also present in the PVDF/PMMA/BaTiO; nanocomposites as is evident from the peak at 1278
cm’™. It seems as if the 10 minutes mechanically activated BaTiO; particles interact better with
the PVDF/PMMA matrix by inducing more of the B-phase when compared with the non-
activated BaTiO; particles. This is confirmed by the disappearance of the a-phase peaks at
615 and 1150 cm™ in the blend composites with 10 minutes activated BaTiO;, as well as the
increase in the intensity of the peaks at 1278 and 842 cm’ (Figure 4.12). This is expected
because the 10 minutes mechanically activated BaTiO; particles have large specific surfaces,
which are essential for inducing B-phase crystallization in PVDF. The absence of the y-phase
peaks at 776, 812 and 833 cm”! in PVDF/PMMA and the PVDF/PMMA/BaTiO;
nanocomposites indicates that the B-phase contributes more to the existence of a peak at 842

cm’ than the y-phase.

PVDF

96/4 wiw PVDF/BaTiO, (0 min)

96/4 wiw PVDF/BaTiO, (5 min)

Intensity / a.u.

T T T T T T T T T T T T T
2000 1800 1600 1400 1200 1000 800 600

-1
Wavenumber / cm

Figure 4.9  FTIR spectra of PVDF and the PVDF/BaTiO; nanocomposites
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Figure 4.10 FTIR spectra of PMMA,
PVDF/PMMA/BaTiO3; nanocomposites
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Figure 4.11 FTIR spectra of PMMA,
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Figure 4.12 FTIR  spectra of PMMA, PVDF, PVDF/PMMA and the
PVDF/PMMA/BaTiO3; nanocomposites

4.3 X-ray diffractometry

The XRD spectra of all the samples are shown in Figures 4.13 to 4.16. According to previous
studies [3,5,6,8], a-phase PVDF has peaks at 26= 17.6°, 18.7°, 20°, 21.8°, 26.8° and B-phase
PVDF has peaks at 20.3 and 23.5°. It is very challenging for XRD to distinguish between the
a- and B-phases in PVDF, because both phases have a common peak around 20° [5,8]. The
presence of peaks at 18.7, 19.9, and 26.4° in Figure 4.13 confirms that PVDF crystallized
exclusively in the a-phase. The presence of BaTiOz in PVDF is indicated by peaks at 22.1 and
45.2° [9]. It is clear from Figure 4.13 that the addition of non-activated and 5 minutes
activated BaTiO; did not induce B-phase formation in PVDF. These results are in agreement

with the FTIR results.

A new peak in the blend occurred at 20.5° with the addition of PMMA to PVDF (Figures 4.14
to 4.16). This peak is attributed to the presence of the B-phase in PVDF/PMMA. As was
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observed in the FTIR results, the intensities of the a-phase peaks at 18.7 and 19.9° decreased
with the addition of PMMA. However, it seems like the addition of non-activated BaTiOs to
PVDF/PMMA reduces the intensity of the B-peak at 20.5°, increasing the intensity of the
19.9° a-phase peak in the process. In contrast the intensity of the B-peak at 20.5° increases
with the addition of activated fillers. This effect is more observable in the case of the 10
minutes mechanically activated BaTiO3 due to the presence of large specific surfaces which

assist in improving the -phase crystallization.

—PVDF
96/4 wiw PVDF/BaTiO, (0 min)
— 96/4 wiw PVDF/BaTiO, (5 min)

