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Abstract PVDF was used as a polymeric matrix material in this work. Nickel powders with average particles

size of 200 nm or 72 nm were used as fillers. PVDF/metal submicro- and nanocomposites were prepared by

means of a mixing in twin screw extruder and planetary ball mill, respectively. All samples were prepared by hot

pressing method. Their electrical, thermal and morphological properties were examined by dielectric spectros-

copy, DSC, FTIR, XRD, optical microscopy and scanning electron microscopy. It was found that all properties of

composites were strongly modified depending on the content of metal powders and filler particles size. Partic-

ularly, specific volume resistivity of PVDF/Ni composite with 0.2 wt.% of Ni was increased by factor of 1.5~4.
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1. Introduction

Filling a polymeric matrix by fine fillers results in
the modification of both the polymer structure and
properties of composite materials due to formation of
interface at the boundary matrix/filler particles [1,2].
Adding of submicro and nanosized fillers into poly-
meric matrixes may result in enhancement or stabili-
zation of electrical, mechanical and thermal properties
of polymeric dielectrics due to the increase in the
interphase interaction at the interface matrix/filler [3-7].

Polyvinylidene fluoride (PVDF) is widely used as a
matrix for the composite polymeric materials (CPM’s)
with required properties [4-7]. This polymer pos-
sesses a high operating temperature and dielectric
strength. High permittivity of PVDF allows achiev-
ing both uniform distribution of a local electric field
in filled materials and a low dispersion of the com-
plex permittivity at the required frequency range.

Nickel is chemically the more stable metal and
therefore its application in polymer/metal compos-
ites as a modifying agent is more preferable com-
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pared to other metal powders such as ferrous, aluminum,
copper, etc. Moreover usage of other metal powders
can result in acceleration of thermooxidative destruc-
tion of polymeric matrices especially halogenated
polymers [8].

It is well known that usage of submicro- and nano-
sized metal powders as fillers can change mechani-
cal, magnetic and electrical properties of polymeric
composites in spite of the high conductivity of metal
filler [8-11]. According to the adding of 3.5 wt%
nickel powder into polypropylene results in the
reduction of spherulite sizes by a factor of 2 com-
pared to that for a pure polypropylene due to the for-
mation of artificial nucleation centers [9]. The author
has observed an increase in the tensile strength of a
composite material [8]. The elastic and magnetic prop-
erties of natural rubber/nickel composites showed an
improvement with increase in nickel content [11].
Dielectric permittivity of these composites was found
to increase with increase in nickel loading.

The study of electrical, thermal and morphologi-
cal properties of PVDF/Ni composites is the objec-
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tive of this work.

2. EXperimental Procedure
and Samples

Measurements of the real part €' of the complex
permittivity and loss factor tand were carried out
under AC voltage 3V in the frequency range from
102 Hz to 1 MHz by using the Solartron Instrument
(Impedance/Gain-Phase Analyzer Solartron 1260+
Dielectric Interface Solartron 1296) [12]. From five
to ten measurements per decade over the frequency
range were carried out for all samples. Study of the
specific volume resistivity was carried out at fre-
quency 107 Hz at temperatures 20-100°C by means
of the Solartron Instrument. Not less than five sam-
ples for each composite were tested.

Temperatures and temperature intervals of melt-
ing and decomposition of CPM’s, the heat flow and
a weight loss of samples were measured in the tem-
perature range from 25 to 500°C at a heating rate of
3°C/min in an argon atmosphere by means of a com-
bined DSC-DTA-TGA analyzer. From three to five
samples of each composite were tested for all test
conditions.

FTIR analysis was carried out by means of IR
spectrometer Nicolet 5700 at the wavenumber range
from 4000 to 400 cm™.

X-ray diffraction of PVDF and nanocomposites
was studied by means of diffractometer Shimadzu
XRD-6000.

Morphology of PVDF/metal composites was stud-
ied under cross polarized light by means of an opti-
cal microscope and a scanning electron microscope.
Five samples of each composite material were
tested.

