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The dielectric behavior of polyvinylidene fluoride (PVDF), nanocrystalline nickel (nc-Ni)
composites has been investigated over a broad frequency range of 40 Hz—10 MHz. High effective
dielectric constant (e.;=2050) and low loss (tan 5=10) at 100 Hz have been observed near the
percolation threshold. To the best of our knowledge, this is the highest e value reported to date
among the PVDF based metal-polymer composites. The dielectric properties have been explained
by using boundary layer capacitor effect and percolation theory while the dielectric anomalies are
attributed to process of fabrication leading to thick insulating layer between the filler particles
forming a gap in effective tunneling range of two filler particles and also making a difficulty in
probability of higher order tunneling. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2900710]

Recently, there have been several studies on polymer-
based composites that exhibit excellent physical properties
coupled with mechanical flexibility. In particular, ferroelec-
tric polymers, such as polyvinylidene fluoride (PVDF),
poly[ (vinylidenefluoride)-co-trifluoroethylene] [P(VDF-
TrFE)], and polyvinylidene fluoride-trifluoroethylene-
chlorofluoroethylene [PVDF-TlrFE-CFE],1 composites with a
variety of fillers, such as ceramics, metals, or metal-ceramic
components have been investigated and large changes in the
effective dielectric constant (e.4) have been reported in the
neighborhood of percolation threshold.” Improvement in
average dielectric constant of composite is expected when a
low dielectric polymer is mixed with high dielectric ceram-
ics. However, interestingly, it has been observed that metal-
polymer composites‘t*8 exhibit giant enhancement in & val-
ues with low dielectric loss near the percolation threshold,
attained at lower filler concentrations compared to ceramic-
polymer composites.2 Such metal-polymer composites are
the strong candidates for a broad range of applications,
such as high charge-storage capacitors, electrostriction,
etc.”'” In an effort to further enhance the €., Various groups
have investigated a variety of composites, such as
PVDF/Ni-BaTiO ,3 PVDF/micron size Ni particle,5
epoxy/Ag flake,” PVDF/multiwall carbon nanotube
(MWNT),"" methyvinyl silicon rubber/MWNT,"" etc. These
investigations suggest that the dielectric behavior of the
composites depend on physical properties of the constituents,
preparation method, adhesiveness, interactions between fill-
ers and polymer, as well as the size and shape of the
fillers'*'®. On the other hand, the compositions near the per-
colation threshold are of fundamental interest, as they be-
come a testing bed for various percolation mechanisms for-
mulated from theoretical investigations.

Although several studies show deviations from the per-
colation theories, interestingly, Dang er al. demonstrated
ideal percolative behavior in hot-molded PVDF/Ni
composites5 with a percolation threshold fy;=0.16, which is
in agreement with the theoretically predicted value.™"* The
observation of an extraordinary increase in & and true per-
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colative nature in PVDF/Ni composites prompted us to in-
vestigate the effect of nanocrystalline (nc) nickel dispersion.
In this communication, we report ferroelectric polymer
(PVDF) based nc Ni composites with a very high &.; and
low dielectric loss, prepared through a simple and cost effec-
tive process. We believe such a large enhancement in & has
been observed for the first time in cold compacted PVDF/
nc-Ni composites at a threshold composition of 0.28. Further,
we also show that the processing conditions and particle size
do play significant roles.

nc Ni metal particles of ~20-30 nm size were prepared
via high-energy ball milling technique (RETSCH PM-200
model) from high purity (99.9%) nickel powders having ini-
tial size of ~20 um. The polymer PVDF and nc-Ni metal
particles were blended together in the form of pellets of di-
ameter 11 mm and thickness ~1.5 mm under 30 MPa at
room temperature. The electrical properties were measured
using a Precision impedance analyzer (Agilent 4294A) in the
frequency range of 40 Hz—10 MHz, with Agilent 16451B
dielectric text fixture. The homogeneity of the samples was
confirmed using a polarized optical and electron microscope.