3
©
2
‘»
&
E \-
T T T T T T T T T
10 20 30 40 50 60

20 / degrees

Figure 4.13 XRD spectra of PVDF and the PVDF/BaTiO; nanocomposites
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Figure 4.14 XRD spectra of PVDF, PVDF/PMMA and the PVDF/PMMA/BaTiO;

nanocomposites
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Figure 4.15 XRD spectra of PVDF, PVDF/PMMA and the PVDF/PMMA/BaTiO;

nanocomposites
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Figure 4.16 XRD spectra of PVDF, PVDF/PMMA and the PVDF/PMMA/BaTiO;

nanocomposites

4.4 Raman spectroscopy

The Raman spectra of the BaTiO; particles and PMMA are shown in Figure 4.17. The
purpose of mechanically activating BaTiO; was to reduce its size and form large specific
surfaces, while maintaining the tetragonal phase. The tetragonal phase is important because it
gives BaTiOs its ferroelectric properties. The presence of peaks at approximately 713, 521,
307 and 260 cm™ in the non-activated and mechanically activated BaTiO; shows that the
nanoparticles have the desired tetragonal phase [10,11]. It is clear that the mechanical
activation of the BaTiOj; particles reduced the peak intensities and broadened the peaks.
Similar results were observed by Huang ef al. [12], who showed that the phonon modes at
approximately 305 and 720 cm’ ascribed to the tetragonal phase became weak and broad with
decreasing size of BaTiOs particles. They stated that the broadening and weakening of the
tetragonal Raman bands suggests that the crystal structure becomes less tetragonal. Moreover,

the critical size of BaTiO; nanoparticles, which is the size of the phase transition from
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tetragonal to cubic at room temperature, may be smaller than 30 nm [12]. However, in our
case we are of the opinion that the mechanical activation induced a decrease in the particle
sizes and at the same time created lattice distortions and a larger number of defects, which
caused the broadening and weakening of the Raman bands. Cho ef al. [13] attributed the peaks
at ~260 cm™ and ~306 cm™ to the A1(2TO) and B1 + E(2LO) + E(3TO) modes, respectively,
and Qi et al. [14] attributed the peaks at ~713 and 521cm™ to the A1(3LO) + E(4LO) and
A1(3TO) + E(4TO) modes, respectively. The Al and E optical modes are separated into
transversal (TO) and longitudinal (LO) components due to the long-range electrostatic forces
that arise from the ions in the crystal lattice [15]. The Raman bands of tetragonal BaTiO;
particles have been assigned to more than one phonon mode because the wavenumbers of

some Al and E modes are very close, so that the observable modes are mixed.

The phases present and changes occurring in PVDF, PVDF/PMMA and the 76.8/19.2/4.0 w/w
PVDF/PMMA/BaTiOs; nanocomposites were obtained by analyzing the Raman spectra in
Figure 4.18. The bands in the spectral range between 200 and 1600 cm™ are associated with
the presence of a-, B-, and y-phases. The spectrum of PVDF contains lines at ~811 and 838
cm’ associated with the v-phase, and a mixture of the B- with y-phases respectively [16]. The
line at ~838 cm™ originates from the CF; stretching and CH, rocking vibrations. The presence
of a peak shoulder at ~796 cm™ (CH, rocking) indicates that a small amount of a-phase is
present in PVDF [16]. The broad and sharp peaks at ~878 and 1431 cm™ are associated with a
mixture of a-, -, and y-phases [17]. The peak at ~878 cmoriginates from the C—C
asymmetric stretching, while the peak at ~1431 cm™ originates from the CH, bending
vibrations. The Raman spectrum of PVDF has a peak at ~510 cm’ attributed to both the B-
and y-phases [18]. However, it is evident from the spectra that the y-phase is dominant in

PVDF.
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Figure 4.17 Raman spectra of the BaTiO; nanoparticles and PMMA
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Figure 4.18 Raman spectra of PVDF, PVDF/PMMA and the 76.8/19.2/4.0 w/w
PVDF/PMMA/BaTiO3; nanocomposites

