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Variation of the electrical resistivity under repeated loading-unloading compressive cycles of
poly(vinylidene fluoride) (PVDF)/polypyrrole (PPy) blends prepared by solution-casting has been inves-
tigated. The insulator-conductor transition of the PVDF/PPy blends was very sharp and the percolation
threshold was found to be below 4 wt%. PVDF/PPy blends exhibits a decrease in the electrical resistivity
with the applied compressive stress due to the formation of new conducting pathways. Electromechani-
cal response was dependent of PPy amount and the maximum sensitivity was obtained for a blend with
a PPy content of 9 wt%, for which the electrical resistivity drops by two orders of magnitude, e.g. from
108 to 106 Q2 cm. The electrical resistivity variation during compressive stress cycles, the reproducibility
and the reversibility makes this system a suitable material for the development of pressure sensors.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Piezoelectric sensors based on poly(vinylidene fluoride) (PVDF)
have been successfully obtained and described by several authors
[1-5]. These systems are commonly used in piezoelectric devices
to measure forces and strains, corresponding to micron-scale
motions, especially those of dynamic nature, such as vibrations,
accelerations and oscillations [6]. Such devices present high sensi-
tivity in the low pressure regime (<10 kPa) [2] and operate through
the reorganization of crystalline dipole density (polarization vec-
tor) in response to applied stress [6]. Although PVDF have been
exploited in many sensing applications, there are some limitations,
e.g., the response of piezoelectric sensors can drifts due to unde-
sirable noise and/or interference, such as mechanical vibrations,
static electricity, stray capacitances and temperature changes [2].
Additionally, they have very high resistance and require high input
impedance devices for further data treatment [7].

Hence, the development of semi-conductive sensors based
on electrically conductive polymer composites is an interesting
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alternative, because these materials combine electrical conductiv-
ity, flexibility, ease of processing, associated with low cost and
simplicity in device fabrication. Electrically conductive polymer
composites with properties suitable for pressure sensor applica-
tions have been developed through incorporation of conductive
fillers into an insulating polymer matrix, such as thermoplastic
polymers or unsaturated rubbers. Among the investigated fillers
we may list intrinsically conducting polymers (ICPs) [7-11] and
carbonaceous fillers such as carbon black [12,13] and graphite
[14]. Differently from the systems based on the piezoelectric con-
cept, the changes of the electrical resistivity in conductive polymer
composites during a loading-unloading cycle can be explained by
percolation theory [15]. Under compressive stress, the dispersed
conductive particles come into a closer contact to form a conduct-
ing network. However, when the compression stress is released,
the conducting pathways are disrupted and the electrical resistivity
returns to the initial value to that without pressure [13,16]. Alter-
natively, there are examples of carbon black polymer composites in
which the electrical resistivity increases when compressive stress
is applied due to the destruction of the conducting network [17].
Several authors have studied the electro-mechanical response
of conductive polymer blends based on intrinsically conducting
polymers (ICPs) which are mainly produced through solution or
melt processing methods [7-9,11,18-20]. One of the main chal-
lenge in developing these materials is how to reach an adequate
pressure sensitivity at low conducting filler concentration in order
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to minimize processing complexity and depletion of the mechan-
ical properties of the host-insulating polymer [18]. The electrical
resistivity changes during loading cycles are influenced especially
by the matrix structure, conducting filler concentration, processing
method and interaction between both components. Additionally,
most of the pressure sensitive materials have displayed some
degree of hysteresis after subsequently compression cycles. Souza
et al. [8] reported on the development of a pressure sensitive
material based on styrene-butadiene-styrene block copolymer
(SBS) filled polyaniline (PANI). Applying compressive stress up
to 3.5 MPa, changes on the electrical resistivity from 5.0 x 106 to
1.0 x 10 were detected. Radhakrishnan and Kar [7] investigated
the response of SBS/PANI blends prepared through solution casting
method and observed that blends with 15 wt% PANI content exhib-
ited the best electrical-mechanical performance. Kalasad et al. [19]
demonstrated that the pressure sensitivity of polyaniline/cis-1,4-
polyisoprene blends is highly influenced by the PANI content. In
our previous works, we have demonstrated that the incorpora-
tion of PANI or polypyrrole (PPy) into thermoplastic elastomer is
an excellent alternative to produce conducting blends with good
electrical conductivity and electrical-mechanical response changes
[9,18,20]. Moreover, many works in the literature have reported
interesting results concerning the production and characterization
of PVDF/PPy or PANI blends [21-23]; however, few of them have
exploited the properties of these materials for pressure sensing
applications. Radhakrishnan and Kar [24] published an interesting
work describing the influence of the incorporation of HCl or DBSA
doped PANI, denoted as PANI.HCI and PANLDBSA, respectively, into
PVDF matrix on the pressure sensitivity of the obtained PVDF/PANI
blends. The PVDF/PANILHCI blends with 10 wt% PANI content dis-
played a variation of electrical resistivity of SEBS/PANI of about one
order of magnitude.

