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ABSTRACT: Low density polyethylene (LDPE)/ZnO
nanocomposites were prepared by melt compounding fol-
lowed by annealing or quenching treatment. Electrical prop-
erties of the thermally treated nanocomposites were inves-
tigated. The results showed that thermal treatments exerted
a pronounced effect on the electrical properties of LDPE/
ZnO nanocomposites. The dielectric constant of annealed
LDPE/ZnO nanocomposites at various ZnO contents was
higher than that of quenched nanocomposites. In sharp con-
trast, the resistivity of annealed LDPE/ZnO nanocomposites
was considerably lower than that of quenched samples. The

frequency dependence of dielectric constant was much pro-
nounced for both the annealed and quenched LDPE/ZnO
nanocomposites associated with the formation of ZnO net-
work as the ZnO volume content reached 52 vol %. The
structure–property relationship of the nanocomposites is
discussed. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci 102:
1436–1444, 2006
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INTRODUCTION

Polymers are regarded as insulating materials because
of their low conductivity. The electrical properties of
the insulating polymers can be modified by adding
conductive particles such as carbon nanotube,1–3 me-
tallic filler,4,5 and ZnO.6–8 The electrical properties of
the composites depend greatly on the conducting filler
distribution within the polymer matrix. For low filler
concentration, the fillers in the form of small particles
distribute homogeneously in the insulating polymer
host. With increasing filler content, agglomeration of
filler particles begins to form. At a certain filler con-
tent, the growing agglomerates appear to contact each
other, leading to the formation of a one-, two-, or
three-dimensional network of the conducting phase
within the insulating host. As a result, the electrical
conductivity of the composites shows a drastic in-
crease from low to high value of the conductive net-
work.9 This phase transition from respective small
isolated cluster to infinite interconnected network is
referred to as percolation transition.10

ZnO is a semiconducting oxide with a wide and
direct bandgap of 3.4 eV and a large exciton binding
energy of 60 meV.11 Accordingly, ZnO is an important
electronic and photonic material for UV light-emitters,
varistors, gas sensors, acoustic wave devices, etc.12–14

Recently, ZnO nanoparticles have attracted consider-
able attention because of the unique physical proper-
ties and their potential applications in nanodevices.
Several studies have been conducted on the synthesis
and the structure–property of ZnO nanoparticles.15–17

Semiconductor nanoparticles embedded in a polymer
matrix have recently been considered as biosensors for
the detection of species in biofluids.18 The synthesis,
morphology, and optical properties of ZnO particle-
polymer thin films have also been reported more re-
cently. These nanocomposite hybrid films were pre-
pared via polymerization reactions.19,20 In practices, it
is cost effective to prepare large volume nanocompos-
ites by melt blending process.

Crystallization behavior of polymers and their com-
posites play a crucial role on morphologies and the
resulting properties to some extent.21–24 Crystalliza-
tion is regarded as a naturally self-assembly process.25

In the process, the filler particles and other impurities
in the composites are rejected from the crystal phase
and incorporated into the amorphous region.24 Re-
cently, Zheng et al. investigated the structure and
morphology of the polyamide-6/ZnO nanocompos-
ites. They reported that the ZnO nanoparticles can
induce the crystallization of the �-crystalline form
PA-6 from the melt and during the annealing of the
amorphous solid.26

In this article, low density polyethylene (LDPE)/
ZnO nanocomposites are prepared by melt com-
pounding and the effect of thermal treatments on their
electrical properties is investigated. The structure–
property relationship of such nanocomposites is dis-
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cussed. The dependence of electrical properties of the
LDPE/ZnO nanocomposites on thermal treatments is
related to crystallization of the nanocomposites.

