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ABSTRACT: Through the use of polyethylenes with dif-
ferent crystallinities as matrices, the effects of the matrix
crystallinity on the percolation threshold and dielectric
behavior of percolative composites have been investigated.
The results suggest that the percolation threshold is nega-
tively related to the matrix crystallinity, whereas the
enhancement of the dielectric constant is positively related
to the matrix crystallinity. A two-dimensional diagram is
proposed to illustrate such relationships. In addition, it has

been found that the insulator–conductor transition is much
flatter in low-crystallinity-matrix-based composites, and
this may be favorable for preparing threshold composites
with a high dielectric constant and a low loss tangent.
� 2007 Wiley Periodicals, Inc. J Appl Polym Sci 106: 3359–3365,
2007
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INTRODUCTION

Electrically percolative composites have attracted
much attention because they can possess a high
dielectric constant at a critical concentration of fillers
and thus can have potential applications as electro-
active polymers, gate dielectrics, dielectrics for
energy-storage capacitors, and so forth.1,2 Therefore,
the development goals for percolative composites
are essentially enhancing their dielectric constant
while reducing their percolation thresholds to retain
good processing of the polymer matrix and low cost.
To this end, many investigations have been con-
ducted with different fillers such as metallic fillers,3

carbon black,4 conductive polymeric particles,1 semi-
conductor particles,5 and carbon nanotubes.6 Further
research has shown that the microstructure,5 size
distribution,7 and other physical properties8 of fillers
also have a strong effect on the dielectric behavior of
percolative composites. In addition, the dimensions
of the fillers may play an important role in the per-
colation threshold, as evidenced by some recent
research.9 Very recently, a percolative low-loss com-
posite with self-passivated aluminum fillers has also
been fabricated, and this makes percolative compo-

sites much more practical.10 However, there is still
an interesting phenomenon incompletely investi-
gated: the percolation threshold and dielectric behav-
ior of some percolative composites are fairly differ-
ent even when their fillers are the same materials of
similar sizes.8,11 Therefore, the effect of matrix mate-
rials on the dielectric behavior of percolative compo-
sites may have been neglected.

In this article, by employing high-density polyeth-
ylene (HDPE) and low-density polyethylene (LDPE)
as polymer matrices and iron (Fe) powder as a filler,
we disclose the effect of the polymer matrix crystal-
linity on the percolation threshold and dielectric
behavior in percolative composites.

EXPERIMENTAL

Materials

LDPE (112A) from Yanshan Petrochemical Co., Ltd.
(Beijing, China), with a melt index of 2.0 g/10 min,
and HDPE (6098) from Qilu Petrochemical Co., Ltd.
(Zibo, China), with a melt index of 0.1 g/10 min,
were used as matrix materials in this study. Reduced
Fe powder from Beifang Tianyi Co. (Tianjin, China),
with an average diameter of 70 lm (mainly between
50 and 100 lm), was employed as a filler.

Correspondence to: Y.-J. Li (liyunjia@gmail.com).

Journal of Applied Polymer Science, Vol. 106, 3359–3365 (2007)
VVC 2007 Wiley Periodicals, Inc.



Preparation of the composites

Fe/HDPE and Fe/LDPE composites with various Fe
concentrations were prepared with physical-blending
and hot-pressing procedures. The preweighed Fe
powder was mixed with a certain amount of HDPE
or LDPE on a Haake 90 rheometer (Vreden, Ger-
many) at 130 and 1058C with a rotor speed of 60
rpm. The mixtures were then molded by hot press-
ing at 170 and 1408C for the Fe/HDPE and Fe/
LDPE composites, respectively, under 10 MPa. The
hot molding temperature of both composites was a
little bit higher than the melting points of the corre-
sponding polymer matrices to avoid gas cavities in
the composites. The final samples were disks with a
diameter of 23 mm and a thickness of about 1.5 mm.

