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Kinetic analysis on spherulite growth rate of polypropylene catalloys
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Abstract

The kinetic analysis on melt-crystallization of polypropylene catalloys (PP-cats) was conducted through measuring their spherulite growth
rates. A multiple melting behavior of PP-cats was found through differential scanning calorimetry (DSC) and the corresponding crystalline
microstructures of PP-cats were studied by wide-angle X-ray diffraction (WAXD). The calculated T m

o value of propylene homopolymer (PP)
suggests an obvious melting point depression of PP-cats. Moreover, it is found that the existence of ethyleneepropylene copolymer could result
in the changes of crystalline microstructure of PP and the PP crystal is in favor of growing along (040) lattice plane of a-monoclinic crystal. The
crystal growth rate of PP-cats decreases with the increase of ethyleneepropylene copolymer content in PP-cats. A comparison of crystallization
kinetics between PP-cats and virgin iPP through a modified LauritzeneHoffman model indicates that there appears a transition from regimes II
to III in iPP and PP-cats containing low ethyleneepropylene copolymer content. However, for the PP-cats containing high ethyleneepropylene
copolymer content, crystallization always processes in regime II. In addition, both calculated nucleation parameter (Kg) and the fold surface free
energy (se) for PP-cats increase with the increase of ethyleneepropylene copolymer content, implying that the existence of ethyleneepropylene
copolymer is unfavorable for the surface nucleation of PP and regular folding of the molecule chain. It is believed that an increase in viscosity
of the melts induced by different compositions could remarkably slow crystallization growth down, because under this condition surface nucle-
ation dominates as compared with crystal growth.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

As an in situ polypropylene alloy, Polypropylene catalloys
(PP-cats) consist mainly of three compositions: propylene
homopolymer (PP), ethyleneepropylene random copolymer
(EPR) and ethyleneepropylene block copolymer [1,2]. In com-
parison with general polypropylenes modified by mechanical
blending with thermoplastic elastomer, PP-cats can provide
better mechanical properties and production costs. Like most
of polymer blends, performances of PP-cats depend strongly
on microstructure and morphology formed during processing.
Because PP is a main component in PP-cats, its crystallization
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behavior plays an important role in its structure and morphol-
ogy. In view of the importance in industrial aspects and
academic research, it is necessary for us to investigate the
crystallization behavior and kinetics of PP-cats experimentally
and theoretically.

It has widely been accepted that the crystallization of poly-
mers from the melted state could be divided into three stages: pri-
mary nucleation, crystal growth and secondary crystallization.
Primary nucleation is the process in which a crystalline nucleus
forms in the melt state homogeneously or heterogeneously. Con-
sequently, crystalline lamellas develop and three-dimensional
superstructures form. The most common morphology encoun-
tering solidification from the melt is the spherulite; however,
other superstructures, such as hedrites or dendrites, form as
well [3]. Since the isothermal experiment is considerably easy
to control, the traditional method of measuring crystal growth
rate of polymeric materials is conducted in this condition.
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However, it should consume too many time for one to probe
crystal growth rates in an entire temperature range, because
only a growth rate at the isothermal condition could be achieved
through an experiment at a given temperature. Furthermore,
with the decrease of temperature, the high degree of supercool-
ing for the melt usually makes the crystallization rate too fast
and nucleation density too high at lower temperatures, and con-
sequently, leads to a difficulty in measuring crystal growth rate
at lower temperatures.

Chen and Chung [4] proposed an alternative technique to
conventional time-consuming isothermal methods. According
to their results dealing with poly(ether ether ketone) (PEEK)
obtained by using one single measurement, it is possible to ob-
tain isothermal solidification data that would require several
separate experiments with isothermal methods. Di Lorenzo
et al. [5] developed this procedure by using different cooling
rates and investigated the crystal growth rates of iPP/poly-
(a-pinene) blends. It is found that the temperature region mea-
sured is very narrow in the case of isothermal measurement
and could be expanded using different cooling rates, especially
under low temperatures at which isothermal experimental ob-
servation could hardly be conducted. We have reported some
characteristics of PP-cats crystallization such as crystalline
structure, morphology, and crystallization rate [6,7] and found
the annealing treatment for PP-cats at 200 �C could hardly re-
sult in the changes of both crystallization and melting behavior
for PP-cats [8]. In the present article, we attempt to probe
the crystal growth rates of PP-cats through isothermal and
nonisothermal methods, and discuss the effects of composition
of PP-cats on crystallization kinetics based on a modified
LauritzeneHoffman model [9e11].

