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Impact-resistant polypropylene copolymer (IPC) samples with various pre-shear histories were prepared
by a Brabender Rheometer. The influence of pre-shearing on crystallization of IPC, including isothermal
and nonisothermal crystallization behaviors was investigated by differential scanning calorimetry (DSC)
and polarized optical microscopy (POM). The results of nonisothermal crystallization showed that
compared with as-received IPC, the temperatures referred to the peak of crystallization exotherm, Tp,
were prominently elevated for pre-sheared IPC. In isothermal crystallization experiment, combining
Avrami Method and Hoffman–Lauritzen Model, it was found that the half-time of crystallization (t1/2) of
pre-sheared IPC was greatly shortened and the calculated fold surface free energy (se) within the
isothermal temperatures investigated showed a large reduction. Morphological development during
isothermal crystallization observed by POM clearly confirmed that the enhancement in crystallization is
mainly due to the fast formation of nuclei during crystallization. Besides, using successive self-nucleation
and annealing (SSA) thermal fractionation technique, changes in chain structures induced by pre-
shearing were obtained. The relaxation behavior of pre-sheared IPC was also evaluated and it was found
that the shear-induced enhancement in crystallization could be relaxed to various extents under
annealing conditions.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Crystallization, which involves the transportation of molecules
from disordered liquid to ordered solid state, is an important
physical process in polymer science and remains a hot issue for
both academy and industry. For semi-crystalline polymeric mate-
rials, the crystallization proved to be a key factor for final
mechanical properties and therefore much attention has been paid
on it. Among all the polymers commercialized, isotactic poly-
propylene (iPP) is a typical semi-crystalline polymer owing various
industrial applications because of its ease of processing, light
weight, chemical resistance and relatively low cost. However, the
poor impact resistance of iPP, particularly at low temperatures,
limits its use as an engineering plastic. Many efforts have been
made to modify its mechanical properties through physical or
chemical methods, for instance, blending with various elastomers
[1–4], adding nucleating agents [5–7] and copolymerizing with
ethylene-alpha-olefins [8]. In recent years, with the advancement
of catalyst and polymerization technology, a new polymeric
material called impact-resistant polypropylene copolymer (IPC) has
x: þ86 21 6564 0293.
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emerged. IPC is produced in-reactor by a multistage polymerization
process based on the spherical catalyst [9–11]. The process involves
bulk polymerization of propylene in the first stage and then gas-
phased copolymerization of ethylene and propylene in the second
stage. In comparison with traditional iPP/EPR (ethylene–propylene
rubber) prepared by mechanical blending, the elastomer phase
dispersed in IPC can be well distributed, which helps to provide
much higher impact strength. Previous investigation of the
composition and chain structure showed that IPC was composed of
iPP homopolymer, which was the main constituent, and of an EPR
phase, as well as of partially crystalline ethylene–propylene
copolymers [12]. The complicated composition suggests the multi-
component and multi-phase nature of IPC.

During thermoplastic processing (e.g. blending and extrusion),
polymer crystallization is rarely occurring under static condition.
Polymers are usually heated to a molten state and experience both
flow and shear for a certain time. After the cessation of flow and
shear, polymers will be cooled down by water or air. Therefore, the
crystallization behavior is strongly influenced by the thermo-
mechanical history during processing [13]. Varga and Karger–
Kocsis [14] firstly experimentally investigated the shear-induced
crystallization behavior of iPP by pulling a fiber in melt. The results
showed that the melt-shearing achieved by fiber-pulling could
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yield a-row-nuclei and within a specific crystallization temperature
interval these a-row-nuclei may induce a to b-transition in the
crystalline modification of the iPP. In recent years, many experi-
mental results [13,15–23] have confirmed that flow field applied on
molten polymer may strongly affect the orientation of molecules.
Hsiao et al. [18] used transmission electron microscope to observe
the crystallization morphology of iPP after shear and found the
formation of micron size fibrillar (thread-like) structures at the
instant of flow cessation. These fibrillar structures were considered
as some oriented polymer chains and could act as nuclei for
subsequent crystallization. These oriented molecules proved to
have a long lifetime [13,18,21,23–26]. If the oriented molecules fail
to completely relax themselves within the period between the
cessation of flow and subsequent cooling, they will be remained
stable in matrix. They could induce specific crystallization
morphology (i.e. shish–kebab) under some circumstances and open
a new kinetic pathway to nucleation. Therefore, melt-processed
polymers may exhibit totally different crystallization kinetics. The
study of this flow-induced crystallization (FIC) on semi-crystalline
polymers makes it possible to control and predict the final prop-
erties. The commercial importance of FIC has long been recognized.
Nevertheless, the understanding of FIC is not an easy task for
researchers. Usually, there are two methods to study FIC: (i) by
practical processing operation such as an extruder which repro-
duces industrial processing conditions with a wide distribution of
shear rates in a pressure-driven slot flow; (ii) by experiments per-
formed under controlled thermal and flow conditions in a labora-
tory rheometer [27]. Nowadays, with in situ rheo-optic, rheo-SAXS
(small-angle X-ray scattering) and rheo-WAXD (wide-angle X-ray
diffraction) techniques, real-time tracking the FIC phenomenon can
also be performed to provide a better understanding of the process
[17,20,21,28,29].