Differential scanning calorimetry (DSC) and
dielectric characterization

For the dielectric measurements, gold electrodes
were sputtered on both sides of each sample. The
dielectric behavior of the composites was measured
with an Agilent 4294A (Palo Alto, CA) impedance
analyzer with a frequency range of 50 Hz to 50 MHz
at room temperature (ca. 308C). The crystallinity of
the pure HDPE and LDPE was measured with a
Mettler–Toledo (Greifensee, Switzerland) DSC 822e

differential scanning calorimeter at a heating rate of
108C/min. The DSC measurements were conducted
with the ASTM D 3418 standard method, and the
samples used for DSC measurements were blended
and hot-pressed as all other samples were to elimi-
nate the influence of the preparation procedures on
the crystallinity of the polymers.

RESULTS AND DISCUSSION

Crystallinity of the matrices

A polymer is composed of both crystalline regions
in which molecules are arranged in regular order
and amorphous regions in which molecules are
arranged in a random, disorganized state. Polymer
crystallinity is the key property of all polymers and
indicates the amount of the crystalline region in a
polymer with respect to the amorphous content. To
determine the crystallinity of a polymer, the mea-
sured melting enthalpy (DHf) is compared with the
value of a 100% crystalline sample (DHf100%). The
crystallinity (a) is given by12

a ¼ DHf

DHf100%
� 100% (1)

DHf for pure HDPE and LDPE is the integral of the
closed region of the corresponding DSC data and, as

shown in Figure 1(a), is 183.5 and 112.9 J/g for
HDPE and LDPE, respectively. DHf100% for both
HDPE and LDPE is 293 J/g.12 Therefore, the crystal-
linity values of the pure HDPE and LDPE used in
this study are 62.6 and 38.5%, respectively, according
to eq. (1).

To study the effect of the matrix crystallinity on
the percolation threshold and dielectric behavior in
percolative composites, the influence of the metallic
filler on the matrix crystallinity must first be inves-

Figure 1 DSC results for (a) pure HDPE and LDPE, (b)
Fe/HDPE and Fe/LDPE composites with an Fe concentra-
tion of 8 vol %, and (c) Fe/HDPE and Fe/LDPE compo-
sites with an Fe concentration of 16 vol %.
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tigated to ensure that the relationship between the
crystallinity values of the two matrices still remains
when dielectric divergence is observed. Therefore,
the crystallinity of composites with a low filler frac-
tion (8 vol %) and a high filler fraction (16 vol %,
which is close to the percolation threshold) is meas-
ured. Figure 1(b) shows the DSC curves of Fe/
LDPE and Fe/HDPE composites with an 8 vol %
filler fraction, and the calculated crystallinity values
are 23.6% and 51.7%, respectively. Although both
values decline compared with that of the pure ma-
trix, the relationship between the crystallinity val-
ues of the two matrices is still the same; that is, the
crystallinity of HDPE is still much higher than that
of LDPE. Similarly, the crystallinity values of the
two composites with an Fe concentration of 16 vol
%, calculated with the DSC data shown in Figure
1(c) according to eq. (1), are 22.3 and 50.3% for the
Fe/LDPE and Fe/HDPE composites, respectively.
The relationship remains. In addition, the crysta-
llinity of the matrix goes down as the filler con-
centration increases because the presence of the
fillers may impede the crystallization process of
the polymers.13

Conductivity and percolation threshold

The percolative composites exhibit an insulator–con-
ductor transition at a certain concentration of their
conductive fillers (i.e., the percolation threshold). A
large enhancement in the conductivity of several
orders of magnitude is usually observed near the
percolation threshold, indicating the formation of a
continuous conductive network in a composite.
When the filler concentration is higher than the criti-
cal value, the conduction is dominated by percola-
tion and can be characterized by the power law of
the percolation theory as follows:9

seff / ðf � fcÞt for f . fc (2)

where reff is the effective conductivity of the com-
posite, f is the volume fraction of the metallic phase,
fc is the percolation threshold, and t is the corre-
sponding critical exponent.

