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ABSTRACT: The nonisothermal crystallization of low-
density polyethylene inside percolating network of ZnO
nanoparticles (LDPE/60 vol % ZnO) was investigated via
differential scanning calorimetry (DSC), and compared to
that of LDPE bulk (pristine LDPE and LDPE/1.15 vol %
ZnO). The results revealed that crystallization behavior of
LDPE inside ZnO percolating network was quite different
from that of LDPE bulk. The former showed � 4�C higher
crystallization onset temperatures contrasting to the latter,
demonstrating nucleation effect of ZnO on LDPE crystalli-
zation. On the other hand, much longer half-crystallization
times were observed for the former, illustrating that crys-
tallization of LDPE is retarded by the continuous ZnO net-

work to some extent. Moreover, LDPE embedded inside
ZnO network has by far larger crystallization activation
energy and smaller specific free energy of the folding sur-
face in contrast to LDPE bulk. Finally, nonisothermal crys-
tallization kinetics study illustrated that both modified
Avrami and Liu methods could be used to describe satis-
factorily nonisothermal crystallization kinetics for all the
samples investigated. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 125: E113–E121, 2012
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INTRODUCTION

Investigation of crystallization behavior of crystalline
polymers is of great importance from both academic
and technological aspects as physical properties and
mechanical performances of crystalline polymers are
strongly dependent on their crystalline structures,
which are dictated with crystallization kinetics.1–8

Crystallization of polymers can be investigated by
means of isothermal and nonisothermal studies. As
most of fabrication processes for polymeric materials
such as injection and extrusion molding are con-
ducted under nonisothermal condition, investigation
of nonisothermal crystallization behavior is of pro-
nounced significance from technological viewpoint.
Moreover, in contrast to isothermal crystallization,
nonisothermal crystallization is carried out over
broad temperature range, which allows understand-
ing the overall crystallization behavior during
solidification of polymers. Up to now, researchers

have developed theoretical and experimental ap-
proaches for investigating nonisothermal crystalliza-
tion behavior of polymers, and nonisothermal study
has become an important tool to optimize the oper-
ating condition in polymer processing.9–11

Polymer composites consisting of inorganic fillers
and polymeric matrices are regarded as a catalogue
of promising materials due to cost-efficiency,
superior mechanical properties, excellent chemical
resistance, and so on.12–23 The filler particles are uni-
formly dispersed assumedly through polymer matrix
at low filler loading. As increasing filler content,
filler particles begin to link together to form clusters.
Further increasing filler content leads to the forma-
tion of infinite network of filler particles. Such geo-
metric phase transition from isolated filler particles
into interconnected infinite network is referred as
percolation transition, which is accompanied with a
sharp change in physical properties such as electrical
resistivity.24 In a percolating system, filler particles
form continuous phase and polymers are located
inside interconnected filler network.
Nonisothermal crystallization behavior of crystal-

line polymers reinforced with inorganic fillers has
been widely investigated so far.25–34 In the presence
of fillers with high surface energy and aspect ratio,
crystallization of polymers is pronouncedly expe-
dited as the fillers tend to absorb polymer segments

Correspondence to: G.-D. Liang (lgdong@mail.sysu.edu.
cn).

Contract grant sponsor: National Natural Science
Foundation of China; contract grant number: 21074151.

Journal of Applied Polymer Science, Vol. 125, E113–E121 (2012)
VC 2011 Wiley Periodicals, Inc.



to induce nuclei formation upon crystallization.
Most of studies focused on the polymeric composites
at low filler loading where filler particles were dis-
tributed in continuous polymers matrices. However,
crystallization behavior of crystalline polymers
inside percolating systems is rarely reported. In such
a system, polymer segments are restrained inside
percolating network. Both nuclei formation and crys-
tal growth that dominate crystallization kinetics are
affected by the geometric confinements. As a result,
totally different crystallization behavior is antici-
pated in contrast to polymer bulk.

In a previous work,35,36 we found that as ZnO
content approached 52 vol %, ZnO particles began
to connect each other to form percolating network,
which provides a novel surrounding for investigat-
ing crystallization behavior of polymers under con-
finements. In the present work, we report the noni-
sothermal crystallization kinetics of low-density
polyethylene (LDPE) embedded inside the percolat-
ing network of ZnO nanoparticles. The results reveal
that crystallization behavior of the LDPE inside ZnO
network is noticeably different contrasting with
LDPE bulk.