A relatively clear overview of FIC [18,19,25] has been given in
recent years especially for some homogeneous polymer systems
such as iPP. In addition to experimental studies, a series of models to
numerically predict the crystallization process of homogeneous
polymer system under flow have also been proposed [30–35].
However, compared with homogeneous system, fewer studies have
been focused on the heterogeneous system. As a typical multi-
component and multi-phase polymer, IPC has gained much atten-
tion on its composition, microstructure and morphology [36,37].
Nevertheless, the experimental and theoretical work on FIC of IPC is
relatively less reported in the literatures [38] and has not been well
investigated up to now. The flow-induced crystallization of a multi-
phase polymer is more complicated as well as interesting because it
may be related to not only shear but also the phase separation [39].
Undoubtedly, it is of great importance to understand the FIC of IPC,
which may reflect the responses of internal complex structures to an
external flow field. Therefore, the objective of this paper is to study
how pre-shearing influences the crystallization kinetics of
a commercial IPC. The IPC samples with different pre-shear histories
were prepared and the influence of shear rate, duration time on both
isothermal and nonisothermal crystallization was studied by
differential scanning calorimetry (DSC). The morphological devel-
opment during isothermal crystallization was observed by polarized
optical microscopy (POM). To further explore the crystalline struc-
ture, successive self-nucleation and annealing (SSA) fractionation
was applied. We also reported a relaxation behavior of pre-sheared
IPC and evaluated it by annealing under different conditions.

2. Experimental

2.1. Material and sample preparation

Material used in this investigation is a commercial-grade
impact-resistant polypropylene copolymer with granule form. It
was kindly provided by Qilu Petrochemical Co., SINOPEC (Shang-
dong, China). The weight-average molecular weight was 1.53�105

and the polydispersity index (Mw/Mn) was 5.02, determined by gel
permeation chromatography (GPC). The ethylene content of IPC
was 10.6wt% as determined by 13C NMR. Dynamic mechanical
analysis (DMA) showed two glass transition temperatures existed
in IPC at about �32.8 �C and 23.6 �C corresponding to the relaxa-
tion of rubber phase and iPP matrix, respectively. The onset
degradation temperature of IPC was 260.0 �C in air atmosphere
measured by thermogravimetric analysis (TGA) at a heating rate of
20 �C/min.

Pre-shearing was carried out by a Brabender Rheometer (PLE
651) to simulate the practical industrial processing. As-received IPC
pellets were carefully weighted to fill in the chamber without adding
any nucleating agents or additives and subsequently heated to
170 �C. To obtain samples of different pre-shear histories, various
rotor speed (5–40 rpm) and duration time (5–15 min) were applied.
As soon as the duration of pre-shearing reached a preset time, we
stopped both rotation and heating of the rheometer and opened
a water-circulation cooling system which was directly connected to
the chamber. The samples left in the chamber were cooled to room
temperature by water-circulation and then scratched out for further
measurement. The room temperature was kept at 25 �C by air-
conditioning. The temperature of material in the chamber can be
recorded by a sensor attached and the corresponding heating or
cooling curve (temperature–time curve) can be analyzed by the
software attached in computer. In this study, all the samples were
prepared under the same cooling condition. According to the
temperature–time curves obtained it was confirmable that the
heating and cooling rates could be identical for different samples’
preparation to ensure the comparison between samples.

For torque rheometer consisted of chamber and rotor with given
geometry and size, the shear rate, _g, is in direct proportion to the
rotor speed [40,41]. According to the studies of Nielsen [42] and
Nakajima and Harrel [43], the shear rate in an internal mixing head
can be calculated as follows: _g ¼ Rur=e, where _g is the shear rate
(s�1), R is the radius of rotor (mm), ur is the angular velocity of the
rotor (rad/s), and e is the distance between the rotor and chamber
(mm). For the rotor (model MB30H, attached to Brabender) used in
this study, R¼ 21.0 mm, e¼ 2.0 mm, and ur¼ 2pu/60, thus the
shear rate can be expressed mathematically as follows: _g ¼ 1:10u,
where u is the rotor speed (rpm). Therefore, the rotor speed of
5 rpm, 10 rpm, 20 rpm, 30 rpm, 40 rpm we employed can supply
a shear rate of 5.5 s�1, 11.0 s�1, 22.0 s�1, 33.0 s�1, 44.0 s�1,
respectively.

2.2. Thermal analysis and thermal fractionation

A Q-100 DSC (TA Instruments-Waters LLC, USA) was used for
determining the thermal properties of IPC. Calibration for the
temperature scale was performed using indium (Tm¼ 156.60 �C
and DHf

0¼ 28.45 J/g) as standard to ensure reliability of the data
obtained. The accuracy of temperature measured here is �0.05 �C.
All the experiments were carried out in nitrogen atmosphere.