Based on the above considerations, the focus of this study is
to develop PVDF/PPy blends for pressure sensing applications. The
electro-mechanical response of the blends containing different
weight fraction of DBSA doped PPy was evaluated. Additionally,
the morphology, electrical and thermal properties were also inves-
tigated.

2. Experimental
2.1. Materials

Pyrrole (Aldrich; 98%) was distilled under vacuum and stored in
a refrigerator. Iron(IlI) chloride hexahydrate (FeCl3-6H,0) (analyt-
ical grade), dodecylbenzenesulfonic acid (DBSA), 70 wt% solution
in 2-propanol and poly(vinylidene fluoride) (PVDF) with molecu-
lar weight (M) of 534kDa were supplied by Aldrich Chemistry.
Dymethylformamide (DMF) (99.8%) and acetone (99.5%) were pur-
chased from Aldrich and Merck, respectively. With exception of the
pyrrole, all materials were used without further purification.

2.2. Synthesis of PPy

The pyrrole oxidative polymerization was performed in the
presence of dodecylbenzenesulfonic acid (DBSA) using ferric chlo-
ride (FeCl3) as oxidant, according to Micusik et al. [25]. First, the
anionic surfactant DBSA (1.88g) was dissolved in 0.05L of dis-
tilled water and then 2 mL (0.3 molL~1) of pyrrole (Py) was added.
After 10 min, 16.2 g of iron(III) chloride hexahydratate (FeCl5-6H,0)
dissolved in 0.05 L distilled water was slowly added. The oxidant-
to-monomer molar ratio was 2/1. The polymerization was carried
out for 6 h at room temperature under magnetic stirring. After the
polymerization, the precipitated PPy particles were filtered and
thoroughly washed with distilled water in order to extract the

byproducts and residues of the reaction and vacuum dried at room
temperature.

2.3. Preparation of PVDF/PPy blends

PVDF/PPy blends were prepared through solution casting tech-
nique. The PVDF was dissolved in DMF under stirring for 2 hat 70 °C.
After cooling, acetone was added to the solution under stirring in
a proportion DMF/acetone 75/25 in weight, resulting in a 20 wt%
solution. PPy was inserted into the PVDF solution at various weight
concentrations (from 3 to 23 wt%). The PVDF/PPy suspensions was
mechanically stirred for 10 min and sonicated with an ultrasonic
probe (Ultrasonic Processor UP400S Hielscher, 50 W and 60 Hz) for
5 min. The mixture was cast onto a glass plate to evaporate the sol-
vent at 70°C, resulting in conducting polymer films with thickness
lower than 200 pwm. The samples have been denoted as PVDF/PPy x,
where x represents the weight content of PPy in the blend.

2.4. Characterization

Electrical resistivity measurements on the PPy and PVDF/PPy
blends were performed using the four probe standard method with
the current applied by a Keithley 6220 source a and the poten-
tial measured through a Keithley Model 6517A electrometer. For
pure PVDF and high-resistivity blends the measurements were
performed using a Keithley 6517A electrometer connected to a
Keithley 8009 test fixture. Sample measurements were performed
at least five times at room temperature.

The microstructures of PVDF/PPy blends were analyzed by using
a Zeiss—Supra 60 field emission scanning electron microscope
(FESEM). The samples were sputtered with gold and observed using
a secondary electron detector and applied tension between 2 and
4KkV.

Thermogravimetric analysis (TGA) was carried out using a TGA
Q5000IR (TA Instruments, USA) thermo-gravimetric analyzer. The
analyses were performed at 10°C min~! from 35 °C to 700 °C under
a nitrogen flux of 25 mLmin~!.

Attenuated total reflectance-Fourier transform infrared spec-
troscopy (ATR-FTIR) of pure PPy, PVDF and blends were performed
on a Bruker spectrometer (model Tensor 27), in the range of
wavenumbers of 4000-550cm~! by accumulating 32 scans at a
resolution of 4cm~1.

