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ABSTRACT: The roles of compositional heterogeneity and phase structure on an unusual shear-enhanced
crystallization behavior of impact-resistant polypropylene copolymer (IPC) were systematically investigated
by differential scanning calorimetry (DSC), polarized optical microscopy (POM), field emission transmission
electron microscopy (FETEM), and scanning electronic microscopy (SEM). Upon an interval of preshearing,
we observed an amazing accelerated crystallization in IPC, whereas no such shear-enhanced crystallization
was found in isotactic polypropylene (iPP) or iPP/ethylene—propylene random copolymer (EPR) blend after
the same shearing. By solvent and thermal fractionation, the effects of components in IPC on shear-enhanced
crystallization were clarified. We hypothesize that this phenomenon is a consequence of phase structure
changes induced by shearing that releases the partially crystalline block copolymer from amorphous
random copolymer which is in favor of a fast crystallization for IPC. We built up a multilayered phase
structure of IPC, and by combining the changes in phase structure observed before and after shearing, we
present a conceptual model describing the mechanism that account for the significant shear-enhanced

crystallization in IPC.

1. Introduction

Polypropylene (PP), owing to its strong mechanical properties,
shows a rapid industrial development since its introduction into
the market in 1965. A wide range of PP with various molecular
characteristics are developed for numerous and versatile applica-
tions. PP is widely injected to form parts, especially components
such as bumpers and dashboards for the automotive industry.
However, because of its poor impact resistance (particularly at
low temperatures), PP is unable to optimize the properties of final
products which disenable it used as an engineering plastic. Many
efforts have been made to improve the toughness of PP,'~
among which introducing elastomers by copolymerization is
recognized the most effective one. In this field, no great progress
has been made until the appearance of porous spherical TiCly/
MgCl, catalyst and so-called “reactor granule technology” with
which made it possible to produce a series of previously unavail-
able multiphase materials.” These materials are named impact-
resistant polypropylene copolymer (IPC), high-impact polypro-
pylene (HIPP), or PP in-reactor alloys which exhibit an excellent
rigidity—toughness balance. It is believed that the superior
properties of IPC originate from its compositional heterogeneity
and unique heterophasic morphology as it is produced in-reactor
by a multistage polymerization process which involves bulk
polymerization of propylene in the first stage and then gas-
phased copolymerization of ethylene and propylene in the second
stage.”!” Extensive investigations have been made to explore the
composition, morphology, and phase structure of IPC."' "7 It
has been confirmed that IPC is mainly formed by a matrix of
isotactic polypropylene (iPP) in which an ethylene—propylene
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random copolymer (EPR) is finely dispersed. Besides, some
partially crystalline ethylene—propylene copolymers are proved
to exist as well.'? This complex composition suggests the multi-
component and multiphase nature of IPC.

Crystallization is an important physical process in polymer
science. Despite decades of research, some fundamental problems
in crystallization still remain mysterious for both academe and
industry. For semicrystalline polymeric materials such as PP,
crystallization proved to be a key factor for final mechanical
properties. However, under processing conditions, molten poly-
mer is subjected to an intense shear field and crystallizes during or
subsequent to the imposition of shear. Therefore, the crystal-
lization that develops in the product is typically very different
from what is observed under quiescent conditions for the same
polymer.'®!” Recently, the influence of shear on the crystal-
lization of PP has drawn much interest>* " because it implies the
possibility of controlling and predicting the final morphologies
and properties in current industrial processes. To understand the
effect of shear on crystallization is not an easy task for research-
ers. Usually, there are two methods to employ shear on molten
polymers: (i) By practical processing apparatus such as extruders
or laboratorgl rheometer which provide comparatively higher
shear rates.”®3'? The influence of shear on crystallization is
ex-situ analyzed by differential scanning calorimetry (DSC) or
wide-angle X-ray diffraction (WAXD) through which the crystal-
lization kinetics, and possible crystal modification transition can
be obtained. (ii) By small handmade shear apparatus combined
with in situ analysis techniques such as rheo-optic,'” rheo-SAXS
(small-angle X-ray scattering),”**** and rheo-WAXD,***3* a
real-time tracking of the crystallization process can be performed.
The shear rate of this kind of apparatus is comparatively lower
and more controllable, and thus the basic understanding of
crystallization under shear is hopeful to be achieved. Concerning
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the different responses of various polymers to shear field, both
methods own their respective advantages.

