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Abstract: In this study, the morphological evolution of
electrospun PVDF during hot compression for piezoelectric
sensor production is investigated. The work assesses how
compression alters total crystallinity, structural relaxation,
and partial crystalline forms known as Form II, I, and III (a,
B, and y phases), including transitions among these forms.
Relaxation in amorphous and crystalline regions, together
with stress-induced melting, produces changes in phase
distribution. FTIR, XRD, and DSC measurements show a
reduction in the absolute fraction of the beta phase. Changes
in dielectric spectra confirm a decline in ordered beta and
indicate a corresponding increase in amorphous fraction as
compression temperature rises. The method used here en-
ables identification of a threshold compression temperature
at which electrospun PVDF samples achieve minimal
porosity while preserving the high long-range order of the
beta phase. These results guide optimization of conditions
and support robust, device-relevant functional performance
in PVDF-based piezoelectric sensors.

Keywords: PVDF; electrospinning; nanofiber; relaxations;
phase transitions

1 Introduction

Polyvinylidene fluoride (PVDF) is a common polymer that is
used in piezoelectricity needed working areas such as
pressure sensors, actuator electronics, etc. [1]. The most
challenging factors of this material are the production
method, service conditions, and continuity of its properties.
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Production techniques and further processes determine the
piezoelectric properties of PVDF. Every process has different
resulting crystalline forms of semi-crystalline PVDF poly-
mer. It has many different crystalline sub-forms but is
mostly known as Form I (-phase), Form II (a-phase), and
Form III (y-phase) [2, 3]. PVDF tends to be in Form II in
normal conditions, especially when the melt processes pro-
duce it [4-6]. Form II is the more stable form in terms of
energies but has no significant piezoelectric properties due
to its TGTG’ (T = Trans, G = Gauche) formation [5, 7, 8]. As in
the steric structures of different forms of PVFD can be seen
in Figure 1, the dipole moments between F- and H-groups are
scattered randomly, and with that TGTG’ formation, the
overall dipole moment results in lower values, even at zero.
Some external processes can be applied to Form II, and the
piezoelectric effect can be obtained, such as polarization [9],
stretching [6, 10, 11], and compressing [12-15], with special
conditions. Still, continuity and material durability become
secondary problems at that point. So, other forms like I or III
must be considered for the continuous piezoelectric
behavior of the material.

There are several ways to obtain PVDF in Form I and III,
such as nucleating additives [16, 17] and solvent casting
processes [18-20]. In particular, nanoparticles that have
conductivity and ferroelectricity have tangible contribu-
tions to acquiring electroactive phases. In neat PVDF cases,
solvent-included methods like spin coating [18] and elec-
trospinning [4, 21] are common methods to get Form III and
especially Form I. The main concern of electroactive phases
isarranging final dipole moments and preventing them from
being anti-parallelized by one another. The TTTT planar
zigzag formation of Form I and the similar formation of
Form III bring a resultant dipole moment magnitude far
different from zero [22, 23].

Electrospinning is the proven method [24, 25] to obtain a
high ratio of Form I PVDF. External electric field application
during the production method gives the PVDF molecules a
guide in solution form to be deposited on the rotary collector in
an oriented formation. Dispersing polymer chains in a solvent,
which is the first step of the electrospinning process, increases
the ability of alignment of polymer chains. Needle-like nozzle
systems inject the polymer solution via pumping with the help
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Figure 1: Schematic representation of PVDF phases.

of a potential difference applied between the nozzle and the
collector side. Potential difference enhances the polarization
of polymer chains. It aligns —F and —H groups more in planar
zigzag form with the effect of the electric field, helping to get
PVDF in Form I [26]. The nozzle creates a Taylor cone, and the
polymer solution travels as a nanofiber and deposits on the
collector in a mat form, which rotates simultaneously to pro-
vide homogeneity and continuity of nanofibers in the final
sample [27]. The uniformity of nanofibers is directly propor-
tional to the Form I phase amount and quality. The main pa-
rameters to obtain advanced nanofiber form and better
piezoelectric final properties are the solution ratio, pumping
rate, potential difference, nozzle-collector distance, and rota-
tion rate of the collector. All the parameters above affect the
shape of the Taylor cone, and so the fiber properties, such as
existence, diameter, porosity, and alignment, are determined.