2.2.1. Crystallization and melting behavior characterization
Samples were sealed in aluminum pans for DSC measurements.

To minimize the thermal lag between samples and DSC furnace,
each sample weighs about 10 mg. The measurements were per-
formed as following procedures: samples were heated to 200 �C at
10 �C/min and kept for 5 min to erase any previous thermal history,
then cooled to 25 �C at 10 �C/min to determine the temperature (Tp)
at the peak of the exothermic curve. The melting point (Tm) was
taken at the melting endotherm peak of the second heating cycle
after erasing the thermal history. The melting enthalpy was
determined by linear interpolation of the baseline between the



Table 1
Thermal properties of IPC studied in this work.

Materials Tm
a,d (�C) DHm

a,d (J/g) Tp
b,d (�C) cc,PP

c,d (%)

As-received IPC 164.66� 0.90 79.72� 2.32 112.51� 0.30 38.15� 1.11
iPP 166.68� 0.83 107.40� 2.54 117.10� 0.36 51.38� 1.20

a Determined from melting endotherm of DSC heating trace after erasing the
previous thermal history.

b Determined from crystallization exotherm of DSC cooling trace after melted.
c Determined from measured enthalpies of fusion, DHm(DHm

0 ¼ 209.0 J/g).
d Mean values of three measurements.
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Fig. 1. Effect of pre-shearing rate on nonisothermal crystallization behaviors of IPC.
The shear temperature was 170 �C.
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clear-cut end of the melting endotherm and its onset arbitrarily
taken at 70 �C for all the samples.

Isothermal crystallization was carried out according to the
following procedure: (a) Samples were heated to 200 �C and kept
for 5 min to standardize the physical state of the materials prior to
the experiment. (b) Fast cooling (50 �C/min) down to a pre-
determined crystallization temperature (Tc). (c) Isothermally kept
for a period of time necessary to complete the crystallization.

2.2.2. SSA thermal fractionation
The SSA used for the thermal treatment of as-received IPC and

pre-sheared IPC samples involved a series of heating–annealing–
cooling cycles and was performed according to the following
procedures: Samples were firstly heated to 200 �C at 10 �C/min and
kept for 5 min, then cooling to 25 �C at 10 �C/min to create an initial
‘‘standard’’ thermal history. Secondly, samples were heated to
a selected first self-seeding temperature (Ts) at 10 �C/min and
maintained at this temperature for 5 min. This step results in partial
melting and annealing of unmelted crystals, while some of the
melted species may isothermally crystallize. Crystallization after
self-nucleation was achieved by subsequently cooling samples to
25 �C at 10 �C/min. The first Ts was determined to be 170 �C for both
as-received IPC and pre-sheared IPC samples. The fraction window
adopted here was 5 �C, and the annealing time was 5 min. The
temperature range for thermal fractionation was from 170 �C to
55 �C at interval of 5 �C for both as-received IPC and pre-sheared
IPC samples. The scanning rate used during the thermal condi-
tioning steps was 10 �C/min. After the completion of thermal
fractionation process, samples were heated from 25 �C to 200 �C at
10 �C/min and the corresponding endothermic curves were
recorded.

2.2.3. Evaluation of relaxation
The relaxation experiments were performed for pre-sheared

samples and the measurements were carried out using DSC
according to the following procedures: samples were quickly
heated from room temperature to 200 �C at a rate of 20 �C/min and
then cooled down to 25 �C at a rate of 10 �C/min. The corresponding
exothermic curves were recorded to observe the preserved changes
of crystallization behaviors caused by pre-shear history. Then the
relaxations of samples were evaluated by two methods: (i) samples
were heated to 200 �C and annealed for different duration times;
(ii) samples were heated to various annealing temperatures above
their melting temperatures for the same duration times. After the
cessation of annealing, samples were again cooled down to 25 �C at
a rate of 10 �C/min and the exotherms were recorded to show the
changes of crystallization behaviors after relaxation.

2.3. Polarized optical microscopy

Morphologies of samples were observed using an Olympus BX-
51 polarized optical microscope with a Linkam-THMS600 hot stage.
The sensor accuracy of the hot stage is �0.1 �C. Samples were
melted at 200 �C and squeezed to films tenderly. These films were
kept in the hot stage between two microscope slides. Each sample
was heated to 200 �C at 30 �C/min and kept for 5 min to allow
complete melting and subsequently cooled to a predetermined
isothermal crystallization temperature at 40 �C/min. Nitrogen gas
was purged through the hot stage during measurements.

3. Results and discussion

3.1. Thermal properties of IPC

The thermal properties of as-received IPC sample were
measured using a standard heating/cooling/heating program by
DSC at an identical rate of 10 �C/min. The melting temperature (Tm),
the heat of fusion (DHm), the peak crystallization temperature (Tp)
and the crystallinity (cc) are presented in Table 1. For a better
understanding of IPC system, the thermal properties of a commer-
cial iPP (F401, a product of Yangzi Petrochemical Co., SINOPEC),
homopolymer with Mw of 4.3�105 and isotacticity of 96.5%, were
also provided for comparison. Table 1 shows that the melting
temperature of as-received IPC was around 165 �C which was very
close to that of iPP. For IPC sample, a tiny melting peak can also be
observed at about 120 �C, which is said to be the melting point of
crystallizable polyethylene segments in ethylene–propylene block
copolymer according to literatures [12,44].

