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Abstract. A sample of polyvinylidene ﬂuoride removed from a riser component was tested in laboratory to
evaluate its electromechanical behavior. For this, an experimental setup was developed, after Fourier Transform Infrared Spectroscopy (FTIR) results have shown through the absorption bands, that this sample had
a spectrum of the piezoelectric phase b. In order to identify if such sample would be able to respond electrically
to the application of external mechanical excitation applied by a shaker, measurements were made of the induced voltages by piezoelectric effect, with varying accelerations and frequencies. The results indicated that
the material, although it has not been processed for this purpose, responds electrically to the applied mechanical
stimulus, demonstrating a good correlation between the measured signals and the accelerations.

1 Introduction
The poly (vinylidene ﬂuoride) – PVDF is a thermoplastic
polymer that presents important properties that qualify it
for different applications, such as: sensors, robotics, security
elements, acoustic and optical devices, mechanical accessories, automotive and trafﬁc devices, sports and leisure
goods [1]. It is also applied in ﬂuid handling, in hot water
piping systems, in ultra-pure water systems for the semiconductor industry, in packaging and in chemical plants [2],
among others.
Despite its attractive speciﬁc mechanical properties [3],
it is its piezoelectric property that motivates most of the
works, since the piezoelectricity occurs in few materials
and is more intense in PVDF relative to other polymers.
Poly (vinylidene ﬂuoride) is a semicrystalline polymer
containing one or more crystalline phases, known as a, b,
c and d, dispersed in the amorphous regions [4]. These
phases can be interconverted by the application of mechanical, thermal or electrical energy [5]. The PVDF piezoelectricity phenomenon comes from the dipoles created by the
atoms of positive hydrogen and the negative ﬂuorine, which
are entirely aligned in the structure of the main chain
(–CF2–CH2–) of planar conformation of the b-phase. This
structure (Fig. 1) shows the dipoles arranged in parallel,
and the whole main chain is perpendicular to the direction
* Corresponding author: khrissymedeiros@gmail.com

of the dipoles, thus generating a strong polarization that
results in the piezoelectric behavior of the material [6–9].
The electroactive phase b gives to the polymer characteristics of an electroelastic material that exhibits electromechanical coupling. That is, it experiences mechanical
deformations when placed in an electric ﬁeld, and becomes
electrically polarized under mechanical loads [10].
Due to the mechanical and chemical stability of PVDF
[11], a common industrial application of this material is in
the layers that make up risers used in the oil industry,
acting as an effective barrier to most ﬂuids and gases transported in the exploration and production of oil and natural
gas, even at elevated temperatures [12].
The use of PVDF in deep sea systems, as well as all failure modes that may occur under service conditions, are not
yet well detailed in the literature. In this context, it is
important to consider that little has been discussed about
the inﬂuence the processing of the polymer on its barrier
properties [13].
Typically, for this application, is not expected that the
PVDF presents the piezoelectric phase-b. However, during
the processing by extrusion occurs a mechanical elongation
of material, where the PVDF is forced in the longitudinal
direction (towards the axis of the tube) and there may be
a phase transformation a ! b.
In this sense, the aim of this work is to investigate if
a non-polarized sample removed from a commercial
grade of extruded PVDF, which presents the electroactive
b phase is able to generate electrical voltages due to the
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Fig. 1. PVDF-b planar conformational structure.

Fig. 2. Extruded PVDF from where the sample was removed.
Fig. 3. External representation of the ﬂexible tube – riser.

piezoelectric phenomenon induced only by the effect of
material processing.