Electrospinning of PVDF has many advantages in getting
a higher Form I phase ratio compared to other methods and
piezoelectric properties, but it does not have the highest
crystalline amount and the harmony of crystalline sites for
the semi-crystalline structure of the polymer. The nanofiber
structure and the existence of solvents in the method cause
porosity in the final sample. Even if the pumping rates are
meager, the solvent or solvent mixture may not find enough
time to evaporate. Additional treatments can be applied to
eliminate the residual solvents and porosity that are induced
by solvent residue. Physical entanglement of nanofibers is
another reason that disables the compaction of nanofibers if
they cross one another. Annealing treatment gives some
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relaxation to the material, but the elevated annealing tem-
peratures allow for the deformation of Form I into another
form [28]. Pressure application is a possible way to reorder
the inner structure of the electrospun PVDF. Temperature
increment helps to move amorphous areas and crystalline
side areas more easily [6, 13]. Even though there are so many
positive factors that make electrospinning usage for the
production of PVDF, final samples have some drawbacks in
industrial usage because of their porosity and electrostatic
surface. The porosity of the samples coming from the
nanofiber structure can also be reduced via optimal pressing
temperature, and reordering the inner structure via beating
electrostatic forces can make the final sample easier to use
during sensor production. Also, sandwiching during sensor
production needs hot pressing to ensure electrodes and the
main PVDF layer stick together. Elevated pressing temper-
ature may cause a drop in performance in the sensor. Sur-
face coating machines also use little pressure and high
temperature to enhance good bonding. These kinds of short-
time heating applications are affecting the final properties of
PVDF-based piezoelectric sensors.

This paper investigates the effect of pressing and addi-
tional heating temperature during the pressing of electro-
spun PVDF in terms of total crystalline amount, Form I phase
ratio, morphology, and dielectric properties.

2 Materials and methods

The Electrospinning method is used to obtain thin-film
polymers with nanofiber structures. PVDF is used in powder
form to ease dissolution, supplied from Sigma Aldrich, with
CAS number: 24937-79-9. DMF and Acetone solvents are
supplied from Tekkim Kimya, Turkey.

As our early study reveals [21], to dissolve 15 % PVDF
powder by weight, a 6:4 DMF/Acetone ratio solvent is used
during electrospinning. The solution is stirred in a magnetic
stirrer overnight at room temperature to obtain better
dispersion of polymer chains into the solvent, which enables
more homogeneous nanofibers. A 15kV high voltage is
applied to the system with a needle-collector distance of 15 cm.
The syringe pump speed is set at 1 mL/h during the process.

The obtained polymer film is divided into 6 equal parts,
each one measuring 55 mm wide. Divided parts are dried in a
vacuum oven at 40 °C for 6 h to eliminate humidity before
pressing, and so water bubbles, if any. Pressing tempera-
tures are selected around Vicat softening temperature [29]
and a relaxation region [30] of PVDF around 80 °C. Tem-
peratures are set as 40, 60, 80, 100, and 120 °C, and samples
are named P1, P2, P3, P4, and P5, respectively, as can be seen
in Table 1. As a pressing template, high-surface-finished



DE GRUYTER

Table 1: Sample nomenclature.

Press temperature

Unpressed -
P1 40°C
P2 60 °C
P3 80°C
P4 100°C
P5 120°C

aluminum discs with a 50 mm diameter are used. Between
two templates, poly(tetrafluoroethylene) based Teflon® films
are used as release sheets. Between two release sheets, PVDF
samples are placed which are about to be pressed.