Figure 2(a) shows the conductivity of the Fe/
LDPE and Fe/HDPE composites as a function of the
volume fraction of Fe fillers. The insulator–conductor
transition can be clearly observed at Fe filler volume
fractions of 0.14–0.15 and 0.12–0.20 for the Fe/HDPE
and Fe/LDPE composites, respectively. The range of
the insulator–conductor transition in the Fe/LDPE
composites is much wider that that of the Fe/HDPE
composites, and this may indicate that the abrupt-
ness of the insulator–conductor transition is in direct

proportion to the matrix crystallinity. Such differen-
ces in the abruptness of the insulator–conductor
transition are quite often observed but have not been
noted [e.g. 0.09–0.19 and 0.16–0.1814 for high-crystal-
linity poly(vinylidene fluoride)-based composites
and 0.1–0.28 and 0.2–0.315 for low-crystallinity-LDPE-
based composites]. The abruptness of the insulator–
conductor transition is fairly important for appli-
cations of the percolative composites because the
composites are often fabricated with a filler concen-
tration very close to but lower than the percolation
threshold to obtain a high dielectric constant while
avoiding a large enhancement of the loss tangent.6

However, in high-crystallinity-matrix-based compo-
sites; such fabrication is hard because the insulator–
conductor transition often takes place when the filler
concentration varies less than 0.01. In addition, as
previously pointed out, it is also risky to prepare
such threshold dielectrics because of the intense var-
iations of the dielectric constant near the percolation
threshold.16 Selecting a low-crystallinity polymer as

Figure 2 Effective conductivity of Fe/HDPE and Fe/
LDPE composites plotted against (a) the Fe volume frac-
tion (measured at 100 Hz and room temperature) and (b)
the frequency at room temperature.
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a matrix for a composite may address these insuffi-
ciencies of percolative composites.

The best fits of the conductivity data to the log–
log plots of the power laws give fc1 5 0.144 6 0.001
and fc2 5 0.170 6 0.002 for the Fe/HDPE and Fe/
LDPE composites, respectively. The results suggest
that the percolation threshold of the percolative com-
posites is in inverse proportion to the crystallinity of
the matrix. Such a characteristic may be well under-
stood because of the structural features of the poly-
mers. The structure of the crystalline region is highly
compact, whereas that of the amorphous region is
quite loose; therefore, the conductive fillers can be
dispersed only in the amorphous regions, as shown
in Figure 3(a). The higher the matrix crystallinity is,
the greater the crystalline region is, and the fillers
are restrained into a smaller space; this leads to the
low percolation threshold in the HDPE matrix com-
posites. Such a process can be quantitatively and
schematically illustrated by a two-dimensional dia-
gram, as shown in Figure 3(b,c). The formation of
the percolation cluster is much easier when the ma-
trix crystallinity is higher. Despite the differences,
the percolation thresholds of both composites are
close to the universal value of fc, 0.16, which is com-
monly observed in the metal–polymer 0–3 connected
composites.9,14 Therefore, the properties of the fillers
play an important role in dominating the percolation
threshold of the composites; the crystallinity of the
matrix may also have a dramatic effect on the perco-
lation threshold.

Figure 2(b) shows the frequency dependence of the
conductivity of the two composites with filler concen-
trations (14 and 16 vol % for the HDPE- and LDPE-
based composites, respectively) close to but lower
than the percolation threshold. Commonly, the mea-
sured alternating-current conductivity consists of two
components, that is, the volume conductivity (direct-
current conductivity, which is frequency-independ-
ent) and the conductivity contributed by the polariza-
tion (frequency-dependent). When the filler fraction
of the composites is lower than the percolation
threshold, the direct-current conductivity is quite low
because of the absence of a continuous conductive
network. Therefore, the polarization should be the
main conducting factor for both composites. Com-
monly, the conductivity of a capacitor containing only
one insulating component (i.e., pure capacitive) is
almost in direct proportion to the frequency, whereas
it can be seen in Figure 2(b) that the conductivity of
both composites exhibits obvious nonlinearity toward
a low frequency. This phenomenon suggests that
there should be Maxwell–Wagner–Sillars (MWS)
polarization (interfacial polarization) induced by the
accumulation of a space charge on the interface
between the filler and matrix, which commonly take
places in heterogeneous materials composed of com-