The peak crystallization temperature (Tp) is widely used to
evaluate the crystallization ability of semi-crystalline polymer. For
as-received IPC, Tp appeared to be at about 112 �C, which was lower
than iPP indicating that IPC may exhibit a slower crystallization
rate. With regard to the crystallinity, IPC owns a much lower value
than iPP due to the existence of amorphous ethylene–propylene
random copolymers. These results clearly showed that IPC studied
here was a complex system containing iPP homopolymers,
ethylene–propylene random copolymers and ethylene–propylene
block copolymers with crystallizable polyethylene segments. Our
interests lie in how the crystallization behavior of this complicated
material changes in response to different pre-shear histories, the
results of which may be helpful for giving meaningful information
to practical production as well as laboratory research. Therefore,
much attention has been paid on these aspects in this study.
3.2. Effect of pre-shearing on nonisothermal crystallization of IPC

Fig. 1 shows the nonisothermal crystallization curves of as-
received IPC and IPC samples after pre-shearing for 5 min under
various rates (5.5–44.0 s�1). The evident change in these
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exothermic curves suggested that shear rates greatly influenced the
nonisothermal crystallization behaviors of IPC. The as-received IPC
shows a single exothermic peak (Tp¼ 112 �C) on DSC crystallization
traces. However, the IPC sample pre-sheared under 5.5 s�1 shows
double exothermic peaks, a main exothermic peak at about
Tp¼ 118 �C and a shoulder peak at Tp¼ 112 �C. Obviously the
exothermic peak at 112 �C could be regarded as the crystallization
of some as-received IPC components hardly affected by pre-
shearing. The peak at 118 �C was referred to the enhanced crys-
tallization which might be induced by some oriented molecules
formed during pre-shearing. At low shear rate, because of the shear
gradients and limited duration time, only part of the polymer melt
underwent sufficient shear and stretch, the others were just
slightly moved. Therefore, after the cessation of flow, two compo-
nents with different shear histories remained and the sample
exhibited bimodal exotherms during the subsequent non-
isothermal crystallization. When applied shear rate was elevated to
11.0 s�1, the exothermic peak at 112 �C could still be observed.
However, the other exothermic peak was further moved to 120 �C
indicating that with higher shear rate the orientation of molecules
was strengthened leading to a higher Tp. With regard to 22.0 s�1,
the exothermic peak at 112 �C disappeared and only one
exothermic peak (Tp¼ 121 �C) could be observed. The results
obtained at 33.0 s�1 and 44.0 s�1 were almost same and one
exothermic peak at about 122 �C was observed, which implied that
the elevation of Tp reached a maximum under these pre-shearing
conditions.

The influence of pre-shearing duration on the nonisothermal
crystallization of IPC was also evaluated and shown in Fig. 2. All the
samples were applied same shear rate (11.0 s�1) but with different
duration times (5–15 min). When the duration of pre-shearing
lasted for 5 min, a bimodal exotherm could be obtained, one Tp at
112 �C obviously corresponding to the crystallization of as-received
IPC sample and the other at 120 �C corresponding to the crystalli-
zation induced by oriented molecules. If the duration time was
extended to 10 min, the exothermic peak at 112 �C disappeared and
only a single exothermic peak (Tp¼ 121 �C) could be observed.
Further prolonging the duration to 15 min made Tp to move to
a slightly higher temperature at 122 �C.

In brief, by controlling the pre-shearing condition, IPC samples
with different crystallization behaviors could be obtained. It is clear
that both pre-shearing rate and duration time have strong influ-
ences on the subsequent crystallization behavior of IPC. With
different pre-shear histories, the Tp of IPC changed and moved to
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Fig. 2. Effect of pre-shearing duration time on nonisothermal crystallization behavior
of IPC. The temperature was 170 �C.
higher temperatures. If sufficient high shear rate or enough dura-
tion time was applied, the Tp could reach a potential maximum
value at 122 �C which was almost 10 �C higher than that of as-
received IPC. The elevation of Tp indicated a surprising faster
crystallization rate. Usually, such a great enhancement of crystal-
lization may be achieved by adding effective nucleating agents.
However, according to our study, the same enhancement could also
be realized by proper pre-shearing.

3.3. Effect of pre-shearing on isothermal crystallization kinetics

To further confirm the faster crystallization enhanced by pre-
shearing, the isothermal crystallization behaviors of as-received IPC
and pre-sheared samples were comparatively investigated. It
should be noted first that the pre-sheared samples used in the
following measurements were prepared by undergoing a shear
history of 33.0 s�1 and 10 min whose Tp proved to reach the
maximum value of 122 �C.