2. Experimental

2.1. Materials and sample preparation

The grade of polypropylene (T300, isotactic homopolymer,
Mn ¼ 80 643 and Mw ¼ 333 465, isotacticity¼ 96%) used
here was supplied by Sinopec Shanghai Petrochemical Co.
of China.

PP-cats were supplied by the Institute of Polymer Science of
Zhejiang University, China. The synthesis of PP-cats includes
three steps, i.e., pre-polymerization of propylene, bulk polymeri-
zation of propylene, and gas-phase copolymerization of ethyl-
ene and propylene. The synthesis details have been described
in previous paper [2]. The PP-cats were designated as PEP20,
PEP30, PEP40, PEP50 and PEP60, respectively, in which cap-
ital E stands for ethylene component and the numerals represent
its percentage used in the gas-phase copolymerization in the
third stage, respectively. The content of ethylene and ethyl-
eneepropylene copolymer in the catalloys and the melting flow
indices (MFI) of these specimens are listed in Table 1.

The iPP and PP-cats samples were prepared by compres-
sion-molding at 200 �C with a pressure of 10 MPa for 5 min,
then the pressure was released and the molded samples were
removed from the press and cooled down to room temperature.
The film samples with thickness of 60 mm were used to FT-IR,
DSC and POM measurements.

2.2. Composition identification of PP-cats

To separate the random copolymer from PP-cats, a modified
Kumagawa extractor was used to conduct a temperature-
gradient extraction fractionation of PP-cats [12]. Firstly, about
10 g of PP-cats sample was dissolved at 50 �C in n-octane and
stirred violently for 2 h. To avoid the oxidation of EPR, the
sample was doped with 0.1 wt% of the antioxidant. The filtrate
was obtained and was then precipitated and washed by ace-
tone, dried in vacuum. The weight percentage of the fraction
was used to evaluate the content of random copolymer in the
blends [1]. Secondly, the insoluble remaining samples were
extracted at 105 �C in a Kumagawa extractor by boiling n-
octane for 24 h, and the extracted solution was concentrated
and precipitated by ethanol, then washed and consequently
dried in vacuum. The weight percentage of the fraction was
used as a criterion of the content of block copolymer in the
blends. The insoluble parts were washed with n-octane and
dried in vacuum. The weight percentage of soluble parts was
applied to the analysis of the propylene homopolymer in the
blend. Here, propylene homopolymers separated from various
PP-cats are referred as PP20, PP30, PP40, PP50 and PP60,
respectively. Fig. 1 gives the component data of PP-cats.

Table 1

The characteristic parameters of iPP and PP-cats

Samples Content of

ethylene (mol%)

Content of ethylenee

propylene copolymer (wt%)

MFIa (g/10 min)

iPP e e 3.00

PEP20 2.87 17.8 1.54

PEP30 3.10 19.9 1.38

PEP40 11.80 23.2 1.27

PEP50 17.80 30.0 e

PEP60 27.10 34.2 0.56

a Measured at 230 �C and 21.2 N load.
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Fig. 1. The fractions distribution of PP-cats samples.
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2.3. Gel permeation chromatography (GPC)

Weight-average molecular weight (Mw) and polydispersity
of molar mass for fractionated propylene homopolymers
were determined by gel permeation chromatography (GPC)
at 150 �C. The GPC system used is a PL-GPC220 equipped
with three PLgel 10 mm MIXED-B columns using polystyrene
as standard and 1,2,4-trichlorobenzene (1.0 mL min�1) as the
eluent. Table 2 lists the molecular weight and polydispersity
data of propylene homopolymer extracted from PP-cats.

2.4. Fourier-transfer infrared spectra (FT-IR)

The Fourier-transfer infrared spectra of the thin hot-press-
ing sample films for fractionated propylene homopolymers
were recorded on a Nicolet 5DX FT-IR spectrometer. The iso-
tacticity of fractionated PP was also calculated from FT-IR
data using the following equation

IIP¼ K�A975=A1460 ð1Þ
in which K is a constant relevant to apparatus. A975 and A1460

are the absorbtion peak areas for isotactic helical segment and
methyl, respectively. Table 2 lists the calculated isotacticity
data of propylene homopolymer extracted from PP-cats.