Pellets and powder of PVDF (Luoropolymer Ltd.,
St-Petersburg, Russia) was used as-received as a
polymeric matrix in this study. Spherical Ni Pow-
ders with average size of 200 and 72 nm produced
by the electric explosion of wires under the high
electric field at Adv. Powder Techn. LLC (Tomsk,
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Russia) were used as fillers.

PVDF/Ni submicro-composites were prepared by
means of a mixing of PVDF pellets and 200 nm Ni
particles in a twinscrew extruder. To prepare PVDF/
Ni nanocomposites, PVDF powder was filled with
72 nm Ni particles by means of a mixing in a plane-
tary ball mill. Content of Ni powder in composites
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Fig. 1. Temperature - frequency dependencies of tand and
¢' for: a, PVDF; b, PVDF/0.2% Ni; and ¢, PVDF/2.0% Ni.
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was changed from 0.05 to 5.0 wt%. All samples
were prepared by hot pressing in a hydraulic press.
Samples studied were prepared as discs 75 mm in
diameter and thicknesses of 20~150 um.

3. Experimental Results
and Discussion

3.1. PVDF/Ni submicrocomposites

Temperature-frequency dependencies of €' and
tand for PVDF and PVDF/Ni composites with aver-
age Ni-particles size of 200 nm are shown in Fig. 1.

The values of tand, . for composite PVDF/0.2%Ni
and PVDF do not practically differ at T =80°C and
100°C. The further increase in Ni content to 2 wt%
results in the increase of tand, . while the tand peak
position is practically unchangeable. Modification of
PVDF matrix by 0.2~2.0 wt% of Ni does not result
in visible increase of the real part €' of the complex
permittivity.

Table 1 represents the temperature dependencies
of the specific volume resistivity p, for PVDF/Ni
composites with average Ni-particles size of 200 nm.
It can be seen that p, for composite with 0.2 wt% of
Ni in the temperature range from 25°C to 80°C is
increased by a factor of 1.24~15 compared to that
for neat PVDF. Similar effect is observed for com-
posite with 0.5 wt% of Ni the only difference being
that the increase in p, is about 1.1~2.14 compared to
that for the PVDF matrix. For other composites the
increase of p, in comparison with PVDF becomes
negligible at T > 50°C. That is, the modification of
PVDF matrix by 0.2~0.5 wt% Ni results in the

Table 2. Thermal character-istics for PVDF/Ni composites
with average ni-particles size of 200 nm

Composite Tmb, °C T, °C AT, °C
PVDF 135 152 17
PVDF/0.2% Ni 150 157 7
PVDF/0.5% Ni 144 159 15
PVDF/1.0% Ni 144 158 14
PVDF/2.0% Ni 145 159 14

Ta, °C T4, °C ATu, °C
PVDF 356 375 19
PVDF/0.2% Ni 406 423 17
PVDF/0.5% Ni 393 424 31
PVDF/1.0% Ni 388 425 37
PVDF/2.0% Ni 383 423 40

increase of the volume resistivity of CPM’ in the
temperature range from 25°C to 80°C [13].

Results of DSC/TGA analysis for neat PVDF and
PVDEF/Ni composites are shown in Fig. 2 and Table
2, where T, T,

mb>

and AT, are the melting tempera-
ture, beginning melting temperature and melting
interval, respectively; subscript d in Table 2 means
three similar parameters for decomposition process
(heating rate of 3°C/min). It can be seen that there
are two endothermic processes which correspond to
phase transitions in a polymeric materials. The first
of them (at ~135-160°C) is related with the melting
temperature of PVDF and the latter (at ~355-425°C)
corresponds to the decomposition temperature.

Table 2 demonstrates that the melting temperature
of PVDF/Ni composites with average Ni-particles
size of 200 nm is increased by 5~7°C compared with
neat PVDF. That can probably mean that the degree

Table 1. Temperature dependence of p, for PVDF/Ni submicrocomposites

Ni p,, Ohm-m at 7, °C

content, wt% 25 30 40 50 60 70 80 90 100
0 2.1-10”% 22-10" 3.1-10° 44-10° 1.0-10° 46-10° 2.1-10% 1.5-10° 54107
02 82102 33-10% 42-10" 26-10° 33-10° 62-10° 26-10° 12-10° 5.8-10
0.5 45-102% 45-10" 51-10° 68-10° 10-10° 54-10° 23-10° 98-10" 49107
1.0 29102 27-10" 31:-10° 40-10° 65-10% 29-10° 13-10° 6.6:10" 3.3-10’
2.0 2.6-10% 29-10" 3.6-10° 52-10° 80-10° 33-10° 1.3-10° 6.5-107 29-107