A series of polymer-based composites with varying vol-
ume fractions of nc-Ni (fy;) were prepared in order to ap-
proach the percolation threshold as closely as possible. The
optical micrographs of the composites (fx;=0.1, 0.28) shown
in Figs. 1(a) suggest a random distribution of nc-Ni clusters
at lower concentration in sharp contrast to the formation of
self connected network of clusters at higher fy;. From the
high resolution micrographs, the Ni clusters in the polymer
matrix can be seen in Figs. 1(b) with particle dimensions in
the range of 20-30 nm, estimated from high resolution
transmission electron microscope image [see inset of 1(b)].

The effective ac conductivity (o), & Of the compos-
ites as a function of fy; and frequency have been studied at
300 K. As shown in the Fig. 2(a), the e rises from 215 to
1273 when fy; increases from 0.27 to 0.28 at 1 kHz while it
steeply rises from 255 (f3;=0.27) to 2050 (fx;=0.28) at
100 Hz [see Fig. 3(a)]. This e is the highest value achieved
so far for a PVDF based metal-polymer composites. Simi-
larly, oy clearly demonstrates an insulator-metal transition
in the vicinity of fy;=0.28 [see Fig. 2(b)]. The large enhance-
ment in &. in the neighborhood of percolation threshold can

© 2008 American Institute of Physics
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FIG. 1. (Color online) (a) Optical micrographs of f;=0.10 composite
sample. Inset is for 0.28. (b) FESEM micrographs of the fy;=0.28 compos-

ite sample. Inset: FESEM of fy;=0.28 composite (top) and HRTEM image
of the nano crystalline Nickel (bottom).

be understood on the basis of “boundary layer capacitor ef-
fect,” i.e, near the percolation threshold, there are many con-
ducting particles isolated by very thin dielectric insulating
layer forming large number of microcapacitors which give
rise to very high dielectric constant. These microstructural
variations could be seen through micrographs (Fig. 1) and
from earlier reports.“’7 The abrupt change in o4 in the
neighborhood of percolation threshold can be understood
from percolation theory,14 i.e., near the percolation threshold,
the effective tunneling range of two filler particles overlaps
leading to a sudden increment in probability of nearest
neighbor as well as higher order tunneling.12’15 According to
percolation theory,14 the power law dependence of dielectric
constant near the percolation threshold is given by

gepa(fe = fn)™ for fyi<fe. (1)

where e is the effective dielectric constant, f,. is the perco-
lation threshold and s is the corresponding critical exponent.
The measured e, as a function of fy; shows a divergence
and follows the power law [Eq. (1)], with f.=0.278 and
5=0.82+0.07 [see inset of Fig. 2(a)]. The critical exponent s
is in agreement with the earlier reported value of s=0.89
(Ref. 5) and universal value of s for a 0-3 composite (s,
=0.8-1).>" The dielectric loss factor also undergoes large
change near the percolation threshold, i.e., it changes from
0.25 to 2.04 when fy; increases from 0.27 to 0.28 at 1 kHz
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FIG. 2. (a) Effective dielectric constant. (b) Effective conductivity as a
function of the volume fraction of Ni, measured at 1 kHz and 300 K. Inset:
(a) the least square fit of & to Eq. (1). Inset: (b) least square fit of oy to
Eq. (2).