2.5. Differential scanning calorimetry (DSC)

A PerkineElmer series 7 differential scanning calorimeter
(DSC) with N2 as purge gas was used to investigate the isother-
mal crystallization behavior of the iPP and PP-cats. Pure indium
and zincum were used as reference materials to calibrate both
the temperature scale and the melting enthalpy before the sam-
ples were tested. The samples (w5.0 mg) were heat-treated at
200 �C for 10 min to eliminate the thermal history, and then
quenched down to the crystallization temperature (Tc) to com-
plete the isothermal crystallization. Subsequently, the melting
traces were recorded at a heating rate of 10 �C/min. The per-
centage of b-iPP crystals for PP-cats, fb, was determined by
the relative crystallinity of a- and b-iPP calculated from DSC
data, as described in Ref. [6].

2.6. Wide angle X-ray diffraction (WAXD)

Wide-angle X-ray diffraction (WAXD) patterns were ob-
tained using a Rigaku D/max-IIIB diffractometer with the
Cu Ka radiation at room temperature. The condition tested

Table 2

The characteristics parameters for propylene homopolymer fractions in PP-cats

Samples Mw
a Mw=Mn

a Isotacticity (%)b

PP20 79 354 2.31 96.0

PP30 80 938 2.21 95.7

PP40 83 546 1.83 95.8

PP50 91 372 1.71 95.4

PP60 93 251 1.64 96.0

a Determined by GPC.
b Calculated from FT-IR data.
was set at a voltage of 40 kVand a current of 300 mA in a range
of 2q¼ 0e40� at room temperature. The samples of iPP and
PP-cats which completed isothermal crystallization during
POM measurement were used for WAXD measurements.

2.7. Optical microscope (OM)

A real-time observation for crystallization process and
spherulite growth was performed by using a CCD color camera
linked with polarized optical microscope (POM) in constant
interval. The samples were sandwiched between two micro-
scope cover slips for observation. The crystal growth rates
were measured using isothermal and nonisothermal methods,
respectively. The isothermal experiments were conducted in
the temperature range from 130 to 154 �C. The sample was first
heated to 200 �C for 10 min in order to erase the thermome-
chanical history, and then moved to a preheated hot stage where
the sample crystallized at given temperature Tc. Timing of the
crystallization process started as soon as the sample was placed
on the hot stage, and the morphologies were recorded at con-
stant time intervals. The spherulite radius (r) was measured
through a comparison between the recorded micrographs and
the standard micrograph of tacheometer staff. The growth rate
(G) of polymer spherulites was obtained from the slope of the
plot of r vs. time (t) at the given Tc.

G¼ dr

dt
ð2Þ

The crystal growth rates were also calculated under noniso-
thermal condition. The samples were preheated at 200 �C for
10 min, and then cooled to room temperature at different cool-
ing rates from 0.5 to 5 �C/min. The diameters of a series of
spherulites grown for different time periods were measured
and G value was calculated by using the equation proposed
by Chen and Chung [4]

dr

dt
¼ dr

dT
$
dT

dt
ð3Þ

where dr/dt, dT/dt and dr/dT are the radial growth rate, the
cooling rate and the first derivative of the plot of r vs. T at
each experimental point, respectively.

Adopted data for spherulite growth rate were averages of at
least five measurements. The precision of controlled hot-stage
is less than �1.0 �C. All images presented in this work were
taken under the crossed-polarized condition. Dry N2 was purged
through the hot stage in all heating and cooling processes.

3. Results and discussion

3.1. Melting behavior and equilibrium melting
temperature of PP-cats

Fig. 1 gives the fractions distribution of various PP-cats
samples. It can be found that the content of propylene homo-
polymer is highest among three components for all PP-cats.
The melting behavior and crystalline structure of PP-cats
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Fig. 2. DSC melting traces of iPP and various PP-cats samples isothermally crystallized at different temperatures.
samples subjected to nonisothermal crystallization have been
described and the multiple melting behavior of PP-cats, de-
pending on the composition and cooling condition, has been ob-
served in our previous paper [6,7]. Fig. 2 gives the melting
traces of iPP and various PP-cats samples isothermally crystal-
lized at different temperatures. It is obvious that iPP sample
only presents single melting peak at about 165 �C and the
peak temperature shifts toward high temperature with the in-
crease of crystallization temperature. These results show that
only a-crystal of iPP forms during isothermal crystallization
under investigation and the crystalline perfection of iPP
improves with increase of crystallization temperature. Similar
to pure iPP, PEP20 samples also demonstrate only single peak
resulting from the melting of a-iPP. However, for other
PP-cats, at least two melting peaks can be observed. For
PEP30, PEP40 and PEP50 samples crystallized at different
temperatures, a small melting peak at about 150 �C appears
besides the melting peak of a-iPP at 165 �C. The WAXD and
the POM observations show that the small melting peak results
from the melting of b-iPP. Furthermore, an obvious melting
peak is observed at about 118 �C for PEP60 samples and its
peak temperature is unchangeable with the increase of
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crystallization temperature. Depending on WAXD tests, the
melting peak is ascribed to the melting of polyethylene crystal.
Table 3 lists the b-iPP content in crystalline phase of various
PP-cats crystallized at different temperatures. It can be seen
that the content of b-iPP is dependent on the crystallization
temperature, and 124 �C is the most favorable temperature to
obtain b-iPP for PP-cats. It is reasonable to ignore the existence
of b-iPP considering the melting behavior of PP-cats because of
the few content of b-iPP.

