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Abstract

The isothermal crystallization kinetics and morphology development of isotactic polypropylene (iPP) blended with small loading of
nanostructure of polyhedral oligomeric silsesquioxane (POSS) were studied with differential scanning calorimetry (DSC), polarized optical
microscopy (POM), and wide-angle X-ray diffraction (WAXD). The crystallization behaviors of iPP/POSS composites presented an unusual
crystallization behavior during isothermal and nonisothermal crystallization conditions. The exothermic morphologies of isothermal and
nonisothermal crystallization of iPP/POSS composites changed remarkably with increasing POSS. Moreover, the developments of spherulitic
morphology for iPP/POSS composites showed that the major dispersed POSS molecules became nanocrystals first and then aggregated together
forming thread- or network-like morphologies, respectively, depending on POSS content, which was observed. It implies that these major POSS
nanocrystals’ morphologies appeared as an effective nucleating agent and promoted the nucleation rate of iPP, whereas the minor dispersed
POSS molecules that had slight miscibility between iPP retarded the nucleation and growth rates of iPP in the remaining bulk region. Therefore,
the isothermal crystallization showed a single exothermic peak at pure iPP and POSS-1.0, whereas at POSS-2.0 and POSS-3.0, displayed the
multi-exothermic peaks during isothermal crystallization. These faces indicated that POSS molecules were both influence on the transport of iPP
chain in the melted state and on the free-energy of formation the critical nuclei of iPP assisted by the POSS structures were observed. Therefore,
we postulated that the crystallization mechanisms of multi-exothermic peaks in isothermal crystallization may proceed to combine the
‘‘nucleating agent inducing nucleation of iPP event assisted by the POSS domains’’ that the nucleation of iPP does occur preferentially on
the surfaces of the POSS ‘‘threads’’ or ‘‘networks’’ structures, and ‘‘nucleation and growth of iPP in the remaining bulk melted iPP region
retarded by dispersed POSS molecules’’. Therefore, effects of POSS content on the isothermal and nonisothermal crystallization behaviors
of iPP/POSS composites due to the POSS molecules partially miscible with iPP, at very small loading of POSS molecules, promoted or retarded
the rates of nucleation and growth of iPP depending on the POSS content and crystallization temperature were discussed.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well known that isotactic polypropylene (iPP) exhibits
several crystalline forms at different processing conditions.
All these crystal forms are affected not only by molecular
mass and molecular mass distribution of iPP but also by differ-
ent blending compounds and preparation conditions, i.e., iso-
thermal temperature and nucleating agents used. The use of
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nucleating agents in polymers is extensive and becomes an
important process because the control of the crystallization
behavior allows to modify the microstructure that retards or
enhances the physical properties of polymers, such as thermal,
mechanical and so on. However, the physical properties of
polymers are essentially controlled by the adjustment of type
and dispersion of the nucleating agent blended with polymer
matrix. Therefore, the blending with nucleating agents in poly-
mer attracts much interests because the relationship between
the structure of nucleating agents and the physical properties
of polymer matrix is very complicated [1e8].
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Recently, the cage-shaped polyhedral oligomeric silses-
quioxane (POSS) molecules are new classes of nanoparticles
in the polymer science and attract much research groups’ in-
terest. The POSS molecules can be dispersed in many poly-
mers by the adjustment of the functionalized substituents on
the POSS cage through synthetic routes such as copolymeri-
zation and chemical grafting or by physical mixing. Copoly-
merization is an efficient approach to POSS nanocomposites
due to the formation of chemical bonds or chemically linked
between POSS molecules and polymer materials and
enhanced mechanical performance, higher glass transition
temperature and higher thermal decomposition temperature
[9e18]. Compared to the chemically modified POSS nano-
composites, relatively few researchers have studied physi-
cally blended POSS nanocomposites due possibly to the
unfavorable miscibility of POSS with polymer [4e8]. More
recently, Hsiao et al. first studied the crystallization behavior
at quiescent and shear states of iPP/POSS composites. The
octamethyl-POSS was added by melt blending with iPP at
quite large concentrations and the crystallization behavior
was studied by means of DSC and in situ SAXS measure-
ments [4]. They reported that the POSS, acting as a nucleat-
ing agent, was found to influence the quiescent melt
crystallization enhancing or retarding the crystallization pro-
cess, depending on POSS concentration at very large loading
of POSS. Then, they have also investigated the physical ge-
lation in ethyleneepropylene (EP) copolymer melts induced
by POSS molecules. EP/POSS composites were prepared
by melt mixing in a twinscrew microcompounder with EP
copolymers characterized by different ethylene contents and
varying the POSS loadings from 10 to 30 wt% [5]. The re-
sults of WAXD indicated that no molecular dispersion of
POSS cages could be achieved as POSS X-ray pattern was
maintained in the composites. Small-amplitude oscillatory
shear experiments showed that the EP/POSS composites
exhibited a solid-like rheological behavior above melting
compared with the liquid-like behavior in the neat resin.
Moreover, the addition of 10 wt% of POSS was found to
increase considerably the Young’s modulus and the Tg value
as compared to neat EP. More recently, the influence of
functionalization of POSS cages on the iPP/POSS has been
reported by Fina et al. [6]. They indicated that a good disper-
sion of POSS was obtained particularly at low loadings of
POSS with longer organic chains. On the other hand, the
nonisothermal crystallization of HDPE/POSS nanocompo-
sites has been studied by Joshi and Butola [7]. They reported
that the value of Avrami exponent n for HDPE/POSS (90:10)
nanocomposite ranged from 2.5 to 2.9 and its decrease with
increasing cooling rate is caused by spherulitic crystal growth
with heterogeneous nucleation, while simultaneous occurrence
of spherulitic and lamellar crystal growths with heterogeneous
nucleation accounted for lower values of n at higher cooling
rates. However, they indicated that presence of POSS molecules
did not cause significant change in the activation energy for the
transport of polymer segments to the growing crystal surface.
POSS molecules exhibit nucleation activity only at 10 wt%
loading in HDPE and are not effective nuclei at lower loadings.
Therefore, the crystallization behavior and morphology
development of isothermally crystallized iPP/POSS nanocom-
posites, at very small loading of POSS, as a function of POSS
content have been reported recently [8]. We indicated higher
Tg and lower E0 of iPP/POSS nanocomposites than that of
the pure iPP, moreover, the thermal properties, such as Tm

m

and Tm
rm, of iPP/POSS nanocomposites slightly decreased,

while DHf
m, DHf

rm and crystallization ability of iPP/POSS
nanocomposites increased with POSS. The morphologies indi-
cated that the POSS molecules became about 35 nm nanocrys-
tals and aggregated to form thread-like and network structure
morphologies, respectively, in molten state of iPP at very
small loading of POSS. Therefore, influences of the POSS
molecules on the isothermal crystallization behavior and crys-
tallization kinetics of the iPP/POSS composites, especially at
very small loading of POSS molecules, are still a question
unresolved.