Figure 3 (a) Schematic illustration of the dispersion of
the fillers in the polymeric matrix, (b) quantitative scheme
of the matrix crystallinity effect on the percolation thresh-
old (assuming the crystallinity is 40% and the filler concen-
tration is 17 vol %), and (c) quantitative scheme of the ma-
trix crystallinity effect on the percolation threshold
(assuming that the crystallinity is 70% and the filler con-
centration is 17 vol %). The gray parts represent the crys-
talline regions, the white parts represent the amorphous
regions, and the reticulate-patterned parts represent the
conductive fillers dispersed in the amorphous regions.
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ponents with different conductivities. MWS polariza-
tion is known to taken place in the frequency range
of 1023–103 Hz, which is in good accordance with the
data of Figure 2(b). However, neither a trough nor a
peak reflecting the setup of the MWS polarization can
be observed, and this may indicate that MWS polar-
ization is not the dominating factor for the nonlinear-
ity. Therefore, we propose that, despite the effect of
the MWS polarization on the conductivity of the com-
posites, the formation of a network of tunnel junc-
tions based on MWS polarization may be responsible
for the nonlinearity in Figure 2(b). It is unique in the
composites with metallic fillers. MWS polarization
makes two adjacent fillers in the direction of the elec-
tric field accumulate different types of charges on
their opposite surfaces and form a tiny capacitor, and
when the distance between the two fillers is small
enough (the content of the filler is large enough), the
tunneling effect will occur. Therefore, we propose
that MWS polarization is the main conducting mecha-
nism for inorganic (nonmetal)/organic composites to-
ward a low frequency; the MWS-polarization-induced
tunneling may be responsible for the conductance in
metal/organic composites.

Dielectric constant

The dielectric constant is a key parameter for deter-
mining the energy-storage capacity of dielectric
materials. It is desirable for us to enhance the dielec-
tric constant of percolative composites to attain bet-
ter performance from them. A large enhancement in
the dielectric constant near the percolation threshold
is also considered an important feature of percolative
composites. The power characteristic of the dielectric
constant of percolative composites is given by the
power law of the percolation threshold as follows:9

eeff / ðfc � f Þ�s for f , fc (3)

where eeff is the effective dielectric constant and s
is the corresponding critical exponent. Figure 4(a)
shows the dielectric constant of the Fe/HDPE and
Fe/LDPE composites as a function of the volume
fraction of the Fe fillers. A large enhancement of the
dielectric constant in both composites near the perco-
lation threshold can also be observed as predicted.
The dielectric constant increases rapidly near the
percolation threshold and up to about 166 and 46
when the Fe volume fractions are 0.17 and 0.20,
which are 66 and 25 times larger than that of the
pure matrix, respectively, for the Fe/HDPE and Fe/
LDPE composites. The dielectric constant of the com-
posites can reach a large value at a lower filler con-
centration when the matrix crystallinity is higher
because of the reduced percolation threshold. The

dielectric constants of the Fe/LDPE composites have
a lower value near the percolation threshold than
many other percolative composites reported (e.g.,
� 300 at 100 Hz,6 � 200 at 100 Hz,9 and � 400 at
100 Hz,14), whereas it is quite close to that of carbon-
fiber-filled LDPE composites (� 45).15 A similarly
low dielectric constant has also been reported for
copper-particle-filled LDPE composites.8

The dielectric constants of pure HDPE and LDPE
are quite close, that is, 2.52 and 1.82, respectively.
However, the enhancement of the dielectric constant
in the two composites is quite different, and this
suggest that the crystallinity may play an important
role in the enhancement of the dielectric constant of
percolative composites; that is, the enhancement of
the dielectric constant of composites with a low-crys-
tallinity matrix may be correspondingly low. Such a
divergence can be understood from the origin of
the enhancement of the dielectric constant pointed
out by Bergman and Imry.17 In the 0–3 percolative