The equilibrium melting temperature of semi-crystalline
polymer Tm

o denotes the melting temperature of the infinite
crystal with extended chain conformation and the greatest de-
gree of perfection. One of the most commonly used procedures
to determine Tm

o is the HoffmaneWeeks equation [13] as given
as

Tm ¼ To
m

�
1� 1=g

�
þ Tc=g ð4Þ

where Tm is the observed melting temperature, Tc is the crys-
tallization temperature, and g¼ l/l* is the ratio of the lamellar
thickness l to the thickness l* of the critical nuclei at Tc, re-
spectively. The Tm

o value could be easily obtained from the
classic HoffmaneWeeks plot. Fig. 3 gives the dependence of
melting peak temperature of iPP and PP-cats on crystallization
temperatures. It can be seen that the peak temperatures of
PP-cats increase with the increase of crystallization

Table 3

b-iPP content of PP-cats samples crystallized at different isothermal

conditions

Crystallization

temperature (�C)

PEP20

(%)

PEP30

(%)

PEP40

(%)

PEP50

(%)

PEP60

(%)

120 e 1.13 1.87 2.35 2.46

122 e 1.24 2.02 3.68 4.71

124 e 1.76 2.89 3.91 6.18

126 e 1.39 0.71 2.75 2.50

128 e 0.95 0.54 2.56 2.21

130 e 0.58 0.36 1.26 1.91

Calculated from DSC data.
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Fig. 3. Melting temperatures of iPP and PP-cats crystallized at different

temperatures.
temperature, indicating improvement of the crystalline perfec-
tion for PP-cats with the increase of crystallization tempera-
ture. Fig. 4 gives the HoffmaneWeeks plots of iPP and
PP-cats. The Tm

o values of 187 �C for iPP and 182 �C for
PP-cats could be obtained by extrapolating the experimental
data to Tm¼ Tc line. For iPP, the Tm

o value coincides well
with that reported [14]. It is interesting that the Tm

o of PP-
cats seems independent of the compositions, but an obvious
melting point depression can be observed. Table 2 lists the
molecular weight, polydispersity and the isotacticity of PP
component separated from PP-cats. The weight-average mo-
lecular weight of PP slightly increases from PP20 to PP60
and its polydispersity narrows, but their isotacticity data is ba-
sically equivalent. Compared with pure iPP, propylene homo-
polymers in PP-cats have lower molecular weight and
narrower polydispersity. However, the isotacticity of propyl-
ene homopolymer in PP-cats is the same as that of iPP. On
the other hand, the interaction between PP and EPR compo-
nents in PP-cats is stronger than that of general iPP/EPR
blends because of the existence of ethyleneepropylene block
copolymer [6,15,16]. Thus, it suggests that melting point de-
pression of PP-cats lies in two factors: one is the lower molec-
ular weight of propylene homopolymer, and the other is the
stronger interactions between compositions in PP-cats.