Heating is carried out with disc patterns before samples
are placed. After the desired temperature is obtained, the
sample is placed between sheets, and 5 tons of force is
applied via 50 mm diameter disc patterns (which equals
~24.68 MPa pressure) for 10 min. After pressing, the sample
is taken with Teflon® sheets and cooled at room tempera-
ture. The final samples pressed can be seen in Figure 2.

Fourier Transform Infrared (FT-IR) spectroscopies of
samples are measured to find peaks at specific wave-
numbers that give an impression of the steric structure and

Figure 2: Press templates (upper side) and samples after pressure
application (a) unpressed, (b) P1, (c) P2, (d) P3, (e) P4, (f) P5.
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configuration of atoms at some points. Spectra are taken
with the Shimadzu IRTracer-100 device.

X-ray diffraction behavior of the samples is observed to
see the crystalline planes of the samples. Different crystal-
line forms have specific plane orientation combinations, and
Wide-Angle X-Ray Diffraction (WAXD) characterization
helps to characterize those planes and crystalline forms.
WAXD patterns are taken with a Bruker AXS/Discovery D8
diffractometer device, monochromatic CuKa (A = 1.54060 &)
radiation by changing 20 from 5° to 40° with a 0.02° step.

Observation of the total crystalline amount of the poly-
meric system and investigation of compaction of crystalline
sites are carried out with Differential Scanning Calorimetry
(DSC). The 5 mg sample is used in DSC measurement at 10 °C/
min heating rate within 20-220 °C temperature range in N,
atmosphere. Shape, location, and area of the melting peak,
and the onset point, demonstrate the characteristics of the
samples. DSC analysis is held with the TA Instrument DSC 25
model device.

Monitoring the change of crystalline structure and
nanofiber orientations are critical for changing tempera-
tures. The Scanning Electron Microscopy (SEM) method is
used to see the morphological changes of pressed samples.
All samples are coated with Au/Pd (60/40 % wt.) with a Bal-
Tec SCD0O05 sputter coater to be prepared for scanning
electron microscopy. SEM characterization is performed
using the ZEISS EVO40 device for each sample in a vacuum.

Dielectric spectra of real (¢) and imaginary (£") parts of
PVDF samples were measured at room temperature in the
frequency range of 102 Hz-107 Hz using Novocontrol Alpha
Analyzer (Concept-80). Samples with a thickness of 30 um
and a diameter of 8 mm were metallized in the form of flat
parallel-plate capacitors using a pressed thin aluminum
lamella. The best fitting of the dielectric loss spectra was
performed by means of Havriliak-Negami (HN) relation [31]
where Ag is the relaxation strength of successive relaxation
processes, 7o, denotes the relaxation times of the corre-
sponding relaxation process, & is the high frequency limit of
dielectric constant, a and b exponents (0 < a, b < 1) are the
shape parameters. The conductivity term, a,(iw)"™®, was
omitted since the value g, ~ 107 S/cm of samples can be
neglected at room temperature.

EW)—€x=) Ae

ok )
K[+ (iwiTe)]

3 Results

Even if the samples have the same elemental existence,
changing bond angles and differential vibrations of varying
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Figure 3: FT-IR spectrum of samples between 740 and 860 cm™
wavenumbers.

PVDF forms can be distinguished by different methods such
as FT-IR spectroscopy [2, 32]. Figure 3 shows the infrared
spectrum of samples between 740 and 860cm™
wavenumber.

Each sample shows a significant peak at 840 cm ™ which
is a solid sign of Form I phase existence [33-35]. Also, at
766 c ™, there is a clear sign of Form II phase, for each
sample with varying percentages. The ratio of Form I can be
calculated for each sample using an equation used by Osaki
[36] and derived by Gregorio Jr. [37] for the PVDF polymer.
Absorbance values at 766 and 840 cm™ in Eq. (2) to calculate
Form I phase ratio [F($8)] for each sample.