EXPERIMENTAL

Preparation

LDPE/ZnO nanocomposites were prepared by melt
compounding commercial LDPE pellets (LDPE, Mw

¼ 50,000 g/mol) with ZnO particles in a Brabender
mixer. ZnO nanoparticles of � 200 nm were sup-
plied by Nanostructrued and Amorphous Materials.
To avoid thermal degradation of the polymer matrix,
the mixing time was set to 15 min at 180�C.

Scanning electron microscopy

Morphologies of LDPE/1.15 vol % ZnO and LDPE/
60 vol % ZnO composites were examined with a
JEOL JSM 820 SEM. The specimens were fractured
with a hammer in liquid nitrogen, followed by
drying at 40�C under reduced pressure overnight
and coated with a thin gold layer before SEM
observation.

Differential scanning calorimetry

Nonisothermal crystallization behavior of LDPE/
ZnO nanocomposites was investigated with a TA
Instruments differential scanning calorimetry (DSC)
(model 2910) under nitrogen atmosphere. Tempera-
ture was calibrated with indium before testing. The
LDPE/ZnO nanocomposites (about 5 mg) were
sealed in aluminum pans. The samples were held
at 180�C for 5 min to eliminate previous thermal

history and cooled to room temperature at the pre-
scribed rates (such as 2, 5, 10, and 20�C min�1), fol-
lowed by heating to 180�C at a rate of 10�C min�1.

RESULTS AND DISCUSSION

Morphology

Figure 1 shows SEM images of LDPE/ZnO compo-
sites. ZnO particles are recognized as bright dots in
SEM images. It is obvious that fracture surface em-
bedded with separate ZnO particles (or clusters)
is observed for LDPE/1.15 vol % ZnO. While
LDPE/60 vol % ZnO exhibits much rough fracture
surface consisting of concaves formed by pulling
out of ZnO nanoparticles. Such impacted concaves
implies that ZnO particles are closely packed in
LDPE/60 vol % ZnO and that LDPE is embedded
inside ZnO network.35,36

Crystallization behavior

Figure 2 shows the nonisothermal crystallization
DSC traces of LDPE/60 vol % ZnO at various

Figure 1 SEM images of LDPE/1.15 vol % ZnO (a) and
LDPE/60 vol % ZnO (b).
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cooling rates. For the purpose of comparison, the
curves of LDPE bulk (including pristine LDPE and
LDPE/1.15 vol % ZnO) are also presented. The DSC
traces at cooling rate of 10�C/min for LDPE and its
composites are compiled in Figure 3. A distinct exo-
thermic peak is observed for LDPE bulk, while
LDPE/60 vol % ZnO exhibits a broad peak, indicat-
ing crystallization of LDPE/60 vol % ZnO is re-
tarded to some degree. The values of crystallization
onset temperature (Tonset), crystallization peak tem-
perature (Tp), and Tonset � Tp of the samples investi-
gated are summarized in Figure 4 and Table I. It is
found that contrasting with pristine LDPE, LDPE/60
vol % ZnO possesses � 4�C higher crystallization
onset temperatures, indicating nucleation effect of
ZnO on LDPE crystallization. Moreover, LDPE/60
vol % ZnO exhibits higher Tp at decreased cooling
rates, while lower Tp is observed at higher cooling
rates in contrast to LDPE bulk. As crystallizing at
lower cooling rates, LDPE/60 vol % ZnO is kept at
elevated temperatures for longer time, where

Figure 2 Nonisothermal crystallization DSC traces of pristine LDPE and its nanocomposites at various cooling rates.