[see Fig. 3(c)]. As shown in Fig. 2(b), the o as a function
of fy; at 1 kHz abruptly increases near the critical concentra-
tion f.~ 0.28 indicating the formation of the continuous con-
ductive network in the composite. According to percolation
theory,14 the power law dependence of conductivity is:

oeal(fo— o)™ for fui < fo, (2)

where fy; is the volume fraction of Ni, f. is the percolation
threshold, and s', is the critical exponent in the insulating
region. The best fit of the conductivity data to Eq. (2) yields
f.=0.278, s'=1.4 0.3 [see inset of Fig. 2(b)]. The exponent
value s’ is higher than the universal value (s'=0.8—1) (Refs.
5 and 14) but close to the two phase PVDF-Ni composites,
i.e. s'=1.40 (Ref. 5). A significant change in f,. (0.278) from
the universal value (0.16) of percolation threshold>" could
be attributed to sample processing conditions. The other pos-
sibility could be because PVDF has a tendency to surround
the nickel clusters leading to increase in adhesiveness," such
that the nickel clusters are separated by thick insulating lay-
ers (for fy;<0.278) forming a gap in effective tunneling
range of two filler clusters which probably inhibits the higher
order tunneling,lSSimilar to that has been observed in many
granular composites which always show a higher value of f..
than the predicted value.'>!°

The e of the composites upto fy;=0.25 shows a weak
dependence of frequency over the whole frequency range but
as it approaches percolation threshold, the variation is more
pronounced [see Fig. 3(a)]. The changes in e.; may be at-
tributed to the larger leakage currents resulted from the
higher conductivity of the composites as fy; — f.. The o
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FIG. 3. Dependence of the (a) effective conductivity, (b) effective dielectric
constant [Inset shows the best fit of the o values for f;=0.27 to Eq. (3)],
and (c) loss tangent on frequency at room temperature.

of the composites in the regime of fy; <f. exhibits a strong
frequency dependence while its frequency dependence be-
comes weaker in the regime of fy;>f, [see Fig. 3(b)]. The
characteristics, such as high conductivity in the regime of
fni> f. and its weak frequency dependence, of the composite
may make the PVDF/nc-Ni composite an excellent antistatic
media and shielding for electromagnetic or radio-frequency
interference of electronic devices.* As Jni — f. the frequency
dependence of g, can be expressed as a following power
law from the percolation theorys’14

o-eff(m’fc) am”? (3)

where w=21v, v is the frequency, and u is the corresponding
critical exponent. Equation (3) is best fitted for conductivity
data obtained for fy;=0.27 giving u=0.86 [see inset Fig.
3(b)], which is a bit higher than the universal value (u,
~0.70) and that of reported (#=0.78) for a similar compos-
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ite of PVDF/Ni.” The higher u value observed in the present
analysis compared to carlier’ could be due to the deviation®
of volume fraction of 0.008 between fy;=0.27 and percola-
tion threshold f,.=0.278. Figure 3(c) shows the loss tangent
of the composite at low frequency, undergoes a sharp in-
crease for fy;>f., as reported by Li et al.* while maintains a
value below 1 at high frequencies (>100 KHz). Such sharp
rise in loss could be considered as one important feature of
the percolative composite and evidence of the large leakage
current in the composite. For the composites fy; < f,, the loss
tangent is less than 0.3 irrespective of frequency.

Interestingly dielectric and conductivity data fits yield
the same f. value but is significantly higher than that of the
universal value (0.16)"* which could be attributed to the pro-
cess conditions. In order to verify this, PVDF/Ni composites
were also prepared by following the same processing method
but using 20 wm Ni particles. In this case the percolation
threshold could not be achieved upto fy;=0.5. Due to in-
crease in density of the particles and interparticle contacts'’
in the case of nc-Ni particles, the tunneling probability is
enhanced, leading to lowering of the percolation threshold
to 0.28. However, with different process conditions, Dang
et al. obtained ]‘C=O.16.5 This suggests that the process con-
ditions affect only the percolation threshold with no signifi-
cant change in critical exponents.

In conclusion, for PVDF/nc-Ni composites very high
values of dielectric constant and low dielectric loss at higher
percolation threshold of 0.28 has been observed, attributed to
increased adhesiveness between the filler and polymer due to
difference in processing conditions. The conductivity and di-
electric constant rapidly increase in the vicinity of percola-
tion and the results are explained on the basis of conven-
tional percolation theory.
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