The isothermal crystallization temperature should be well
chosen to ensure the feasibility of the measurements and the
integrality of the data obtained. For as-received and pre-sheared
IPC samples studied here, according to our measurements, on the
one hand, if lower crystallization temperature (�128 �C) is chosen,
the isothermal crystallization of pre-sheared IPC will be so fast that
only part of the exothermic curve could be recorded because the
sample starts to crystallize before the selected crystallization
temperature is reached. On the other hand, isothermal crystalli-
zation at higher temperatures (�136 �C) will be time-consuming
for as-received IPC and unsuitable for laboratory investigation.
Therefore, temperatures ranging from 129.0 to 135.0 �C were
considered to be appropriate for the isothermal crystallization
investigations in this study.

The relative degrees of crystallinity (Xt) changing with crystal-
lization time at 129.0 �C, 131.0 �C, 133.0 �C and 135.0 �C are shown
in Fig. 3. The corresponding exothermic DSC curves at these
temperatures are also presented in the inset of Fig. 3. The Xt here is
a relative value and could be defined as follows.

Xt ¼
Z t

0
ðdH=dtÞdt=

Z N

0
ðdH=dtÞdt (1)

where the first integral is the heat generated at time t and the
second one is the total heat generated when the crystallization is
completed.

It can be seen From Fig. 3 that, both as-received IPC and pre-
sheared IPC samples showed an obvious dependence of crystalli-
zation temperature on isothermal crystallization rate. Amazingly,
under the same isothermal crystallization temperature, the pre-
sheared IPC sample took much shorter time to complete the
crystallization than as-received sample. For instance, at 129 �C, the
pre-sheared IPC sample completed crystallization in 2–3 min while
the as-received sample spent as long as about 30 min. Moreover,
the enhancement of crystallization rate appeared to be more
pronounced under higher crystallization temperatures.

We used the Avrami model, whose logarithmic form is
expressed as Eq. (2), to analyze the isothermal crystallization of
these IPC samples [45].

ln½ � lnð1� XtÞ� ¼ ln Kn þ n ln t (2)

where Kn is the kinetic growth rate constant, n is the Avrami
exponent related to the type of nucleation and to the geometry of
growing crystals. Fig. 4 gives the Avrami plots corresponding to as-
received IPC and pre-sheared IPC. From the slope and intercept of
these straight lines, the Avrami exponent n and the rate constant
Kn(T) can be obtained. Further, the half-time of crystallization, t1/2,
defined as the time at which the development of crystallization is
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Table 2
The Avrami exponent (n), crystallization half-time (t1/2), and overall crystallization
rate (Kn(T)), of as-received IPC and pre-sheared IPC samples at various crystallization
temperatures (Tc).

Samples Tc (�C) Kn(T) (min�n) na t1/2
b (min)

As-received IPC 129.0 3.60 E-03 2.07 11.38
131.0 1.13 E-03 2.16 22.27
133.0 1.38 E-04 2.41 34.35
135.0 5.55 E-05 2.39 51.78

Pre-sheared IPC 129.0 0.3791 3.02 1.22
131.0 0.1119 2.79 1.92
133.0 2.87 E-02 2.73 3.21
135.0 5.51 E-03 2.80 5.62

a Mean value of three measurements. Calculated standard deviation of n is within
�0.1.

b Calculated from the mean value of n.
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50% complete, can be determined from Kn(T) and n as t1/2¼ (ln 2/
Kn(T))1/n. In isothermal crystallization, t1/2 is usually used to eval-
uate the crystallization rate.

The values of n, Kn(T) and t1/2 of two samples at various
temperatures are listed in Table 2. It is evident that, when
compared t1/2 of two samples, the pre-sheared IPC exhibited
a remarkable faster crystallization rate under all isothermal crys-
tallization temperatures. For example, the t1/2 was shortened by
88.6% at 129 �C. With the results of overall crystallization rates, we
may come to the conclusion that the pre-shearing process can
greatly accelerate the crystallization of IPC. From Table 2 it can also
be seen that the n values of as-received IPC are dispersed, ranging
from 2.07 to 2.41 whereas the n values of pre-sheared IPC are
relatively larger than as-received IPC, ranging from 2.73 to 3.02. We
believe that the pre-sheared induced changes in Avrami exponent
were related to the microstructure of two samples. The different
microstructures lead to the different nucleation mechanisms.

Besides, the effect of pre-shearing on the crystallization kinetics
of IPC is also reflected in the fold surface free energy of IPC crystals.
The fold surface free energy, se, is usually obtained by measuring
the variation of linear growth rate of spherulites, G, with
temperature. Hoffman and Lauritzen (H–L) had developed
a dependence of G on the crystallization temperature Tc [46], that is

G ¼ G0 exp

"
�U*

RðTc � T0Þ

#
exp

�
�Kg

TcðDTÞf

�
(3)
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where G0 is a constant and includes all the terms that are
temperature-insensitive, U* is the transport activation energy, T0 is
a hypothetical temperature below which all viscous flows cease
(namely, T0¼ Tg� 30 K), Tc is the crystallization temperature,
DT¼ Tm

0 � Tc is the undercooling (Tm
0 is the equilibrium melting

temperature), f is the correction factor related to temperature
usually described as f¼ 2Tc/(Tm