EXPERIMENTAL

Sample preparation

LDPE/ZnO composites were prepared by melt-blend-
ing commercial LDPE with ZnO particles in a Bra-
bender mixer. The LDPE (Cosmothene LDPE G812)
with a density of 0.917 g cm�3 was supplied by Poly-
olefin, Singapore. The melt-flow index of LDPE (2.16
kg, 190°C) was 35 g (10 min)�1. No additives were
added in LDPE. ZnO nanoparticles of �200 nm with
99.9% purity were supplied by Nanostructured and
Amorphous Materials (Los Alamos, NM). To disperse
the ZnO particles into the polymer matrix more uni-
formly and to avoid thermal degradation of the poly-
mer matrix, the mixing time was set to 15 min at
120°C. The blended mixtures were then hot pressed at
200°C under 10 MPa into plates of 1 mm. Disk samples
of 12 mm diameter and 1 mm thickness were punched
from these plates. To avoid the effect of moisture on
electrical properties, all the disk samples were stored
in desiccators prior to electrical properties measure-
ments. Annealing of the samples was performed at a
50°C for 50 h. Quenching was conducted by rapidly
dropping the molten samples (200°C) into ice water.
The cooling rate was estimated exceeds 1000°C min�1.

Electrical properties

Samples for the dielectric and resistivity measure-
ments were coated with silver paint prior to the tests.
Two metallic electrodes were then connected to the
samples using silver wires. The dielectric constant and
resistivity of samples were measured by employing an
impedance analyzer (Agilent model 4294) in the fre-
quency range of 40–107 Hz at room temperature.

X-ray diffraction

X-ray diffraction (XRD) measurements were per-
formed with a Philip X’pert diffractometer equipped
with Ni-filtered Cu K� radiation, having a wavelength
of 0.154 nm. The diffractometer was scanned in 2�
range of 5–40 ° and the scanning rate used was 1.2°
min�1.

Differential scanning calorimetry

Melting behavior of LDPE/ZnO nanocomposites was
investigated with a TA Instruments DSC (model 2910)
under a nitrogen atmosphere. The LDPE/ZnO nano-
composites (about 5 mg) were sealed in aluminum
pans. The samples were heated to 180°C at a rate of

10°C/min. The change of heat flow versus time was
recorded.

Polarizing optical microscopy

The crystalline morphology of LDPE and its nanocom-
posites was observed with a polarizing optical micro-
scope (Olympus BH2-UMA) equipped with a camera
(Olympus DP 11). The samples were sandwiched be-
tween two microscopic glass slides and then mounted
on a hot stage. They were held at 200°C for 5 min to
eliminate thermal history and pressed into thin film of
�0.1 mm thickness and slowly cooled to room tem-
perature.

Scanning electron microscopy

The microstructure of samples was examined by scan-
ning electron microscopy (SEM, JEOL JSM model 820).
The samples for SEM examination were fractured in
liquid nitrogen. They were coated with a thin layer of
gold prior to SEM observation.

RESULTS AND DISCUSSION

XRD technique is a powerful method to determine the
structure of LDPE/ZnO nanocomposites. Figure 1
shows the XRD curves of as-prepared LDPE/ZnO
nanocomposites. The XRD patterns of LDPE and its
nanocomposites show two distinct (110) and (200) re-
flection peaks associated with the orthorhombic struc-
ture of LDPE. A broad shoulder located at �19.3 ° is
observed next to the (110) peak. The crystalline peaks
of polyethylene can be discerned from the amorphous
region by the deconvolution profile fitting. Figure 2
shows the representative profile fitting curve for the
XRD pattern of LDPE/ZnO nanocomposite. From Fig-

Figure 1 XRD patterns of as-prepared LDPE/ZnO nano-
composites.
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ure 2, some parameters such as full width at half
maximum (FWHM) and degree of crystallinity can be
obtained. FWHM of crystalline peaks such as (110)
and (200) of polyethylene, i.e., FWHM (110) and
FWHM (200), can be employed to describe the perfect-
ness of polyethylene crystals in LDPE/ZnO nanocom-
posites. Figures 3(a) and 3(b) show the variation of
FWHM (110) and FWHM (200) of LDPE/ZnO nano-
composites with ZnO volume content, respectively. It
is observed that FWHM (110) and FWHM (200) of
as-prepared LDPE/ZnO nanocomposites increase
slightly with the increase of ZnO content, respectively,
showing that polyethylene crystals become less per-
fect as the ZnO content increases. Comparing with the
FWHM (110) and FWHM (200) of as-prepared LDPE/
ZnO nanocomposites, the quenched LDPE/ZnO
nanocomposites exhibit higher FWHM (110) and
FWHM (200), while the annealed samples show lower
FWHM (110) and FWHM (200), indicating that the
annealed LDPE/ZnO nanocomposites possess more
perfect crystals than the quenched samples.