Hitherto, a relatively clear overview of crystallization under
shear has been given especially for homogeneous polymers such
as iPP. The influence of shear condition (e.g., shear temperature,
time, and rate) on the subsequent changes in morphology,”*!
crystal modification,”® and crystallization kinetics*!+**3473°
has been well studied. Concerning that the classical problem of
shear-induced crystallization is quite extensive; here we focus
mainly on the shear-enhanced crystallization in iPP. The shear-
enhanced crystallization can be considered as a consequence of
shear-induced structure change in polymer melt on the crystal-
lization kinetics and is closely linked to the final property. Thus,
an understanding of the nature of shear-enhanced crystallization
with respect to the influence of shear conditions and sample
characteristics is required to enable rational design of materials
and to optimize properties. Using a specific flow apparatus,
Kornfield et al."”*** examined the shear-enhanced crystalliza-
tion in iPP and found that shearing the polymer for a short
duration always led to accelerated crystallization kinetics as
compared to quiescent. However, a saturation of shear-enhanced
crystallization was also observed, and they suggested that the
shear-induced structure formed during shear could explain the
phenomenon. They also concluded that the emergence of shear-
enhanced crystallization in iPP was related to the shear tempera-
ture and polymer characteristic. In brief, shear owns the ability to
induce more active nuclei in iPP melt and shorten the induction
time. However, from a macro-perspective, the shear-enhanced
crystallization in iPP cannot always be observed due to some
uncertain reasons. All the related factors such as shear condition
and molecular characteristic should be taken into consideration if
a shear-enhanced crystallization is expected. Therefore, the origin
of shear-enhanced crystallization is still ambiguous, and relevant
studies are in progress.>’ >

As a typical multicomponent and multiphase polymer, the
understanding of shear-enhanced crystallization in IPC is more
complicated than iPP because it may be related to not only shear
but also the phase sturcture.'>*~* In our pervious study,** we
reported an experimental study about the influence of preshear-
ing on the crystallization of IPC and first showed that the
preshearing greatly accelerated the crystallization rate of IPC.
However, to the best of our knowledge, no similar shear-
enhanced crystallization of iPP has been reported under the same
shear condition. Upon shearing, the possibility of forming shear-
induced structure ought to exist in both IPC and iPP. However,
because of some other unknown reasons, the resultant enhancing
effects appear to be very different. Therefore, a simple but “big”
question naturally arises as to why the crystallization of iPP and
IPC, both of which have propylene homopolymers as the main
constitute, behave so differently after shear. The possible me-
chanism of shear-enhanced crystallization in IPC is expected to
be revealed.

Using the shear-enhanced crystallization in IPC as a start
point, the aim of this study is to give out a reasonable mechanism
to explain the interesting phenomenon, which might be helpful
for the better understanding of the shear-enhanced crystallization
in complex systems. First, we applied a preshearing process on
iPP, iPP/EPR, and IPC by a torque rheometer to study the shear-
enhanced crystallization. Then, for a more detailed analysis, [PC
samples were separated by solvent and thermal fractionation.
The functions of different components in shear-enhanced crystal-
lization were well investigated. We also built up a complete
multilayered phase structure of IPC based on the observation
using scanning electron microscopy (SEM), field emission trans-
mission electron microscopy (FETEM), and selective area elec-
tron diffraction (SAED). The thermal properties and crystalline
morphologies were analyzed by DSC and polarized optical
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Table 1. Properties of IPC, iPP, and EPR
comonomer  MFI“ ethylene M,/
sample type (g/10min) content® (%) M. (x10%)  My°
IPC ethylene 9.7 10.6 15.3 5.02
iPP 2.5 22.0 4.85
EPR  ethylene 50.6 8.6 <2.30

“Under the condition of 230 °C/2.16 kg. ® Determined by '*C NMR.
¢ Determined by gel permeation chromatography (GPC).

microscopy (POM), respectively. On the basis of the results
obtained and through substantial analysis, we proposed a model
to explain the possible mechanism of shear-enhanced crystal-
lization in IPC. Some experiments were also conducted to testify
our model.

2. Experimental Section

2.1. Experimental Materials. The IPC and iPP used in the
present study are commercial products with granule forms
produced by Qilu Petrochemical Co., SINOPEC (Shandong,
China), and Yangzi Petrochemical Co., SINOPEC (Nanjing,
China), respectively. The EPR is provided by Jilin Petrochem-
ical Co., CNPC (Jilin, China). The basic parameters of the
materials are summarized in Table 1. iPP/EPR is produced by
melt-blending with an EPR content of 20 wt %.

2.2. Sample Preparation. Preshearing was carried out by a
PLE 651 torque rheometer (Brabender, Germany) to simulate
the practical industrial processing. The parameters of the rheo-
meter and corresponding exyerimental procedures were
described in our previous study.** In the present study, a rotor
speed of 40 rpm (y =44.0 s ') and a duration time of 10 min
were applied at a temperature of 175 °C. We have carefully
studied the possible degradation and cross-linking of the sam-
ples after preshearing, and the results showed that under the
shearing conditions used in the present study no obvious
degradation or cross-linking will happen in IPC samples, and
therefore, it can be confirmed that these factors will not influ-
ence our study of shear-enhanced crystallization. The detailed
studies and discussions are available in the Supporting Infor-
mation.

