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Investigation of the Effect of Orientational Drawing on the Structural and
Electroactive Properties of Vinylidene Fluoride-Tetrafluoroethylene
Copolymer Films by Raman Scattering Spectroscopy
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The effect of uniaxial orientational drawing on the structural and electroactive properties of vinylidene fluoride-
tetrafluoroethylene copolymer (VDE-TFE) films was investigated using Raman scattering spectroscopy (RS).
Analysis of RS spectra suggests a significant increase in the fraction of the ferroactive S-phase upon mechanical
drawing, indirectly confirmed by an increase in the piezoelectric coefficient. A correlation between structural
changes and improved electrical strength of the material was established. The proposed drawing regimes and
methods for analyzing the structural composition of ferroelectric polymer films can be used to create biomedical

piezoelectric devices.
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One of the important tasks in modern medical biotech-
nology is the creation and implementation of compact
wearable and implantable devices (sensors, power sources).
Devices based on piezoceramic materials have limitations
in biological environments due to low plasticity and poor
biocompatibility. =~ An alternative is provided by elec-
troactive polymer materials, particularly ferroelectric films
based on polyvinylidene fluoride (PVDF, widely known as
polyvinylidene fluoride) and its copolymers [1,2]. They
not only possess mechanical flexibility and biocompatibility
but also have acoustic impedance close to that of water
and biological tissues, which is important for implantable
devices [3].

To expand application areas and improve characteristics
of vinylidene fluoride-tetrafluoroethylene copolymer (VDF-
TFE) films, it is necessary to study both the material itself
and possibilities for its modification to enhance properties
(piezoelectric, pyroelectric, mechanical).

The practical applicability of semi-crystalline polymers
is determined by their structural-conformational composi-
tion, which governs electroactive properties. The crys-
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talline phase of VDF copolymers is described by three
macromolecular conformations: (TGTG™), — a-phase,
(TTTTT), — B-phase, (T3GT3G ™), — p-phase [4]. The
B-phase imparts electroactive, including piezoelectric, prop-
erties to the material; the y-phase has less influence on these
properties, while the a-phase is electroinactive. Transitions
between them can be achieved via mechanical, thermal,
or electrical impacts, which is used for material modifi-
cation [1]. This work examines the orientational drawing
method for altering phase composition and establishes
the relationship between processing conditions, structural
changes, and electroactive properties [5].

For analyzing the structural composition of vinylidene flu-
oride copolymers, the most common methods are infrared
(IR) spectroscopy and X-ray diffraction (XRD) [6]. Raman
spectroscopy (RS) is also used for quantitative assessment
of conformations due to the significant magnitude of the
C—F-bond dipole moment and its sensitivity to molecular
environment [7]. This method complements IR spectroscopy
as it is sensitive to transitions inactive in IR spectroscopy [8].
In particular, more complete characterization of - and
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Figure 1. Surface potential signal distribution maps for the initial (a) and oriented (c) films and surface topography for the initial (b)
and oriented (d) films; arrows on the figure indicate the drawing direction.

y-phases with closely spaced peaks in IR spectra is
possible via RS spectrum analysis, where peaks of these
conformations are separated, as performed in this work.

Within the study, two types of samples were prepared:
initial isotropic and oriented VDF-TFE copolymer films
in 94:6 ratio. Films were obtained by casting in Petri
dishes from a solution of fluoroplastic F2M grade B
powder (GaloPolymer, Kirovo-Chepetsk) in ethyl acetate,
followed by vacuum treatment to remove residual solvent.
Uniaxial orientational drawing was performed manually
using a laboratory setup at 75°C with a draw ratio of
A = 4. The initial film sample dimensions were 20 x 20 mm
with thickness 45—50 um, after drawing, dimensions were
60 x 15 mm with thickness reduced to 30 um.

The film samples were subjected to contact polarization
on a laboratory setup [9] at room temperature for 5min,
with polarizing field strength of 200 MV/m. Considering the
number of points and scatter of measured electrical strength
values, the average was determined using the two-parameter
Weibull model [10,11], according to which a statistical set of
a large number (> 15) of field values Ej, can be described

by the function
F(x)=1—exp[-(x/a)"],

where x — current value of E;,, @« — characteristic field
at which at least 63.2% of tested samples are punctured,;
parameter 3, characterizes the dispersion of E; relative to
the mean. The studies showed an increase in electrical
strength after orientation from Ey = 417 = 7MV/m for the
initial film to E, = 468 &+ 3 MV/m for the drawn film. This
may be associated with film recrystallization during drawing
and phase composition changes.