In the present article, the isothermal and nonisothermal
crystallization behaviors of physically blended iPP/POSS
composites were studied with differential scanning calorime-
try (DSC), wide-angle X-ray diffraction (WAXD), and polar-
ized optical microscopic (POM) techniques. The aim of this
article is to compare the isothermal and nonisothermal crystal-
lization behaviors of iPP/POSS composites at very small load-
ings of POSS. The Avrami equation is used for the analysis
of the isothermal crystallization kinetics of pure iPP and
iPP/POSS composites. DSC thermograms provided the neces-
sary crystallization kinetics data and POM observation is also
made to measure the relationship between the POSS contents
and the spherulitic morphology of iPP/POSS composites.

2. Experimental

2.1. Materials and blend preparation

The isotactic polypropylene with a weight-average molecu-
lar weight of Mw¼ 3.4� 105 g mol�1 and POSS nanorein-
forced polypropylene containing 10 wt% octamethyl-POSS
were purchased from Aldrich Chemical. In this study, the cho-
sen POSS molecules have an empirical formula (RSiO1.5)8,
where R group was substituted with methyl. Melt-blended
specimens of these materials with various compositions were
prepared by a twinscrew apparatus (MP2015 APV Chemical
Machinery Co. Ltd, U.S.A.) at 230 �C. The mixing ratios of
POSS molecules in iPP matrixes were 0, 0.5, 1.0, 2.0, and
3.0 wt%/wt% and defined these composites as pure iPP,
POSS-0.5, POSS-1.0, POSS-2.0, and POSS-3.0. The thermal
properties of iPP/POSS composites used in this study are
compiled in Table 1.

The compression-molded films were prepared by melt
pressing of iPP/POSS composites for a molding of 120�
120� 1 mm3. All samples were molten at 230 �C and held
at this temperature for 10 min to allow complete melting,
and then these iPP blends’ mold was taken out and immedi-
ately submerged in a temperature controlled compression
molding machine at different crystallization temperatures,
Tc, with the temperature intervals of 3 �C from 115 to
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135 �C, under a pressure of 50 kg cm�2, where it was still
placed between the two steel platens and held for 120 min
for necessary isothermal crystallization.

2.2. Measurements

2.2.1. Thermal properties of iPP/POSS composites
The thermal properties of iPP/POSS composites were deter-

mined with a PerkineElmer PYRIS Diamond DSC with an
intra-cooler at lowermost temperature of about �65 �C. About
5 mg of samples were cut from the isothermally crystallized
iPP/POSS composites, put into the sample pan, heated to
230 �C in the furnace in a nitrogen atmosphere at a rate of
10 �C min�1 and the melting thermogram was measured.
The temperature and area of the endothermic curve were taken
as the melting temperature, Tm, and the heat of fusion, DHf,
respectively. When temperature reaches 230 �C, samples
were maintained for 10 min in order to eliminate any previous
thermal history, and followed by a cooling rate of 10 �C min�1

the crystallization thermogram was measured. The tem-
perature and area of the exothermic curve were taken as the
crystallization temperature, Tc, and the latent heat of crystalli-
zation, DHc, respectively. These thermal properties results are
also shown in Table 1.

2.2.2. Dynamic crystallization kinetics of iPP/POSS
composites

Dynamic crystallization kinetics of iPP/POSS nanocompo-
sites were also carried out with PYRIS Diamond DSC. About
7 mg of isothermally crystallized samples were sealed in
aluminum pans and melted in the furnace in a nitrogen atmo-
sphere at 230 �C for 10 min in order to eliminate any previous
thermal history and then they were rapidly quenched to
desired crystallization temperature, Tc at a cooling rate of
400 �C min�1 and maintained at this temperature during the
time necessary for isothermal crystallization process.

2.2.3. WAXD
Wide-angle X-ray diffraction intensity curve of isother-

mally crystallized iPP/POSS nanocomposites was measured
with a graphite-monochromatized Cu Ka radiation generated

Table 1

Thermal properties of iPP/POSS composites studied in this work

Materials Tc
a

(�C)

DHc
a

(J/g)

Tm
b

(�C)

DHf
b

(J/g)

cc,iPP
c

(%)

Tm
o

(�C)

Pure iPP 104.07 �86.39 168.34 87.74 41.94 187.8

POSS-0.5 112.01 �79.87 167.04 81.93 39.16 187.2

POSS-1 112.22 �82.52 166.67 89.84 42.94 185.9

POSS-2 115.05 �83.64 166.67 89.75 42.90 186.6

POSS-3 112.67 �84.64 166.34 91.43 43.71 186.6

a Calculated from crystallization exothermic of DSC cooling trace after

melted.
b Calculated from melting endotherm of DSC heating trace after isothermal

crystallization at 130 �C.
c The crystallinity of iPP calculated from the measured enthalpies of fusion,

DHf, of iPP for iPP/POSS composites after isothermal crystallization at 130 �C
(DHf iPP

o ¼ 209.2 J/g).
at 40 kV and 180 mA in a Rigaku D/Max 2500VL/pc diffrac-
tometer. WAXD intensities were recorded from 2q¼ 5� to 35�

with a continuous scanning speed of 2q¼ 1� min�1 with data
collection at each 0.05� of 2q.