Vol. 18, No. 2, 2011



184 S. M. Lebedev, O. S. Gefle and M.V. Semenikhin

______________ 2.0
1.0 N
\
0.9
L5
5 0.8+ =
z 3
e 1.0 £
2 0.7 =
g F
=
0.6 los
0.5
0
100 200 300 400 500
Temperature, °C
(a)
1.0 2.0
0.9
1.5
0.8 -
: z
= H
= 0.7 1.0 2
l s
; ]
0.6
0.5
0.5
0.4
0
0
1.0 2.0
0.9
1.5
0.8 50
Fo7 10 &
&~ =
g 2
0.6
+0.5
0.5
0.4 0
0 100 200 300 400 500
Temperature, °C
(c)

Fig. 2. DSC/TGA results for: (a) PVDF matrix, (b) 0.2
wt% Ni and (c) 2.0 wt% Ni; dotted line-sample weight,
and solid line-heat flow.

of crystallinity and homogeneity of sub-molecular
structure for filled composites is changed compared
with neat PVDF due to the formation of artificial
nucleation centers [8]. The increase in Ni content in
a polymer matrix from 0.2 to 2.0 wt% does not lead
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Fig. 3. Patterns of sub-molecular structures of PVDF/Ni
composites at different Ni contents: (a) 0 wt%, (b) 0.2
wt%, (¢) 0.5 wt%, and (d) 2.0 wt%.

to considerable increase in the melting temperature
for composites with Ni content more than 0.5 wt%
compared to composite with 0.2 wt% of Ni. It can
becaused by the formation of filler agglomerates.
That is, modification of PVDF by Ni particles results
in the increase of thermal stability of CPM’. Table 2
shows that the decomposition temperature 7, for
filled composites is increased compared with neat
PVDF and it does not practically changed with
increase in Ni content. Maximum value of 7, is
observed also for composite with 0.2 wt% of Ni.
However the value of 7, is decreased with increase
in Ni content. Such behavior of 7, and 7, means
that agglomerates of Ni particles in CPM’ are the
main reason for deterioration in the thermal proper-
ties.

Thus, the maximum thermal stability and the higher
volume of p, are observed for composite with 0.2
wt% of Ni, and to some extent for 0.5 wt%, com-
pared to PVDEF. This conclusion is well confirmed
also by the experimental results of the sub-molecular
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structure study. Fig. 3 shows typical micrographs of
sub-molecular structure for PVDF/Ni composites.

It can be seen that adding Ni into the polymeric
matrix results in considerable modification of the
PVDF submolecular structure. Large-size spherulite
structure of PVDF matrix is transformed into a
small-size spherulite one. The increase in filler con-
tent results in increase of the average size of Ni
agglomerates. So, agglomerates for composites with
0.2 wt% of Ni either are absent in general or their
average size does not exceed 3 um. At 0.5 wt% of
Ni the average size of Ni agglomerates is about 5
pm while at 2.0 wt% of Ni it is equals to 5-10 um.
As a result, the more homogeneous submolecular
structure is formed in composite with 0.2 wt% of Ni
[13]. That is, Ni particles may be considered as arti-
ficial nucleation centers modifying PVDF matrix [8].

3.2 PVDF/Ni nanocomposites

To compare main properties of submicro- and
nanocomposites, PVDF/Ni nanocomposites with
average Ni particles size of 72 nm were prepared.
Dielectric relaxation spectra for PVDF/Ni compos-
ites with average Ni-particles size of 72 nm are
shown in Fig. 4. It can be seen that dielectric relax-
ation spectra for nanocomposites do not change
compared to that for previous composites the only
difference being that measurement of dielectric
relaxation spectra for these composites is impossible
at the Ni content more than 1 wt% due to sharp
increase in the conductivity of materials. This is
caused by that particles of nanofiller possess an
enormous specific surface area compared to that for
submicron particles and the percolation effect is
observed in samples even at low Ni content (> 1 wt%)
in nanocomposites.