The degree of crystallinity (Xc) of polyethylene in
the LDPE/ZnO nanocomposites can be determined
from the integral of crystalline and amorphous peaks
of polyethylene using the following equation.27

Xc �
I110 � 1.46I200

I110 � 1.46I200 � 0.75Ia
� 100% (1)

where I110, I200, and Ia are the integral area of (110) and
(200) crystal planes as well as the amorphous region of
polyethylene, respectively. The degree of crystallinity
of the as-prepared, annealed, and quenched LDPE/
ZnO nanocomposites versus ZnO content is shown in
Figure 3(c). It is apparent that the Xc of polyethylene in
LDPE/ZnO nanocomposites decreases slightly with
increasing ZnO content. It is observed that the Xc of

Figure 3 (a) FWHM (110), (b) FWHM (200) crystalline
peaks, and (c) degree of crystallinity versus ZnO content for
the LDPE/ZnO nanocomposites.Figure 2 Reprensentative profile fitting for the XRD pat-

tern of LDPE/ZnO nanocomposites.
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LDPE/ZnO nanocomposites is greatly affected by the
thermal treatments. Comparing with the Xc of as-
prepared LDPE/ZnO nanocomposites, quenched
LDPE/ZnO nanocomposites exhibits lower Xc, but
annealed LDPE/ZnO nanocomposites yields higher
Xc. This is attributed to the annealed nanocomposites
having more perfect crystals than the quenched sam-
ples.

For the purpose of comparison, the degree of crys-
tallinity is also determined from differential scanning
calorimetry (DSC) measurements. Figure 4 shows typ-
ical DSC scans for the as-prepared, annealed, and
quenched LDPE/8.6 vol % ZnO nanocomposites spec-
imens. The Xc of these samples can be determined
using the following equation:

Xc �
�Hf

�Hf
0 �1 � w�

� 100% (2)

where �Hf is fusion enthalpy (J/g), �Hf
0 is fusion

enthalpy of ideal PE crystals, being 295.8 J g�1, and w
is weight fraction of ZnO particles. The DSC results of
the specimens investigated are presented in Figure 5.
Comparing with Figure 3(c), it is apparent that the Xc

values determined from DSC measurement are lower
than those determined from the XRD technique. This
is because the Xc value is strongly dependent on the
measurement methodology. For instance, the ordered
structure of PE crystals detected by the XRD instru-
ment would not contribute to the fusion enthalpy in
DSC scan.

Polarizing optical microscope is used to observe the
spherulite morphology of LDPE and LDPE/8.6 vol %
ZnO nanocomposite. Figure 6(a) shows the POM mi-
crograph of pure LDPE. Perfect banded spherulites of

LDPE resulted from periodic folding of crystalline
lamellar is observed. The size of LDPE spherulites
becomes smaller for LDPE/8.6 vol % ZnO nanocom-
posites as expected [Fig. 6(b)]. Annealing the LDPE/
8.6 vol % ZnO nanocomposite leads to compacted
spherulite morphology [Fig. 6(c)]. In contrast, spheru-
lite structure is obscured in quenched LDPE/8.6 vol %
ZnO nanocomposite [Fig. 6(d)], indicating that the
crystal structure of quenched LDPE/8.6 vol % ZnO
nanocomposites is less perfect.

Figure 7 shows the dielectric constant of as-pre-
pared and thermally treated LDPE/ZnO nanocom-
posites as a function of ZnO content. For as-prepared
LDPE/ZnO nanocomposites, the dielectric constant
increases gradually with increasing ZnO content up to
60 vol %. There is no abrupt increase in the dielectric
constant with ZnO content, known as percolation phe-
nomenon, occurs for these composites even when ZnO
volume fraction reaches 60 vol %. This is possibly due
to the low dielectric property of ZnO (static dielectric
constant of ZnO is about 8.7). This behavior is very
different from that observed in polymer/high dielec-
tric filler (such as carbon nanotube) composite in
which percolation threshold exist.3 In most polymer/
filler composites, cluster structure is formed resulting
from the agglomeration of filler particles at percola-
tion threshold. Such a structure is favorable for the
formation of filler cluster at relatively lower filler vol-
ume fraction.10 From this, it becomes apparent that the
fillers of LDPE/ZnO nanocomposites containing
lower ZnO volume content are dispersed as isolated
particles in the matrix rather than agglomeration of
clusters. Figure 8(a) shows a typical SEM micrograph
of the cryogenic fracture surface of the as-prepared
LDPE/20 vol % ZnO nanocomposite. ZnO particles
are observed as white particles dispersed throughout
the matrix of the nanocomposite. A higher magnifica-