2.2.4. Polarized optical microscopy
Spherulitic morphologies of iPP/POSS nanocomposites

were investigated using a polarized optical microscope of
Zeiss Axioskop-40 with a Linkam-TH600 hot stage. The sam-
ples, inserted between two microscope cover glasses, were
melted at 230 �C and squeezed to obtain thin films. The thin
film samples were inserted in hot stage. Each sample was
heated from 30 to 230 �C at a rate of 20 �C min�1, kept at
this temperature for 10 min to allow complete melting, fol-
lowed by cooling to isothermal crystallization temperature at
a rate of 90 �C min�1 and maintained at this temperature
during the time necessary for isothermal crystallization. The
temperature of hot stage can be kept constant within 0.1 �C
and dry nitrogen gas was purged through the hot stage during
measurement.

3. Results and discussion

3.1. Nonisothermal crystallization behavior of iPP/POSS
composites

Polymer crystallization is usually preceded by homoge-
neous nucleation, heterogeneous nucleation, or self-nucleation
and then by growth of the crystal with crystallization time.
However, a crystallizable polymer, nucleation may caused by
homogeneous or by heterogeneous (impurities, nucleating
agent, or others), which can controls the microstructure and
physical properties of polymer. Therefore, overall crystalliza-
tion behavior of polymers can be analyzed by the observation
of the rates of nucleation and growth or the overall rate of
crystallization of polymers which can forecast relationship be-
tween the microstructures and preparation conditions of the
polymers. Thus, Fig. 1 shows the nonisothermal crystallization
behavior of iPP/POSS composites as a function of POSS con-
tent at cooling trace of DSC. For pure iPP, it shows a higher-
temperature shoulder in front of the main exothermic peak. In
contrast, all iPP/POSS composites only show a single exother-
mic peak and increase in the crystallization temperature, at
very small loading of POSS, with increasing POSS was ob-
served. Both the latent heat of crystallization, DHc, and crys-
tallization temperature, Tc, of iPP/POSS composites increase
evidently with increasing POSS. Moreover, the time needed
to reach the maximum of exothermic peak during nonisother-
mal crystallization, tuni

em , decreases remarkably with increasing
POSS at cooling trace. However, the exothermic peak corre-
sponds with both rates of nucleation and growth of iPP/
POSS composites during nonisothermal crystallization. The
higher-temperature shoulder in front of the main exothermic
peak of pure iPP indicates a homogeneous nucleation process,
whereas all iPP/POSS composites show a heterogeneous nu-
cleation process implying that the POSS molecules essentially
act as an effective nucleating agent for iPP matrix and promote
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the crystallization rate of iPP during nonisothermal crystalliza-
tion. Therefore, as POSS molecule was increased, the crystal-
lization behavior of iPP/POSS composites changes remarkably
and increase in Tc with increasing POSS was observed.

3.2. Isothermal crystallization kinetics of iPP/POSS
composites

According to the above results, the effects of POSS content
on the isothermal crystallization kinetics of iPP/POSS com-
posites are very important and still a question unresolved.
Recently, Hsiao et al. reported that the POSS molecules act
as a nucleating agent which enhances or retards the crystal-
lization process, depending on quite large loading of POSS
concentration [4]. On the other hand, the value of Avrami
exponent n for HDPE/POSS (90/10) nanocomposite ranged
from 2.5 to 2.9 and its decrease with increasing cooling rate
was caused by spherulitic crystal growth with heterogeneous
nucleation, while simultaneous occurrence of spherulitic and
lamellar crystal growths with heterogeneous nucleation ac-
counts for lower values of n at higher cooling rates has been
reported by Joshi and Butola [7]. However, they indicated
that the POSS molecules exhibit nucleation activity only at
10 wt% loading in HDPE and are not effective nuclei at lower
loadings. The effects of small loading of POSS content on the
crystallization behavior and morphology development of iPP/
POSS composites have also been reported recently. We con-
cluded that the interaction between POSS molecules domi-
nated the crystallization/nucleation behavior and aggregated
POSS nanocrystals to form thread-like and network structure
morphologies in molten state of iPP/POSS nanocomposites.
However, the interaction between POSS molecules and iPP
matrix should be increased with increasing chain length of
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Fig. 1. Influence of POSS contents on the nonisothermal crystallization

exotherm of iPP/POSS composites at cooling trace.
functionalized substituents on the POSS cage due to increasing
miscibility between the POSS molecule and iPP, which has
been reported recently [8]. The effects of the POSS content
on the isothermal crystallization behavior of iPP/POSS com-
posites at very small loading of POSS are very interesting
and still a question unresolved. Therefore, in this work, the
effects of POSS content on the isothermal crystallization
behavior of iPP/POSS composites even at very low POSS
content were investigated.

Generally, analysis of the isothermal crystallization kinetics
of polymers and polymer composites was performed using the
classical Avrami equation [19,20] as given in Eq. (1)

1�XðtÞ ¼ exp ð � ktnÞ ð1Þ

where X(t) is the development of crystallinity, Xc, at time t, the
k and n values denote the crystallization rate constant and
the Avrami exponent, respectively. Both k and n depend on the
nucleation and growth mechanisms of spherulites. The fraction
of X(t) is obtained from the area of the exothermic peak of
isothermal crystallization analysis in DSC at a crystallization
time t divided by the total area under the exothermic peak
as shown in Eq. (2)