Differential scanning calorimetry (DSC) measurements were
performed on a Mettler DSC30-TA Low Temperature and a Metler
TC 15 TA Controller at a heating rate of 10°Cmin~!, from —75°C
to 220°C, under a nitrogen flux of 100 mLmin~!. The cristallinity
content (X.) of PVDF was calculated on the basis of the following
Equation:

AH;

X, = N x 100 (1)

where AHy is the sample enthalpy of fusion, AHf* is the heat of
fusion of perfectly crystalline PVDF (104.7]g~! [26]) and ¢ is the
weight fraction of PVDF in the PVDF/PPy blend.

Dynamic mechanical thermal analysis (DMTA) experiments
were carried on a dynamic mechanical analyzer DMA Q800, (TA
Instruments) under tensile mode on rectangular specimens with
a width of 6.4 mm and a length of 30 mm. The analyses were per-
formed at a frequency of 1Hz at a peak-to-peak displacement of
64 wm, scanning the temperature range (from —100 to 130°C), at
a heating rate of 3°Cmin—!.

The setup used to measure the electro-mechanical response
of the PVDF/PPy blends on compressive stress, consists of an
universal testing machine (Instron®, model 5969) to apply a com-
pressive stress and a electrometer (Keithley 6517A) to acquire the
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resistivity data. The specimen was placed between two electrodes
(@=22.5mm) which were confined in a poly(tetrafluoroethylene)
cylinder. The device was then placed between the testing plates of
the universal testing machine and the electrodes were connected to
the electrometer. The samples were loaded up to 5 MPa at a loading
rate of 1 MPamin~! and the compressive stress was released at the
same loading rate. For each sample, loading-unloading sequences
of 5and 25 cycles were performed on different specimens. The elec-
trical resistivity p (€2 cm) was calculated through Eq. (2), where R
is the measured resistance (£2), d is the sample diameter (cm) and
w is the specimen thickness (cm).

_7‘L’><R><d2
- 4w

(2)

3. Results and discussion

As reported in Fig. 1(a), for the blends prepared through solu-
tion casting the electrical resistivity decreases as the PPy content
increases with a sharp transition from insulative to conductive
behavior. Below the percolation threshold, (e.g., at 3 wt% of PPy),
the electrical resistivity of PVDF/PPy composites is quite similar to
that found for neat PVDF (10'3 Q cm), since the PPy domains are
isolated from each others in the insulating matrix (Fig. 1(b)). With
increasing the PPy concentration, the electrical resistivity decreases
abruptly by ten orders of magnitude, reaching an almost constant
value after a PPy content of about 13 wt%. This behavior indicates
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the presence of a network of interconnected PPy domains in the
PVDF matrix (Fig. 1(c and d)).

The experimental data presented in Fig. 1(a) has been used to
estimate a percolation threshold of the system. According to the
classical percolation theory, electrical resistivity of a filled material
follows a power-law relationship represented by Eq. (3):

p=cf —fp)™" (3)

in which c is a constant, t a critical exponent, p the resistivity, f
the fraction of the conductive medium and f, the fraction at the
percolation threshold, expressed as a weight fraction [9,20,27].
From the fitting of the experimental data, f, and ¢ values of 4 wt%
and 1.1, respectively, have been found. The percolation thresh-
old observed in this study is quite similar to that reported for
the PVDF/PANLDBSA blend [24], but it is much lower than that
observed on SEBS/PANIL.DBSA and SEBS/PPy.DBSA blends [9,20].
This behavior is probably induced by the good compatibility
between PVDF and PPy components that induces a conducting net-
work formation into PVDF matrix at very low PPy concentration.
Fig. 2 shows the FTIR spectra of PPy, PVDF and PVDF/PPy blends
prepared by solution casting method. The absorption bands at
1520cm~! and 1424cm~! in the PPy spectrum can be assigned
to the C—C and C—N stretching vibration of pyrrole ring, respec-
tively [27,28]. The absorption band at 1275cm™! is assigned to
C—H or C—N in-plane deformation modes [29], while that those at
1121 and 1015cm™! are assigned to the C—H bending modes. The
absorption band at 1076 cm~! corresponds to the mode in-plane
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Fig. 1. (a) Effect of PPy content on the electrical conductivity of PVDF/PPy blends. FESEM micrographs of (b) PVDF/PPy_3, (c) PVDF/PPy_13 and (d) PVDF/PPy_23.
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Fig. 2. FTIR spectra of (a) PPy, (b) PVDF, (c) PVDF/PPy_3, (d) PVDF/PPy_13 and (e)
PVDF/PPy_23.