Table 3 lists the activation energy W of the polar-
ization process for PVDF/Ni nanocomposites. The
activation energy was estimated from the tempera-
ture-frequency dependencies by means of the Arrhe-
nius plot. It can be seen that the value of W is close
to 1.0 eV for all nanocomposites.

Table 3. Activation energy for nanocomposites

Filler content, % Activation energy W + o, eV

0 0.983 £ 0.016
0.05 0.959 £+ 0.011
0.1 0.986 £ 0.005
0.5 0.993 = 0.006
1.0 1.023 £ 0.008

Table 4. Thermal characteristics for PVDF/Ni (72 nm)
CPM’s

Composite Tonb, °C Tm, °C AT, °C
PVDF 123 159 36
PVDF/0.05% Ni 128 159 31
PVDF/0.1% Ni 128 159 31
PVDF/0.2% Ni 128 159 31
PVDF/1.0% Ni 131 160 29
PVDF/2.0% Ni 128 159 31
PVDF/5.0% Ni 127 159 32

Tav, °C Ta, °C ATa, °C
PVDF - 430 -
PVDF/0.05% Ni - 431 -
PVDF/0.1% Ni - 442 -
PVDF/0.2% Ni - 443 -
PVDF/1.0% Ni - 451 -
PVDF/2.0% Ni - 448 -
PVDF/5.0% Ni - 446 -

DSC/TGA analysis results for neat PVDF and
PVDF/Ni nanocomposites are listed in Table 4 (heat-
ing rate of 10°C/min).

It is obvious that the melting temperature for
nanocomposites does not change with increase in the
filler content from 0.05 to 5.0 wt% in contrast to
submicro-composites. On the other hand, the decom-
position temperature T, has been increased from
12°C to 21°C with increase in Ni content from 0.1 to
1.0 wt%. In contrast to pure PVDF, T, tends to
decrease with Ni content in PVDF/Ni composites
even at low Ni levels. It confirm above mentioned
assumption for submicrocomposites that deteriora-
tion of thermal properties with increase in the filler
content is caused by the formation of agglomerates
of Ni particles.

The results of XRD study were used for the analy-
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Fig. 4. Temperature-frequency dependencies of tand for
PVDF and nanocomposites PVDF/Ni with various filler

content: (a) PVDF, (b) 0.1 wt% Ni, (b) 0.5 wt% Ni and (c)
1.0 wt% Ni.

sis of structural properties of PVDF/Ni nanocompos-
ites. The X-ray diffraction patterns of neat PVDF
and nanocomposites are shown in Fig. 5. The weak
peak centered at 18.3°, the sharp peak at 20.2° and
two weak peaks at 36.1°, and 40.5° are characteris-
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caused by oscillations of C=C bonds of polymeric
matrix. The intensity of these oscillations is decreased
with increase in Ni content in nanocomposites.

4. Conclusions

The main results of this study are as follows.

1. It was found that modification of PVDF by 200
nm Ni particles results in the change of homogene-
ity of submolecular structure of submicro-compos-
ites. At low Ni content in PVDF the large-size spherulite
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structure of a polymeric matrix transforms into the
small-size spherulite one. Ni particles are acting as
an artificial nucleating agent modifying a polymeric
structure.

2. Composites on the basis of PVDF matrix with a
low Ni content (less than 0.5 wt%) possess both the
higher thermal stability and specific volume resistiv-
ity due to homogeneity of a sub-molecular structure.

3. Decrease in the average Ni-particles size from
200 to 72 nm results in the sharp increase in the con-
ductivity of PVDF/Ni composites due to increase of
the specific surface area of filler and decrease of the
percolation threshold.

4. The number of defect C=C bonds in PVDF/Ni
nanocomposites decreases with increase in the Ni
content. The number of defect C=C bonds in PVDF/
Ni nanocomposites decreases with increase in Ni
content. This is confirmed by the decrease in oscilla-
tions intensity of the characteristic band at 1723 cm™.
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