Solvent fractionation was performed according to the follow-
ing procedures; First, IPC pellets were totally dissolved in
boiling xylene containing 0.1 wt % antioxidant. The homoge-
neous solution was then cooled to room temperature and
washed by large amounts of cold methanol. After filtration,
the obtained IPC in the form of powders were subsequently
fractionationed by n-hexane. The fraction dissolved in n-hexane
was washed out by methanol. Schematic illustration of solvent
fractionation is shown in Figure 4. All the fractions were dried in
vacuum for 24 h before testing.

2.3. Thermal Analysis and Thermal Fractionation. A Mettler
DSC-1 apparatus was used to determine the thermal properties.
Calibration for the temperature scale was performed using
indium (7, = 156.60 °C and AH? = 28.45 J/g) as standard to
ensure reliability of the data obtained. The accuracy of tem-
perature measured here is £0.05 °C. All the experiments were
carried out in a nitrogen atmosphere. Each sample weighted
about 2—5 mg and was sealed in aluminum pan. For regular
melting and crystallization analysis, the measurements were
performed as following procedures: samples were heated to
200 °C and kept for 5 min to erase previous thermal history.
Subsequently, the samples were cooled to 25 °C at a rate of
10 °C/min and again heated to 200 °C at a rate of 10 °C/min. The
crystallization thermograms were recorded during the first cool-
ing scan, while the melting temperature and fusion enthalpy of
the samples were determined during the second heating scan.

Successive self-nucleation and annealing (SSA) was per-
formed according to the following procedures; samples were
first held at 200 °C for 5 min and then cooled to 25 °C at a rate of
10 °C/min to create an initial “standard” thermal history.
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Second, samples were heated to a selected first self-seeding
temperature (75) at a rate of 10 °C/min and held for 5 min. This
step results in partial melting and annealing of unmelted crys-
tals, while some of the melted species may isothermally crystal-
lize. Crystallization after self-nucleation was achieved by
subsequently cooling samples to 25 °C at a rate of 10 °C/min.
Following the suggestion of Muller,* single-step self-nucleation
experiments have been done to determine the melting domains
of samples. In the present study, the first 7 was determined to be
180 °C, the fraction window adopted here was 5 °C, and the
annealing time was 5 min. The scanning rate used during the
thermal conditioning steps was 10 °C/min. The temperature
range for thermal fractionation was from 180 to 50 °C for all
samples. After the completion of thermal fractionation process,
samples were heated from 25 to 200 °C at a rate of 10 °C/min,
and the corresponding endothermic curves were recorded.

2.4. Scanning Electron Microscopy (SEM). The samples were
hot-pressed into films and then carefully etched in a mixed
solution of KMnQy, hydrochloric acid, and concentrated sul-
furic acid. A scanning electron microscopy (TESCAN
S136MM) was used to observe the surface of samples after
coated with gold. An operating voltage of 20 kV and magnifica-
tion of 800, 2000, and 5000 were adopted for observation.

2.5. Field Emission Transmission Electron Microscopy
(FETEM). The as-received IPC sample was dissolved in boiling
xylene (138 °C) with a concentration of 0.05 wt %. Thin films
(thickness <200 nm) for observation were prepared by solution-
casting to a preheated copper grids. After solvent evaporation,
the specimens were then dried in vacuum at 50 °C for 24 h. A
JEM-2100F (JEOL, Tokyo, Japan) field emission transmission
electron microscopy operated at 200 kV was used for obser-
vation.

2.6. Polarized Optical Microscopy (POM). Morphological
evolution during isothermal crystallization was 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 film specimens were kept in hot stage
between two microscope slides. Each specimen was heated to
200 °C and kept for 5 min to allow complete melting and
subsequently cooled to a predetermined isothermal crystalliza-
tion temperature at a rate of 40 °C/min. Nitrogen gas was
purged through the hot stage during measurements.

2.7. Dynamic Mechanical Analysis (DMA). DMA was con-
ducted using a NETZSCH 242C dynamic mechanical analyzer.
Specimens with approximate dimensions of 10.0 x 5.0 x
2.0 mm? were carefully cut from the bone-shaped bars prepared
by a laboratory mixing molder (LMM). Dynamic temperature
sweep were performed using single-cantilever mode at a vibra-
tion frequency of 10 Hz under a nitrogen atmosphere. The
testing temperature was selected from —60 °C to +80 °C at a
heating rate of 5 °C/min.

3. Results and Discussion

3.1. Thermal Properties. In our previous study,* we found
the crystallization behavior of IPC is sensitive to strong shear
employed by a torque rheometer. With various shear rates,
the overall crystallization kinetic of presheared IPC can be
improved to different extents. In the present study, we
further studied the same material to look insight into the
possible mechanism of shear-enhanced crystallization in
IPC. For comparison, we selected three polypropylene sam-
ples including iPP, iPP/EPR blend, and IPC. The samples
were undergone an identical melt shearing at a rate of
44.0 s! for 10 min at 175 °C by a Brabender rheometer. It
should be noted that the choice of shear rate, duration time,
and temperature of shearing has an influence on the shear-
enhanced crystallization. Under critical conditions, the
shear-enhanced crystallization reaches saturation in IPC.
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Figure 1. DSC crystallization curves of iPP, iPP/EPR, and IPC
samples.