XðtÞ ¼ XcðtÞ
Xcðt ¼NÞ ¼

Z t

0

ðdH=dtÞdt
Z N

0

ðdH=dtÞdt

¼ 1� exp ð � ktnÞ ð2Þ

where the numerator is the heat generated at time t and the
denominator is the total heat generated up to the complete
crystallization. It should be noted that t is the time spent
during the course of crystallization measured from the onset
of crystallization. In order to deal conveniently with the oper-
ation, Eq. (1) is usually rewritten as double logarithmic form
as follows:

logf� ln½1�XðtÞ�g ¼ log kþ n log t ð3Þ

According to Eq. (3), when plotting log{�ln [l� X(t)]}
against log t, the n and k values could be directly obtained
as the slope and the antilogarithmic value of the y-intercept,
respectively. Based on Eq. (1), if the time the polymer spends
from the beginning of the crystallization process to the time at
which a certain amount of relative crystallinity has been devel-
oped is known, the half-time of crystallization, t1/2, can also be
directly calculated as follows:

t1=2 ¼
�

ln 2

k

�1=n

ð4Þ

In order to analyze the effect of POSS content and Tc on the
isothermal crystallization kinetics of iPP/POSS composites
with Avrami equation, the isothermal crystallization behaviors
for pure iPP, POSS-1.0, POSS-2.0 and POSS-3.0, respectively,
at various crystallization temperatures are presented in Fig. 2.
As result from Fig. 2 indicates that the time to reach the max-
imum of exothermic peak of isothermal crystallization order,
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tiso
em, of iPP/POSS composites decreases as the supercooling

temperature, DT, and POSS content were increased. At the
same isothermal temperature, the tiso

em of almost all iPP/POSS
composites is rapider than that of pure iPP. It is interesting
to note that the isothermal crystallization morphology of
pure iPP and POSS-1.0 shows a single exothermic peak at
all temperatures, comparatively that of POSS-2.0 and POSS-
3.0 show the multi-exothermic peaks’ behaviors at higher Tc.
It indicates that, on comparing pure iPP with iPP-1.0, the crys-
tallization mechanism of pure iPP proceeds mainly via homo-
geneous nucleation mechanism, while that of POSS-1.0 may
proceed by heterogeneous nucleation mechanism, respec-
tively, as the results of POM shown in Fig. 8(aeb) and
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Fig. 2. Effect of POSS contents and crystallization temperature on the

isothermal crystallization kinetics of iPP/POSS composites: (a) pure iPP,

(b) POSS-1.0, (c) POSS-2.0, and (d) POSS-3.0.
(ced). On the other hand, the isothermal crystallization mech-
anisms for both POSS-2.0 and POSS-3.0 precede the multi-
crystallization mechanisms during isothermal crystallization.
This result indicates that the crystallization mechanisms of
POSS-2.0 and POSS-3.0 may combine the heterogeneous
and homogeneous nucleations together and then follow the
crystal growth during isothermal crystallization. The homoge-
neous nucleation starts spontaneously by polymer chain aggre-
gation below the melting point, therefore it requires a longer
crystallization time, whereas heterogeneous nuclei form simul-
taneously as soon as the sample reaches the crystallization
temperature, which is also clearly shown in Fig. 8. At the same
temperature, with increasing POSS the first peak of multi-
crystallization mechanisms decreases, whereas the second
peak of multi-crystallization mechanisms increases. In this
work, the first peak of multi-crystallization mechanisms
implies that the crystallization of iPP with the nucleation event
is assisted by the POSS domains because the POSS essentially
act as a nucleating agent; therefore, the nucleation of iPP does
occur preferentially on the surfaces of the thread or network
structures of POSS. Whereas, the second peak of multi-
crystallization mechanisms implies the nucleation and growth
of iPP in the remaining melted iPP bulk that gets retarded by
the dispersed POSS network structures. Therefore, we suggest
that the first peak of multi-crystallization mechanisms is
‘‘crystallization with the nucleation event assisted by the
POSS domains’’ on the other hand, that of second peak is
‘‘nucleation and growth of iPP in the remaining bulk melted
iPP region’’. Thus, at lower crystallization temperatures, the
multi-crystallization mechanisms become a single peak during
crystallization as shown in Fig. 2. It indicates that the shorter
time needed to reach the second peak of multi-crystallization
mechanisms due to faster nucleation rate of the neat iPP in
bulk region was observed; therefore, second peak of multi-
crystallization mechanisms shifts to shorter time scale and
combines with the nucleation event assisted by the POSS
domains together to form a single exothermic peak during
isothermal crystallization.

The effects of POSS content on the relative crystallinity
versus crystallization time for iPP/POSS composites are
shown in Fig. 3. It shows that the relative crystallinity curve
of the pure iPP and POSS-1.0 is sigmoidal, whereas that of
POSS-2.0 and POSS-3.0 gives a deviate-sigmoidal curve.
The characterization of deviate-sigmoidal curves implies com-
bining a ‘‘nucleating agent inducing nucleation of iPP event
assisted by the POSS domains’’ during the initial stage process
with a ‘‘nucleation and growth of iPP in the remaining bulk
melted iPP region’’ process during the later stages of isother-
mal crystallization.

Fig. 4 shows the effects of POSS content on the plot of
log{�ln [1� X(t)]} versus log t. The overall crystallization
rate is may be due to the change either in the crystal growth
rate or in the nucleation rate. The kinetic parameters of
Avrami equation, such as n and k can be determined with fit
of the initial stage data [21]. From the results of Fig. 4 and
Table 2, the number of Avrami exponents, n value, of isother-
mal crystallization of iPP/POSS composites increases with
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increasing POSS content. For the pure iPP and POSS-1.0, it
clearly indicates that the slope of the plots remains unchanged
until a higher degree of conversion was reached and shows
a single/major exponent, n1. While the slope of the plots for
POSS-2.0 and POSS-3.0 tends to drop at medium degree of
conversion as Tc and POSS contents were increased and shows
the multi-exponents; n1, n2, and n3 (transfer region) during
crystallization. In this work, the Avrami exponents, n1 and
n2 values, of isothermally crystallized iPP/POSS composites
are non-integral and in the range between 2 and 4. An increase
in the Avrami exponent is usually attributed in the literature to
changing from instantaneous to sporadic nucleation or increas-
ing the dimension of crystal growth [21]. The non-integral
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n value may be considered due to the crystal branching and/or
two-stage crystal growth and/or mixed growth and nucleation
mechanism [22,25]. Generally, the n value of iPP is about 3e4
[22,23], some authors have reported the n values in the range
of 2 [22] to 4 [24] for iPP blends. The n1 value for pure iPP
and POSS-1.0, in this work, is ca. 2.9� 0.3, and that for
POSS-2.0 and POSS-3.0, respectively, is ca. 2.5� 0.4 over
the isothermal crystallization temperature range studied as
shown in Table 2. However, for the pure iPP and POSS-1.0,
the n1 value close to 3 indicates a thermal nucleation process
followed by a three-dimensional crystal growth. On the other
hand, the n1 value for POSS-2.0 and POSS-3.0 close to 2.5
indicates may hint a thermal nucleation process followed by
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Table 2

