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Abstract

Herein, a thin polymeric film prepared by spin coating technique using the blend of poly(vinylidene floride-co-hexafluoro-
propylene) (PVDF-HFP) and poly(methyl methactrylate) PMMA (1:1 mixing ratio) was introduced and compared with the
pure PVDF-HFP. SEM, XRD, FTIR, TGA and DSC characterizations were conducted. Piezoelectric response was measured
by hand made setup and the produced signal measured by a digital oscilloscope. Blending with PMMA increased the B-phase
content, improved the heat stability. Crystallization point decreased from 140 to 129 °C and glass transition temperature
changed from 59 to 94 °C. A uniform porous film structure was obtained with a thickness value of 12 um. Piezoelectric
potential obtained by applying mechanical force was found 4.385 V and 8.101 V for pure PVDF-HFP and the blend film,
respectively. 84.7% increase found in the piezoelectric potential could be a promising result for energy harvesting and sen-
sors applications.
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1 Introduction

Energy harvesting is defined as capturing or scavenging
energy from the surround by using various techniques to sup-
ply energy especially for the battery powered devices where
charging or replacement of the battery is inefficient. From
daily life usage to medical or military applications, such
as pressure monitoring systems, implanted sensor nodes,
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unmanned vehicles, running military security systems, the
importance of energy harvesting is increasing day by day [1].
With the growth of microelectromechanical system (MEMS)
technologies, micro energy harvesting has become more and
more focus of the researches in the recent decade. Some of
the micro energy harvesting sources are motion, vibration
(or mechanical energy), object’s movement, pavement, stairs
etc. Energy harvesting from these sources can be achieved
by electromagnetic, electrostatic, piezoelectric transducers
and triboelectric generators which is based on contact elec-
trification between two different layers [2-6]. Piezoelectric
materials can be divided into two class as piezoceramics
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and piezopolymers. Although piezoceramics produce high
voltage output, they are brittle and not suitable for most
applications. On the other hand, piezopolymers are flexible
materials with enough voltage output but not as much as
piezoceramics. Mechanical flexibility and processability into
different shapes makes the piezopolymers very attractive
materials for the researchers [7]. As being one of the most
important piezopolymeric material, poly(vinylidene floride)
(PVDF) is a very special polymer having high chemical and
mechanical strength to be used in some special fields such
as transducers, biomedical applications, optoelectronics
[8—18]. Poly(vinylidene floride-co-hexafluoropropylene)
(PVDF-HFP), a copolymer of PVDF containing extra flor
atoms on the side backbone, is a more hydrophobic and
less crystalline alternative [19-22]. Piezoelectric property
of the PVDF-HFP is generally associated with its crystal
orientation in which flor atoms bonded to carbon atoms cre-
ate dipole moment. When the dipoles are forced to be posi-
tioned parallel to each other and all in the same direction,
an increased piezoelectricity is observed. PVDF has sev-
eral crystal orientation called as a-phase, p-phase, y-phase,
o-phase [23]. The only electrically inactive non-polar phase
is a-phase [24]. Piezoelectricity, conversion of mechani-
cal energy to electrical and electrical energy to mechani-
cal energy, can be more efficiently achieved by increasing
the B-phase content of PVDF and PVDF-HFP polymers.
Therefore, many research activities targeted to enhance the
B-phase of these polymers by making their nano-forms, com-
posites by elecrospining, nanocomposite producing meth-
ods, using multilayer materials (intercalating materials)
such as montmorillonite, 3D printing, graphene and carbon
nanotube incorporation, metallic nanoparticle incorporation
[25-31]. Apart from all the above methods, there is another
efficient but least benefited method to increase the 3-phase
content of PVDF polymers. In this method, a carbonyl group
containing polymer is blended with the polymer based on the
dipole—dipole interactions between carbonyl and polar flor
groups but the applications of such blends merely directed
to piezoelectiricity but rather ultra-filtration membranes or
lithium batteries were focused on instead [32-37]. In a study
that was recently carried out, PVDF-HFP was blended with
polymethylmethacrylate (PMMA) (42.6% by volume) and
corresponding energy storage capacity was determined. It
was shown that incorporation of PMMA induced the y-phase
in a ratio of 93.6% [38]. In another study carried out by Zhu
et al. PVDF-HFP polymer was blended with PMMA (10%
by weight) and an increase in B-phase content was observed
but above this amount no additional change in the B-phase
was seen. Also decreasing quench temperature was found to
be effective on the formation of f-phase [33].

In all of these studies, piezoelectric response of the
blends was not tested. In this study, PVDF-HFP polymer was
blended with PMMA with equal amounts and converted to
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thin films by spin coating technique. The reason for increase
in f-phase composition of PVDF-HFP when blended with
poly (methyl methacrylate) (PMMA) was explained in
terms of tacticity of PMMA for the first time. Piezoelectric
response was measured by hand-made mechanical setup and
the signals were followed by a digital oscilloscope.

