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ABSTRACT: Conductive composites from poly(vinyli-
dene fluoride) (PVDF) and a novel thermally stable conduc-
tive additive made via in situ deposition of polyaniline or
polypyrrole on carbon black particles were produced by a
melting process. Electrical conductivity in the order of 10~>
S/cm could be achieved with low contents of the conductive
filler. Thermogravimetric analysis (TGA) showed that there
is no appreciable degradation of the composites at temper-
atures as high as 300°C. Moreover, the addition of the con-
ducting polymer-modified carbon black additive is advan-
tageous to the melt processing of the composites, reducing

the melt viscosity in comparison to the addition of pure
carbon black. Composites containing the B-phase of PVDF
could be obtained via quenching from the melt, as indicated
by X-Ray diffraction analysis. The type and amount of the
additive and the quenching rate influence the formation of
B-phase in the PVDF composites. © 2004 Wiley Periodicals, Inc.
J Appl Polym Sci 94: 553-557, 2004
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INTRODUCTION

Poly(vinylidene fluoride) (PVDF) has been studied for
a wide range of technological applications. As far as its
crystalline structure is concerned, PVDF can exhibit
four crystalline phases, the so called «, B, vy, and &
phases, among which the B-phase is of special interest
due to its exceptional pyro and piezoelectric proper-
ties.!” Crystallization of PVDF in the B-form directly
from the melt is not usual. Rather, PVDF-8 is usually
obtained by mechanical deformation from the a-phase
or by casting a PVDF solution at temperatures ~ 70°C.
Most of the applications reported lie in the use of neat
PVDF or VDF-copolymers as ultrathin films and mem-
branes.** The use of PVDF as a matrix for conductive
composites has also been previously reported.”® To
improve electrical conductivity to polymer systems,
several works have been done using carbon black
(CB)” or intrinsically conducting polymers (ICPs)>*%?
as conductive fillers in conventional polymers. How-
ever, the addition of particulate fillers such as CB in a
polymer matrix can cause an excessive increase in the
viscosity,'” hindering the melt processing of these ma-
terials. In this aspect, the use of a new class of con-
ductive additives for plastics made via in situ deposi-

Correspondence to: V. Zucolotto (zuco@if.sc.usp.br).

Journal of Applied Polymer Science, Vol. 94, 553-557 (2004)
© 2004 Wiley Periodicals, Inc.

tion of ICPs on carbon black'! (Eeonomer®) could
improve electrical conductivity on rubbery and ther-
moplastic systems without a huge increase on viscos-
ity, and consequently facilitate the melt processing of
these materials.'” In this work we show that a further
advantage of the use of Eeonomer® lies in the fact that
they are more thermally stable than other conducting
composites or blends, allowing processing at high
temperatures. In addition, X-ray diffraction analysis
showed that composites containing the B-phase of
PVDF could be obtained directly by quenching from
the melt.

EXPERIMENTAL

Conductive compounds (Eeonomer®) were produced by
Eeonix Co. (Pinole, CA) via in situ polymerization of
polyaniline (PANI) or polypyrrole (PPY) onto CB parti-
cles. Table I shows the features of additives used in this
work. The Eeonomer® KPO contains no ICP in its for-
mulation (nonmodified CB). PVDF (Foraflon 4000 HD)
was purchased from ELF-Atochem (France) and used as
received.

The conductive PVDF/Eeonomer® composites were
produced as follows: After drying at 125°C for 1 h, the
additive was hot processed with PVDF in a high tem-
perature Haake mixer at 180°C for 10 min and 80 rpm.
After processing, the composites were pressed in the
form of films at 200°C under pressure of 180 Kgf/ cm?.
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TABLE I
Eeonomer® Type and Respective Content of Intrinsically
Conducting Polymer (ICP) and Surface Area

Surface
Eeonomer® ICP/ICP content (wt %) area (m?/g)
KPO — 1400
KP01 PANI/1 1200
KP05 PANI/5 800
KP10 PANI/10 700
KP15 PANI/15 600
KP20 PANI/20 570
KP40 PANI/40 400
KPY20 PPY/20 390

The latter allowed fabrication of good quality thin
composite films with thickness varying from 150 to
200 pm.

Conductivity measurements were carried out with
the standard four point probe technique.' Differential
scanning calorimetry (DSC) analyses were performed
in a Du Pont-2910 machine at a temperature ranging
from 25°C up to 350°C at 10°C/min in N, atmosphere.
The thermogravimetric analyses were taken in a
Netzsch-TG 209 machine at temperatures from 25 to
800°C under dynamic argon flow. X-ray diffraction
patterns were carried out in a Rigaku RU-200 B dif-
fractometer, 260 varying between 5 and 50°.