The isothermal crystallization kinetics of iPP/POSS composites

Samples Tc (�C) t1/2 (min) n1 k1 (�C min�1) n2 k2 (�C min�1) n3 k3 (�C min�1)

Pure iPP 120 1.19 2.39 46.8 E-02 e e e e

125 1.89 2.88 11.7 E-02 e e e e

127 2.74 2.92 6.02 E-02 e e e e
130 4.28 3.65 3.09 E-03 e e e e

133 6.77 3.04 2.09 E-03 e e e e

135 12.47 2.88 4.79 E-04 e e e e

POSS-1.0 120 1.09 2.38 70.8 E-02 e e e e

125 1.57 2.80 22.4 E-02 e e e e

127 2.07 3.06 4.27 E-03 e e e e

130 2.81 3.27 8.13 E-03 e e e e
133 4.36 3.16 5.75 E-03 e e e e

135 8.12 3.04 1.04 E-03 e e e e

POSS-2.0 120 0.95 2.40 89.1 E-02 1.51 85.1 E-02 e e
125 1.51 3.07 25.1 E-02 2.05 30.2 E-02 e e

127 1.86 2.78 11.0 E-02 1.94 19.1 E-02 e e

130 2.53 2.69 7.59 E-02 1.86 12.6 E-02 e e

133 4.94 3.02 7.76 E-03 2.13 2.34 E-02 e e
135 7.47 2.81 3.31 E-03 1.79 1.86 E-02 e e

POSS-3.0 120 0.81 2.00 112 E-02 1.72 27.3 E-02 1.09 102 E-02

125 2.53 2.31 12.9 E-02 1.85 10.5 E-02 1.27 20.9 E-02

127 3.86 2.56 7.41 E-02 1.92 4.27 E-02 1.12 17.4 E-02

130 4.98 2.41 3.24 E-02 2.28 1.20 E-02 1.06 12.6 E-02

133 5.97 2.42 1.95 E-02 2.10 1.29 E-02 1.07 1.02 E-02

135 11.23 2.07 1.23 E-02 1.99 4.57 E-03 1.10 5.01 E-02
mixing two-dimensional and three-dimensional crystal
growths, respectively, as discussed in Figs. 8 and 9. However,
the slope of the plots for POSS-2.0 and POSS-3.0 drops at
medium degree of conversion and shows the multi-exponents
with increasing Tc and POSS contents. These facts mean
that the multi-exponents take place in POSS-2.0 and POSS-
3.0 due to combination of different crystallization mechanisms
together; that is the ‘‘nucleating agent inducing nucleation of
iPP event assisted by the POSS domains’’ and ‘‘nucleation
and growth of iPP in the remaining bulk melted iPP region
retarded by dispersed POSS molecules’’ mechanisms as dis-
cussed. Therefore, change in the crystallization mechanism
at lower conversion indicates that POSS molecules increase
remarkably in nuclei amount and retardation in the growth
rate of iPP spherulites by reducing the mobility of iPP chain
with dispersed POSS molecule was observed. Thus, the value
of Avrami exponents for second peak of multi-crystallization
mechanisms, n2, is about 2.0� 0.2, and that for transfer
region, n3, drops to about 1.2. The lower n values were attrib-
uted to two- or one-dimensional crystal trapped within the
spherulites during crystallization. These isothermal crystalli-
zation kinetic parameters are summarized in Table 2.

The half-time of crystallization, t1/2, represents the time to
reach the maximum rate of heat flow and corresponds to the
change over to a slower kinetic process due to impingement
of adjacent spherulites [26]. In this work, the result indicates
that the t1/2 decreases with increasing POSS content and DT
at lower than 2 wt% of POSS, therefore, this fact clearly
proves that the POSS molecules play the role as an essential
nucleating agent for iPP and promotes nucleation rate of iPP
chains at small loading of POSS during isothermal crystalliza-
tion. From the isothermal crystallization, the growth rate of
crystallization, G, defined as G¼ 1/t1/2, is obtained from
endotherm morphology of DSC analysis. The growth rate of
crystallization can be expressed as follows according to the
Hoffman and Lauritzen theory [27]:

G¼ G0exp

�
� U�

RðTc� TNÞ

�
exp

�
� Kg

TcDTf

�
ð5Þ

where G0 is a pre-exponential term, R is the universal gas con-
stant, U* is the energy of the transport of the chains in the
melt, Tc is the crystallization temperature, TN is the tempera-
ture where all the motions associated with the viscous flow
stop, defined as (Tg�C ) where C is a constant; DT is the
supercooling temperature, defined as DT¼ Tm

o � Tc; f is
corrective factor that takes into account the variation of the
equilibrium melting enthalpy, DHm

o , with temperature, defined
as (2Tc/(Tcþ Tm

o ); Kg is a term connected with the energy
required for the formation of nuclei of critical size, defined
as nbsseTm

o /DHm
o k; and n is a variable that considers the crys-

tallization regime and assumes the value 4 for the regimes I
and III, and the value 2 for the regime II [28].