The addition of PMMA to PVDF increases the intensity of the peak at ~838 cm™ associated
with the B-phase. The intensity of the peak at ~811 cm™, characteristic of the y-phase,
decreases when PMMA is added. Both PVDF and PMMA contribute to the existence of the
peak at ~811 cm’, because this peak is also observable in the spectra of pure PVDF and pure
PMMA. A decrease in the intensity of the peak at ~811 cm™ in the spectrum of PVDF/PMMA
suggests that the increase in the intensity of the peak at ~838 cm’ is caused by an increase in
the B-phase. For the nanocomposites it seems as if the non-activated and activated fillers
affect the crystalline phases of PVDF in different ways. The addition of non-activated BaTiO;
in PVDF/PMMA favours the formation of the a-phase. This is evident from the increase in the
intensity of the peak at ~796 cm™ (characteristic of the a-phase), and a decrease in the
intensity of the peak at ~838 cm™ (characteristic of the B-phase). Moreover, an a-phase peak,
which was not observed in the spectra of PVDF and PVDE/PMMA, emerged at ~609 cm™
(CF, wagging and CH, twisting vibrations [17]). The intensity of the peak at ~510 cm’! (B-
and y-phases) is reduced when non-activated BaTiO; is added into the blend. The presence of

tetragonal BaTiO; in the blend nanocomposites is confirmed by the existence of a peak at
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~306 cm™, which is more visible in the nanocomposite containing non-activated BaTiOs. This
peak is not easily visible in the nanocomposites with highly activated BaTiO; due to the
broadening of the BaTiOs; peaks caused by mechanical activation. For the blend
nanocomposites containing activated BaTiOs;, the presence of activated nanoparticles
promoted B-phase crystallization in PVDF/PMMA. This is evident from the increase in the
intensities of the p-phase peak at ~838 cm™ and the peak at ~510 cm™ associated with both the
B- and y-phases. The intensity of an a-phase peak at ~795 cm™ also decreased when activated
BaTiO; were added. These nanoparticles promoted the [-phase -crystallization in

PVDF/PMMA due to their smaller size and larger specific surfaces.
4.5  Differential scanning calorimetry (DSC)

The DSC curves of the investigated samples are shown in Figures 4.19 to 4.22. The DSC
characteristics of the samples are summarized in Table 4.1. PVDF shows a single melting
peak (Figure 4.19) which is associated with the melting of the a-phase crystals observed from
FTIR and XRD results. The addition of BaTiO; to PVDF had no significant influence on the
melting temperature of PVDF (Table 4.1). The normalized melting enthalpy of PVDF did not
change when BaTiO; was added, irrespective of the activation time, which indicates that the

extent of crystallization was the same.
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Figure 4.19 Heating and cooling curves of PVDF and the PYDF/BaTiO; nanocomposites
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Table 4.1 DSC melting and crystallization parameters of the investigated samples

Sample T./°C AH./Jg' | AH"/Jg”! T / °C AHn/ Jg' | AH /g

PVDF 1352402 | 55.8+48 | 55.8+48 | 171.6+0.4 | 49.8+1.1 | 49.8+1.1

96/4 w/w PVDF/BaTiO; (0 min) 135.6+£03 | 57.1+£2.6 | 59.5£2.7 | 1723+0.7 | 47.5+09 | 49.5+0.9

96/4 w/w PVDF/BaTiO; (5 min) 136.3+£0.6 | 59.5+2.1 | 62.0+£22 | 172514 | 474+09 | 49.4+09