0 þ Tc). The factor exp[�U*/R(Tc� T0)]
describes the rate of transport of chain segments to the growth
front and dominates the behavior of G below the maximum in the
growth rate. The factor exp[�Kg/Tc(DT)f] dominates the variation of
G near Tm

0 and well down toward the maximum in the growth rate.
The nucleation constant in Eq. (3), Kg can be expressed as:

Kg ¼ jb0sseT0
m=kB

�
Dhf

�
(4)

where j¼ 4 for regimes I and III growth and j¼ 2 for regime II. b0 is
the layer thickness, s is the lateral surface free energy, Dhf is the
enthalpy of fusion, kB is Boltzmann’s constant. Under different
temperatures, the crystallization of polymer can be divided into
three regimes by the relationship between lateral growth rate g and
second nucleating rate i: Regime I (i< g), Regime II (i y g) and
Regime III (i> g). To confirm the value of j in this study, we per-
formed more isothermal crystallization experiments in a wider
range of isothermal temperatures and drew the H–L plots. The
related results were available in Supporting materials attached. It
was showed that within the isothermal temperature used here
(129–135 �C), the crystallization of as-received sample was in
regime II while the pre-sheared IPC was in regime III. Therefore, the
value of j was 2 for as-received IPC and 4 for pre-sheared IPC in the
calculation of se. When the Avrami equation to describe the overall
crystallization of the whole sample is combined with the crystal
growth rate equation of L–H, the overall crystallization rate could
be expressed by a generalized equation as follows [47]:

1
n

ln KnðTÞ þ
U*

RðTc � TNÞ
¼ An �

Kg

TcðDTÞf (5)

where Kn(T) and n are the parameters in the Avrami equation,
others are from Eq. (3). Therefore, Kg of two samples can be
determined from the slope of plot of 1=n ln KnðTÞ þ U*=RðTc � TNÞ
versus 1/fTc(DT) and se can be obtained from sse by substituting Kg

into Eq. (4). In addition, to determine the value of se, it is first
necessary to determine s, which could be calculated from the
following empirical equation.

s ¼ aDhf

ffiffiffiffiffiffiffiffiffiffi
a0b0

p
(6)

where a is an empirical constant and usually assumed to be 0.1, a0b0

represents the cross-sectional area of polymer chains. Dhf, a0 and b0

of PP is supposed to be 1.96�108 J m�3, 5.49�10�10 m and
6.26�10�10 m, respectively, based on the literature [48]. Therefore,
a value of s¼ 11.5 erg cm�2 is obtained from Eq. (6).

On the basis of above results, the values of se can be calculated
from Eq. (4). Within the isothermal crystallization temperatures
studied, the values of se calculated for as-received IPC and pre-
sheared IPC are 116.5 erg cm�2 and 76.6 erg cm�2, respectively.
These values are higher than those of iPP reported in the literature
[48–51] whose values fall in the range 58� 7 erg cm�2 which may
be due to the complexity of IPC system. Compared the values of se

for two samples, it is evident that the pre-shearing process gives
rise to the decrease in se of as-received IPC. Usually, it is believed
that the value of se could be changed by nucleating agents such as
filler particles and fibers. These additives tend to promote the
nucleation of spherulites on their surfaces, decrease the thickness
of lamina and lead to epitaxial growth of the crystallites [52]. As
a result, the value of se is reduced, thereby giving rise to an increase
in crystallization rate. In our experiment, a 34% reduction in se of
as-received IPC indicating that pre-shearing may have similar
effects as nucleating agents. Therefore, we estimate that the flow
field applied to as-received IPC greatly enhanced the nucleation
process which leads to a surprisingly faster overall crystallization
rate.

3.4. Morphological observation of as-received IPC and pre-sheared
IPC samples

To confirm the existence of faster nucleating phenomenon in
pre-sheared IPC, the morphology development and size of spher-
ulites of as-received IPC and pre-sheared IPC samples were inves-
tigated by polarized optical microscopy (POM). Equipped with a hot
stage, real-time isothermal crystallization process could be
observed and morphologies during the process could be photo-
graphed. As we have shown before, the pre-sheared IPC sample
exhibited a much faster crystallization rate than as-received IPC;
therefore the undercooling should be well selected to ensure
a proper time window for the observation of both as-received IPC
and pre-sheared IPC. As isothermal crystallization kinetic studies
were tested under 129–135 �C, we selected a temperature of 135 �C
for optical observation here to compare with the former results and
the temperature proved to be appropriate.