Figure 4 DSC curves of LDPE and LDPE/8.6 vol % ZnO
nanocomposites. (a) neat LDPE, (b) annealed, (c) as-pre-
pared, and (d) quenched LDPE/8.6 vol % ZnO nanocom-
posite specimens.

Figure 5 Degree of crystallinity versus ZnO content for the
LDPE/ZnO nanocomposites determined from DSC mea-
surements.
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tion SEM reveals that ZnO particles are indeed dis-
persed as discrete particles in the polymer matrix [Fig.
8(b)].

From Figure 7, it can also be seen that thermal
treatments have a profound effect on the dielectric
constant of LPDE/ZnO nanocomposites. Annealed
LDPE/ZnO nanocomposites exhibit higher, but
quenched samples show lower dielectric constant. It is
known that the electrical properties of crystalline
polymers are greatly affected by their morphology,
which is related to the thermal treatment process in
turn.24 Annealing LDPE/ZnO nanocomposites allows
the polyethylene segments to have more time to fold
into the crystalline lamellae, resulting in more perfect
crystal structure. During crystallization process of
polyethylene, ZnO particles, uncrystallizable macro-
molecuar chains, and other impurities (such as ionic
species due to remaining catalyst, additives, etc.) are

Figure 6 Polarizing optical micrographs of (a) neat LDPE, (b) as-prepared LDPE/8.6 vol % ZnO nanocomposites, (c)
annealed LDPE/8.6 vol % ZnO nanocomposite samples, and (d) quenched LDPE/8.6 vol % ZnO nanocomposites specimens.

Figure 7 Plots of dielectric constant of as-prepared, an-
nealed, and quenched LDPE/ZnO nanocomposites versus
ZnO volume content.
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rejected out of the crystalline structure, and finally
incorporated into the amorphous region near the
spherulites. This favors formation of the ZnO clusters
and thereby promoting higher dielectric constant. For
the quenched LDPE/ZnO nanocomposites, polyethyl-
ene segment has little time to fold into crystalline
lamellae. The degree of crystallinity of quenched
LDPE/ZnO nanocomposites is reduced, and the di-
electric constant becomes smaller accordingly. More
interestingly, the effect of thermal treatments on the
dielectric constant of LDPE/ZnO nanocomposites is
more pronounced at lower ZnO loading (�36 vol %).
At high ZnO loading (�40 vol %), the respective poly-
ethylene content in LDPE/ZnO nanocomposites is rel-
atively reduced and the effects of thermal treatments
and crystallization of polyethylene on the dielectric
constant diminish.

Resistance is another crucial parameter for the ap-
plication of polymeric composites in electronic indus-
tries. Figure 9(a) shows the resistivity at lower fre-

quency region (50 Hz) of as-prepared, annealed, and
quenched LDPE/ZnO nanocomposites, �, as a func-
tion of ZnO volume content. For as-prepared LDPE/
ZnO nanocomposites, the resistivity remains un-

Figure 8 (a) Low and (b) high magnification SEM micro-
graphs of cryogenic fracture surfaces of as-prepared
LDPE/20 vol % ZnO nanocomposite.