The shear condition employed here has been proved to be
a critical one leading a maximum enhanced crystallization in
IPC. The presheared samples were denoted as iPP-S, iPP/
EPR-S, and IPC-S. Figure 1 shows the crystallization curves
of three samples before and after preshearing. The peak
value of crystallization curve, T}, can be used as a parameter
which links to the crystallization rate of semicrystalline
polymer. From Figure 1, it can be seen that the T}, of iPP-S
was 113.8 °C, only 0.3 °C higher than that of iPP, indicating
that the preshearing we applied here did not cause obvious
shear-enhanced crystallization in iPP samples. In the case of
iPP/EPR, still no obvious elevation of 7}, was found in the
crystallization curve. Nevertheless, given the results of IPC
and IPC-S, it is interesting to find that the 77, of IPC-S was
elevated from 113.5 to 122.1 °C, almost 9.0 °C higher than
that of IPC. Our previous crystallization kinetic analysis**
has shown that the half-time of crystallization (#,,) of IPC
sample with a similar elevated T}, could be shortened by
about 1 magnitude during isothermal crystallization under
129.0 to 135.0 °C. Thus, the great elevation of 77, in IPC
should be associated with an unusual faster crystallization
rate.

It should also be noted here that we found the shear-
enhanced crystallization in IPC can be eliminated by a series
of annealing procedures. Many researchers believed that
the shear-enhanced crystallization is related to the orienta-
tion of some polymer chains (especially high molecular
weight polymer) and will undergo a recovery process to its
original.'8:19-21:22.24.25.3346 =51 Gjyen different polymer sam-
ples, the relaxation process may last for different times.
According to the time—temperature correspondence, if the
polymer is kept in a high temperature atmosphere, the
relaxation process may be easier to observe and record.
Figure 2 presents the crystallization curves of IPC-S samples
after annealing at various temperatures for 30 min. It is
interesting that the relaxation process was noticeable and
showed a dependence of annealing temperatures. The higher
the annealing temperature we adopted, the faster the relaxa-
tion we observed. When the annealing temperature set to
230.0 °C, the T, of the IPC-S sample after annealing was
nearly identical to that of IPC, indicating that a sufficient
relaxation was achieved and the preshearing memory was
totally erased.

The results above led us to the conclusion that in spite of
the same main constituent, polypropylene, the crystalliza-
tion behaviors of iPP, iPP/EPR, and IPC gave different
responses to external shear. Relatively speaking, the crystal-
lization of IPC exhibited a much stronger response to shear
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Figure 2. Crystallization curves of IPC-S samples after annealing at
various temperatures for 30 min.

than iPP and iPP/EPR. Moreover, the resultant shear-
enhanced crystallization appeared to be reversible by anneal-
ing procedures. If taking iPP and IPC for comparison, one
may suspect that the reason for their different responses to
shear lies in the presence of EPR. However, this simple
explanation cannot tell us why iPP/EPR blend with same
ethylene content to IPC did not show a shear-enhanced
crystallization. As the addition of EPR was not the key fact,
it is natural for us to consider other differences between iPP/
EPR and IPC. As far as we know, the unique polymerization
process determines the particularity of IPC in its composition
and phase structure. On the one hand, the partially crystalline
block copolymers, which are absent in iPP/EPR blend, do
exist in the IPC system.'>* On the other hand, the extra-
ordinary property of IPC indicates its special phase structure
compared with iPP/EPR blend. Therefore, we may expect
that the reason for this uncommon shear-enhanced crystal-
lization lies in the two aspects. Apparently, in order to reveal
the mechanism behind, the effects of different components in
IPC on crystallization should first be well investigated.

3.2. Solvent and Thermal Fractionation. It is well-known
that, for multicomponent polymer systems, solvent fractio-
nation is an effective way to separate the different compo-
nents. In the case of IPC system, if a carefully solvent
fractionation is carried out, the dispersed amorphous phase
and the crystalline phase can be totally separated. A pre-
treatment procedure was used here before solvent fractiona-
tion. We first dissolved the IPC granules by xylene at a
temperature of 130 °C for a sufficient time. The homoge-
neous solution containing IPC was cooled down to room
temperature and washed by large amounts of methanol.
After filtration, the IPC were collected in the form of
powders. The purpose of this treatment will be stated as
below. In the present study, we aimed to totally remove the
amorphous components (e.g., ethylene—propylene random
copolymers) in [IPC. However, the as-received IPC samples
are in the form of pellets with diameters of several milli-
meters. According to a previous study,'* most amorphous
components in [PC particles are finely dispersed in PP
subglobes with diameters of several microns, which means
it is difficult to totally remove the amorphous components
directly from IPC pellets during fractionation. Therefore, we
designed this pretreatment by dissolving the sample into
xylene and then precipitated by cold methanol. As a result,
the obtained samples were in the form of fine powders, and
using these powders for further solvent fractionation will
certainly help to totally remove the amorphous component.
We have compared solvent fractionations by using IPC
pellets and pretreated IPC powders, and the result has been
showed in the Supporting Information.
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Table 2. Quantities of the Soluble and Insoluble Component in IPC
after Solvent Fractionation

number feeding (g) insoluble (%) soluble (%) recovery rate (%)