Figure 3 Comparison of DSC traces of LDPE and its
nanocomposites at the cooling rate of 10�C/min.
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crystallization is dominated by nucleation process.
Strong nucleation effect of ZnO on LDPE leads to
higher Tp for LDPE/60 vol % ZnO. In contrast,
LDPE/60 vol % ZnO remains at lower temperatures
for longer time as crystallizing at higher cooling
rates, where crystallization is controlled by crystal
growth. In LDPE/60 vol % ZnO, PE crystals grow
inside ZnO network, resulting in low Tp (need larger
supercooling). The value of Tonset � Tp accounts for

crystallization rate to some extent. The values of Ton-

set � Tp of LDPE/60 vol % ZnO are much higher
than the counterpart of neat LDPE, demonstrating
lower overall crystallization rate.
Crystallization temperature in Figure 2 can be

transferred into crystallization time t using t ¼ (T0 �
T)// (T is the temperature at crystallization time t
and / is the cooling rate). The relative degree of
crystallinity, X(t), as a function of crystallization
time t is defined as:

XðtÞ ¼
Z t

0

ðdH=dtÞdt=
Z 1

0

ðdH=dtÞdt (1)

where t0 and t1 are the initial and infinite crystalliza-
tion time respectively. Plots of X(t) against t are
shown in Figure 5, and Figure 6 summarizes half-
crystallization time (t1/2) at various cooling rates for
the samples investigated. It is found that LDPE/60
vol % ZnO shows by far larger t1/2 value than that of
LDPE bulk at each cooling rate, revealing that crystal-
lization of the former is much slower than the latter.

Nonisothermal crystallization kinetics

Avrami equation modified by Jeziorny is used to
analyze nonisothermal crystallization behavior of
LDPE and its composites37,38:

1� XðtÞ ¼ expð�Ztt
nÞ (2)

ln½� lnð1� XðtÞÞ� ¼ lnZt þ n ln t (3)

where the exponent n is a mechanism constant
depending on the type of nucleation and growth
dimension, and Zt is a composite rate constant relat-
ing to both nucleation and growth rate parameters.
The exponent n is obtained from the slope of the
straight regime of plots of [�ln(1 � X(t))] against ln
t and tabulated in Figure 7 and Table I. It is found
that the n values of LDPE bulk (LDPE and LDPE/

Figure 4 The values of Tonset, Tp, and Tonset—Tp of pris-
tine LDPE and its composites at various cooling rates.

TABLE I
Nonisothermal Crystallization Parameters for Pristine LDPE and its Composites

Sample
Cooling rate
(�C min�1) n

Tonset

(�C) Tp (
�C)

t1/2
(min)

Ea

(kJ mol�1)

LDPE 2 2.4 96.0 93.8 1.19 �343.0
5 2.5 93.9 91.3 0.57
10 2.2 92.1 89.2 0.38
20 2.1 89.8 86.3 0.26

LDPE/1.15 vol % ZnO 2 2.3 96.9 94.5 1.26 �330.9
5 2.4 94.8 92.2 0.61
10 2.4 92.8 90.0 0.37
20 2.3 90.3 86.7 0.29

LDPE/60 vol % ZnO 2 1.6 100.3 95.1 3.80 �215.7
5 1.7 98.4 92.2 1.92
10 1.8 96.5 89.0 1.11
20 1.8 93.4 83.5 0.76
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1.15 vol % ZnO) vary in range of 2.1–2.5, while a
smaller n values ranging in 1.6–1.8 are observed for
LDPE/60 vol % ZnO, indicating that PE crystalliza-
tion in LDPE/60 vol % ZnO is confined to some
extent, although it is realized that the exponent n
has not same physical meaning as that in isothermal
crystallization.

Assuming nonisothermal crystallization process con-
sists of infinitesimal small isothermal crystallization
steps, Ozawa deduced Avrami equation to give39:

1� XðTÞ ¼ exp½�KðTÞ=/m� (4)

ln½� lnð1� XðTÞÞ� ¼ lnKðTÞ �m ln/� (5)

where X(T) is the relative degree of crystallinity at
temperature T, K(T) is the cooling crystallization func-
tion, and m is the Ozawa exponent and related to the
mechanism of nucleation and dimension of crystal
growth. If Ozawa equation is valid to describe the
nonisothermal crystallization kinetics, a straight line is
obtained as plotting ln[�ln(1 � X(T))] against ln /;
however, we fail to obtain a good lineal regression.

Figure 5 Plots of relative degree of crystallinity [X(t)] versus time (t) for LDPE and its nanocomposites at various cool-
ing rates.