Ay
F®) = m 2

As can be seen in Table 2, the unpressed electrospun
sample has the highest Form I phase ratio. With the effect of
pressing, Form I ratio of P1 and P2 is slightly decreasing
during the residual stress discharging of nanofibers. After
reaching 80°C in P3, Form I ratio starts decreasing more
significantly since there are two transition-like relaxations
between 60 and 100 °C, first one is at around 60 °C, which is
related to amorphous region and folding behavior of groups
in the polymer chain [32]. The other one is ac relaxation,
around 90-100°, which includes movement and rotation of
molecular groups and changing the directions of dipoles,
also reordering around crystalline regions [30, 32, 38]. This
transformation can also be seen as Vicat softening point,
which is a more industrial aspect of polymers, around 80 °C
for PVDF. Morphological transitions are about the close-
packing behavior of crystalline areas of polymers, neither
staying solid nor melting or deforming. Bond hehavior
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Table 2: B phase ratios by Eq. (1).

F(B)
Unpressed 73.35%
P1 72.78%
P2 72.33%
P3 70.81 %
P4 71.55%
P5 69.98 %

changes of polymeric structures are decisive for certain
temperature studies and the reorganization movements of
polymer molecules at those certain temperatures can help
to get the desired semi-crystalline phase structure confor-
mations. Those transformations are the main reason for
losing some of Form I crystalline after that point. They
tended to be reordered and be more in Form IIT and Form II
and in amorphous form after gaining some mobility and
relaxation. At wavenumber 795 cm™, a slight increase of P5
shows transition to Form II phase which can be seen at
Figure 3.

There is another comparison at spectrum between 450
and 550 cm™, having significant proofs of crystalline tran-
sitions. As can be seen in Figure 4, increase at around
485cm™ for P3, P4 and P5 shows amorphous transition of
Form I crystallines clearly. Also, the peak at 469 cm™ can be
seen more definite in P3, P4 and P5. Loss of 480 cm™ peak,
which indicates Form I phase, for those 3 samples sharpens
the look of 469 cm ™ peak and transition become more visible
at spectrum [4].
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Figure 4: FT-IR spectrum of samples between 450 and 550 cm™
wavenumbers.
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FTIR is used only to compare ratios of crystalline phases.
For precise quantitative results, FT-IR analysis alone is
misleading. In this paper, to obtain the absolute Form I phase
ratio, XRD and DSC characterization methods are used
together to investigate semi-crystalline structure. In ordi-
nary crystal solids, there must be several very sharp peaks
and a planar baseline of near-zero intensity. However, in
polymers, peaks become wider, and the baseline becomes
higher and distorts since polymers are semi-crystalline, with
amorphous regions [39]. Figure 5a shows the XRD pattern of
the samples between 15° and 40° 26 angles. There are 3 sig-
nificant peaks in XRD pattern, each of them referring to
planes of crystalline sites. Peaks at 34.51° and 22.89° and 20.5°
represents the Form I phase (310, 020), (001) and (110, 200)
planes respectively. [2, 40-42]. The lack of clarity of peak at
22.89° is the result of overlapping with planes of y phase
crystallines. The significant indicator peak of phase trans-
formation is at 20.69° representing (110) plane for Form II
phase, similar studies have this shift with compression [43].
As can be clearly seen in Figure 5b, Unpressed, P1, and P2
samples have peaks at around 20.5°, which are related to
Form I. With the increasing pressing temperature, P3, P4,
and P5 samples have those peaks different from others,
higher intensities at around 20.7°, indicating transformation
to Form II, correlatively with the FT-IR spectrum.

At lower temperatures, compression cannot beat the
compaction of crystalline areas and the energy required to
rotate bonds, and so cannot anticipate any transition.
However, after the relaxation of molecular groups of crys-
talline and amorphous surroundings, it slightly mobilizes
and tends to be in more steady states. Since Form Il is a more
stable phase, thermal applications at higher temperatures

700 T T T T 150
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triggers phase transitions and metastable Form I phase
bindingly [6, 32].