80/20 w/w PVDF/PMMA 1252+08 | 455+29 | 56.9+3.6 | 170.1£0.7 | 39.8+2.0 | 49.8+25
78.4/19.6/2.0 w/w PVDF/PMMA/BaTiO3(0 min) 125702 | 46.8+33 | 59.7+42 | 169202 | 38.0+0.6 | 485+038
78.4/19.6/2.0 w/w PVDF/PMMA/BaTiOs(5 min) 125.9+0.0 | 45.9+0.6 | 58.6+08 | 169.6+0.5 | 37.1+1.0 | 47.3+13
78.4/19.6/2.0 w/w PVDF/PMMA/BaTiOs (10 min) | 1262+0.5 | 453+3.6 | 57.8+4.6 | 169.7+09 | 39.9+1.0 | 50.9+13
76.8/19.2/4.0 w/w PVDF/PMMA/BaTiO3(0 min) 1262+0.5 | 453+3.6 | 59.0+47 | 169.6+04 | 372+14 | 484+18
76.8/19.2/4.0 w/w PVDF/PMMA/BaTiOs(5 min) 125.9+03 | 46.8+3.5 | 609+46 | 169.6+02 | 37713 | 49117
76.8/19.2/4.0 w/w PVDF/PMMA/BaTiOs (10 min) | 1263 +0.0 | 425+3.4 | 553+44 | 1686=0.5 | 36.1+42 | 47.0£55
75.2/18.8/6.0 w/w PVDF/PMMA/BaTiO5(0 min) 1264+02 | 442+37 | 588+49 | 169.4+0.6 | 39.0+09 | 51.9+12
75.2/18.8/6.0 w/w PVDF/PMMA/BaTiO3(5 min) 1259+0.6 | 42.7+22 | 56.8+29 | 1702+12 | 37.5£13 | 49.9+17
75.2/18.8/6.0 w/w PVDF/PMMA/BaTiOs (10 min) | 1264+0.2 | 47.4+42 | 63.0+£56 | 168.7+03 | 358+23 | 47.6+3.1

Tn-melting peak temperature, T.-crystallization peak temperature, AH,-melting enthalpy, AH.-crystallization enthalpy, AH".-crystallization
enthalpy normalized with respect to PVDF content, AH",-melting enthalpy normalized with respect to PVDF content
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Figure 4.20 Heating and cooling curves of PVDF, PVDF/PMMA
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Figure 4.21 Heating and cooling curves of PVDF, PVDF/PMMA
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Figure 4.22 Heating and cooling curves of PVDF, PVDF/PMMA and the
PVDF/PMMA/BaTiO3; nanocomposites

The melting temperature of PVDF decreased when in the presence of PMMA. This effect was
caused by the influence of PMMA on the crystallization process of PVDF, which probably
resulted in smaller and more imperfect crystals [1]. The incorporation of BaTiO; fillers into
PVDF/PMMA did not significantly affect the melting temperature of PVDF in PVDF/PMMA.
The pure blend and the blend nanocomposites have a single melting peak, irrespective of the
crystalline phases present. The single melting peak implies that the melting temperatures of
the a- and B-phase crystals are very close to each other [6]. However, there is disagreement in
the literature regarding the melting temperatures of the a- and B-phases of PVDF. According
to Vijayakumar et al. [19] there is a double melting point phenomenon in PVDF showed
polymorphism, with the a-phase crystals melting at a lower temperature than the B-phase
crystals. Kim ef al. [20], on the other hand, showed that a-phase PVDF had a single melting
peak where the peak temperature decreased as nanofillers were added. They attributed this to
the presence of or increase in the -phase, which was detected by FTIR and XRD. According
to them the B-phase crystals melt at lower temperatures than the a-phase crystals, which
contradicts Vijayakumar et al. [19]. Imamura et al. [21] showed that PVDF containing a

mixture of a- and B-phase crystals has a single melting peak attributed to the melting of both
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phases. As in the case of pure PVDF as matrix, the normalized melting enthalpy of PVDF in
the blend and blend nanocomposites showed no significant change when PMMA and BaTiO;

were added.

It is clear from the DSC results discussed above that f-crystal formation does not add to the
total crystallinity of PVDF, but that [-crystallization occurs at the expense of a-

crystallization.