2 Materials and methods
2.1 Reagents

Poly(methyl methactrylate) (PMMA) was purchased from
Sigma with an average molecular weight of 350,000 g/mol.
Poly(vinylidene floride-co-hexafluoropropylene) (PVDF-
HFP) was purchased from Sigma (My: 455,000 g mol ™!,
M, : 110,000 g mol_l). THF and DMF were purchased from
Sigma.

2.2 Preparation method

Polymer blend was prepared from a solution of 10 g of
PMMA and PVDF-HFP polymers in a 100 mL mixture of
THF-DMF (1:1). The solution was converted into 12 um
thick films by a spin-coater at 4000 rpm rotation speed.

2.3 Characterization

Prepared films of pure PVDF-HFP and a blend of PVDF-
HFP and PMMA were characterized by Carl Zeiss 300VP
SEM scanning electron microscope (SEM), Panalytical
Empyrean XRD, TA Q2000 termogravimetric analyser
(TGA) and differential scanning calorimeter (DSC), fou-
rier transform Nicolet iS50R infrared spectrometer (FTIR).
Piezoelecric response of the films, which were sandwiched
with two conductive flexible electrodes, was measured by
Instrustar ISDS205B digital oscilloscope.

3 Results and discussions
3.1 Evaluation of phases with FTIR

FTIR spectrometer with ATR setup was used to identify the
crystalline phases of the films. FTIR-ATR spectrum of the
pure PVDF-HFP film and its blend form are given in Figs. 1
and 2. The absorption peaks at 841 cm™' and 1431 cm™!,
1436 cm™! were attributed to the p-phase of PVDF HFP,
those peaks at 1401 cm™!, 1402 cm™!, 615 cm™!, 605 cm™!
and 495 cm™!, 481 cm™! were assigned to the a-phase [39].
The peaks at 841 cm™' and 1431 cm™! are special to the
B-phase of PVDF HFP and intensities of these peaks are
raise up when blended with PMMA as shown in Fig. 2.
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Fig.2 FTIR of PVDF-HFP and PMMA blend film

When comparing the intensities of the peak at 1431 cm™!
and 1436 cm™! in the two figure, it is clearly observed that
incorporation of PMMA into the PVDF-HFP increased the
absorption peak of B-phase. Two subsidiary dashed lines
were used for determining the height between sharp peaks
at 880 cm™! and 840 cm™'. The height between these two
peaks were decreased 100% when PVDF-HFP was blended
with PMMA. On the other words, B-phase was enhanced in
the same ratio.

In Fig. 3, three different crystalline phases of PVDF-HFP
were given. As mentioned, f-phase is the only electroactive
crystalline form of PVDF-HFP. No clue for y-phase was
detected. The reason of the increase in B-phase content when
blended was explained in terms of attraction between par-
tially positive charged carbon atoms(**C=0°") and partially
negative charged oxygen and fluoride (**C—F®") atoms. In

Fig.3 Three different phase structure of PVDF-HFP

order to explain this concept more clearly, molecular models
[40] were used In Fig. 4 where syndiotactic and isotactic
isomers of PMMA are given. These two different molecular
isomers are natural composition of any PMMA polymer.

Enhancement of f-phase content are considered to occur
due to the influence of isotactic segments of PMMA in
which a regular arrangement methacrylate groups induce
the CF, groups to line up and enhance the existing f-phase
content of PVDF-HFP as illustrated in Fig. 5.

Presence of a-phase which is electrically inactive phase
of PVDF-HFP was also reasoned in the same manner. This
phase does not produce piezoelectric voltage but existence of
this phase must be kept at minimum. However, it is impos-
sible to hinder the formation of a-phase due to the effect
of syndiotactic segments of PMMA. Two regular arrays of
methacrylate groups in opposite side of the backbone in
syndiotactic PMMA induce the CF, groups to align in a
trans position and enhance a-phase of PVDF-HFP as dem-
onstrated in Fig. 6. In the two enhancement mechanisms,
main molecular driving forces are the dipole—dipole interac-
tions existing between CF, and C=0 groups.

3.2 Crystallinity and morphology by XRD and SEM

X-ray diffraction patterns for the PVDF-HFP and the blend
films were given in Figs. 7 and 8. The peak at 20=17.5°
corresponds to the a-phase of pure PVDF-HFP with
(020) miller indexed surface. A shoulder adsorption peak
at 20=19.8° belongs to the B-phase of pure PVDF-HFP
with (110) and (200) miller indexed surfaces [41]. Upon
blending with PMMA, it was observed that shoulder peak
at 260=19.8° which belongs to the p-phase was still well
saved but due to the amorphous nature of PMMA, a-phase
crystalline peak of PVDF-HFP at 20=17.5° was hardly seen
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Fig.4 Two different tacticity in
PMMA
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Fig.6 Molecular model of a-phase formation of PVDF-HFP in the
blend

with much reduced intensity because of broad peak between
260=10° and 26 =19° as compared to the pure PVDF-HFP.
However, some crystallinity of PMMA was inferred from
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Fig.7 XRD spectrum of pure PVDF-HFP

the peak observed at 26 =30.2° [42]. The reason for pre-
serving the f-phase peak 20 =19.8° despite the dominating
amorphous broad peaks of PMMA, can be attributed to the
well coherence and attraction of the isotactic chain segments
and CF, groups on the PVDF-HFP backbones as indicated
in the Fig. 5.