1 2 76.94 19.28 96.22
11 2 77.80 18.26 96.06
111 2 77.33 18.99 96.32
average 2 77.36 18.84 96.20

The obtained powders were further fractionationed by
n-hexane to a thorough separation between the amorphous
and crystalline component. The insoluble and soluble frac-
tion, corresponding to amorphous component and crystal-
line component, were both dried in vacuum before other
measurements. We repeated the solvent fractionation three
times, and the quantities of the insoluble and soluble frac-
tions are provided in Table 2.

Figure 3 shows the thermal properties of as-received I[PC
and solvent fractionated IPC samples as well as the sche-
matic illustration of solvent fractionation. As expected, the
DSC curve of the soluble fraction showed no obvious peaks
in either endothermic curve or exothermic curve, indicating
that the soluble fraction was consisted of amorphous com-
ponents. To confirm whether the amorphous component
was totally removed from IPC sample, we performed a DMA
measurement for both IPC and insoluble fraction of IPC as
shown in Figure 4. A distinct difference can be found
between the two samples. In the case of IPC, it is clear that
two obvious peaks appeared with the increasing testing
temperature. Concerning the composition and chain struc-
ture of IPC, the peak at lower temperature and the peak at
higher temperature can be recognized as the glass transition
of amorphous random copolymer and polypropylene homo-
polymer, respectively. However, for the insoluble fraction of
IPC, it can be seen that the peak at lower temperature totally
disappeared whereas the peak at higher temperature was
elevated several degrees higher compared with IPC. Two
conclusions could be judged from the results of DMA. One
is, by solvent fractionation, the amorphous component has
been completely removed from IPC system. The other is, in
the IPC sample, a strong combination existed between the
dispersed phase and the matrix which could be inferred from
phenomenon that the glass transition temperature of poly-
propylene component in IPC moved to a lower value closer
to that of amorphous random copolymer. Usually, this
phenomenon can be considered as a sign of improved
compatibility between the two components.

Looking back to the results of Figure 3, the melting curve of
the insoluble fraction of IPC was similar to that of IPC. Only
one obvious endothermic peak at about 170.0 °C correspond-
ing to the melting of polypropylene can be found. However,
with regard to the crystallization curve, it is surprising for us to
find that the T}, of insoluble fraction was greatly elevated
from 113.5 to 122.2 °C. In other words, after removing the
amorphous component, the IPC sample exhibited a very
similar crystallization behavior to IPC-S; that is to say, the
crystallization kinetics of insoluble fraction was also greatly
accelerated. An even more surprising result was obtained when
we applied an annealing procedure to the insoluble fraction of
IPC. Figure 5 shows the crystallization curves of both the
insoluble fraction of IPC and IPC-S samples before and after
annealing at 220 °C for 60 min. It can be seen that the 77, of
IPC-S sample totally recovered to its original value which is the
same as [PC sample. However, for insoluble fraction of IPC
sample, though treated by the same annealing procedure, the
crystallization curve did not exhibit any changes. Therefore, it
can be said that the accelerated crystallization behavior of
insoluble fraction of IPC is irreversible or perpetual.
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Figure 4. DMA curves of IPC and insoluble fraction of IPC.

Because of the above unexpected crystallization behavior
of IPC after removing the amorphous component, we tried
to further explore the composition of the insoluble fraction
of IPC by SSA thermal fractionation. SSA thermal fractio-
nation enhances the potential molecular fractionation which
can occur during crystallization, while encouraging anneal-
ing of the unmelted crystals at each stage of the process, so
that small effects can be magnified. This technique is based
on the sequential application of self-nucleation and anneal-
ing steps to a polymer samsgle originally designed and first
reported by Muller et al.**>*>% and has been widely used to
analyze the chain structures of semicrystallized polymers
such as PE and PP.>**® For a SSA fractionated polymer
sample, the final DSC heating run will reveal a distribution
of melting points induced by thermal treatment, indicating
the heterogeneous nature of the structures of polymers,
which is hard achieve by solvent fractionation. Figure 6