Figure 9 Plots of resistivity at lower frequency (50 Hz) of
as-prepared, annealed, and quenched LDPE/ZnO nanocom-
posites versus (a) ZnO volume content, (b) V�1/3, and (c)
interparticle distance.
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changed with the additions of ZnO up to 2.8 vol %,
thereafter it decreases slowly with increasing ZnO
content. It is found that thermal treatments exert a
pronounced effect on the resistivity of the nanocom-
posites. Annealed LDPE/ZnO nanocomposites exhibit
lowest resistivity among the samples investigated. The
resistivity begins to decrease at 1.2 vol % ZnO (critical
content) followed by a step-wise decrease with in-
creasing ZnO content. The quenched nanocomposites
show the highest resistivity with ZnO critical content
of 4.6 vol %. The � of as-prepared, annealed, and
quenched LDPE/ZnO nanocomposites as a function
of the (volume fraction)�1/3, i.e., V�1/3, is shown
in Figure 9(b). It can be seen that there exists a lin-
eal relation between log � and V�1/3 for the sam-
ples investigated when ZnO content is larger than
the critical volume fraction, indicating that tunnel-
ing conduction would occur in the nanocomposites
investigated.28,29

From Figure 8, one can see that it is reasonable to
assume that the filler particles are dispersed uniformly
and arranged in a cubic lattice. Thus, ZnO volume
content can be transform to ZnO interparticle distance
using the following equation:30

l � d��	/6V�1/3 � 1	 (3)

where V is the volume fraction of ZnO and d is the
diameter of ZnO particles. Figure 9(c) shows the re-
sisitivity of the investigated nanocomposites, �, as a
function of interparticle distance in lower frequency
region (50 Hz). The interparticle distance for LDPE/
ZnO nanocomposites with 1.2, 2.8, and 4.6 vol % ZnO
is determined to be �590, 400, and 290 nm, respec-
tively. When the interparticle distance between ZnO
particles is lower than the critical distance, conduction
between particles occurs via tunneling and a decrease
in resistivity is produced in lower frequency region.
More interestingly, compared with the critical inter-
particle distance for as-prepared nanocomposites, an-
nealed nanocomposites exhibit larger, but quenched
nanocomposites smaller critical interparticle distance.
It is known that electron can drift more easily in
amorphous phase than in crystalline phase because in
the crystallization process, impurities and uncrystal-
lizable polymer molecules are rejected out of the crys-
talline lamellae and finally compounded in the amor-
phous region. For annealed LDPE/ZnO nanocompos-
ites, more perfect crystalline structure is formed and
impurities concentration in amorphous region is
higher than that of the as-prepared nanocomposites
with the same ZnO loading. Accordingly, conduction
between particles occurs via tunneling at larger inter-
particle distance. However, for quenched LDPE/ZnO
nanocomposites, crystalline structure is less perfect
and impurities concentration in amorphous region is
lower. Accordingly, conduction between particles

only occurs via tunneling at smaller interparticle dis-
tance. Hong et al.6 investigated electrical properties of
LDPE/ZnO nanocomposites. They evaluated the in-
terparticle distance to be �40 nm for LDPE/ZnO com-
posites, which was much smaller than the ones deter-
mined in this article. This difference possibly rises
from difference in purity of LDPE and thermal treat-
ment as well as measurement condition (such as fre-
quency). Yan et al.24 investigated DC conduction of
annealed polyethylene film under high electric field.
They reported that the contact potentials of the metal/
dielectric for polyethylene film decreases from 2.75 to
2.24 eV when the degree of crystallinity (Xc) of poly-
ethylene increases from 52.8 to 68.2%.

In eq. (3), let the interparticle distance, l, to be 0,
which means that filler particles begin to connect to
each other and form a network of filler particles, then
the percolation concentration of filler particles can be
determined to be 52 vol %. This means that when ZnO
volume concentration approaches 52 vol %, a transi-
tion from isolated ZnO particles to network will occur.
Figure 10 shows the SEM micrograph of cryogenic
fracture surface of LDPE/60 vol % ZnO nanocompos-
ites. Compact ZnO particle network can be readily
seen throughout entire fracture surface. This indicates
that ZnO particles have indeed connected each other
at 60 vol % ZnO concentration. Owing to the low
dielectric property of ZnO particle, there is no sharp
increase in dielectric constant in the composites even
when the ZnO content reaches 60 vol % (Fig. 7).