The spherulite radial growth rate, G, as a function of crys-
tallization temperature, Tc and POSS content is reported in
Fig. 5 for the pure iPP and iPP/POSS composites. For all
the samples, radial growth rate decreases with the Tc. This re-
sult is in agreement with the kinetic theory of crystallization
that expects for crystallizations close to Tm, a decrease of G
reducing the supercooling temperature, DT. As the POSS
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molecules are added, the G of iPP matrix decreases, at temper-
ature below 123 �C, on the other hand, at temperature above
123 �C, the G increases and then decreases with the POSS
content. It indicates that the dispersed POSS molecules can
both influence the terms of transportability of the iPP chain
in melt region and formation of the critical nuclei during crys-
tallization. Therefore, the depression of G at higher crystalli-
zation temperatures confirms that the transportability of iPP
chains in the melt is the factor that dominates the crystalliza-
tion process of the iPP/POSS composites. In this case of iPP/
POSS composites, the presence of the POSS molecules can
both influence the terms of transport of the iPP chain in molten
region and formation of the critical nucleus. In fact, during the
crystallization the major dispersed POSS molecules form
nanocrystals first that appears as an effective nucleating agent
and then these POSS nanocrystals aggregate together to form
thread or network nanocrystal structures in molten state of iPP
that can greatly disturb the nucleation and growth rates of iPP
by the POSS structures due to change in the energetic barrier
of formation in the critical nucleus and transportability of iPP
in the melted state. On the other hand, the minor dispersed
POSS molecules, which is slightly miscible with iPP, in mol-
ten iPP region must reduce the transportability of the iPP
chain. Therefore, the energy constituting a new energetic bar-
rier that can control the nucleation and growth of iPP, during
isothermal crystallization, is very complex in this study.

3.3. Thermal behavior of isothermally crystallized
iPP/POSS composites

Fig. 6(a)e(d) presents the melting behavior of isothermally
crystallized iPP/POSS composites at different POSS contents
and crystallization temperatures. However, the feature of
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Fig. 5. Effect of POSS contents and crystallization temperature on the spher-

ulite radial growth rate, G, during isothermal crystallization.
melting profile of iPP/POSS composites appears as two melt-
ing endotherms at POSS content lower than 2 wt% and Tc

lower than 130 �C, while shows a single melting endotherm
at POSS content higher than 3 wt% and Tc higher than
130 �C. It is clearly indicated that, by increasing the POSS
content and Tc, the heat of fusion of the lower-temperature
endotherm, DHf

L, decreases, while the heat of fusion of the
higher-temperature endotherm, DHf

H, increases, respectively.
The existence of double melting endotherm peaks in the
DSC profiles may result from the following reasons: (1) the
presence of two different crystal structures or the presence
of two different thicknesses of crystal lamellae with the
same type of crystal structure formed at the isothermal crystal-
lization conditions [29], and (2) the simultaneous meltinge
reorganizationeremelting of the lamellae originally formed
during the crystallization process [30]. The result of melting
profile indicates that may be more stable or perfect crystal
of iPP was observed with increasing POSS content and Tc.
The heat of fusion and morphology of the two endotherms
were found to be dependent on the POSS content and Tc,
and so the crystallinity and morphology of iPP/POSS compos-
ites after isothermal crystallization are also affected by the
POSS content and Tc.

The melting profile shows that the area of the DHf
L de-

creases with increasing Tc which is the indication of reducing
recrystallization or reorganization of the crystals originally
formed during crystallization. Moreover, the area of the
DHf

H increases with increasing Tc, because a higher degree
of perfection or higher stable crystal was achieved in the crys-
tals initially obtained as discussed by Corradini et al. [31,32].
At temperature below 127 �C, the DHf

L and melting tempera-
ture of lower-endotherm, Tm

L , remain almost constant, and
then the DHf

L disappears at Tc higher than 130 �C. This result
implies that the previous thermal history or degree of perfec-
tion achieved for iPP/POSS composites may be the same at
Tc below 127 �C. On the other hand, both of the DHf

H and
melting temperature of higher-endotherm, Tm

H, increase with
increasing Tc. On the other hand, increasing the POSS content
led to retardation of the mobility of iPP chains in the melted
state and reduces the iPP chain to allow the recrystallization
at higher temperatures to takes place, and so a more stable
crystal was formed at higher POSS. Therefore, occurrence of
the double melting peaks at lower POSS content may be
mainly caused by simultaneous meltingereorganizatione
remelting of the lamellae during heating trace. While, at
POSS content above 3 wt%, the melting profile shows a single
melting endotherm may be due to more stable crystal of iPP
that retarded the meltingereorganizationeremelting by the net-
work structure of POSS nanocrystals was observed. However,
the isothermal crystallization temperature and blending content
caused the distributions of the double melting endotherms of
iPP/aPP blends which have been reported recently [33].

For all isothermal crystallization temperatures of iPP/POSS
composites investigated, the observed Tm

H linearly increases
with the Tc. Thus to determine the equilibrium melting temper-
ature, Tm

o , recorded using the HoffmanneWeeks equation [34],
a plot of Tc versus Tm with a line is drawn where Tc¼ Tm. The



1764 J.-H. Chen et al. / Polymer 48 (2007) 1756e1769
140 160 180

H
ea

t f
lo

w
 e

nd
ot

he
rm

ic
 u

p,
 J

/g

Pure iPP(a) (b)

135°C
135°C

133°C

133°C
130°C

130°C
127°C

127°C
125°C

125°C

135°C

133°C

130°C

127°C

125°C

120°C
120°C

120°C

135°C

133°C

130°C

127°C

125°C

120°C

140 160 180

140 160 180 140 160 180

POSS-1.0

POSS-2.0(c) POSS-3.0(d)

Temperature,°C

Fig. 6. Melting endotherm of iPP/POSS composites after isothermal crystallization for 120 min at different isothermal temperatures: (a) pure iPP, (b) POSS-1.0,

(c) POSS-2.0, and (d) POSS-3.0.
experimental data can be extrapolated to the intersection of the
line; the intersection is the Tm

o as following relation:

To
m � Tm ¼ f0

�
To

m� Tc

�
ð6Þ

where f0 represents a stability parameter that depends on
crystal size and perfection. Fig. 6 indicates the melting tem-
peratures registered at the Tm

H versus different Tc for the iso-
thermally crystallized iPP/POSS composites. A straight line
was extrapolated from the experimental Tm

H values of iPP/
POSS composites with different Tc, and the calculated Tm

o

for all iPP/POSS composites was observed. The effects of
POSS content on the Tm

o of iPP/POSS composites are shown
in Fig. 7. The result illustrates that the Tm

o decreases slightly
as POSS was added. The Tm
o of pure iPP is ca. 187.8 �C, while

the values of Tm
o , for POSS-1.0, POSS-2.0, and POSS-3.0,

respectively, are ca. 185.9, 186.6, and 186.6 �C, respectively.
This result implies that the POSS nanocrystals act as an effec-
tive nucleating agent for iPP and promote the crystallization
rate of iPP; and so the Tm

o decreases slightly due to more
imperfect iPP crystal, at POSS content above than 2 wt%, as
discussed above.