shows the DSC endotherms of IPC and insoluble fraction
of IPC after SSA treatment. The series of melting peaks
observed in the DSC heating scans indicate that thermal
fractionation has occurred during the SSA treatment. The
fractions that exhibit higher melting points in Figure 6B are
crystalline polypropylene segments. Both samples exhibited
two separated melting peaks, one strong peak at about
171 °C and one shoulder peak at about 177 °C, indicating
the existence of two crystal lamellas with different thickness.
Comparatively, the proportion of thinner crystal lamellas in
insoluble fraction is a little larger than that in IPC. In other
words, the insoluble fraction of IPC is more inclined to form
thinner lamellas. It is interesting to see that at lower tempe-
rature both TPC and insoluble fraction of IPC exhibited a
series of melting peaks. According to the principle of the SSA
method, only those components with structural heterogene-
ity will show a serial of melting peaks after thermal fractio-
nation. Thus, these melting peaks can be attributed to be the
melting of crystalline segments with different length in
ethylene—propylene block copolymer. One may notice that
in Figure 6A the peaks after solvent fractionation became a
little smaller; by analyzing the possible reasons, we give our
interpretation below. Solvent fractionation we employed
here involves two steps: (1) dissolving IPC in boiling xylene
and precipitation with cold methanol; (2) fractionation by
hot n-hexane. We aimed to totally remove amorphous
component in IPC; however, it cannot be denied that there
lies the possibility of the loss of a few crystalline components
during the fractionation. In IPC, there exists crystalline PP,
partially crystalline ethylene—propylene block copolymer,
and crystalline PE. Compared with crystalline PP segments,
crystalline PE segments are more inclined to dissolve in the
solvent during fractionation. Therefore, the peaks after
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Figure 6. DSC endotherms of IPC and insoluble fraction of IPC after SSA treatment: (A) low-temperature fraction and (B) high-temperature fraction.

fractionation corresponding to the crystalline PE segments
will become smaller. However, the phenomenon will not
alter our conclusion that after fractionation the ethylene—
propylene block copolymer still existed in IPC because only
those components with structural heterogeneity, for exam-
ple, ethylene—propylene block copolymer with different
crystalline segments length in the present study, will show a
serial of melting peaks after thermal fractionation. In other
words, completely linear polyethylene or high isotactic poly-
propylene cannot be thermal fractionationed by the SSA
method. Therefore, the results of thermal fractionation in
our study still proved the existence of ethylene—propylene
block copolymer from another aspect.

A real time observation of the crystalline morphological
evolution of IPC, IPC-S, and insoluble fraction of IPC
during isothermal crystallization was also performed by
POM equipped with a hot stage (Figure 7). The isothermal
crystallization was conducted at 135 °C. At the beginning of
isothermal crystallization (1 min), the IPC sample, as shown
in Figure 7A, remained a homogeneous phase in which
almost no nuclei could be observed. However, with regard
to the IPC-S and insoluble fraction of IPC, as shown in
Figure 7B,C, some sporadic nuclei were already visible,
indicating a much earlier germination. At 5 min, it was clear
that some nuclei emerged and began to grow in the IPC
sample while in the other two samples the germination of
nuclei and the growth of crystals were so rapid that the screen
had already been full of spherulites which began to impinge
on each other. After 10 min of isothermal crystallization, it
can be seen that no more nuclei appeared in IPC sample and
the formed spherulites began to grow radially. For IPC-S
and insoluble fraction of IPC, the crystallization had already
gone to saturation at 10 min. Under the same crystallization
temperature, the number of nuclei formed during a limited

crystallization time may represent the nucleation rate of the
sample. Therefore, it is clear that the nucleation rate of both
IPC-S and insoluble fraction of IPC showed a similarly
significant promotion compared with IPC.

The crystallization morphologies of TPC and insoluble
fraction are spherulitic while it is quite difficult to distinguish
whether the IPC-S is the same case due to its small entity size.
Therefore, we conducted an isothermal crystallization at
150 °C for IPC-S because at higher temperature, the crystals
tend to grow bigger. The result showed that both perfect
spherulites and less perfect spherulites can be observed.
Concerning that in IPC-S sample, the amorphous compo-
nent still existed, and the preshearing may result in a certain
degree of heterogeneity in phase distribution; therefore,
some crystals cannot grow to perfect spherulites. However,
to a large extent, the nuclei are randomly distributed in the
sample and induce a spherulitic growth which is consistent
with previous study.> Moreover, some PP crystals of beta-
modification were also found in IPC-S using wide-angle
X-ray diffraction (WAXD) corresponding to the brighter
entities in Figure 7B. The POM micrograph taken at 150 °C
and the results of WAXD measurement are available in the
Supporting Information.

In brief, with all the results above, we could reach the
following conclusions. First, the insoluble fraction of IPC
showed a similar enhanced crystallization behavior to IPC-S.
The POM observation confirmed the existence of a fast
nucleation and crystal growth rate of the insoluble fraction.
Second, the partially crystalline ethylene—propylene block
copolymers have been proved to exist in insoluble fraction
of TPC and own the possible ability in improving the
nucleation of polypropylene. Third, unlike IPC-S, the accel-
erated crystallization in the insoluble fraction turned out to
be irreversible. Combining these conclusions, we may get
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Figure 7. Crystalline morphological evolution of IPC (A), IPC-S (B), and insoluble fraction of IPC (C) during isothermal crystallization. The white bar

represents 10 ym.

a better understanding about the shear-enhanced crystal-
lization in IPC; that is, the partially crystalline block copo-
lymers tend to be able to improve the crystallization, and
however, because of the existence of the amorphous random
copolymers, this ability is suppressed. In other words, a
mutual interaction between the two components is thought
to be exist. With the appearance of shear, the interaction is
affected to some extents, which can be reflected on the
crystallization behaviors.