Longitudinal piezoelectric coefficients d33 were measured
by the Berlincourt quasi-static method using an ds3-meter
YE2730A (Sinocera Piezotronics, INC, China). For the
oriented film, d33 was 11 pC/N, whereas for the initial film,
the piezoelectric coefficient was 0.

Morphology and ferroelectric properties of the film
surfaces were investigated using scanning probe microscopy
(SPM, NTEGRA Prima, NT-MDT, Zelenograd, Russia).
Changes in film morphology after drawing were observed
(Fig. 1,b,d), with root-mean-square surface roughness in-
creasing from 16 nm for the initial to 19 nm for the oriented
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Figure 2. First heating DSC curves for the initial and oriented
films.

film, explained by the appearance of longitudinal defects
likely associated with slip bands. Kelvin probe microscopy
mode yielded surface potential signal distribution maps
corresponding to ferroelectric domain distributions on the
film surface (Fig. 1,a,c). Surface potential magnitude
noticeably decreases after orientational drawing, possibly
due to surface defect formation. However, the obtained
values differ from zero, indicating spontaneous polarization
in the films.

The degree of crystallinity was determined by differential
scanning calorimetry (DSC) using a NETZSCH DSC 204F1
Phoenix instrument (NETZSCH-Geritebau GmbH) and
calculated by the simplified formula

AH,,
~ AHD

Xe

where AH,, — film melting enthalpy, AHY — melting
enthalpy of fully crystalline material, equal to 104.5 J/g [12]..
For the initial isotropic film, it was 58%; for the oriented —
54% (Fig. 2). This indicates a slight decrease in crystallinity.
Note the presence of a long low-temperature ,tail“ for
the isotropic sample, suggesting crystal defectiveness; thus,
the drawing process likely reduced overall crystalline phase
defectiveness.

RS spectra (obtained on a Thermo Nicolet Almega XR
Raman spectrometer, 1 = 532nm source, Pyom = 15 mW,
microfocus MPlan 50X objective, NA = 0.75) were formed
by averaging 20 measurements of 10s each in the
200—3200cm~! range (Fig. 3). Due to sample fluores-
cence, photobleaching (f,n, = 10 min) was applied.

The relative content of each phase was determined from
the ratio of spectral line intensities in the RS spectrum;
the method is based on spectrum interpretation with
identification of vibrational modes of chemical groups
characteristic of various VDF conformations [§8]. The
most intense spectral lines for the three conformations
are in the 800—900cm—lregion: 797 cm~! for a-phase,
811 cm~! for y-phase and 840 cm~! for 3-phase and nearby
low-intensity y-phase peak [3]. For additional qualitative
assessment, low-intensity peaks below 700 cm~! were also
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analyzed (Fig. 4,a). The listed characteristic spectral line
values are approximate, as they may vary depending on
temperature, crystallinity, and fitting methods [8,13]. Based
on these values, changes in conformational composition
were analyzed. Separate analysis of TFE RS lines was not
performed due to their low intensity and minor content
in the study. Note a low-intensity peak at 380cm™!
belonging to this compound’s vibrational modes. Overlap
of low-intensity TFE bands on main VDF lines in the
826—829 cm ™~ !region is also evident as asymmetric contour
of the 839 cm™! line and small peaks on its slope (Fig. 4, b).

RS spectra of initial and oriented samples show dif-
ferences in phase composition distribution (Fig. 4,a).
For the initial VDFTFE film, phase ratios were:
Iy :1, 1B =24:39:37. The low content of ferroactive
B-phase (37%) reduces poling capability [14].  After
orientational drawing, the spectral profile undergoes sig-
nificant changes:/, : 1, : Ig = 19:26:55. The increase in
B- phase fraction to 55% indicates crystalline structure
reorganization under mechanical stress. This agrees with
reported recrystallization under uniaxial deformation.

It should be noted that the observed pronounced phase
ratio change with characteristic spectral modifications upon
mechanical drawing for VDF-TFE copolymer was obtained
for the first time compared to earlier works [5].

As a result of the studies, it was established that uniaxial
drawing (orientation) leads to significant structural changes
in the polymer with a slight decrease in overall crys-
tallinity and substantial crystalline structure reorganization,
increasing the electroactive B-phase fraction from 37% to
55% (from RS spectrum analysis). Structural change data
correlate well with property changes — increased electrical
strength, altered surface morphology, and contact poling
capability yielding piezoelectric coefficient d33 of 11 pC/N
in the poled film.
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