3.2. Crystalline structure

Fig. 5 gives the WAXD patterns of iPP and PP-cats crystal-
lized isothermally at 124 �C. It can be found that for iPP and
PEP20, the existences of diffraction peaks at 2q angles of 14.0,
16.8, 18.6, 21.2 and 21.9�, corresponding to the (110), (040),
(130), (111) and ð13:1Þ lattice planes, indicate that crystalline
phase mainly consists of a-monoclinic crystal. However, for
other PP-cats, a small diffraction peak at 16.0� could also be
observed, besides the diagnostic diffraction peaks of a-iPP.
These results suggest the existence of b-iPP crystal in crystal-
lized PP-cats sample and can be used to explain their multiple
melting behavior. In diffraction intensity theory, the diffraction
intensity which prefers the peak area instead of peak height,
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Fig. 4. HoffmaneWeeks plots of iPP and PP-cats.
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depends on the size and number of the microcrystal in three
axes, and for a-iPP crystal the normal line direction for
(040) lattice plane is in agreement of b axis [17]. For most
bulk crystallization cases of iPP, the diffraction peak of (110)
lattice plane corresponding to 2q¼ 14.0� presents the highest
diffraction intensity, in accord with the iPP WAXD pattern
in Fig. 5. However, the diffraction intensity of (110) lattice
plane for all PP-cats is less than that of (040) lattice plane,
meaning that along (040) lattice plane is the most preferential
direction for crystal growth in PP-cats, and by contraries, the
growth along (110) lattice plane direction is restricted to
some extent. It can also be found that the half-peak width of
(040) diffraction peak of these samples decreases from
PEP20 to PEP60, indicating that the crystal size generally in-
creases. These results are in accordance with the crystallization
behavior of ethyleneepropylene copolymers [18]. It is noted
that for melt crystallization of block polymer or polymer
blends, the space growth of crystallizable segments is depen-
dent on the interactions of adjacent groups and segments
[18]. Hence, the highest diffraction intensity of (040) lattice
plane of PP-cats implies that, for crystallizable segments, the
force along b axis is minimal during crystal growth of PP-
cats. Furthermore, it can be seen from WAXD patterns of
PP-cats that there appears regular change with the composition
of PP-cats in the relative diffraction intensity of (040) lattice
plane. These results reveal that the different crystalline struc-
tures of PP-cats mainly depend on the composition instead
of crystallization conditions.

3.3. Spherulite growth rates

For iPP/EPR blends, although all of them have been proved
to be immiscible at molten state and most of them are also
immiscible below the crystallization temperature of iPP, some
miscible blends with special composition can be obtained
through some methods at room temperature [19]. We have
reported the effects of annealing temperature and time at melt
state on the crystallization and melt behavior of PP-cats and
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Fig. 5. WAXD patterns of iPP and PP-cats crystallized isothermally at 124 �C.
found that the different annealing time at 200 �C have little
effect on crystallization and melt behavior of PP-cats, but the
annealing treatment at 220 �C could result in the remarkable
changes of crystallization and melt behavior for PP-cats [8].

The optical microscopic observation demonstrates that for all
PP-cats under investigation, no obvious segregated domains in
the melt can be observed for different annealing time from 10
to 60 min at 200 �C by using optical microscope. These imply
that the domain dimension of the dispersed phases is below
the resolution of optical microscopy, and at 200 �C no obvious
liquideliquid phase separation happens in the time range
observed. Under isothermal crystallization, the morphology
changes remarkably with the evolvement of the time, since a
liquidesolid phase separation resulting from the iPP crystalliza-
tion takes place at Tc. It should be pointed out that the remaining
amorphous phase is visibly homogeneous under optical micro-
scope after new phases (iPP crystalline phase) form through
crystallization. Fig. 6 gives the morphology of iPP and PP-cats
crystallized isothermally at 140 �C for 80 min (timing starts
when the first clear nuclei can be distinguished). The clear spher-
ulite profiles can be observed for all PP-cats, and the differences
of both spherulite size and nucleation density are very obvious
among iPP and PP-cats. In addition, above morphological char-
acteristic can be found at all temperatures. These results indicate
that the melt-crystallization of PP-cats proceeds with spherulite
growth mode. It is noted that the microphase separation state
of PP-cats samples has been found by DMA data [20], although
the microdomains could hardly be observed by optical micros-
copy because of limited resolution. Thus, the primary nucleation
rate of PP increasing with the increase in the ethylene content
may be ascribed to the nucleation effect of EPR microdomain
on PP.

It is well accepted that the crystal growth rates of homopol-
ymers are constant at a given temperature. However, for poly-
mer blends, they may be variable, involving in the interactions
between components [21,22]. Fig. 7 gives the dependence of
spherulite radius on crystallization time for several PP-cats
samples crystallized isothermally at 140 �C. For every spheru-
lite observed, the timing starts when the clear nuclei profile
can be distinguished. The reported spherulite radius data is
an average value of at least five spherulites. All the spherulite
growths of PP-cats appear linear time-dependence, similar to
that of homopolymers. Moreover, the slope of the curve gen-
erally decreases with the increase of ethylene content in PP-
cats, which indicates that the crystal growth rate depends on
PP-cats composition.