3.3. Phase Structure. In order to further illustrate men-
tioned interaction between partially crystalline copolymer
and the amorphous random copolymer, we observed the
phase morphologies of both IPC and IPC-S using SEM. The
two samples in the form of films were carefully etched at
room temperature. With an appropriate etching time, the
amorphous components can be removed while the crystalline
components can be preserved. Figure 8 contains the SEM
micrographs of the surface of both samples at different
magnifications. It can be seen that both samples exhibited
obvious microscopic phase separation, and the dimensions
of the dispersed globular phase, which can be recognized as
random copolymers, are all about 1—2 um. However, a
distinct difference between the two groups of photographs
can also be observed. For IPC sample (Figure 8A), except for
the dispersed phase, many stripe-shaped phases were also
etched. Given higher magnifications, clearer phase morpho-
logy showed that the stripe-shaped phases in IPC were
distributed around the etched amorphous phase and con-
nected by the amorphous phase and the matrix. Whereas in
the case of TPC-S sample, there existed only amorphous

phase and the matrix; no stripe-shaped phases could be
observed. Obviously, it is necessary to interpreter the origin
of the stripe-shaped phase observed. Therefore, referred to a
recent work by Yang et al..,'® we conducted some experi-
ments using field-emission transmission electron microscopy
(FETEM) to build up a clearer concept of the multiphase
structure and corresponding constituents in IPC. Figure 9A
shows the micrograph of IPC sample without any thermal
treatment. From Figure 9A, it can be seen that some gray
stripes which can be attributed to the crystalline PP segments
are growing out from a dark spherulitic region. The selective
area electron diffraction (SAED) presented in Figure 9A
show that in the core of the dark region the pattern can be
recognized as the characteristic orthorhombic crystal of PE.
However, when we selected the fringe area of the dark region
for electron diffraction measurement, six symmetrical dif-
fraction points corresponding to the hexagonal crystal struc-
ture of PE can be observed. Usually, the hexagonal structure
forms only under high-pressure crystallization condition.
Concerning the IPC sample here was crystallized from dilute
solution, we attributed the hexagonal crystal to the crystal-
lization of PE segments of crystalline ethylene—propylene
block copolymer in IPC. Recently, some studies'®06
have shown that some crystalline short PE segments of
ethylene—propylene block copolymer can form hexagonal
crystal under normal conditions. Therefore, it is confirmed
from Figure 9A that in IPC there exists the crystalline
ethylene—propylene block copolymer whose PP segments
can crystallized into the matrix and PE segments can also form
a crystalline-rich phase. However, when we applied a thermal
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Figure 8. SEM micrographs of IPC (A) and IPC-S (B) at different magnifications.

Figure 9. FETEM and selective area electron diffraction (SAED) of as-received sample before (A) and after thermal treatment (B).

treatment (heated to 200 °C and then isothermally kept at
140 °C for 2 h) to the same sample before observation, we
found a spontaneous self-assembly of IPC melt happened. The
dispersed spherulitic phases with clear multilayered core—shell
structure appeared as shown in Figure 9B. It can be seen
that the multilayered core—shell structure is composed of the
black core area, the white middle layer, and the black thin
outside layer with relative low contrast. The core was attrib-
uted to the crystalline PE with characteristic orthogonal crystal
as we have shown in Figure 9A. The white middle layer, as the
SAED showed only diffused circles, can be recognized as the
amorphous ethylene—propylene random copolymer. The
thin outside layer was composed of crystalline ethylene—
propylene block copolymer from which some PP crystals were
grown out.

A more clear and integrated phase morphology of as-
received IPC has been presented in Figure 10, and a magnified

particle showing the location of each composition has also
been given. In the magnified particle, the dark area marked by
arrow | exhibiting the strongest contrast is mainly composed
of PE homopolymers because the SAED result of this area as
we have provided showed that the core was attributed to the
crystalline PE with characteristic orthogonal crystal. The
white area marked by arrow 2 exhibiting the weakest contrast
is composed of ethylene—propylene random copolymers be-
cause the SAED result showed only diffused circles indicating
that the area is amorphous. The fringe area with weaker
contrast compared to the core area marked by arrow 3 can
be regarded as ethylene—propylene block polymer. The
SAED result of this area showed a characteristic hexagonal
crystal structure of PE which can be formed by some crystal-
line short PE segments of ethylene—propylene block copoly-
mer. Moreover, the area marked by arrow 4 seems to link
with fringe area which confirms that in IPC there exists the
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Figure 11. Schematic model depicting phase transition after preshearing and solvent fractionation (A) and shear-enhanced crystallization (B) in IPC.

crystalline ethylene—propylene block copolymer whose PP
segments can crystallized into the matrix and PE segments can
also form a crystalline-rich phase. The unique multilayered
phase structure can largely account for the superb mechanical
property of IPC.