Figure 6 Comparison of crystallization half time (t1/2) of
LDPE and its nanocomposites.
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Possible reason is that that Ozawa’s theory ignores
secondary crystallization, which occurs frequently at
late stage of crystallization as a matter of fact.

Combing Avrami and Ozawa equations give the
following equation40:

ln/ ¼ ln FðTÞ � a ln t (6)

where F(T) ¼ [K(T)/Zt]
1/mmeans the necessary cool-

ing rate at which the system reaches a certain degree
of crystallinity within a unit crystallization time, and
a is the ratio of Avrami exponent to Ozawa expo-
nent (n/m). The plots of ln /versus ln t of LDPE
and its nanocomposites are shown in Figure 8. It is
apparent that a straight line is obtained for all the
samples investigated. The values of F(T) and a can
be obtained from the intercept and slope of the
straight line and summarized in Table II. It is
obvious that LDPE/60 vol % ZnO has by far larger
F(T) than neat LDPE, showing that LDPE/60 vol %
ZnO needs higher cooling rate to reach a given degree
of crystallinity (larger supercooling), implying that
crystallization of LDPE/60 vol % ZnO is retarded.

The activation energy of crystallization can be
evaluated in terms of Kissinger method41:

d½lnð/=T2
p�

dð1=TpÞ ¼ �Ea

R
(7)

where R is the universal gas constant and Ea is the
activation energy of crystallization. Ea can be
obtained from the slope of plots of ln(//T2

p) versus
1/Tp, as shown in Figure 9. The activation energy of
crystallization of LDPE/60 vol % ZnO is determined
to be �215.7 kJ/mol, much higher than that of LDPE
(�343.0 kJ/mol). In LDPE/60 vol % ZnO, diffusion
of polymer segments to crystallization sites is re-
tarded due to geometric confinements, which leads
to higher activation energy of crystallization.

Nucleation parameter

The spherulitic growth rate G of LDPE and its com-
posites can be analyzed with Lauritzen–Hoffman
equation42:

Figure 7 Plots of ln[�ln(1 – X(t))] versus ln t for pristine LDPE and its nanocomposites.
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G ¼ G0 exp
�U�

RðTc � T1Þ
� �

exp
�Kg

TcDTf

� �
(8)

where Kg is the nucleation parameter, Tc is the crys-
tallization temperature, DT is supercooling and
expressed as T0

m � Tc, f is the correction factor
defined as 2Tc/(T

0
m þ Tc) accounting for the change

in heat of fusion as the temperature is decreased
below T0

m, U* is the activation energy for transport
of macromolecular segments to the crystallization

Figure 8 Plots of ln / versus ln t of LDPE and its nanocomposites at various degree of crystallinity.

TABLE II
F(T) and a for LDPE and its Nanocomposites

Sample X(t) (%) F(T) a

LDPE 20 1.66 1.46
40 2.68 1.59
60 4.24 1.78
80 9.56 2.21

LDPE/1.15 vol % ZnO 20 2.07 1.35
40 3.28 1.43
60 5.21 1.54
80 12.29 1.43

LDPE/60 vol % ZnO 20 6.04 1.26
40 11.52 1.18
60 19.15 1.05
80 29.51 0.96 Figure 9 Plots of ln(//T2

p) versus 1/Tp for LDPE and its
nanocomposites.
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site with a value of 6280 J/mol, R is the universal
gas constant, T0

1 is the hypothetical temperature
where all motion associated with viscous flow
ceases, expressed as Tg � 30 K, being 165 K for poly-
ethylene,43 and G0 is the front constant. In this equa-
tion, the first exponential accounts for the diffusion
contribution to spherulitic growth rate, while the
second one represents the driving force of crystalli-
zation and contains thermodynamic characteristics
such as side and fold surface-free energy.