The movement capability of crystalline regions and the
rotating facility of functional groups are highly dependent
on the compaction of crystalline regions. For instance, a,
relaxation of PVDF samples is directly related to the
segmental amorphous movement, which defines a glass
transition [32]. For temperatures above 60 °C, a. relaxation is
dependent more on crystalline regions and their surround-
ings. Therefore, the total crystalline ratio is critical for those
relaxations and phase transitions.

Like other vinyl-based polymers, PVDF has a restricted
and controllable crystalline ratio of around 45-50% by
weight at most, for the melt crystallization [7]. When the
optimal Taylor cone and nanofibers are formed, the elec-
trospinning process gives much more limited crystallinity
since the movement of polymer chains is restricted within
the nanofiber diameter [4, 44]. This situation helps to get
PVDF in the Form I phase more because of the hindrance
coming from the smaller movement area and the electric
field forces. But the total crystalline sites become much
smaller than those of melt crystallization methods due to the
restriction of the nanofiber diameter. The pumping ratio,
needle diameter, and polymer concentration of the solvent
are the main parameters to change nanofiber diameter, so
the total crystalline ratio can be changed if needed [26]. In
this work, all samples are separated from the same batch of
the electrospinning process; therefore, the initial crystalline
ratios are equal. The effect of pressing temperature on the
crystallinity ratio of PVDF can be seen for those samples. DSC
experiments show the total crystalline ratio change and the
compaction of crystalline sites clearly in Figure 6.
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Figure 5: XRD patterns of samples (a) whole pattern, (b) zoom into 19°-22° region.
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Table 3: Crystallinity, Melting Point and Onset Temperature values from
DSC characterization.

Unpressed
—P1
—P2
—P3
—P4
—P5

40 60 80

Heat Flow (a.u)

— .
100 120 140 160
Temperature (°C)

T T T
180 200

Figure 6: DSC measurements of all samples.

The plot shows DSC thermograms of the samples be-
tween 20 and 220 °C. Total crystallinity ratio X, is calculated
with Eq. 3) [37, 45]. AHj, is used as 104.6 J/g [19, 28, 46]. The
onset points are calculated directly from the TA Universal
Analysis software program of the DSC device.

X, = AfH—"Ok x 100 3)

For almost all samples except the unpressed one and P5,
similar melting peaks are observed. Melting peaks are
located in the same range for each sample, because there is
no additional crystalline densification and significant
deformation. As the temperature of compression increases,
total crystallinity decreases due to deformation of loose
areas of crystalline surroundings. The difference between
the P2 and P3 samples shows us the unfolding behavior of
polymer chains, resulting in a slight decrease in total crys-
talline ratio. But the critical point is the shape of the melting
peak for the P5 sample, which tends to be in a double-peaked
shape, demonstrating that some of the dominant Form I
phase could have been transformed during 120°C
compression [15, 45]. Besides, the sharper shape of the
melting peak of each sample shows more compacted crys-
talline sites [39], which is expected for the compressed or
stretched samples [47]. Loose crystalline areas can be com-
pacted, and crystallizable amorphous sites may be slightly
cold crystallized locally during the 120 °C compression, but
since the deformation of the metastable Form I phase is the
dominant parameter at 120 °C, the total X, ratio change de-
creases markedly. Deformation of crystalline packing
behavior before the actual melting point, with the high
temperature relaxations and compression, results in X,

Xc (%) Xz (B absolute) Tm (°C) Tonset (°C)
Unpressed 5.35 3.93 158.60 144.55
P1 4.20 3.06 158.82 145.07
P2 4.30 ER NI 158.74 144.41
P3 422 2.99 158.92 144.49
P4 4.18 2.99 158.61 144.45
P5 4.19 2.93 158.93 145.12

drop. Since there is no re-crystallization during this
behavior, reordering of the crystalline structure and per-
manent phase transitions are observed [48].

Increase in the Form II phase fraction with decreased X,
can be explained with crystallization and transitions since the
crystallizations above 100 °C result generally in Form II phase
form [6, 15, 49]. Samples pressed at higher temperatures show
less X, because of loss of weak crystalline surroundings and
deformation of less compacted crystalline sites.