2 Materials and methods
2.1 Non-polarized extruded sample
A non-polarized sample was removed from an extruded
PVDF grade (Fig. 2) manufactured to operate as a pressure
barrier or sealing layer on ﬂexible multilayer lines (risers) in
the oil industry.
This PVDF pressure barrier is manufactured by continuous extrusion of polymer onto a metallic carcass (Fig. 3).
The extrusion molding basically consists of a process
where a mechanical screw propels through a chamber the

pelletized material, which is successively compacted, melted,
and formed into a continuous stream of viscous ﬂuid. Extrusion takes place as this molten mass is forced through a die
oriﬁce. Solidiﬁcation of the extruded length is expedited by
blowers, a water spray or bath some time before passing by a
moving conveyor. The technique is especially adapted to
producing continuous lengths having constant cross-sectional geometries. The carcass is a corrugated metal tube
with a speciﬁc internal diameter, supporting the extruded
barrier and preventing its collapse by pressure or crushing
due to the loads applied during pipe operation [14, 15].
The extracted sample was characterized by means of
Fourier Transform Infrared Spectroscopy (FTIR) using
the Attenuated Total Reﬂectance (ATR) technique. A
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Speckin 400 spectrophotometer with diamond crystal was
used, operating in the region of 4500–650 cm1 (medium
ﬁeld) with a resolution of 4 cm1 and 16 scans.
The FTIR spectra of PVDF provides valuable information about its structure, allowing to distinguish between the
different crystalline forms [16] that have been extensively
investigated and are widely documented in the literature
[16–28].
In Figure 4, it is shown the FTIR spectrum corresponding to the non-polarized sample removed from an extruded
PVDF grade, where the predominant presence of the beta
electroactive phase can be clearly observed, as valleys in
the spectrum that indicate absorption of some speciﬁc
wavenumbers (or bands). Table 1 presents the references
that associate the observed bands with each phase of the
polymer.
Due to the identiﬁcation of the presence of b phase in
the sample by FTIR, an experiment in laboratory was
developed to verify if this sample was able to respond electrically to the external mechanical excitation and to know
the signal intensity, resonance frequencies and other variables involved.
With this purpose, the sample is submitted to the application of external excitations. The tests were performed to
identify the stress levels generated from the use of controlled mechanical stimuli. On account of PVDF being a
dielectric material, it is necessary to install electrodes in
the sample, for the measurement of the voltage eventually
induced by the piezoelectric mechanism. Moreover, a variation in the positioning of the electrodes in the sample was
adopted in order to evaluate the inﬂuence of this parameter
on the behavior of the signal.

3 Experimental setup
The experimental setup (Fig. 5) used to test the sample
consists of the Brüel & Kjær Charge Ampliﬁer (Type
2719), National Instruments digitizer device (NI USB6229) and also the following elements:
1. Sample PVDF (20.0 cm · 2.5 cm);
2. Permanent Magnet Vibration Exciter (Type 4808) –
shaker;
3. Two Brüel & Kjær accelerometers (Type 4513);
4. Electrodes – copper tape with conductive adhesive;
and
5. Support base.
The experiment was conﬁgured with the mechanical
shaker equipped with a specially designed support for stable
and reproducible ﬁxation of the sample.
For control of measuring equipment, signal processing
and recording of experimental data, routines have been
developed in LabVIEWTM.
Figure 5a presents two electrodes positioned in a conﬁguration in which these electrodes are outside of the support
base. On the other hand, in Figure 5b, one of the electrodes
is positioned inside this support base, where the sample is
crimped.

3

Fig. 4. FTIR transmission spectra of PVDF sample.

Table 1. Absorption FTIR bands characteristics of a and
b-PVDF.
Band (cm1)

Phase

763
873
1070
840
1172
1275
1401
1431

a

b

References
[25, 26, 28]
[23]
[20]
[16–18, 20–22, 24–27]
[20]
[27, 28]
[24]
[19]

These conﬁgurations with different positioning were
used to verify how this positioning affects the signal. That
is, to check whether the positioning of the electrodes inside
the support base and outside it inﬂuences the signal
intensity.