SEM images of the pure PVDF-HFP (Fig. 9a, b) and the
blend film (c, d) after spin coat process were given. Images
were collected without gold coating. Uniformly distributed
porous morphology was obtained with no micro crack.
Thickness value was measured as 12 um. Porous morphol-
ogy might be an advantage for these films extending their
uses for future applications. For instance, they might be
used as voltage controlled membranes (or stimuli responsive
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Fig.8 XRD spectrum of the PVDF-HFP and blend film

membranes), where the pore size may be adjusted to desired
levels by applying voltage.

3.3 Thermal analysis by DSC and TGA

Differential scanning calorimeter (DSC) cooling thermo-
grams were given in Fig. 10. Crystallization point (7)
of PVDF-HFP was detected at 140 °C. Glass transition
temperature (Tg), where the chain mobility starts and
free volume between the chains begins to increase, was

Fig.9 SEM images of the spin
coated films a, b pure PVDF-
HFP, c, d blend film

determined at 59 °C. Incorporation of PMMA effects the
DSC thermogram of the PVDF-HFP in the direction of
reducing crystallization temperature from 140 to 129 °C.
Approximately 7% decrease in the crystallization point can
be attributed PMMA wrapped PVDF-HFP chains due to
molecular attractions as indicated in Figs. 5 and 6. As seen
from the DSC thermograms, glass transition temperature
of PVDF-HFP at 59 °C disappears and merge into a new
glass transition temperature at 94 °C [43]. This glass tran-
sition temperature is exactly equals to the T, of amorphous
PMMA as expected. It shows that PMMA and PVDF-HFP
chains makes movements jointly. 7, of the polymers prac-
tically identify the softening point where the polymer loses
its mechanical strength. Increasing the value of T, from
the 59 to 94 °C will be an advantage for diversifying its
applications where high temperature mechanical durability
together with piezoelectricity is desired.

Thermogravimetric percentage weight losses with their
first derivative curves of the pure PVDF-HFP and blend
films were given in Figs. 11 and 12. Maximum degrada-
tion rate temperature was found at 466 °C and took place
in one step for the PVDF-HFP film. After blending with
PMMA maximum degradation temperature was increased
to 477 °C as given in Fig. 12. Although there is no huge
increase, 2.3% heat stability were donated by PMMA. In
the blend membrane, peaks at 293 °C and 368 °C cor-
respond to the step wise chain scission processes in the
PMMA thermal decomposition under nitrogen atmosphere
[44].
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Fig. 14 Piezoelectric response of pure PVDF-HFP

3.4 Piezoelectric response

Piezoelectric response of the films was measured by a
hand-made setup as introduced schematically in Fig. 13.
A rotating plastic bar on the motor spindle hits the piezo-
electric film which was sandwiched between two conduct-
ing (2.5%2.5 cm? area) aluminum electrodes. Produced
signal was processed in a digital oscilloscope connected
to a computer.

Signal collected for pure PVDF-HFP film was intro-
duced in Fig. 14. Maximum voltage was determined
as 4.385 V and peak to peak voltage was measured as
12.356 V. Produced voltage became zero at 15.24 ms after
the force applied by plastic bar was removed. In Fig. 15
piezoelectric response of the blend film was shown. As
seen, produced voltage by the film was 8.101 V which
is almost two times greater than the pure PVDF-HFP
film’s voltage. Turning to zero potential or recovering the
zero force conditions took 16.9 ms. Peak to peak voltage
was found as 25.818 V. This results showed that f-phase
enhancement was successfully done by addition of PMMA
and spin coating technique was very useful to produce
piezoelectric materials without needing poling procedure
under high voltage conditions.
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Fig. 15 Piezoelectric response of blend film

4 Conclusions

In this study, spin coated PVDF-HFP and a blend film with
PMMA were prepared and compared. A detailed characteri-
zation was carried out to identify the changes in the crys-
tal phase and thermal properties. FTIR results showed an
increase in f-phase content and it was also supported by
XRD patterns. Amorphous nature of PMMA hindered the
a-phase peak but not cover the f-phase peak due to the well
attraction between isotactic segments and CF, groups. In the
Thermogravimetric analysis, PMMA showed three different
decomposition region and all of which was related to its step
wise chain scissions. Blending with PMMA increased the
thermal stability of PVDF-HFP from 466 to 477 °C. DSC
thermogram of the polymers demonstrated that crystalliza-
tion temperature of the blend film decreased from 140 to
129 °C. Glass transition temperature of the PVDF-HFP seen
at 59 °C disappeared and shifted to 94 °C when blended
with PMMA. SEM images revealed a uniformly dispersed
porous morphology. Thickness value was determined as
12 pum. Piezoelectric potential produced upon mechanical
force was 4.385 V for PVDF-HFP and 8.101 V for the blend
film. According to the results reached in this study addition
of PMMA into the PVDF-HFP and spin coated technique
was very useful and produced 84.7% increase in the piezo-
electric potential. The blend film introduced in this study
could be a good material for energy harvesting applications.
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