3.4. Development of spherulitic morphologies
of iPP/POSS composites

The morphology development and size of spherulites for
iPP/POSS composites at very small loading of POSS were
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also investigated with polarized optical microscopy at 130 �C
as shown in Fig. 8. Fig. 8(a) and (b) displays the morphology
development of spherulites of pure iPP at different crystalliza-
tion times. It indicates that the pure iPP may hint a sporadic
nucleation process followed by a three-dimensional crystal
growth which is in agreement with the result of DSC. Com-
parably, the morphology development of spherulites for
POSS-1.0, POSS-3.0, and POSS-5.0 shows the instantaneous
nucleation process followed by a three- and two-dimensional
crystal growths as shown in Fig. 8(c)e(h), respectively, during
crystallization. It is interesting to note that the nucleation
process for POSS-3.0 and POSS-5.0 shows heterogeneous nu-
cleation process with thread- or network-like structure, which
depends on the POSS content, in the initial step of crystalliza-
tion. It indicates that the dispersed POSS nanocrystals aggre-
gate together forming the thread- or network-like structure
because the interaction force between POSS nanocrystals is
larger than that between POSS nanocrystals and iPP chain as
reported recently [8]. At the analyzed crystallization tempera-
tures, the morphological results for all the iPP/POSS compos-
ites, the decrease of G with POSS at Tc above 120 �C is surely
to be ascribed to the nucleation and transport rates of iPP in
the remaining bulk melted iPP region retarded by dispersed
POSS molecules as discussed. Therefore, the presence of the
dispersed POSS molecules produces a change in both the en-
ergies relative to the transportability and to the formation of
the nuclei of critical dimension of iPP. Fig. 9 displays a thread-
or shishekebab-like morphology of POSS-2.0 at 130 �C with
polarized optical microscopy. From the result of Fig. 9, it is
clearly showed that there are two types of spherulites in the
POSS-2.0 at 130 �C. The first type is the spherulites nucleated
from the surface of thread-like POSS structure. The nucleation
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of these spherulites is fast, and although the subsequent growth
may be slower, the corresponding overall crystallization rate
(containing contribution from both nucleation and growth) is
still faster than that of neat iPP. The second type is the spher-
ulites nucleated in the remaining bulk melted iPP region. The
nucleation of these spherulites was not assisted by POSS and
their growth may be retarded by the slight miscibility between
iPP and POSS. Therefore, the overall crystallization associated
with the formation of these spherulites was slower and hence
contributed to the second exotherm. On the other hand, the
spherulitic morphology and growth process clearly indicate
that the iPP/POSS composites may hint a thread-like nucle-
ation assisted by the POSS nanocrystals and followed by a
three- and two-dimensional crystals’ growth of iPP was also
shown in Fig. 9.

3.5. Development of microstructure of iPP/POSS
composites

Fig. 10 shows the WAXD intensity profiles of iPP/POSS
composites after isothermal crystallization at 130 �C. The
X-ray diffractograms of iPP/POSS composites show nearly
the a-form diffractograms of iPP after isothermal crystalliza-
tion. For the isothermally crystallized iPP, the characteristic
peaks of the a-form crystal of iPP can be found at 2q angles
of 14.08� (110), 16.95� (040), 18.5� (130), 21.2� (111), and
21.85� (�131 and 041) as diffractogram marked of pure iPP
in Fig. 12 [35e37]. As seen, the X-ray diffraction profiles
show that the crystallinity of POSS in the iPP/POSS nanocom-
posites is very high, even at very small loading of POSS
(POSS-1) can also see clearly the (011) reflection planes of
POSS crystal at 2q¼ 11.0�. The intensity of (011) reflection
planes of POSS crystals increases, but the breadth of (011)
reflection plane does not change remarkably with increasing
POSS contents. It implies that the amount of POSS nanocrys-
tals increases, but the crystal size of POSS nanocrystals
does not change remarkably with increasing POSS contents.
These results indicate that the POSS crystals were formed
in nanocrystals in the iPP/POSS nanocomposites. The major-
ity of POSS molecules in iPP/POSS composites was formed
by about 35 nm of rhombic nanocrystals as reported
recently [8].

Fig. 11 shows the effects of the POSS content on the iso-
thermal crystallization mechanism of iPP/POSS composites
at 130 �C. By increasing the POSS content, the crystallization
mechanism morphology from a single exothermic peak trans-
fers to multi-exothermic peaks as discussed above. In this
study, we suggest that the single exothermic peak of pure
iPP attributes to the ‘‘crystallization with the homogeneous nu-
cleation’’, while that of POSS-1.0 to the ‘‘nucleating agent in-
ducing nucleation of iPP event assisted by the POSS domains’’.
On the other hand, at higher POSS content, the first peak of
multi-crystallization mechanisms attributes to the ‘‘nucleating
agent inducing nucleation of iPP event assisted by the POSS
domains’’, while, the second peak of multi-crystallization
mechanisms attributes to the ‘‘nucleation and growth of iPP
in the remaining bulk melted iPP region’’ as discussed above.
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Fig. 8. Spherulitic morphologies of crystallization process of iPP/POSS composites with various POSS content at 130 �C, magnification 400�: (a) nucleate,

(b) growth for 20 min of pure iPP; (c) nucleate, (d) growth for 5 min of POSS-1.0; (e) nucleate, (f) growth for 5 min of POSS-3.0; (g) nucleate, and (h) growth

for 3 min of POSS-5.0.
Therefore, the effects of the POSS content on the overall areas
in the multi-crystallization peaks for isothermal crystallization
mechanisms of iPP/POSS composites were determined. The
effect of POSS molecules on the fraction contents of ‘‘crystal-
lization with the nucleation event assisted by the POSS
domains’’ and ‘‘growth of iPP in the remaining bulk melted
iPP region retarded by dispersed POSS molecules’’ is then
calculated on the basis of the relative area of multi-exothermic
peaks as below equations:
Fnuc ¼ Afirs=
�
Afirs þAsecon