4.6 Thermogravimetric analysis (TGA)

The thermal degradation curves of the investigated samples are shown in Figures 4.23 to 4.26.
A summary of the decomposition temperatures of the samples are tabulated in Table 4.2. It
can be seen from Table 4.2 and Figure 4.23 that PVDF higher decomposition temperatures
associated with 10 and 50 % mass loss than the PVDF/BaTiOs; composites, indicate a higher
thermal stability for PVDF. The BaTiO; nanoparticles clearly have a catalyzing effect on the
degradation of PVDF. Similar results were obtained by Li et al. [22], and they mentioned that
metal oxide-catalyzed oxidative decomposition pathways in the PVDF/PMMA/TiO,
composites were the cause for the decrease in thermal stability of PVDF/PMMA. There are no
significant differences on the thermal stabilities of PVDF/BaTiO; (0 min) and PVDF/BaTiO;
(5 min) composites. Figures 4.24 to 4.26 show the thermal degradation curves of the blend
nanocomposites. It can be seen in Table 4.2 that PVDF has higher Ty, and Tsge, than PMMA,
indicating better thermal stability of PVDF due to the high bond dissociation energy of the
C—F bonds. The blending of PVDF and PMMA increases T, and this suggests that PVDF
acted as an effective thermal barrier that retarded the degradation of PMMA. The two step
mass loss in the PVDF/PMMA blend, which correlates well with the 8:2 PVDF:PMMA ratio,
is the result of the individual degradation of PMMA and PVDF. The addition of the different
BaTiOs fillers into PVDF/PMMA had no noticeable effect on Ty, but decreased Tsge,. The
blend composites containing 2 % BaTiO; have the same Tsg, irrespective of mechanical
activation. For 4 and 6 % BaTiOs; the blend composites with 10 minutes mechanically
activated BaTiOs; have Tsgy values that are slightly higher than those of the samples
containing non-activated and Sminutes mechanically activated BaTiO;. This is probably

because the BaTiOs particles in the composites with 6 % 10 min. activated BaTiOs acted as a
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more effective thermal barrier because they were smaller and better dispersed, as was

observed from the SEM results.

Table 4.2 Thermal degradation results (Tjoc,: decomposition temperature associated

with a 10% mass loss; Tsoe,: decomposition temperature associated with a 50% mass

loss) for all the investigated samples

Sample T/ °C | Tsp0, / °C % Char

at 742 °C
PVDF 467.2 485.4 27.2
96/4 w/w PVDF/BaTiO3 (0 min) 449.3 479.9 31.9
96/4 w/w PVDF/BaTiOs (5 min) 449.9 479.9 324

PMMA 347.9 373.9 0

80/20 w/w PVDF/PMMA 389.3 482.3 21.8
78.4/19.6/2.0 w/w PVDF/PMMA/BaTiOs (0 min) 389.6 466.6 24.8
78.4/19.6/2.0 w/w PVDF/PMMA/BaTiOs (5 min) 383.9 464.9 239
78.4/19.6/2.0 w/w PVDF/PMMA/BaTiOs (10 min) 388.8 465.8 243
76.8/19.2/4.0 w/w PVDF/PMMA/BaTiOs (0 min) 390.5 465.5 25.7
76.8/19.2/4.0 w/w PVDF/PMMA/BaTiOs (5 min) 387.8 469.8 25.2
76.8/19.2/4.0 w/w PVDF/PMMA/BaTiOs (10 min) 386.8 470.8 25.7
75.2/18.8/6.0 w/w PVDF/PMMA/BaTiOs (0 min) 392.0 467.0 27.8
75.2/18.8/6.0 w/w PVDF/PMMA/BaTiOs (5 min) 391.4 467.4 27.9
75.2/18.8/6.0 w/w PVDF/PMMA/BaTiO; (10 min) 390.7 472.7 27.0
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Figure 4.23 TGA curves of PVDF and the PVDF/BaTiO; nanocomposites
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Figure 4.24 TGA curves of PVDF, PMMA, PVDF/PMMA, and the
PVDF/PMMA/BaTiO3; nanocomposites
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Figure 4.26 TGA curves of PVDF, PMMA, PVDF/PMMA, and the
PVDF/PMMA/BaTiO3; nanocomposites
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PMMA decomposed completely, while PVDF had a residual char of 27 % at 740 °C. The
addition of PMMA to PVDF decreased the char residue to 22 % at the same temperature. The
decrease in the amount of char residue of the blend correlates with the decrease in the amount
of PVDF in the blend. Similar results were obtained by Li ef al. [22]. They attributed the high
char residue in PVDF and PVDF/PMMA to the formation of hydrogen fluoride, which
introduced unsaturation in the polymer backbone. Moreover, the char content for the blend
composites increased proportionally with the amount of BaTiOj; incorporated. This increase is
in line with the amount of BaTiO; in the respective samples, because the filler did not
decompose during the heating of the nanocomposites, and it was well dispersed in the

polymer blends.