Figure 4 Dependence of the effective dielectric constant
of Fe/HDPE and Fe/LDPE composites on (a) the Fe vol-
ume fraction (measured at 100 Hz and room temperature)
and (b) the frequency at room temperature.
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composites, the fillers form conducting clusters in
the matrix, and many clusters will form conducting
paths across the whole system when the composites
reach the percolation threshold. Each of the conduct-
ing paths contributes an extremely large capacitance,
and all of them are connected in parallel. The total
capacitance of the parallel-connected capacitors is
simply the sum of each capacitance, so the total ca-
pacitance will be larger when more capacitors are
connected. Therefore, the origin of the difference in
the enhancement of the dielectric constant can be
understood as follows. As can be seen in Figure 3,
the distribution of clusters in the high-crystallinity
matrix is quite compact, whereas in the low-crystal-
linity matrix, it is quite loose. Thus, when the com-
posites reach their percolation threshold, the number
of conducting paths in the HDPE-based composite
may be larger than the number in the LDPE-based
composite. The total capacitance of the HDPE-based
composite will be higher than the total capacitance
of the LDPE-based composite, and this means that
the macroscopic dielectric constant of the HDPE-
based composite will be correspondingly higher than
that of the LDPE-based composite. The percolation
thresholds of the composites according to the best
fits of the dielectric constant data to log–log plots of
eq. (3) are 0.144 6 0.001 and 0.180 6 0.002 for the
Fe/HDPE and Fe/LDPE composites, respectively.
The value for the LDPE-based composites is a little
higher than that obtained from the conductivity
data, and this may also be a result of the flat insula-
tor–conductor transition.

Figure 4(b) shows the dependence of the dielectric
constant of the Fe/HDPE and Fe/LDPE composites
with filler concentrations near the percolation thresh-
old on the frequency. The two plots possess nearly
the same characteristics, that is, rapidly dropping at a
low frequency (50–300 Hz), remaining nearly invaria-
ble at an intermediate frequency (300 Hz to 20 MHz),
and again rapidly dropping at a high frequency (20–
50 MHz). The dielectric constants of the Fe/HDPE
and Fe/LDPE composites dropped from about 336
and 33 at 50 Hz to around 43 and 14 at 300 Hz,
respectively. Such a rapid drop in the dielectric con-
stant toward a low frequency has been observed pre-
viously, and it has been attributed to the large leak-
age of current resulting from the high conductivity of
the composites.9 However, such a rapid drop may
originate from the inherent property of the conduct-
ing fillers: the observed dielectric constant of poly-
mer-based composites is usually no more than 1000
at a low frequency (ca. 100 Hz), whereas the dielectric
constant of a metallic filler is infinite at a frequency
of 0 Hz. Therefore, the drop at a low frequency
should be very abrupt. The matrix crystallinity has no
obvious effect on the frequency dependence of the
dielectric constant of percolative composites.

Loss tangent

Under an alternating electric field, dielectric materi-
als experience energy loss resulting from both con-
ductance and periodic relaxation polarization. When
an alternating voltage is applied to a composite, the
current contains both an active component and a
reactive component, as schematically illustrated in
the inset of Figure 5. To describe the energy loss, the
loss tangent is introduced; it is defined as the ratio
of the active component of the current (IR) to the re-
active component of the current [i.e., the capacitive
current (IC)] in the dielectric, that is, IR/IC. Therefore,
the loss tangent is mainly dominated by IR at a low
frequency, at which IC varies little. As mentioned
previously, a percolative composite undergoes an in-
sulator–metal transition characterized by an abrupt
enhancement of the conductivity at a certain content
of the fillers. Such a conductivity enhancement will
certainly result in a large exaltation of IR and thus
raise the loss tangent of the composite. Therefore,
the loss tangent of the composite should be similar
to its conductivity, and the matrix crystallinity
should have the same effect on the loss tangent of
the composite.