The proximity of the onset point to the melting point
shows the compaction of the crystalline region. That point
generally has the same correlation with the changing
melting temperature due to the effect of compression. Ta-
ble 3 shows the X, ratios, melting temperatures T,,, and onset
temperatures Tonse Of melting peaks.

The effect of pressing temperature to the crystalline
structure is related with also the nanofiber diameters. The
electric field makes the polymer chains stretch and arrange
inside the restricted area, called a nanofiber. Polymer chains
arrange inside solutions during deposition, then the solvent
evaporates, and the final nanofibers are formed. But in case
of lack of solubility, electric field cut off, clustering, loss of
pumping rate, and high syringe-collector distance like fac-
tors, some beads can be formed [21, 26]. The difference be-
tween beads and nanofibers can be seen in Figure 7.

Those beads are different from nanofibers in terms of
phase ingredients and physical properties. Since there is not
enough force to align chains, generally a smaller amount of
Form I phase exists inside beads compared to nanofibers
because the stretch force of the electric field is less in beads,
compared to thin nanofibers. Also, the nanofiber diameter is
the main parameter that affects the electroactive phase
quality at that point. The lower nanofiber diameter brings
the higher electroactive properties to the final sample. Beads
and thicker nanofibers have untight structures compared
with thinner ones, which is why the nanofiber diameter is
preferred as lower to obtain better piezoelectric properties.
Unit cell volume of Form Iis 2 times smaller than Form I and
III crystalline [3, 22].
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Distribution of nanofibers and beads in the micro-
structure can also affect the visual properties of the final
samples, which can be seen in Figure 2. During the hot
compress, beads and nanofibers squeeze in different ratios,
and local opacities in the final sample can be observed.
Increasing pressing temperature equalizes that ratio, and
homogeneity in the visual aspect is obtained. Phase trans-
formations are also dependent on this bead-nanofiber
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squeeze ratio. Reorientation of the PVDF chains is easier in
beads, but nanofibers have much more resistance to trans-
forming, especially as the nanofiber diameters decrease.

Nanofiber diameters are measured as ~270 nm for the
unpressed sample and ~350 nm for P1in the average random
frame, which two still have measurable nanofibers. For
samples P3 to P5, nanofiber formations are distorted as can
be seen on SEM images in Figure 8 clearly.
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Figure 8: SEM images of whole samples at 10,000x magnification, (a) unpressed, (b) P1, (c) P2, (d) P3, (e) P4, (f) P5.
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SEM images clearly show the change in the nanofiber
structures depending on the pressing temperature. De-
formations in the nanofiber profile of PVDF indicate the
compaction and reorganization of the polymer sample. In
Figure 8d and f, darker areas represent the complete
deformation of the nanofiber structure and some of the
Form I phase crystalline structure, via pressing and passing
relaxation intervals, respectively. Especially after the P3,
crystalline structure starts to transform and loses the tight-
ness of the nanofiber formed crystalline structure, resulting
in an electroactive property change.

Dielectric study of electrospun fibers of PVDF in the
literature is rather scarce. To our best knowledge, only real
permittivity spectra of PVDF fibers containing carbon
nanotubes were discussed in [50]. Since the dielectric con-
stant is proportional to the total molecular dipole moment,
dielectric spectroscopy is an efficient tool for studying re-
orientational dynamics in various phases of polymeric ma-
terials. The FTIR results show that the maximum amount of
ordered B-phase in unpressed PVDF decreases in pressed
samples at elevated temperature (see Table 2). Similarly,
XRD and DSC measurements indicate a decrease in the X,
crystallinity ratio of B-phase (Form I) with increasing
pressing temperature (see Table 3). Figure 9 shows the
dielectric spectra of unpressed and pressed PVDF samples at
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Figure 9: Real (a) and imaginary (b) dielectric spectra of unpressed and