Fig. 5 displays the morphological evolution of as-received IPC
and pre-sheared IPC during the isothermal crystallization at 135 �C.
It can be seen that at 1 min which was just at the beginning of
isothermal crystallization, the as-received IPC sample remained
a homogeneous phase that almost no nuclei could be observed.
However, with regard to the pre-sheared sample, some sporadic
nuclei were already visible at 1 min indicating that the germination
of the sample was much earlier than that of as-received sample. At
3 min, it was clear that some nuclei emerged in as-received sample
while in pre-sheared sample the germination of nuclei was so rapid
that the screen had already been full of nuclei and the small
spherulites began to impinge on each other. After 10 min of
isothermal crystallization, it can be seen that no more nuclei
appeared in as-received IPC sample and the formed spherulites
began to grow radially. For pre-sheared IPC sample, the crystalli-
zation had already gone saturation by 10 min because compared
with the photo taken at 25 min, no distinct differences were found.
However, the crystallization of as-received sample took about
25 min to reach saturation. It can also be estimated that the
spherulites’ size of pre-sheared sample was much smaller than that
of as-received sample when the two samples both reached satu-
ration. For pre-sheared sample, the nuclei germination was much
earlier and nuclei density was much higher at the same crystalli-
zation time. Under the same crystallization temperature, the
number of nuclei formed during a limited crystallization time may
represent the nucleation rate of the sample [53]. Therefore, it is
clear that the nucleation rate of pre-sheared IPC sample showed
a significant promotion compared to as-received IPC. In the former
isothermal study at 135 �C, using Avrami method and H–L
approach, we have estimated that the se of pre-sheared samples
was lower than those of not pre-sheared samples which means that
the nucleation rate ought to be higher in pre-sheared samples.
Therefore, the results of isothermal study and optical observation
were well corresponded indicated that the faster germination
(nucleation rate) was the main reason for crystallization accelera-
tion of pre-sheared IPC.

3.5. Thermal fractionation

Successive self-nucleation and annealing (SSA) thermal frac-
tionation enhances the potential molecular fractionation which can
occur during crystallization, while encouraging annealing of the



Fig. 5. Morphologies development of as-received IPC (a–d) and pre-sheared IPC (e–h) during isothermal crystallization.
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unmelted crystals at each stage of the process, so that small effects
can be magnified. This technique is based on the sequential appli-
cation of self-nucleation and annealing steps to a polymer sample
originally devised by Fillon et al. [54–56] and has been widely used
to analyze the chain structures of semi-crystallized polymers such
as PE and PP [57–62]. For an SSA fractionated polymer sample, the
final DSC heating run will reveal a distribution of melting points
induced by thermal treatment indicating the heterogeneous nature



90 100 110 120 130 140 150

Annealed at190 °C

Annealed at 200 °C

Annealed at 210 °C

Annealed at 220 °C

Temperature ( °C)

E
n

d
o

 
U

p

As-received IPC

Annealed at 230 °C

Fig. 7. Exothermic curves of pre-sheared sample after annealing at various tempera-
tures for 30 min.

S. Song et al. / Polymer 50 (2009) 286–295 293
of the structures of polymers. Compared with another thermal
fractionation technique so-called stepwise crystallization (SC), SSA
exhibits a leading advantage that it is performed at substantially
shorter times and with better resolution [63,64].

In order to clarify the microstructure changes of as-received IPC
after pre-shearing, SSA thermal fractionation was performed. The
DSC melting curves of as-received IPC and pre-sheared IPC after SSA
fractionation are shown in Fig. 6. It is evident that, both fractionated
samples exhibited a series of small melting peaks at about 90–
130 �C which correspond to the partially crystalline ethylene–
propylene copolymers. By zooming in these melting peaks, it is
found that little difference could be observed between as-received
IPC and pre-sheared IPC. However, it is interesting to see that the
melting peaks at higher temperatures corresponding to iPP
homopolymers were quite different between the two samples. The
as-received sample showed two obvious melting peaks, a weak one
at 171 �C and a strong one at 177 �C. With regard to the pre-sheared
sample, the peak at 177 �C became a weak shoulder of a much
stronger peak at 171 �C. The melting peaks of fractionated samples
were related to the melting of different mean lamellar thickness
crystallites formed and annealed at each self-nucleation tempera-
ture employed. The Thomson–Gibbs equation [64] can be used to
establish a correlation between temperature and lamellar thickness
which has been used by several authors who have applied SSA
fractionation.

l ¼ 2sT0
m

DHv

�
T0

m � Tm

� (7)

According to Eq. (7), it can be seen that by SSA fractionation, two
crystalline components with different mean lamellar thicknesses
could be obtained for both samples. The peak position corre-
sponding to the two components showed no differences after pre-
shearing indicated that the pre-shearing did not change the
lamellar thickness of the two fractionated components. However,
the proportion of the two components has been greatly changed.
The pre-shearing promoted the formation of thinner lamellar and
therefore the melting peak at lower temperature 171 �C became
stronger while the peak at 177 �C became weaker. The micro-
structure of pre-sheared sample proved to be more homogeneous
reflected by the crystallizable segment distribution. As we have
mentioned, the pre-shearing applied to as-received IPC would
lower the Avrami exponent indicating the existence of a micro-
structure change. With the results of SSA thermal fractionation, we
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Fig. 6. DSC melting curves of as-received IPC and pre-sheared IPC after SSA thermal
fractionation.
may reach the conclusion that the pre-shearing process has
a prominent influence on changing the distribution of lamellar
thickness of IPC by forming thinner lamellar. The results were also
consistent with its nucleating effect on IPC as we have presented
before.