deformation vibration of N*H, for doped PPy. The band centered
at 965 cm~! is related to the C—H out-of-plane deformation of pyr-
role ring [27,28]. PVDF film spectrum showed absorption bands
at 1402 and 876cm~! (band for amorphous phase) attributed to
the C—F stretching vibration and at 1172cm~! assigned to the
C—C bond [30-32]. The bands at 837 and 1073cm~"! are associ-
ated with the B phase [26,32-34]. The bands at 603 and 770 cm™!,
are characteristics of a phase and at 1232cm~! of y phase [32].
The PVDF/PPy blend with 3 wt% of PPy showed the predominance
of PVDF absorption bands, however, increasing PPy content, the
blends exhibited overlapped absorption bands of both PPy and
PVDF. Nevertheless, the absorption band at 1520 cm~! for pure PPy
are blue-shifted to 1540 cm~! (dashed lines) for blends prepared
with 13 and 23 wt% of PPy. The observed absorption band shift can
be attributed to the dipole/dipole secondary interaction between
—C—F group of PVDF and —N—H group of PPy [35]. These dipole or
Van der Waals interactions can affect the stability of the polymers
and blend compatibility [35], supporting the idea that the PPy path-
way formation into PVDF matrix at very low percolation threshold
could be attributed to the chemical interaction of both components.

The effect of PPy addition on the thermal stability of PVDF/PPy
blends has also been investigated using thermal gravimetric anal-
yses (TGA), as shown in Fig. 3. Neat PPy presents a weight loss
above 320°C that corresponds to the polymer chain degradation.
For the pure PVDF a weight loss is observed at 465 °C, which is
attributed to the polymer chain decomposition [36,37]. The blends
prepared with various PPy contents start to decompose at higher
temperatures than neat PVDF film, e.g. the maximum decomposi-
tion temperature shifts from 465 °C to 476 °C, 481 °C and 489 °C for
PVDF/PPy blends containing 0, 3, 13 and 23 wt% of PPy, respectively.
This behavior can also be attributed to interactions between PVDF
and PPy, as observed by FTIR.

Fig. 4 shows the DSC curves of neat PVDF and PVDF/PPy blends
with various PPy content. For the neat PVDF the endothermic peak
at 167.5°C can be attributed to the melting of the crystalline phase
[38]. The PVDF melting temperature for the PVDF/PPy blends is
observed at around the same value.

Table 1 shows the melting temperature (T;,), the sample fusion
enthalpy (AHy) and the crystallinity (X.) of PVDF and PVDF/PPy
blends. The PVDF film displays a crystallinity degree of 49.3%,
similar to the value reported by Gomes, Serrado Nunes, Sencadas
and Lanceros-Mendez [39]. The crystallinity of PVDF/PPy blends
is quite similar to the neat PVDF evidencing that the presence of
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Fig. 3. TGA curves of PVDF film, PPy, PVDF/PPy_3, PVDF/PPy_13 and PVDF/PPy_23.
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Fig.4. DSCcurves of(a) PVDF, (b) PVDE/PPy_3, (c) PVDF/PPy_13 and (d) PVDF/PPy_23.

PPy domains does not affect the crystallization of PVDF chains
significantly.

The results of dynamical mechanical thermal analysis (DMTA)
are presented in Fig. 5. In particular, Fig. 5(a) reports the stor-
age modulus (E’) as a function of temperature for pure PVDF and
PVDF/PPy blends. At temperatures below PVDF glass transition
temperature (Tg=-38°C), the storage modulus of the blends is
lower than that found for the neat PVDF. Above this temperature,
the blends are slightly more rigid than neat PVDF. This behavior can
be attributed to the stiffening effect of PPy domains and PVDF/PPy
blends is illustrated in Fig. 5(b). The PVDF film shows two transition
temperatures at around —5°C and above 50°C, corresponding to
the glass transition and relaxation process associated with molec-
ular motions within the crystalline fraction, respectively [40,41].
On the other hand, for the PVDF/PPy blends, three relaxations are

Table 1
The melting temperature (T, ), melting enthalpy (AHy) and crystallinity content (X;)
of the PVDF and PVDF/PPy with various PPy content.

Sample Melting peak—T;; (°C) AH;(Jg™") Xc (%)
PVDF 167.4 51.7 49.4
PVDF/PPy_3 169.0 54.3 534
PVDF/PPy_13 167.5 45.2 49.6
PVDF/PPy_23 167.5 40.6 50.3
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Fig. 5. DMTA traces (a) storage modulus and (b) loss factor films of neat PVDF and
PVDF/PPy blends with various PPy content.

detected in all experiments. The two transition temperatures at
around —38°C and 14°C, are related to the primary relaxation
process (glass transition temperature) and secondary process (v
relaxation), respectively [42]. Above 50°C, the relaxation process
can be associated to the molecular motions within the crystalline
fraction [40,41]. Additionally, the tand intensity reduces signifi-
cantly on increasing the amount of PPy [20].