4 Tests performed
Initially, spectral measurements were performed in order to
identify the main resonant frequencies of the assembly and
the PVDF signal. The two commercial accelerometers, with
10 mV/g nominal sensitivities (‘‘g’’ being the acceleration of
gravity), were used as reference standards for these
measurements.
The electrical signals measurements, obtained by the
piezoelectric effect in the sample, were performed using a
16-bit acquisition system (NI-USB 6229) with a ﬁxed sampling frequency of 25 600 Hz.
Initially, resonant frequencies of the structure were identiﬁed by frequency domain analysis (spectral analysis) with
white noise excitation. This analysis was performed in two
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(a)

(b)

Fig. 5. Schematics of the setup: (a) Conﬁguration A; (b) Conﬁguration B.

stages, with the ﬁrst stage covering a frequency range from
10 Hz to 810 Hz, and the second stage in the range from
810 Hz to 8400 Hz. This division in stages allows for better
resolution in frequency, mainly in the lower range.
After these initial tests, the procedure for characterization of the sample piezoelectric behavior consisted on the
measurement of the electrical signal measured in the sample, with the level of vibration (expressed in units of g,
the acceleration of gravity) kept constant, taking as a reference the average between the two signals of the reference
accelerometers. The excitation signal was sinusoidal with
discretely scanned frequencies as follows:
– 1 Hz steps for frequencies between 10 Hz and 100 Hz;
– 10 Hz steps for frequencies between 100 Hz and
1000 Hz; and
– 50 Hz steps for frequencies between 1000 Hz and
8000 Hz.
This procedure was performed for 1g, 2g and 3g vibration levels and was performed for the two electrode positioning conﬁgurations shown in Figure 5.

5 Results
5.1 White noise analysis
The results were combined in a single graph, shown in
Figure 6. From this measurement some points of interest
were identiﬁed, with the most signiﬁcant resonance being
around 55 Hz. It was also identiﬁed electromagnetic interference from the electric network at 60 Hz and harmonics.
This white noise analysis allows the structure to be
excited at all frequencies at the same time so that if there
are interferences (constructive or destructive) they will be
more easily identiﬁed. In addition, such test is more practical since it is not necessary to evaluate frequency by
frequency.

Fig. 6. Resonant frequencies of the experimental assembly for
white noise excitation.

5.2 Piezoelectric behavior of the PVDF sample
Figure 7 refers to the two electrode positioning conﬁgurations adopted to test the sample shown in Figure 5 using
the frequency sweep described in Section 3. The results of
the amplitude of the output signal of PVDF relating to
the conﬁguration A are shown in Figure 7a, while the
results obtained according to the conﬁguration B can be
seen in Figure 7b.
The aim of using two different conﬁgurations, rather
than one, is to verify exactly if this inﬂuences in some
way the results. Note that the resonant frequency of the
assembly is clearly located at 55 Hz and also it was found
that for the two positioning conﬁgurations of the electrodes
shown in Figure 5, the amplitude of the signal measured in
the sample increases with increasing acceleration. However,
for the positioning described in Figure 5b, the amplitudes
are larger. When observing the range corresponding to
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Fig. 7. Typical PVDF signal: (a) Conﬁguration A; (b) Conﬁguration B.

Fig. 8. Estimated sensitivities to 100 Hz.

the linear region in Figure 7b, the amplitude values are
between 0 mV and 1.5 mV, while in Figure 7b these values
are between 1.0 mV and 3.5 mV.
This can also be seen in Figure 8, which shows for each
level of vibration the corresponding amplitudes referring to
100 Hz.
These results allowed estimating the PVDF sensitivity
values for each of the electrode conﬁgurations. With this,
the frequency of 100 Hz was considered and from the amplitude data of all vibration levels tested (1g, 2g and 3g) the
sensitivities were estimated for the two conﬁgurations.
The estimated sensitivity for Figure 5a conﬁguration is
0.36 mV/g and for Figure 5b conﬁguration is 1.13 mV/g.