The dielectric properties of heterogeneous poly-
mer/filler composites are well recognized to be de-
pendent on frequency.2–5,7,8 Figure 11 shows the de-
pendence of dielectric constant on frequency of the
quenched and annealed LDPE/ZnO nanocomposites
in the range of 102–107 Hz. The dielectric constant of
neat LDPE and the quenched nanocomposites with
low ZnO volume content is independent of frequency.

Figure 10 SEM micrograph of cryogenic fracture surfaces
of as-prepared LDPE/60 vol % ZnO nanocomposite.
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As the ZnO volume content reaches 60 vol %, a de-
pendence of the dielectric constant on frequency is
observed, particularly at lower frequency regime
(�104 Hz). Compared with the quenched nanocom-
posites, the frequency dependence of dielectric con-
stant for annealed nanocomposites is more pro-
nounced. From the above analysis, it appears that for
LDPE/ZnO nanocomposite with 60 vol % ZnO con-
tent, ZnO particles have connected to each other and
then formed a network throughout the nanocompos-
ites.

It is considered that the frequency dependence of
the dielectric constant of the composites at low fre-
quency regime (�104 Hz) arises from the interfacial
polarization or commonly referred to as MWS-polar-
ization. For the quenched nanocomposites containing
less than 52 vol % ZnO, the ZnO particles having the
polymer/ZnO interface are dispersed independently
within the LDPE matrix. As the ZnO content reaches
52 vol %, the nanoparticles begin to link together to
form a network, thereby forming the ZnO/ZnO inter-
face. The transition from the polymer/ZnO to ZnO/
ZnO interface contributes to a pronounced frequency

dependence of the dielectric constant at low frequency
regime. The ZnO/ZnO interfacial dipole moments are
considered to derive from the electrons that are
trapped at the ZnO/ZnO interface.7 Compared with
the quenched nanocomposites, annealed nanocom-
posites exhibit perfect crystal structure. Impurity con-
centration at the polymer/ZnO or ZnO/ZnO interface
is higher than that of the quenched nanocomposites.24

Consequently, a pronounced frequency dependence
of dielectric constant is yielded for the annealed nano-
composites.

Figure 12 shows the frequency dependence of resis-
tivity of quenched and annealed LDPE/ZnO nano-
composites in frequency range of 40–107 Hz. Resistiv-
ity of the quenched nanocomposites decreases almost
linearly with frequency. And the resisitivity of the
nanocomposite with 60 vol % ZnO is an order of
magnitude smaller than that of LDPE. A similar be-
havior is observed in the annealed nanocomposites in
which the resistivity of LDPE/60 vol % ZnO nano-
composites is an order magnitude smaller than that of
LDPE.

Figure 11 Plots of dielectric constant versus frequency for
(a) quenched LDPE/ZnO nanocomposites and (b) annealed
LDPE/ZnO nanocomposites.

Figure 12 Plots of resistivity versus frequency for (a)
quenched LDPE/ZnO nanocomposites and (b) annealed
LDPE/ZnO nanocomposites.
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CONCLUSIONS

Electrical properties of LDPE/ZnO nanocomposites
depend greatly on the thermal treatment processes.
The degree of crystallinity of annealed LDPE/ZnO
nanocomposites is higher than that of the as-prepared
and quenched specimens because of the formation of
more perfect crystals during annealing. The dielectric
constant of annealed LDPE/ZnO nanocomposites ex-
hibit higher dielectric constant but lower resistivity
compared with those of quenched LDPE/ZnO nano-
composites at various ZnO volume content. Moreover,
there is no abrupt increase in the dielectric constant
with ZnO content for the as-prepared, annealed, and
quenched LDPE/ZnO nanocomposites. This implies
that the percolation effect is not observed for the spec-
imens investigated. The resistivity of LDPE/ZnO
nanocomposites tends to decrease when the interpar-
ticle distance is smaller than the critical value because
of the tunneling conduction between adjacent ZnO
particles. Comparing with the critical interparticle of
as-prepared LDPE/ZnO nanocomposites, annealed
LDPE/ZnO nanocomposites exhibit larger, but
quenched samples show smaller critical interparticle
distance. Finally, the frequency dependence of dielec-
tric constant is much pronounced for both the an-
nealed and quenched LDPE/ZnO nanocomposites as
the ZnO volume content reaches 52 vol %, associated
with the formation of ZnO network.
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