	
ð7Þ

Fbulk ¼ Asecon=
�
AfirsþAsecon

	
ð8Þ

where Afirs and Asecon are areas of first and secondary peaks for
multi-crystallization mechanisms, respectively, and Fnuc and
Fbulk are fraction contents of crystallization mechanism for
‘‘crystallization with the nucleation event assisted by the
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POSS domains’’ and ‘‘growth of iPP in the remaining bulk
melted iPP region retarded by dispersed POSS molecules’’, re-
spectively. Fig. 12 shows the dependence of the POSS contents
on the fraction content of multi-crystallization mechanisms of
iPP/POSS composites. As POSS contents increased, the frac-
tion content of crystallization with the nucleation event assis-
ted by the POSS domains decreases remarkably from about
100% to 21.2%, while that of growth of iPP in the remaining
bulk melted iPP region is retarded by dispersed POSS mole-
cules increasing from 0% to 78.8% during crystallization at
130 �C. This result indicates that the crystallization with the

Fig. 9. Growth process of thread- or shishekebab-like spherulitic morphology

for POSS-2.0 at 130 �C, magnification 400�.
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nucleation event assisted by the POSS domains’ mechanism
plays a dominant role for multi-crystallization mechanisms
at POSS content lower than 2.5 wt%, while the growth of
iPP in the remaining bulk melted iPP region retarded by dis-
persed POSS molecules’ mechanism presents a major role
for multi-crystallization mechanisms at POSS content higher
than 2.5 wt%. The growth of iPP in the remaining bulk melted
iPP region is retarded by dispersed POSS molecules increases
remarkably at POSS contents above 2.5 wt% due to the dis-
persed POSS molecules aggregate remarkably and forming
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network-like structure to retard the growth rate of iPP in the
iPP/POSS composites as discussed in Fig. 6. Therefore, these
results demonstrate that the miscibility between POSS mole-
cules and iPP matrix is poor because the interaction forces
between POSS molecules (dipoleedipole interaction between
oxygen atoms on the POSS cage) remarkably larger than that
between POSS molecules and iPP matrix (dispersion force
between methyl groups on the POSS cage and polypropylene).

4. Conclusions

In this study, the POSS molecules in iPP/POSS composites
aggregated together to form the thread- or network-like nano-
crystal structures that promote or retard the isothermal and
nonisothermal crystallization behaviors of iPP, at very small
loading of POSS, were demonstrated. However, the iPP/
POSS composites showed the single and double melting endo-
therms, respectively, depending on POSS molecules during
heating trace. The existence of double melting endotherms
may be due to simultaneous meltingereorganizationeremelting
of the lamellae, while, the single melting endotherm may be
due to the network structure of POSS nanocrystals that re-
tarded the meltingereorganizationeremelting during heating
trace. On the other hand, at cooling trace, the time needed
to reach the exothermic maximum of crystalline order, tem,
both the isothermal and nonisothermal crystallizations for
iPP/POSS composites rapider than that of pure iPP. Moreover,
the Avrami exponents and spherulitic morphologies of pure
iPP and POSS-1.0 exhibited a sporadic and heterogeneous nu-
cleation, respectively, followed by a three-dimensional crystal
growth of iPP. Whereas that of POSS-3.0 and POSS-5.0
showed a heterogeneous nucleation process followed by a com-
bination of two- and three-dimensional crystals growths, re-
spectively, depending on POSS content. These results clearly
indicated that the major dispersed POSS molecules in iPP/
POSS composites became nanocrystal first that appears as an
effective nucleating agent and then these POSS nanocrystals
aggregate together to form thread or network nanocrystal
structures in molten state of iPP that can greatly disturb the nu-
cleation and growth rates of iPP by the POSS structures due to
change in the energetic barrier of formation in the critical nu-
cleus and transportability of iPP in melted state. On the other
hand, the minor dispersed POSS molecules in the melted iPP
region must reduce the transportability of the iPP chain.

Therefore, in the isothermal crystallization process, both
the pure iPP and POSS-1.0 showed a single exothermic peak
with different Tc, comparatively, the POSS-2.0 to POSS-5.0
exhibited the multi-exothermic peaks at higher Tc. These
results indicate that the crystallization mechanism of pure
iPP proceeds mainly via homogeneous nucleation, while that
of POSS-1.0 proceeds by heterogeneous or nucleating agent
inducing crystallization mechanism, respectively. On the other
hand, the crystallization mechanisms of POSS-2.0 to POSS-
5.0 proceed by combining the ‘‘crystallization with the nucle-
ation event assisted by the POSS domains’’ and ‘‘nucleation
and growth of iPP in the remaining bulk melted iPP region
retarded by dispersed POSS molecules’’ mechanisms that
depended on the POSS content and Tc. Thus, in this study,
the crystallization with the nucleation event assisted by the
POSS domains’ mechanism played a dominant role for the
multi-crystallization mechanisms at POSS content lower
than 2.5 wt%, while the nucleation and growth of iPP in the
remaining bulk melted iPP region retarded by dispersed
POSS molecules’ mechanism presented a major role at
POSS content higher than 2.5 wt%. Therefore, these results in-
dicated that at higher POSS contents showed to be more favor-
able aggregated to form the thread- or network-like structures
of major POSS nanocrystals and retarded the mobility or dif-
fusion ability of iPP chain by the minor dispersed POSS mol-
ecules during crystallization. From above result, therefore, we
postulated that the strong interaction between POSS molecules
(dipoleedipole interaction between oxygen atoms on the
POSS cage) and weak interaction between POSS and iPP ma-
trix (dispersion force between methyl groups on the POSS
cage and polypropylene) dominated the isothermal and noni-
sothermal crystallization behaviors of iPP/POSS composites
at quite low loading of POSS due to the major POSS nanocrys-
tals’ morphologies appeared as an effective nucleating agent
and promoted the nucleation rate of iPP, whereas the minor
dispersed POSS molecules that is slightly miscible between
iPP retarded the nucleation and growth rates of iPP in the
remaining bulk region during crystallization.
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