Fig. 8 presents the spherulite growth rates of PP-cats samples
which were exposed to annealing treatment for different time
intervals at 200 �C before crystallization. It can be seen that
for PEP20 and PEP60 samples, the values of spherulite growth
rate present little difference at the given temperature. For other
PP-cats, similar experimental results can be observed. These re-
sults are in accord with the above morphology results, indicat-
ing that no obvious liquideliquid phase separation happens in
the melt state of PP-cats and the effect of liquideliquid phase
separation is reasonable to be ignored for evaluating crystal
growth rate of PP-cats.
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Fig. 6. Optical microscope images for iPP and PP-c crystallized isothermally at 140 �C for 80 min.
Fig. 9(a) gives the spherulite growth rate obtained through
isothermal method at different temperatures for pure iPP and
various PP-cats. Even though spherulite growth rates of all
PP-cats are smaller than that of pure iPP, the spherulite growth
rates of PP-cats present distinct component-dependence and
they decrease with the increase of ethyleneepropylene copoly-
mer content in PP-cats. In general, for melt crystallization,
higher temperatures can result in the decrease of the degree of
supercooling and consequently the decrease of crystal growth
rate. Accordingly, the differences in spherulite growth rates be-
tween PP-cats and pure iPP samples appear obvious, especially
at lower temperatures, and become very small with the increase
of crystallization temperature. Moreover, it can be found from
the enlarged figure that at high temperatures (140e155 �C),
PP-cats still present obvious component-dependent spherulite
growth rate. Considering the increase of viscosities of PP-cats
with the increase of ethylene content, we believe that the high
viscosity probably results in a decrease in the motion ability
of the crystallizable propylene segments and consequently a
decrease in spherulite growth rate.

It has been reported in our previous paper that it is valid to ob-
tain the spherulite growth rates of PP-cats using nonisothermal
method [6]. Fig. 9(b) gives the calculated spherulite growth rates
of PP-cats and pure iPP through nonisothermal method. These
data present similar temperature-dependence. Here, the temper-
ature suitable for measuring through nonisothermal method is
lower than that through isothermal method. Moreover, it could
be found that the lowest temperatures at which the spherulite
growth rate could be measured are different for various PP-
cats samples, and seem to be involved in the composition.
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3.4. Crystallization kinetics

LauritzeneHoffman model [23] has been widely applied to
examine the crystallization kinetics of polymeric materials,
especially for those at melt-crystallization condition.

G¼ G0 exp

�
�U�

RðTc� TNÞ

�
exp

�
�Kg

Tc$DT$f

�
ð5Þ

where G0 is a preexponential term, U* is the energy for the
transport of the macromolecules in the melt, R is the universal
gas constant, Tc is the crystallization temperature, TN is the
temperature at which all the motions associated with the vis-
cous flow stop and is defined as TN¼ Tg� C, here C is a con-
stant that can assume different values, in this paper C z 30 K.
DT is the undercooling (DT¼ Tm

o � Tc), here Tm
o is the equilib-

rium melting temperature. f is a corrective factor responsible
for the variation of the equilibrium melting enthalpy with
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time at Tc¼ 140 �C.
temperature, defined as f ¼ 2Tc=ðTo
m þ TcÞ, and Kg is nucle-

ation parameter dealing with the energy required for the for-
mation of nuclei of critical size as defined as

Kg ¼ nb0seT
o
m=Dhfk ð6Þ

where n is a variable depending on the crystallization regime,
b0 is the layer thickness, s is the lateral surface free energy, se

is the fold surface free energy, k is the Boltzmann constant,
and Dhf is the enthalpy of fusion.

Eq. (5) can be re-written as

ln G¼ ln G0�
�

U�

RðTc� TNÞ

�
�
�

Kg

Tc$DT$f

�
ð7Þ

Regime transitions are observed experimentally as abrupt
changes of slope in plots of ln Gþ U�=RðTc � TNÞ against
1=ðf $Tc$DTÞ. Growth of crystals can occur in different re-
gimes, depending on temperature. At high temperatures (low
undercooling), formation of a surface secondary nucleus is fol-
lowed by rapid completion of the substrate, which is referred
to as regime I, and n equals to 4. At lower temperatures, in
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regime II, multiple surface nuclei form on the substrate and
spread out slowly, and n equals 2. At even lower temperatures,
when solidification takes place in regime III, a large number of
surface nuclei form so that the distance between two nuclei ap-
proximates the width of a stem and n equals 4. From Eq. (6),
the Kg relation between different regimes equation can be hold:
Kg(I)¼Kg(III)¼ 2Kg(II). The general understanding lies in
that in regime III which occurs at temperatures lower than
regimes I and II, the mobility of polymer chains is low.