RESULTS AND DISCUSSION

Composite processing and thermal properties
analysis

Figure 1 shows torque X time curves obtained during
the processing of the PVDF/Eeonomer® composites in
the HAAKE rheometer. All curves correspond to com-
posites containing 20 wt % of the additive. Higher
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Figure 1 Torque curves for composites of PVDF with Ee-

onomer® containing different amount of PANI (KP) or PPY
(KPY). All the composites contain 20 wt % of the additive.
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Figure 2 Thermogravimetric curves of the composites of
PVDF with additives containing PANI (KP20), PPY (KPY20),
or only carbon black (KPO), under argon at a scan rate of
10°C/min. All the composites contain 20 wt % of the addi-
tive.

values of torque are observed for PVDF/KPO com-
posites. Lower torque values are found for the com-
posites using PANI- or PPY-based additives. Besides,
it can be seen that the higher the PANI content in the
additive, the lower the torque values. The use of the
additive containing PANI or PPY is advantageous
compared to pure CB-based additive (KPO) due to the
lower melt viscosity presented by such composites.
This fact is related to the presence of PANI or PPY on
the CB particles, which reduces the surface area of the
filler. The smaller the surface area of the filler, the
smaller the interactions with the polymer matrix and
as a consequence, the smaller is the melt viscosity.
Thermogravimetric analyses (Fig. 2) showed that
the composites are thermally stable with no detectable
weight loss up to 300°C, which greatly increases the
viability of melt processing. In addition, it is important
to note that the thermodegradation occurs as a two-
step process for both neat PVDF and composites. The
first step usually corresponds to the fluoridic acid (HF)
evaporation, leading to the formation of CH = CF-CH
= CF conjugations along the chains. In the second
step, weight loss is probably due to chain scission.
PVDF/KP20 and PVDF/KPY20 composites presented
higher thermal stability than PVDF/KPO. PVDF/KPO
composites start losing mass at ~ 340°C, whereas
PVDEF/KP20 and PVDE/KPY20 start at ~ 380°C. This
fact is related to the presence of PANI or PPY in the
additive formulation. It is well known that in inert
atmosphere the thermal degradation of PVDF results
in HF in addition to dimeric and oligomeric species.'*
Apparently the PANI and PPY present in the additive
seem to make the degradation kinetics slower upon
absorbing the HF during the degradation process.
The electrical conductivity of the composites con-
taining 20 wt % of additive was estimated at ~ 1072
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Figure 3 Electrical conductivity as a function of KPO
amount for PVDF composites. A percolation point between
1 and 5 wt % of Eeonomer® is clearly visualized.

S/cm for the three different kinds of fillers (KPO,
KP20, and KPY20). The percolation threshold, which is
related to the amount of filler added to the polymeric
matrix needed to promote the jump on the conductiv-
ity, was found to be between 1 and 5 wt % for all
composites, as shown in Figure 3 for composites with
PVDF containing different amounts of the additive
KPO. The conductivity values jump from 10~"° S/cm
to 107> S/cm for composites containing 1 and 5 wt %,
respectively. After the percolation threshold, any ad-
ditional amount of the filler does not cause any con-
siderable change in the conductivity.

The similar values of percolation threshold found
for all composites may be associated with the fact that
when conductive CB particles are incorporated into a
semicrystalline polymeric matrix, the conductive filler
is preferentially located at the amorphous phase.'
This makes the percolation threshold depend mostly
on the degree of crystallinity of the polymeric matrix,
and not on the physical properties of the particle
coverage (in this case, PANI or PPY).

The thermal stability of the conductivity was
probed as a function of time and temperature. Figure
4 shows the normalized conductivity of the compos-
ites during exposure to high temperature at room
atmosphere. As can be seen, the conductivity stays
practically stable even after 170 h of treatment at
150°C in air. The thermal stability of the conductivity
is desired in terms of hot processing of conductive
composites. Reports in the literature'® show that
PVDEF/Poly(o-methoxyaniline) (POMA) blends pre-
sented a decrease of 4 orders of magnitude in the
normalized conductivity after 170 h of thermal treat-
ment under the same experimental conditions as de-
scribed above.

The influence of type and amount of Eeonomer® on
the melting temperature of the composites was ana-

lyzed by DSC measurements. Figure 5 depicts the
melting temperature (Tm) as a function of KPY or CB
KPO present in the composite. For both composites, a
decrease in Tm is observed as a function of additive
amount. It is known that the Tm is related to the
lamellar thickness of the PVDF spherulites: spheru-
lites comprising thicker lamellas tend to melt at tem-
peratures higher than those comprising thinner lamel-
las. The experimental data from Figure 5 suggest that
the addition of KPO and KPY interfere in the crystal-
lization of PVDF from the melt in such a way that
thinner lamellas are formed.