4.7  Dynamic mechanical analysis (DMA)

The influence of non-activated and 5 minutes mechanically activated BaTiO3 nanoparticles on
the storage modulus and tan & of PVDF are shown in Figures 4.27 and 4.28. The loss modulus
curves are reported in the appendix. The storages modulus (E’) represents the ability of a
material to store energy when an oscillatory force is applied, while the loss modulus (E”)
represents the ability of a material to lose energy when the oscillatory force is applied [23].
The PVDF nanocomposites have higher E’ values than pristine PVDF over the whole
temperature range. Moreover, the nanocomposites containing mechanically activated BaTiO;
nanoparticles have slightly higher E’ values than those containing non-activated BaTiO;
nanoparticles. The higher E’ values in PVDF nanocomposites are attributed to the high
stiffness of BaTiO; nanoparticles, which in turn enhances the stiffness of PVDF. The
activated BaTiOs nanoparticles are able to promote more reinforcement in the nanocomposites
due to their larger specific surfaces when compared with non-mechanically activated BaTiO;
nanoparticles. This led to stronger interaction with the polymer chains, leading to more

immobilization, and consequently resulting in higher E’ values.
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Figure 4.27 Storage modulus as function of temperature of PVDF and the

PVDF/BaTiO; nanocomposites

The tan 8 curve of PVDF has relaxations at -34 and 105 °C. The first relaxation is called the
op-relaxation and it is associated with the segmental motion of the amorphous regions of
PVDF, that is the glass transition [24,25]. The relaxation at 105 °C is the oc-relaxation and is
associated with the molecular motion in the crystalline phase [26]. The addition of BaTiO; to
PVDF has no noticeable effect on the a,- and o.-relaxation peaks. This means that these

nanoparticles have very little influence on the chain mobility of PVDF.

62



0.10

«w 0.05
c
S
—— PVDF
96/4 wiw PVDFBaTIO, (0 min)
—— 96/4 wiw PVDFBaTiO, (5 min)
0.00

T T T T T T T T T T T T T T
-75 -50 -25 0 25 50 75 100

Temperature / °C

Figure 4.28 Damping factor as function of temperature of PVDF and the PVDF/BaTiO;

nanocomposites

There was also an observable increase in the E’ values of PVDF/PMMA when BaTiO;
nanoparticles were present (Figures 4.29 to 4.31), but the increase was more when the 10 min.
activated fillers were present. This is also the result of the larger specific surfaces, and
stronger interactions with the polymer matrix, which enabled restricted movement of the

polymer chains and an increase in the storage modulus.
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Figure 4.29 Storage modulus as function of temperature of PVDF, PVYDF/PMMA and
the PVDF/PMMA/BaTiO3; nanocomposites
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Figure 4.30 Storage modulus as function of temperature of PVYDF, PVDF/PMMA and
the PVDF/PMMA/BaTiO3 nanocomposites
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Figure 4.31 Storage modulus as function of temperature of PVDF, PVDF/PMMA and
the PVDF/PMMA/BaTiO3; nanocomposites