Being an important kinetic parameter, the fold surface free
energy couldn’t be directly obtained. However, the lateral sur-
face free energy, a, can be calculated by

a¼ aDhfðaoboÞ1=2 ð8Þ

where the value of a¼ 0.1 was assumed to be universal and aobo

is the cross-sectional area of the chain [24]. In general, the crys-
tal phase of iPP is mainly a-crystal and the crystal growth is in
favor along (110) lattice plane during melt-crystallization.
However, on the basis of above analysis on crystalline phase
structure, it is understood that the crystal growth of PP-cats is
in favor along (040) lattice plane. Table 4 lists the unit cell pa-
rameters of iPP [24]. It can be found that the values of aobo are
the same for two different crystal growth surfaces, indicating
the calculated s value is independent of the growth mode.
The calculated s is 9.76 erg/cm2. In view of Eq. (6), however,
it is clear the se value is dependent on the b0. In other words,
the difference of crystal growth surfaces may affect se. Until
now, most of kinetic studies on iPP crystallization proceed
with the parameters of (110) lattice plane [5,24e26]. However,
for those on the PP-cats, it should be more logical to calculate
the se by using the parameters of (040) lattice plane.

For applying the LauritzeneHoffman model into the crys-
tallization kinetics of polymer blends, some modifications
have been made [9e11]

ln G� ln 42þ
�

U�

RðTc� TNÞ

�
� 0:2To

mln 42

DT

¼ ln Go�
�

Kg

Tc$DT$f

�
ð9Þ

here 42 is volume fraction of the crystallizable component. In
present study, because the main objective is to investigate the
crystallization kinetics of PP, the crystallization of ethylenee
propylene block copolymer is ignored, considering a little

Table 4

Values of iPP materials constants

a-iPP 31 Helix 110 Growth plane

Tm
o 187 �C ao 5.49 Å

Tg �12 �C bo 6.26 Å

Dhf 178� 0.936 J/cm3 aobo 34.37 Å

Unit cell parameters 040 Growth plane

a 6.65 Å ao 6.56 Å

b 20.96 Å bo 5.24 Å

c 6.50 Å aobo 34.37 Å

b 99.3�
contribution of the ethyleneepropylene block copolymer to
crystal phase.

The regime analysis is conducted experimentally through
plotting ln G� ln 42 þ U�=RðTc � TNÞ � 0:2To

m$ðln 42Þ=
DT vs. 1=ðf $Tc$DTÞ, choosing U*¼ 6270 J/mol, and TN¼
Tg� 30 K. Tm

o ¼ 460 K for iPP and Tm
o ¼ 455 K for PP-

cats.
According to Eq. (9), experimental data are analyzed and the

results are shown in Fig. 10. The data of iPP present two lines
between 117 �C and 155 �C and a transition could be observed
at 138 �C, and in addition, the slope of line in high temperature
range is lower than that in low temperature range. Since the
value of Kg in regime II is lower than those in regimes I and
III, and the temperatures corresponding to regime II are higher
those of regime III, iPP curves in Fig. 10 correspond to the re-
gimes II and III, and its abrupt change of slopes means the re-
gime II / III transition. This result is in accord with previous
reports on crystallization kinetics of iPP [5,24e26]. For iPP
with high molecule weight (Mw¼ 300 000), the regime II /
III transition was observed at 137 �C [5,24e26]. Even though
it was predicted that the regime I / II transition should exist
at about 155 �C for iPP sample [25], no experimental proof
has been achieved. However, for iPP with low molecule weight
(Mw¼ 15 000), both the regime I / II and regime II / III
crystallization transitions were observed because its equilib-
rium melting temperature is considerably low [26].

For the PP-cats containing low content of ethyleneepropyl-
ene copolymer, the similar phenomena can be found, but the
transition temperature decreases with the increase of ethyl-
eneepropylene copolymer. On the other hand, for the samples
containing high content of ethyleneepropylene copolymer,
PEP50 and PEP60, no regime II / III transition could be ob-
served. It needs to be pointed out that for PEP60 and PEP50,
the spherulite growth rate could hardly be measured when
crystallization temperature is lower than 123 �C and 121 �C,
respectively, because the nucleation density was too high and
the impingements among spherulite quickly appeared. Since
the molecular weights and polydispersity of propylene homo-
polymer in various PP-cats are in little difference, it suggests
that these kinetic differences of PP-cats impossibly result
from the molecular weights and polydispersity of propylene
homopolymer.