To determine the spherulitic growth rate in noni-
sothermal crystallization, the Lauritzen–Hoffman
equation was modified by substituting crystallization
temperature (Tc) withT0 � /t to give44:

G ¼ G0 exp
�U�

RððT0 � /tÞ � T1Þ
� �

� exp
�Kg

ðT0 � /tÞðT0
m � ðT0 � /tÞÞf

� �
(9)

f ¼ 2ðT0 � /tÞ
T0
m � ðT0 � /tÞ (10)

where T0 is the initial crystallization temperature.
The spherulitic growth rate G is regarded to be pro-

portional to (t1/2)
�1, and the crystallization time t ¼

t1/2 is used here. When plotting �lnt1/2 þ U*/R((T0

� /t) � T1) against 1/((T0 � /t)(T0
m � (T0 � /t))f,

Kg can be determined from the slope of the lineal
region, as shown in Figure 10. It is apparent from
Figure 10 that all the samples investigated show
crystallization regimes I and II, where the rate of
deposition of secondary nuclei (i) is much smaller
than the rate of the lateral surface spreading (g), and
the former is comparable with the later, respectively.
It is interesting that the transition temperature from
regime I to regime II of LDPE/60 vol % ZnO shifts
to lower temperature when compared with that of
neat LDPE. Although the transition temperature,
which is related to crystallization time [see eq. (9)]
does not have the same meaning as that in isother-
mal crystallization, the lower transition temperature
of LDPE/60 vol % ZnO implies that ZnO network
has more pronounced effect on the formation and
deposition of secondary nuclei. Possible reason is
that geometric confinement of ZnO network on
LDPE segments prevents LDPE from nucleating,
leading to low-deposition rate of secondary nuclei
and resulting lower transition temperature of
LDPE/60 vol % ZnO. Similar results have been
widely reported for confined crystallization of semi-
crystalline polymers in microdomains established by
block copolymers45 or inorganic templates.46

The nucleation parameter Kg is defined as:

Kg ¼ nbrreT
0
m

kDH
(11)

where k is Boltzmann constant (1.38 � 10�23 J/K),
DH is heat of fusion per unit volume with a value of
2.80 � 108 J/m3, T0

m is equivalent melting tempera-
ture (417.7 K), b is the layer thickness perpendicular
to (110) reflection peak (4.11 � 10�10 m), r is the
specific free energy of lateral surfaces (11.8 erg/
cm2).43 re is the specific free energy of the folding
surface. n is related to the growth mechanism of the
molecular layer adsorbed on the larger surface, and
the value depends on the crystallization regime,
being four for regime I and III, and two for regime
II. The values of Kg and re of LDPE and its compo-
sites are summarized in Table III. It is found that the
values of Kg(I)/Kg(II) for the investigated samples

Figure 10 Plots of �lnt1/2 þ U*/R((T0 � /t) � T1)
against 1/((T0 � /t)(T0

m � (T0 � /t))f for pristine LDPE
and its nanocomposites.

TABLE III
Values of Kg, rre, and re for LDPE and its Nanocomposites

Sample

Kg (10
5K2)

Kg(I)/Kg(II)
rre

(erg2 cm�4)
re

(erg cm�2)I II

LDPE 3.79 1.90 2.0 2133 181
LDPE/1.15 vol % ZnO 3.57 1.86 1.9 2009 170
LDPE/60 vol % ZnO 2.64 1.34 2.0 1486 126
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are � 2, as theoretically predicted, showing that the
secondary nucleation theory can be used to analyze
crystal growth of the investigated systems. LDPE/60
vol % ZnO has re of 126 erg/cm2, being 70% of neat
LDPE (181 erg/cm2). The lower re of LDPE/60 vol
% ZnO is likely due to the presence of ZnO around
PE crystals.

CONCLUSIONS

We have investigated nonisothermal crystallization
behavior of LDPE inside ZnO percolating network
(LDPE/60 vol % ZnO) via DSC. The results reveal
that crystallization behavior of LDPE inside ZnO
percolating network is noticeably different from that
of LDPE bulk (pristine LDPE and LDPE/1.15 vol %
ZnO). The former shows � 4�C higher crystallization
onset temperatures contrasting with the latter, dem-
onstrating nucleation effect of ZnO nanoparticles on
LDPE crystallization. On the other hand, much lon-
ger half-crystallization times are observed for the
former, illustrating that crystallization of LDPE
inside ZnO network is retarded. LDPE embedded
inside ZnO network has larger crystallization activa-
tion energy and smaller specific free energy of the
folding surface in contrast to neat LDPE. Noniso-
thermal crystallization kinetics study shows that
both modified Avrami and Liu methods can be used
to describe satisfactorily nonisothermal crystalliza-
tion kinetics of LDPE inside ZnO network.
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