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Dielectric behavior of polymer (polar/nonpolar)-metal nanocomposites (PMCs) prepared under

identical processing conditions have been compared. A high effective dielectric constant

ðeeff > 2500Þ with a moderate loss and a lower eeff (74) with low loss was observed, respectively,

for polar and nonpolar PMC at their respective percolation thresholds ðfcÞ. The results have been

explained with the help of percolation theory and dipolar polarization. Similar value of fc observed

in both the PMC is attributed to the same order of conductivity of polymer matrices. The dipolar

polarization present in the polymer plays a major role in the enhancement of eeff .VC 2011 American

Institute of Physics. [doi:10.1063/1.3600345]

Insulating polymer-conductor composites (PCCs) have

attracted the recent interest because of their very high effec-

tive dielectric constant ðeeffÞ along with better mechanical

flexibility that makes the materials suitable for a number of

applications, such as, high charge storage capacitors,1–14 em-

bedded capacitor applications,3 printed circuit boards,15 etc.

These PCC undergo an insulator–metal transition (IMT) at a

critical volume fraction of the conductor ðfconÞ called perco-

lation threshold ðfcÞ which is characterized by an abnormal

increase in ac conductivity ðreffÞ and divergence in the real

part of eeff in accordance with the percolation theory.16,17 A

variety of conducting fillers (such as, metals, alloys, carbon

black/fiber, carbon nanotubes, conducting polymers, etc.)

have been used for preparing PCC.2–15,18–22 Among various

PCC the polymer-metal composites (PMC) have attracted

attention because of their high eeff and easier processing as

compared to other PCC.2–7 Several PCC have been investi-

gated for higher eeff , such as, epoxy/silver composites,2 fer-

roelectric polymer [polyvinyledene fluoride (PVDF)]/

conductor composites have spanned recently.4–15 These

investigations show scattered values of eeff and fc. The

effects of nature of filler, along with their particle size,

shape, and process conditions on eeff and fc have been inves-

tigated in various PCC.4–15,18–22 However, few studies are

oriented towards investigation of (i) what is the role of poly-

mer matrix in increasing the eeff at fc? (ii) whether the extent

of enhancement of eeff at fc depend on the polymer matrix in

case of PMC. We believe that polymer matrix also contrib-

utes in the extent of enhancement of eeff at fc in the case of

PCC/PMC. Therefore, in the present work two series of

PMC with well characterized nanocrystalline nickel (n-Ni)

have been prepared. Two types of polymers, such as, polar/

ferroelectric (PVDF) and a nonpolar [low density polyethyl-

ene (LDPE)] polymers are used to prepare the composites

under identical processing conditions and the dielectric

behaviour has been investigated to compare the effect of

polymer matrices.

Powders of PVDF/n-Ni and LDPE/n-Ni have been

blended with the help of mortar and pestle for 2 h and the

mixed powders have been hot molded under a temperature

of 200 �C and 130 �C, respectively, (above the melting tem-

perature of the polymers) at 10 MPa pressure. Several sam-

ples of diameter 13 mm and thickness �1:6 mm have been

prepared to approach the value of fc as closely as possible.

Details of synthesis and electrical characterization method

have been discussed elsewhere.4,5

The optical micrographs of the percolating PMC show

that distribution of the bright metal clusters in their corre-

sponding background polymer matrices (Fig. 1). The insets

show the corresponding optical micrographs of the pure poly-

mer matrices i.e., PVDF [inset, Fig. 1(a)] and LDPE [inset,

Fig. 1(b)]. The distribution of metal clusters and the extent of

connectivity of the fillers in both the matrices appear to be

identical because of the same volume fraction of conductor

ðfconÞ and same processing conditions suggesting that connec-

tivity mainly originates from the process conditions although

the adhesiveness for the two different polymers is different.

As shown in the Fig. 2(a) in the case of LDPE/n-Ni

composites, the eeff rises from 19 to 36 at 1 kHz when fcon
increases from 0.05 to 0.06. But in case of PVDF/n-Ni com-

posites, the eeff rises from 90 to 2000 at 1 kHz when fcon
increases from 0.06 to 0.07. Thus with the use of nonpolar

polymer matrix a very low value of eeff is achieved although

the fc value remain same due to the identical process condi-

tion and same order of conductivity of both the polymer mat-

rices. The eeff as a function of fcon for both the series of

samples shows a sharp rise in its value and follows the power

law Eq. (1),16,17 given by

eeff / ðfc � fconÞ
�s

for fcon < fc: (1)

For PVDF/n-Ni and LDPE/n-Ni composites, the value found

for fc are 0.07 and 0.06, respectively, and the value of “s” are

0:7560:10 and 1:1160:12 [inset, Fig. 2(a)]. The critical
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exponent s ¼ 0:75 for PVDF/n-Ni composites is in agree-

ment with the universal value of “s” ðsunÞ predicted for a 0–3

composite i.e., sun ¼ 0:8� 1,16,17 while s ¼ 1:11 for LDPE/

n-Ni composites does not agree with “sun.” This may be

attributed to the difference in adhesive property of polymer

matrices giving rise to different extent of interaction between

the components although the connectivity remains same in

both the PMC (Fig. 1). Similarly as shown in the Fig. 2(b)