6 Discussion
In this study a non-polarized sample was obtained from an
extruded PVDF grade (Fig. 2). The crystalline phases
present in sample were conﬁrmed by FTIR.
However, when one tries to analyze the spectrum of a
given PVDF sample on the basis of the results of previous
vibrational spectra, some problems may be encountered
mainly because a large number of publications show discordant results.

This is due to the fact that each PVDF sample has been
generally obtained from different materials (molecular mass
and distribution, head-to-head and tail-to-tail defects, crystalline nature, orientation) or by different experimental
conditions (sample type, instrument, etc.) [16, 20].
In addition, some bands of FTIR spectra of PVDF are
simultaneously common to the b and c-phases, such as
811 cm1, 839 cm1 [20], 840 cm1 [16, 19, 29] and
1234 cm1 [28]; others are easily attributed to polymer chain
defects (678, 1330, 1450 cm1) [20]; and some are associated
to the amorphous phase of the polymer, such as 488 cm1,
600 cm1, 880 cm1 [21], 890 cm1 [19], 497 cm1,
517 cm1, 904 cm1, 1194 cm1 and 1247 cm1 [25].
Indeed, the characteristic bands of b- and c-phases in the
range from 833 cm1 to 840 cm1 [26] and from 508 cm1 to
512 cm1 [16] are very close in the FTIR spectra and are
often difﬁcult to distinguish. On the other hand, the bands
around at 763 cm1 and/or 614 cm1, 1275 cm1 and
1234 cm1 can be consistently used to differentiate and
identify the a, b and c phases, respectively [18].
Particularly, in the case of the 840 cm1 band, for
instance, that some authors [13–15, 17–19, 21–24] classify
as a b-phase characteristic, while others [16, 29, 30] consider
common to both phases (b and c), it has been recently
accepted [16] that the band at 840 cm1 is common to both
polymorphs but it is a strong band just for the b-phase,
whereas for the c-phase it appears as a shoulder of the
833 cm1 band, which is characteristic of c-PVDF.
Therefore, in the FTIR spectra corresponding to
Figure 4, the absorption band observed at 840 cm1 can
be assigned just to b-phase.
It is known that the primary reason for the piezoelectricity in PVDF is related to the crystal structure of this
polymer, in particular with the b-phase [26]. In view of
the presence of phase-b in said sample, the procedure presented in Figure 5, in which the sample was submitted to
the application of external excitations, was carried out to
test its electrical behavior, as it is would be made with
any other material notoriously piezoelectric.
In the results it was observed that the signal-to-noise
ratio improves with increasing acceleration, as expected.
In addition, it was also demonstrated that the output
signal of PVDF is larger for the positioning described in
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Figure 5b, namely, for the B conﬁguration. In this conﬁguration, one of the electrodes is closest to the base and the
other is on the base, this means a larger deformation
compared to conﬁguration A.

7 Conclusion
This work demonstrated that the extruded PVDF sample,
without any treatment, as the polarization required for the
alignment of the dipoles within the sample, for example, is
able to generate voltage only by the effect of the processing
(from extrusion) which in itself induces the formation of the
piezoelectric phase b. And even though there are no potential applications today, this behavior may prove to be useful
at some point for future electromechanical applications.
In the scope application of PVDF in risers, the frequencies tested in the laboratory are superior to those to
which the risers are typically submitted [31]. In addition,
the voltage levels generated in the experimental conditions
are very small, but were measured in a small sample
(20.0 cm · 2.5 cm). However, it is known (by piezoelectric
constitutive law) that the voltage is directly proportional to
the thickness of the material, this means, the more material,
the higher is the electrical voltage generated [32].
Therefore, although it is not possible to specify the risks
involved, it is important to ensure that the piezoelectric
behavior of the PVDF does not introduce mechanisms of
electrical failure in the material.
In addition, the identiﬁcation of unintentional piezoelectric behavior in a non-polarized sample removed from a
commercial grade of extruded PVDF suggests that for the
effect of this application the inﬂuence of the polymer processing and the piezoelectric phenomenon should be carefully considered.
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