3.6. Relaxation behaviors of pre-sheared IPC

If the enhancement in crystallization of IPC is caused by pre-
shearing related to the orientation of polymer chains (formation of
oriented ‘‘precursors’’), the orientation may be expected to relax
under certain conditions. Therefore crystallization characteristics of
pre-sheared IPC will be recoverable. The relaxation behavior of pre-
sheared polymer involves the motion of oriented or stretched
molecules to recover from a metastable state to a stable state.
Usually under quiescent condition and room temperature, this
process takes such a long time that it is impossible to observe.
However, according to the time–temperature correspondence, if
the polymer is kept in a high temperature atmosphere, the relax-
ation process might be easier to observe and record. Therefore, the
two methods we adopted in this study to perform the relaxation
process of pre-sheared IPC sample were: (i) annealing at different
temperatures which were much higher than its melting tempera-
ture for a same duration time; (ii) annealing for various duration
times at a same temperature. The degrees of relaxation were
evaluated through subsequent nonisothermal crystallization by
determining the Tp value on exothermic curves.

Fig. 7 presents the exothermic curves of pre-sheared sample
after annealing at various temperatures for 30 min. Interestingly,
the relaxation was quite obvious and showed a dependence of
annealing temperature. From Fig. 7, the Tp of pre-sheared sample
exhibited no essential difference implying that the relaxation under
190 �C was so slow that within the limited annealing time, the
shear-induced structures could not be destroyed. However, with
the increasing annealing temperature, the pre-sheared sample
began to show more and more obvious relaxation behaviors which
could be inferred from the fact that the Tp of annealed samples
moved to lower temperatures. When the annealing temperature
was set to 230 �C, the Tp of pre-sheared IPC sample after annealing
was identical to that of as-received IPC sample indicating that
a sufficient relaxation was achieved and the pre-shearing memory
was totally erased.

Fig. 8 shows the exothermic curves of pre-sheared sample after
annealing at 200 �C for various duration times. The relaxation
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behavior also showed a dependence of annealing time under same
annealing temperature. Annealing at 200 �C for 5 min is an often
used procedure to erase the previous mechanical and thermal
histories in thermal analysis. However, according to the result
obtained here, this procedure failed to erase the melt memory
caused by flow because the subsequent crystallization revealed that
the Tp did not show any differences compared with original pre-
sheared IPC. When longer annealing time was applied, the pre-
sheared samples started to exhibit relaxation behaviors. The
observed Tp was 121.1 �C, 120.3 �C, 119.7 �C, 118.8 �C for samples
annealed for 15 min, 30 min, 60 min and 120 min, respectively. It
shows that annealing for 120 min at 200 �C was not long enough for
the stressed melt to relax totally. Therefore, it can be estimated that
much longer annealing time need to be applied before the pre-
sheared IPC sample recovers to a stable state.

Besides, it should also be noted that the as-received IPC is
a multi-phase polymer system composed of homo-polypropylene,
ethylene–propylene random copolymer and ethylene–propylene
block copolymer. The dispersion of these components is strongly
related to the final mechanical properties such as impact
strengthen. As shown by many researchers [36,44,65–69], the
morphology of IPC obtained through scanning electronic micros-
copy (SEM) or transmission electronic microscopy (TEM) is a so-
called ocean–island or core–shell structure where small amount of
ethylene–propylene copolymers is well dispersed in iPP matrix. By
pre-shearing, on the one hand, if the applied shear rate is suffi-
ciently large, the crystallization rate of IPC will be significantly
accelerated according to our experimental results, which is of great
importance to production. However, on the other hand, the
morphology of ocean–island or core–shell in IPC may be destroyed
during the process and hard to recover leading to a depression on
the final mechanical property. Therefore, practically, it is important
to control the processing conditions of IPC to gain a good balance
between crystallization enhancement and morphology destruc-
tion, both of which are crucial for final properties of the material.

4. Conclusion

In this study, a strong dependence of pre-shearing condition on
crystallization kinetics of IPC was demonstrated. The IPC samples
with various pre-shear histories were analyzed by nonisothermal
crystallization and the results showed that both pre-shearing rate
and duration time have a strong influence on Tp. With a sufficient
high rate or enough long time, the Tp of IPC could be elevated by
10 �C at most. The isothermal crystallization behaviors were also
studied and the overall crystallization kinetics analyzed by Avrami
method reveals the different nucleation mechanisms between
as-received IPC and pre-sheared IPC. By comparing t1/2, it is showed
that the pre-shearing process greatly accelerated the crystallization
rate of IPC. The overwhelming changes of crystallization rate
indicate a remarkable effect of pre-shearing on nucleation.
Morphological evaluation during isothermal crystallization clearly
confirmed the faster nucleation rate of pre-sheared IPC. Moreover,
different from real nucleating agents, we found that pre-sheared
samples showed relaxation behaviors under various annealing
conditions.

At industrial level, to master the relationship between external
flow field and internal crystallization, behaviors of polymer is both
crucial and meaningful. As an important and complex polymer
material, IPC showed a large response and long memory to pre-
shearing. Therefore, it is possible to control the crystallization
behaviors of IPC in practical processing.
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