the value of reff in case of both series of composites clearly

demonstrates an IMT in the vicinity of fcon ¼ 0:07 and 0.06,

respectively. The reff as a function of fcon increases abruptly

near the critical concentration fc � 0:06 indicating the for-

mation of the continuous conductive network in the compos-

ite. The best fit of the conductivity data of PVDF/n-Ni and

LDPE/n-Ni composites to Eq. (2),16,17

reff / ðfc � fconÞ
�s0

for fcon < fc (2)

yields fc ¼ 0:07 and 0.06, s0 ¼ 1:1660:4 and 1:7160:66,

respectively [inset, Fig. 2(b)]. The exponent value “s0” in

both the cases is greater than the universal value

ðs
0

un ¼ 0:8� 1Þ (Refs. 16 and 17) and explained on the basis

of swiss-cheese model.16,17 However the extent of connectiv-

ity in both the cases appears to be same (Fig. 1), higher value

of s0 ¼ 1:7160:66 for LDPE/n-Ni is observed as compared

to s0 ¼ 1:1660:4 in case of PVDF/n-Ni composites. It is

attributed to the different extent of interaction between the

two components in the respective PMC due to their differ-

ence of adhesiveness of the polymers. We note that both “s

and s0” increase at the same rate for both the PMC. It is inter-

esting to point out that the value of fc is consistent with the

values obtained from dielectric and conductivity data, sepa-

rately for both the PMC. Although the value of fC of LDPE/

n-Ni (0.06) and PVDF/n-Ni (0.07) composites is essentially

same, but this fc value neither coincides with the universal

value of 0.1616,17 nor with other experimental reports4,5

which is attributed to the process conditions and particle

size. Hence it may be suggested that as long as matrices used

are of same order of conductivity, the value of fc will not

change much for a particular processing conditions.

The variation in reff , eeff , and tan d of the PMC based on

PVDF and LDPE matrix as a function of frequency at 300 K

is shown in Fig. 3. As shown in the Fig. 3(a), the static eeff

value (at 100 Hz and room temperature) for the two pure

polymers LDPE and PVDF are 2 and 10, respectively. The

higher value of eeff in case of PVDF is due to the presence of

additional dipolar polarization (presence of permanent

dipoles) in case of PVDF as compared to LDPE. With

increase in fcon in both the polymer matrices we observe that

the extent of enhancement of eeff is different. These results

suggest that the polymer matrix plays a major role in

enhancement of eeff at fc. Due to the high dielectric constant

of PVDF having permanent dipolar polarization, the extent

of enhancement in eeff is tuned while it does not occur in the

case of nonpolar LDPE composites. The reff of the compo-

sites [Fig. 3(b)] in the regime of fcon < fc exhibits a strong

frequency dependence while its frequency dependence

becomes gradually weaker in the regime of fcon > fc. In

LDPE/n-Ni, at fc a mixed conductivity comprising of ac and

dc conductivity is also obtained, but the region of dc plateau

remains over a very narrow range of frequencies while a

broader region of dc conductivity was found for PVDF/n-Ni

composites [Fig. 3(b)], which is entirely due to the process

conditions and the properties of the polymer matrix.

FIG. 1. (Color online) The optical micrographs of percolative samples cor-

responding to two different series of samples (a) PVDF based, inset: pure

PVDF. (b) LDPE based, inset: pure LDPE.

FIG. 2. (Color online) The variation (a) reff and (b) eeff as a function of fcon
at 1 kHz for both the series of PMC. The solid (–n–) and open ð� ��Þ
symbols represent PVDF and LDPE matrix, respectively. Inset: (a) least

square fit to Eq. (1), upper: PMC based on PVDF, lower: PMC based on

LDPE. (b) fit to Eq. (2), upper: PVDF, lower: LDPE based PMCs.
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Figure 3(c) shows the value of tan d of the composites at low

frequency undergoes a sharp increase for fcon > fc while main-

tains a value below 1 at high frequencies ð> 100kHzÞ. For the
composites with fcon < fc, Tan d is less than 0.1 irrespective

of frequency. We also do not observe any dipolar relaxation

from LDPE/n-Ni composites unlike that of PVDF/n-Ni com-

posites below fc which is due to the absence of dipoles in the

polymer matrix. We may attribute the higher extent of incre-

ment of eeff in PVDF/n-Ni composites at fc as compared to the

eeff value in LDPE/n-Ni composites at fc is due to broader

region of dc conductivity. But this is not the case as even for

one of highly conducting sample ð> fcÞ in case of LDPE/n-Ni

(e.g., fcon ¼ 0:10) the static eeff is 1200 as compared to the

static eeff of 3000 at fc ðfcon ¼ 0:07Þ for PVDF/n-Ni compo-

sites [Fig. 3(a)] although the dc conductivity region in the pre-

vious case is larger than the latter [Fig. 3(b)].

In conclusion, we found that the enhancement of eeff in

PMC is largely tuned by the higher dielectric constant of the

pure polymer. The polymer matrix plays a major role in the

enhancement of eeff in a PMC which suggests that for higher

eeff with flexibility (which is a major issue in present days),

ferroelectric polymer based PMC/PCC should be given prefer-

ence to be studied. As long as the two polymer matrices used

are of the same order of conductivity, with same kind of filler,

the value of fc remains unaltered with the same process condi-

tions. The value of critical exponents is also largely deviated

with the change in polymer matrices arising due to the differ-

ence in their extent of interaction between the components of

PMC due to the difference of their adhesiveness.
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