Figure 5 shows the loss tangent of Fe/HDPE and
Fe/LDPE composites versus the volume fraction of
Fe. Both plots clearly exhibit the same rule with the
conductivity measured in Figure 2(a). The insulator–
metal transition appears at Fe filler volume fractions
of 0.14–0.15 and 0.12–0.20 for the Fe/HDPE and
Fe/LDPE composites, respectively, accompanied by
enhancements of 4 orders of magnitude in the loss
tangent. Such large enhancements in the loss tangent
have also been reported for a carbon-nanotube-filled

Figure 5 Loss tangent of the Fe/HDPE and Fe/LDPE
composites as a function of the Fe volume fraction (meas-
ured at 100 Hz and room temperature). The inset is a sche-
matic illustration of the voltage and current in the compo-
sites.
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composite6,18 and a magnetite (Fe3O4) powder/talc–
wax system.4 The high loss tangent is unfavorable
for the application of the composites. To address the
problem, much work has been done. Xu and Wong10

prepared self-passivated aluminum-filled compo-
sites,10 Qi et al.17 prepared silver/epoxy nanocompo-
sites, and Wang and Dang6 fabricated threshold
composites with filler concentrations very close to
but lower than the percolation threshold; all these
approaches rendered composites with a high dielec-
tric constant and a low loss tangent.

CONCLUSIONS

We have found that polymer matrices with different
crystallinities can have remarkable effects on the per-
colation threshold and dielectric behavior of their
percolative composites. It is proposed that the perco-
lation threshold is in inverse proportion to the ma-
trix crystallinity, whereas an enhancement of the
dielectric constant is in direct proportion to the ma-
trix crystallinity. In addition, the insulator–conductor
transition is much flatter in low-crystallinity-matrix-
based composites, and this may be favorable for pre-
paring threshold composites.

One of the authors (Y.-J.L.) thanks David J. Bergman (Tel
Aviv University) for his help with the theoretical prob-
lems. The help of Li Xinli, Zhou Gangsheng, Gao Jinghui,

and Ma Qian in preparing and characterizing the samples
is also gratefully acknowledged.

References

1. Huang, C.; Zhang, Q. M.; Su, J. Appl Phys Lett 2003, 82, 3502.
2. Rao, Y.; Wong, P. IEEE Proc Electron Compon Technol Conf

2002, 920.
3. Kundu, T. K.; Chakravorty, D. Appl Phys Lett 1995, 67, 2732.
4. Chiteme, C.; McLachlan, D. S. Phys Rev B 2003, 67, 024206.
5. Dang, Z.-M.; Wu, J.-B.; Fan, L.-Z.; Nan, C.-W. Chem Phys Lett

2003, 376, 389.
6. Wang, L.; Dang, Z. M. Appl Phys Lett 2005, 87, 042903.
7. Spanoudaki, A.; Pelster, R. Phys Rev B 2001, 64, 064205.
8. Dang, Z. M.; Zhang, Y. H.; Tjong, S. C. Synth Met 2004, 146,

79.
9. Li, Y. J.; Xu, M.; Feng, J. Q.; Dang, Z. M. Appl Phys Lett 2006,

89, 072902.
10. Xu, J.; Wong, C. P. Appl Phys Lett 2005, 87, 082907.
11. Boudenne, A.; Ibos, L.; Fois, M.; Majeste, J. C.; Gehin, E. Com-

pos A 2005, 36, 1545.
12. Abad, M. J.; Ares, A.; Barral, L.; Cano, J.; Diez, F. J.; Garcia-

Garabal, S.; Lopez, J.; Ramirez, C. J Appl Polym Sci 2004, 92,
3910.

13. Kuznetsov, G. K.; Irgen, L. A.; Chirkova, E. A. Mech Compos
Mater 1974, 10, 441.

14. Dang, Z. M.; Lin, Y. H.; Nan, C. W. Adv Mater (Weinheim,
Ger) 2003, 15, 1625.

15. Dang, Z. M.; Shen, Y.; Fan, L. Z.; Cai, N.; Nan, C. W.; Zhao,
S. J. J Appl Phys 2003, 93, 5543.

16. Qi, L.; Lee, B. I.; Chen, S.; Samuels, W. D.; Exarhos, G. J. Adv
Mater (Weinheim, Ger) 2005, 17, 1777.

17. Bergman, D. J.; Imry, Y. Phys Rev Lett 1977, 39, 1222.
18. Kim, B.; Lee, J.; Yu, I. J Appl Phys 2003, 94, 6724.

PERCOLATIVE COMPOSITES 3365

Journal of Applied Polymer Science DOI 10.1002/app