Fig. 6 shows the dependence of the electrical resistivity of
PVDF/PPy blends during five consecutive loading and unloading
cycles under compression. The electromechanical measurements
were performed for the blends containing up to 23 wt% of polypyr-
role. Due toits highly insulating behavior, the electrical resistivity of
neat PVDF does not change when the compressive stress is applied.
The PVDF/PPy_3 blend did not display variation in the electrical
resistivity during the electromechanical tests. This clearly indicates
that at this composition the PPy domains are completely isolated in
matrix and the applied compressive stress do not form a conduct-
ing network. The blend containing 5 wt% of PPy displayed slightly
variation on the electrical resistivity when compressive stress was
applied however, the response is not uniform. On the other hand,
for blends with 9 wt% PPy content (Fig. 6(a)), the electrical resisti-
vity decreases by two orders of magnitude (from 108 to 106 Q2 cm),
probably due to the conducting pathway re-organization and the
matrix elastic deformation. When the pressure is released the elec-
trical resistivity returns to almost the original level. For the blends
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Fig. 6. Electrical resistivity as a function of compressive loading-unloading stress
cycles on films of (a) PVDF/PPy_9 (b) PVDF/PPy_13 and (c) PVDF/PPy_23.

with PPy content of 13wt% and 23 wt% the electrical resistivity
changes are less pronounced (Fig. 6(b and c)). This behavior sug-
gests that the PPy domains are very close to each other to be only
slightly influenced by the compressive stress applied. Additionally,
for these blends there are a variation in the electrical response from
the first to the others cycles probably due to the high amount of PPy
domains that cannot take advantage of the elastic recovery after
load removal.
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Fig. 7(a) shows the dependence of the electrical conductiv-
ity on compressive stress during 25 consecutive compressive
loading-unloading stress cycles for the blend with 9 wt% PPy con-
tent. It is possible to observe a slight difference between the first
and the second cycles probably related to the sample accommoda-
tion between the electrodes, as shown in the stress—strain curves
(Fig. 7(b)). During subsequent cycles the sample presents a small
reduction in the variation magnitude of electrical resistivity due
to the irreversible deformation. This irreversibility and hysteresis
under compressive stress may be explained in terms of destruction
of conductive networks during compression and/or matrix plas-
tic deformation [43]. The hysteresis effect can be observed on the
stress—strain curves (Fig. 7(b)) that show a residual irreversible
strain after 25 cycles.

The electrical resistivity changes under compressive stress
detected for the PVDF/PPy blends obtained through solution casting
method are about two orders of magnitude. This electrical resis-
tivity changes are higher than the values reported in the open
scientific literature for non-conducting matrices containing con-
ducting polymers [8,9,20,24]. Additionally, it is interesting to note
that in this work, higher variation of the electrical resistivity were
obtained with lower weight fraction of conducting polymer (9 wt%),
when compared with others blends described in the open literature

[8,9,20,24]. SBS/PANI blends displayed changes on the electrical
resistivity from 5.0 x 106 to 1.0 x 10%  cm when the matrix was
filled with 30 wt% of PANI [8]. For PVDF/PANI system [24] the high-
est sensitivity (around one order of magnitude) was obtained for
blends with a PANI weight fraction of 10 wt%. In SEBS/PANIL.DBSA
blends [9], changes on the electrical resistivity are detected only
when 30 wt% of PANL.DBSA was incorporated in matrix with vari-
ation ranging from 1.0 x 103 to 5.0 x 103 © cm. For SEBS/PPy.DBSA
blends [20] the system exhibited variation on the electrical resisti-
vity on pressure loading only after 25 wt% of conducting polymer.

4. Conclusions

In this study a conductive polymer blend constituted of polypyr-
role and PVDF through solution casting method was successfully
fabricated. The addition of PPy in the PVDF matrix reduces sig-
nificantly the electrical resistivity at low weight fractions of PPy
(5wt%). With increasing the PPy concentration, the electrical
resistivity of PVDF/PPy blends decreases abruptly ten orders of
magnitude, reaching a similar value of neat PPy at around 13 wt% of
PPy. Electromechanical response was dependent of PPy amount in
the blend. Blends with 9 wt% of PPy presented the highest variation
(2 orders of magnitude) in the electrical resistivity when compres-
sive stress was applied. It was also observed that by increasing the
number of loading-unloading cycles, a slight shift in the electrical
resistivity profiles is observed. The electrical resistivity changes of
PVDF/PPy films are higher than others conventional systems, which
makes these blends suitable materials for pressure sensor devices.
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