pressed PVDF samples when the temperature rises. In the inset, the
example of the fitting procedure of & (w) at 80 °C has been shown.
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various temperatures. It is known that the molecular dy-
namics of the crystalline regions (a.) is measured in the
temperature dependence of dielectric loss, approximately at
T > 100 °C [51]. Fitting of dielectric absorption spectra, using
the HN formula given in Eq. (1), revealed the presence of two
relaxation processes at all pressure temperatures of PVDF
samples (Figure 9b). From the data presented in Table 3, it is
obvious that the synthesized PVDF fibers contain mainly the
amorphous phase. The high frequency dielectric loss around
10° Hz (Process I) is related to motions of dipolar amorphous
segments (a,) of residual stable a-phase crystallines (Form
II), responsible for the low temperature glass transition [52].
The disordered state of the CH,—CF, dipolar units relative to
the Il-order axis (C,,) is apparently the reason for the
noticeable €"(w) peak in Process L.

Comparing with data of previous studies of dielectric
loss spectra at room temperature [52-54], the spectral posi-
tion of Process II coincides with spectra associated with
acrelaxation of crystalline chains. While the dipole contri-
bution of the crystalline fraction to the &£’(w) spectra is
recorded as a remarkable peak in PVDF fibers, the Process II
is measured with a view of broad response (inset in
Figure 9b). For example, in a non-pressed sample, 5.35 % of
the crystalline chains contain 3.93 % of the ordered B-phase
(Table 3), the remaining parts are mostly in the amorphous
phase. The low percentage of crystalline chains of different
phases and their size distributions due to dispersion of fiber
diameter is probably the reason for the broad loss response
of dipoles in Process II. As can be seen from Figure 9a, an
increase in pressing temperature of the samples leads to a
decrease in the total dipole contribution to the susceptibility
of PVDF in the entire spectral region. This is also confirmed
by the fitting results of €” spectra presented in Table 4. Both
the dielectric relaxation strength (A¢) and relaxation times
(7) decreased with pressing temperature due to the dimin-
ishing of crystalline fraction and their sizes.

From the SEM images given in Figure 8, one can notice
that porosity decreases with temperature, which leads to an

Table 4: Fitting parameters of ¢” spectra according to Havriliak-Negami
formula.

Process I Process II

Ae (s) x1077 As 7(s) x107"
Unpressed 1.673 3.078 0.456 1.714
P1 1.114 1.802 0.299 2.997
P2 1.476 1.800 0.120 1.203
P3 0.994 1.455 0.159 1.591
P4 0.993 1.045 0.017 0.173
P5 0.718 1.089 0.068 0.683
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increase in the density of pressed PVDF samples [15]. How-
ever, in polymers, relaxation times slow down exponentially
with increasing density due to a decrease in free volume [55],
while our finding indicates an opposite evolution of
segmental relaxation times in PVDF. Thus, the decrease in
relaxation times, i.e., faster motions of segments, points to a
similarity of a “melting” effect in the PVDF, despite the fact
that the density of pressed samples increases at elevated
temperature. We would like to stress that the initiation of a
high entropically state is not associated with real melting of
PVDF since the d.c. conductivity of all samples, regardless of
temperature, is about of ~10™*S/cm. The decrease of Ae
(Table 4) in fast Process I indicates a gradual dipolar frus-
tration of the crystalline areas. The emergence of dipole
disordering will lead to the rendering of an amorphous
phase in PVDF. According to XRD and DSC data, the ratio of
crystallites decreases with pressing temperature (Table 3). It
is anticipated that the short length scale amorphous phase is
related to interphase regions between a crystalline and
amorphous phase.

Changes in the dielectric parameters of the slow Process
IT point to the development of an amorphous state of the
a-phase (Form II) with an increase in temperature of pressed
samples. It can be assumed that the trend of molecular dis-
tortions of a-phase may lead to the development of a greater
number of distorted molecules of y-phase (Figure 1). Thus,
the analysis of dielectric properties confirms the morpho-
logical changes of PVDF found in the above DSC, XRD, and
FTIR studies.