In addition to the decrease on the PVDF Tm, the
presence of the Eeonomer® particles in the polymeric
matrix promotes an actual reduction of the crystallin-
ity of PVDF. Figure 6 shows the enthalpy calculated
from the endothermic curves of PVDF as a function of
KPO and KPY20 contents in the composite. The non-
linearity of the curves indicates a strong tendency of
the filler to hamper the crystallization of PVDF-a. It
will be discussed later that such tendency can result in
the formation of the B-phase PVDF from the melt
when a high cooling rate is applied.

Influence of Eeonomer® on the crystallization of
B- phase PVDF cooled from the melt

X-ray diffractograms from neat PVDF and composites
containing Eeonomer® with different amount of PANI
in its formulation are shown in Figure 7. All the com-
posites contain 20 wt % of the additive. Diffraction
peaks (26) characteristics of the a-phase at 17.5, 18.4,
20, and 26.5° can be observed for neat PVDF. As one
can observe, the incorporation of the filler causes a
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Figure 4 Electrical conductivity stability of composites of
PVDF with additives containing PANI (KP20) or PPY
(KPY20) or only carbon black (KPO), at 150°C in air. All the
composites contain 20 wt % of the additive.
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Figure 5 Composite Tm as a function of KPO and KPY20 amount. The inset shows the DSC curves for neat PVDF and for
composites containing different amounts of KPO in its formulation.

reduction in the intensity of the a-phase characteristic
peaks, especially for the peak at 26.5°. Also, this effect
is more remarkable for Eeonomer® containing smaller
quantities of PANI and consequently higher quantities
of CB. In the extreme case of the PVDF/KPO compos-
ite, such effect is very clear. Moreover, the presence of
a new peak at 21° in the PVDF/KPO composite sug-
gests that some amount of the B-phase was formed in
the composite, since diffractograms of the B-phase
exhibit one peak at 21°." To check if composites could
be cooled from the melt directly in the B-phase, com-
posites containing different amounts of KPO and sub-
jected to different cooling rates were tested. One set of
samples in the form of pressed films was melted at
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Figure 6 Enthalpy variation as a function of KPO and
KPY20 contents in PVDF composites.

220°C for 20 min and then allowed to cool at room
temperature (25°C). A second set of samples was
melted at 220°C for 20 min and then immediately
immersed in ice bath at 0°, which provided a high
cooling rate. The results are shown in Figures 8 and 9,
respectively. As it can be observed in Figure 8, the
B-phase is not formed for any additive content, for
samples cooled at room temperature. For samples
cooled in ice bath, however, the B-phase is formed for
composites containing 20 wt % of KPO (Fig. 9). Re-
ports in the literature'” state that -phase crystalliza-
tion from the melt was only possible for very thin
samples (thickness < 5 um) cooled at very high cool-
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Figure 7 X-ray diffractograms for PVDF and for compos-
ites with additives containing different amounts of PANI.
All the composites contain 20 wt % of the filler.



MELT PROCESSING OF COMPOSITES OF PVDF AND CARBON BLACK 557

ing rates, due to the low thermal conductivity of
PVDF, which reduces the effective cooling rate within
the sample. The formation of the B-phase in the
PVDF/KPO composites with thickness from 150-200
um is therefore quite interesting. We believe that the
presence of Eeonomer® in conjunction with a high
cooling rate can preclude the a-phase formation
(which exhibits maximum crystallization rate at
~ 140°C)." Thus, the melted material is allowed to
reach temperatures around 60 to 70°C, where the max-
imum in the crystallization rate for the 8-phase occurs.

CONCLUSION

The melt processing of conductive polymeric compos-
ites represents an important issue in the technological
application of these materials allowing manufacturing
at industrial scale. Such composites can be obtained
with thermoplastics filled with CB modified with con-
ducting polymers. Besides the electrical conductivity,
the use of these new thermally stable additives as
conductive fillers takes advantage of the higher ther-
mal stability and lower values of the melt viscosity
compared to the composites containing only CB.

The authors gratefully acknowledge financial support from
FAPESP and CNPq (Brazil).
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Figure 8 X-ray diffractograms for PVDF and PVDF/KPO
composites at various concentrations cooled at room tem-
perature.
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Figure 9 X-ray diffractograms for PVDF and PVDF/KPO
composites at various concentrations cooled in an ice bath.
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