It has been confirmed that the existence of amorphous com-
ponent could affect the temperature of regime II / III transi-
tion [27]. Table 5 lists the Kg and se of PP-cats and pure iPP
in different regimes. It can be seen that the values of Kg and
se in the same regime increase with the increase of ethylene
content. Since the surface nucleation barrier is positive propor-
tion to Kg [23], the increase of Kg indicates that the increase of
ethyleneepropylene copolymer will lead to the decrease of sur-
face nucleation rate. On the other hand, the increase of se means
the increase of the fold surface free energy of PP segment, be-
cause the increase of the fold surface free energy goes against
regular folding of the molecule chain, i.e., crystal growth
[28]. These results are in agreement with Feng’s reports [29].
Because the increase in se may raise nucleation barrier and re-
duce nucleation rate, a larger degree of supercooling is required
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Fig. 10. Kinetic analysis of nonisothermal and isothermal growth data of iPP and PP-cats under U*¼ 6270 J/mol and TN¼ Tg� 30 K.
for the crystallization of PP-cats with higher ethylene content to
enter into regime III. Furthermore, the ethyleneepropylene co-
polymer is forced by growing PP crystal and gets together in the
vicinity of crystal growth plane during crystallization. More-
over, the mobility of ethyleneepropylene copolymer is very
weak because of high viscosity of PP-cats, resulting in the
high content of ethyleneepropylene copolymer in the vicinity
of crystal growth plane. These could be regard as the obstruct
effect of ethyleneepropylene copolymer on crystallization of
PP. Beyond doubt; this obstruct effect would go simultaneity
against crystal growth of PP and surface nucleation. Consider-
ing the regime II / III transition temperature shifting toward
low temperature, it is reasonable to believe that the dilution
effect has a stronger effect on surface nucleation than on crystal
growth, and makes surface nucleation rate decrease greatly. In
other words, the dilution effect of ethyleneepropylene copoly-
mer plays an important role in the shifting of the temperature of
regime II / III transition.
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Table 5

Various parameters determined by crystallization kinetic analysis for iPP and PP-cats

Range (�C) Kg(III)� 10�5 se (erg/cm�2) Range (�C) Kg(II)� 10�5 se (erg/cm�2) Kg(III)/Kg(II)

iPP 117e137 3.33 81.39 139e154 1.68 82.15 1.98

PEP20 118e130 3.42 83.59 132e154 1.74 85.08 1.96

PEP30 119e127 3.56 87.01 129e154 1.83 89.48 1.94

PEP40 119e124 3.69 90.19 126e154 1.86 90.95 1.98

PEP50 e e e 121e154 1.97 96.33 e

PEP60 e e e 123e154 2.04 99.75 e
4. Conclusion

The multiple melting behavior of PP-cats is attributed to the
melting of a-iPP, b-iPP and PE crystals, depending on the com-
position. An obvious melting point depression of PP-cats was
found. Furthermore, the Tm

o value of propylene homopolymer
in PP-cats seems independent of the composition and equals
to 182 �C. The WAXD experimental results reveal that the exis-
tence of ethyleneepropylene copolymer results in the changes
of crystalline microstructure of propylene homopolymer. The
kinetic analysis of PP-cats crystallization using a modified
LauritzeneHoffman model demonstrates that there appears a
regime II / III transition in iPP and PP-cats containing
low content of ethyleneepropylene copolymer content, i.e.,
PEP20, PEP30 and PEP40. For the PP-cats containing high con-
tent of ethyleneepropylene copolymer, i.e., PEP50 and PEP60,
crystallization always processes in regime II and no regime
II / III transition appears. Both calculated nucleation parame-
ter (Kg) and the fold surface free energy (se) for PP-cats increase
with the increase of ethyleneepropylene copolymer content, in-
dicating that the existence of ethyleneepropylene copolymer
goes against secondary nucleation of PP and regular folding
of the molecule chain. However, taking the higher viscosity of
PP-cats into account, it is believed that the increasing of viscos-
ity results in a remarkable obstruct effect on crystallization
kinetics, and this dilution effect has a stronger effect on surface
nucleation as compared with crystal growth. As a result, the
crystallization of PP-cats exhibits a shifting of transition tem-
perature between regimes II and III towards low temperatures.
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