The tan & curve of the blend (Figures 4.32 to 4.34) shows that the addition of PMMA to
PVDF significantly decreased the intensity of a,-relaxation peak and new peaks emerged at 15
and 95 °C. Motaung et al. [27] showed that the same PMMA used in this study has a T, at 120
°C. The peak at 95 °C is at a lower temperature and should therefore be attributed to the
segmental motions of a PVDF/PMMA amorphous phase rich in PMMA, and this peak
overlaps with the oc-relaxation peak of PVDEF. The significantly reduced peak at -34 °C
indicates that most of the amorphous PVDF formed partially miscible blends with PMMA.
The partial miscibility in is the result of dipole/dipole interactions between the >CF, groups of
PVDF and the >C=0 groups of PMMA. This is confirmed by the appearance of the peak at 15
°C, which indicates the segmental motions of a PVDF/PMMA amorphous phase rich in
PVDF. It does not seem as if the presence of the nanoparticles had much influence on the
peak intensities of the peaks at -34 and 15 °C, but the intensity of the peak at 95 °C decreased
for the samples containing the nanoparticles. This observation implies that the nanoparticles

were either located on the PVDF/PMMA interphase or in the PMMA rich phase.
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Figure 4.32 Damping factor as function of temperature of PVDF, PVDF/PMMA and the
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Figure 4.34 Damping factor as function of temperature of PVDF, PVDF/PMMA and the
PVDF/PMMA/BaTiO3; nanocomposites

4.8  Dielectric spectroscopy

The dielectric constants of PVDEF, 80/20 w/w PVDF/PMMA and 78.4/19.6/2.0 w/w
PVDF/PMMA/BaTiOs as function of temperature are shown in Figures 4.35 to 4.39. The
effects of non-activated and mechanically activated BaTiOs nanoparticles on the dielectric
constants (g) of polymer matrices obtained at different frequencies are depicted in Figures
4.35 and 4.36. The dielectric permittivity and dielectric loss are denoted by & and &”
respectively. Generally, it is observable that the addition of PMMA to PVDF lowers the &’
and €” values of PVDF. Meng et al. [28] investigated the effect of PMMA addition on the
dielectric properties of PVDF and obtained similar results. They attributed this to the dilution
effect of PMMA, which has a lower dielectric constant than PVDF.
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Figure 4.35 Dielectric spectra of PVDF, PVDF/PMMA and the PVDF/PMMA/BaTiO;

nanocomposites obtained at a frequency of 180 Hz

There was an observable increase in the €’ and €” values associated with PVDF/PMMA when
BaTiO; nanoparticles were added, but the increase was more observable when the highly
activated fillers were added. The higher & and €&’ values of the 78.4/19.6/2.0 w/w
PVDF/PMMA/BaTiO; (0 min) composite are attributed to the presence of the BaTiO; filler
which has a higher dielectric constant than the 80/20 w/w PVDF/PMMA matrix. The higher
€’ and &” values of the 78.4/19.6/2.0 w/w PVDF/PMMA/BaTiO; (10 min) are attributed to the
presence of a larger amount of B-phase crystals, as observed from the Raman results. The [-
phase of PVDF is more important because of its high dielectric constant and piezoelectric
properties [29]. Compared to the non-activated BaTiOj; particles, the 10 minutes mechanically
activated BaTiOs particles possess larger specific surfaces and defects, which facilitate the [3-
phase crystallization of PVDF. It is clear that the increase in the & and &” values is either
caused by an increase in BaTiO; content or an increase in the 3-phase, or a combination of the

two.
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Figure 4.36 Dielectric spectra of PVDF, PVYDF/PMMA and the PYDF/PMMA/BaTiO;

nanocomposites obtained at a frequency of 180 kHz
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Figure 4.37 Dielectric spectra of PVDF, PVDF/PMMA and the PVDF/PMMA/BaTiO;