4 Discussion

The main reason for phase transformation, which is
enhanced by the bead formation and nanofiber enlarge-
ment, is the atomic structure of the PVDF crystalline. For two
samples that have the same X, Form I phase structure has a
higher density than the o phase structure, owing to unit cell
dimensions. According to early studies, even if they have the
same amount of polymer chains in one unit cell, the Form I
unit cell volume is 2 times smaller than the Form II unit cell
[22]. This situation also explains the reason for the easier
formation of the Form II phase if all conditions are ordinary,
such as no pressure or tensile stress. So that, if there are
higher temperature conditions up to 60-80 °C, the nanofiber
structure and Form I phase will start to reduce and tend to be
energetically more stable on the Form II phase side. Above
those temperatures, any kind of thermal application, such as
annealing, affects the morphological structure and results in
decreases in dielectric properties [56]. Pressure application
is the reductant factor for this transformation, by holding
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tighter the structure, even if there is an ordered f3-phase
decrease caused by the heat increment. Retaining some close
packings lets unit cells stay smaller, and so polarization of
the polymer chain stays the same due to hindrance. If there
is much more transformation, like there is no pressure or
tension during heating, the structure changes readily and
bonds rotate, or tilt, so the total polarization and dipole
moments decrease at the final. The results of the dielectric
measurements agree with these conclusions. Pressure
application at higher temperatures protects the structure
from losing much more crystallinity and the Form I phase
while gaining a less porous structure.

Electrospun and unpressed PVDF samples have very
high electrostatic forces on themselves. This behavior relates
to intermolecular and intramolecular van der Waals forces.
In all forms, there are intermolecular and electrostatic at-
tractions due to the steric structure of PVDF [2], but the
planar zigzag structure of Form I brings much higher
intermolecular van der Waals forces since hindrance is
much higher due to stretching during electrospinning com-
ing from the electric field. Excess pressure application
overcomes those hindrances with the help of relaxations and
transitions via compaction of molecules, and the intermo-
lecular van der Waals attractions and intramolecular elec-
trostatic forces decrease dramatically.

Evenifthereis no critical change in crystalline structure
and phase fractions observed in infrared spectrums, X-ray
patterns and calorimetric analysis, dielectric properties of
the samples are showing importance of high temperature
applications because of those transformation phenomena.

5 Conclusions

Electrospun PVDF samples have outstanding properties
among other production types, such as spin coating, solution
casting, and melting techniques. Besides, nanofiber forma-
tion during electrospinning is enhancing crystalline struc-
ture, and a high electric field is increasing the stretch of
polymer chains, resulting in the development of 3 phase
amount.

Porosity and the lack of utilization capability of directly
electrospun samples are the problems of those materials.
The effect of compression with external heating on electro-
spun samples was investigated in terms of morphology,
crystallinity, and dielectric properties. Transparent and
white areas of samples show the porosity changes, which
means that compression reduces the porosity of samples, as
shown in the photographs given in Figure 2. All samples have
a small crystalline ratio of around 4-5%, as shown in Table 3
by DSC. According to XRD and FT-IR characterizations, all
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phases have solid a, 8 and y phases (Forms I, I, and III,
respectively). The initial samples have 73.35% R-phase
(Form I) ratio. It was found that pressure reduces the crys-
tallinity for each sample with the phenomenon of stress-
induced melting. The f-phase ratio is slightly decreased after
the P2 sample, which has 60 °C compression. Thus, 60 °C as
the pressing temperature can be considered as the threshold
temperature for the decrease in the absolute ratio of
B-phase. Dielectric results have the same trend with
morphological studies. The decrease in the dielectric relax-
ation strengths, as well as the shortening of the relaxation
times of molecular motions in Process I, indicates a decrease
in the ratio of the dipole order of the 3-phase with an in-
crease in the pressing temperature.
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