nanocomposites obtained at a frequency of 180 Hz
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The dielectric spectrum of PVDF has a relaxation between -30 and 30 °C, called the o,-
relaxation [30]. Mijovic et al. [31] associated the a,-relaxation of pure PVDF with segmental
motions in the amorphous phase, and the o,-relaxation of PVDF/PMMA with local segmental
motions in the crystal-amorphous interphase. The intensity of the a,-relaxation peak of PVDF
is decreased when PMMA is added, and this peak shifts to higher temperatures at very high
frequencies. Ando et al. [32] suggested that the a,-relaxation may also be related to the PVDF
crystallites, as its intensity decreases with the addition of PMMA which lowers its
crystallinity. The presence of BaTiO; in PVDF/PMMA slightly shifts the o,-relaxation peak to
lower temperatures, and this effect is more visible in the blend nanocomposites containing 10
min. activated BaTiO; nanoparticles. We have already shown that the presence of BaTiO;
nanoparticles increases the B-crystal content of PVDF in PVDF/PMMA, and this will
naturally influence the crystal-amorphous interphase, which is in this case seen as a shift in
the o,-relaxation peak. It is also observed that the €’ and &’ values increase with an increase
in mechanically activated BaTiOs content. Although we did not investigate the influence of
the content of mechanically activated BaTiO; on the amount of B-phase crystals, we believe
that larger amounts of mechanically activated BaTiOs nanoparticles induce more of the -

phase, hence the higher €’ and €” values.
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Figure 4.38 Dielectric spectra of PVDF, PVYDF/PMMA and the PYDF/PMMA/BaTiO;

nanocomposites obtained at a frequency of 1800 Hz
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CHAPTER 5

CONCLUSIONS

PVDF/BaTiO; and PVDF/PMMA/BaTiO; samples were prepared by melt-mixing, quenching
and annealing. In the PVDF nanocomposites, non-activated and mechanically activated
BaTiOs nanoparticles had no significant influence on the formation of B-crystals. B-crystals
formed when PVDF was blended with PMMA. The non-activated and mechanically activated
BaTiOs nanoparticles influenced the formation of PVDF B-crystals in PVDF/PMMA in
different ways. The non-activated BaTiOs nanoparticles reduced the formation of B-crystals,
and this effect was more observable at higher loadings of non-activated BaTiOs;. The
mechanically activated BaTiO; nanoparticles, however, improved the formation of p-crystals.
This improvement was more prevalent at higher loadings of the 10 minutes mechanically
activated BaTiO; nanoparticles. The setup which was found to be most effective in the

formation of B-crystals is 75.2/18.8/6.0 w/w PVDF/PMMA/BaTiOs (10 min).

Both PVDF/PMMA and the PVDF/PMMA/BaTiO; (10 min) nanocomposites displayed a
two-step degradation process, but the degradation of PVDF in the nanocomposites was more
rapid due to the catalyzing effect of the filler. The melting temperatures of PVDF/PMMA and
the PVDF/PMMA/BaTiOs; (10 min) nanocomposites were very similar, despite different
amounts of B-crystals in these samples. The PVDF/PMMA/BaTiO; (10 min) nanocomposites
showed much higher storage modulus values than PVDF/PMMA because of the
reinforcement of the blend by the nanosized BaTiOs filler. The PVDF/PMMA/BaTiO; (10
min) nanocomposites showed higher dielectric constants than PVDF/PMMA because of the
higher B-crystal contents.

Although the main goal of this research was to improve piezoelectricity through increased -
crystal formation, it was not possible to measure the level of piezoelectricity in our samples
because of logistical constraints. The piezoelectricity can be investigated by first poling the
samples in silicon oil, followed by applying the desired electric field for 30 min at 110 °C and
then for a further 30 min while cooling to 35 °C. The piezoelectric coefficient (ds3) can then

be measured with a Berlincourt-type d33-meter, which will be done during follow-up research.
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Figure A.1 Loss modulus
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Figure A.2 Loss modulus as function of temperature of PVDF, PVDF/PMMA and the
PVDF/PMMA/BaTiO3; nanocomposites
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Figure A.3 Loss modulus as function of temperature of PVDF, PVDF/PMMA and the
PVDF/PMMA/BaTiO3; nanocomposites
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Figure A.4 Loss modulus as function of temperature of PVDF, PVDF/PMMA and the
PVDF/PMMA/BaTiO3; nanocomposites
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