From the above results of FETEM, we have gained a clear
concept about the hierarchical phase structure in IPC. There-
fore, we can turn back to the stripe-shaped phases observed
in SEM and give a reasonable explanation. The IPC samples
used in FETEM observation were crystallized from dilute
solution with very low concentration while the samples used
in SEM observation were crystallized from melt which
means from a very high concentration environment. There-
fore, it can be understood that the scale of the phase structure
observed in SEM is much larger than that in FETEM
because when the concentration increases, the different
constituents in IPC will aggregate, redistribute, and assemble
to a similar phase structure but with larger scale. That means
despite the different scales in FETEM and SEM, the phase
structure observed owns a similarity to a large extent. For the
as-received IPC sample, the partially crystalline ethylene—
propylene block copolymers are enriched around the outside
layer of the dispersed phase; some parts of them can grow
into a crystalline PP matrix while some parts of them are
trapped by the chains of amorphous component. Therefore,
the flexibility of the crystallizable segments is decreased, and

as a result, the formed crystals are imperfect and can be
etched, leading to the appearance of stripe-shaped phases in
the SEM micrograph. On the other hand, when the preshear-
ing applied in IPC, as we can see from the SEM micrographs,
the stripe-shaped phases disappeared, indicating a possible
damage of original phase structure due to the stress field. The
interaction between ethylene—propylene block copolymer
and amorphous component was destroyed, and the crystal-
lizable segments of block copolymer therefore formed more
perfect crystals which cannot be etched under the same
conditions. Concerning that the shear-induced changes in
phase structure were accompanied by a shear-enhanced
crystallization, we may expect that a possible correlation
should exist between the two phenomena.

3.4. Model Assumptions. On the basis of the observed
experimental phenomena, we proposed a conceptual model
to explain the mechanism of shear-enhanced crystallization in
IPC as shown in Figure 11. For a better understanding, a
schematic description of the multilayered phase structure of
IPC is also provided in the figure. In Figure 11A the upper-
middle globe describes the quiescent phase structure of as-
received IPC sample. The structure appears to be macroscopi-
cally homogeneous but microscopically phase-separated. The
dispersed phase owns a typically multilayered structure. The
core area of the dispersed phase is composed of PE homo-
polymers, the middle area is composed of ethylene—propylene
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random copolymers, and the outside fringe area is composed of
ethylene—propylene block copolymers. The dispersed phases
scatter like islands with different dimensions in the ocean
consisted of a crystalline PP matrix. The excellent balance
between the toughness and rigidity of IPC is attributed to the
effect of the partially crystalline ethylene—propylene block
copolymers which work as a bridge connecting the amorphous
enriched phase and crystalline enriched matrix as shown in
Figure 11A. Because of the chemical similarity, the crystal-
lizable PP segments of the block copolymer could take part in
the crystallization of polypropylene while the some crystal-
lizable PE segments were twisted together with the chains of
amorphous phase. Thus, the compatibility between the two
phases is greatly improved by the presence of the block
copolymer.

The globe located lower-right in Figure 11A illustrates the
phase structure of IPC-S sample. In the model, it can be seen
that if the shear applied to the molten IPC is sufficiently
large, the crystallizable PE segments which twisted with the
amorphous phase can be pulled out and gather together to
form tiny dispersed particles. Figure 11B exhibits a more
detailed process of the steady-state crystallization and shear-
enhanced crystallization in IPC. As shown in Figure 11B,
under the condition of steady state, the crystallization of PE
homopolymers has no interaction with the crystallization of
ethylene—propylene block copolymers as well as the PP
homopolymers due to the existence of ethylene—propylene
random copolymers located between them. This specific
multilayered phase structure has been well presented by
FETEM as we have shown before. As we know, PE segments
own much faster nucleation rate than the PP segments;
however, in the presence of amorphous random copolymers,
their nucleation may be confined to some extent. As a result,
the nucleation of PE segments will not influence the crystal-
lization of PP segments. Under the ideal shear-enhanced
crystallization model, the original multilayered phase struc-
ture has been destroyed by shear, and PE homopolymers
have the chances to contact with ethylene—propylene block
copolymer as well as PP homopolymers. Therefore, with the
ceasing of shear and subsequent cooling, the shear-induced
phase structure can be preserved and these crystallizable PE
segments can also undergo normal crystallization and form
perfect crystals. Because of the fast nucleation rate, the PE
segments can provide sable nuclei for the subsequent crystal-
lization of PP homopolymers, which results in the enhanced
crystallization kinetic as observed. However, because of a
self-recovery to the multilayered phase structure as we have
shown, the shear-enhanced effect can be gradually sup-
pressed by melt annealing. The solvent fractionation of
IPC can be regarded as an extreme situation that the multi-
layered phase structure is totally destructed by removing the
amorphous components, as illustrated in the globe lower-left
in Figure 11A. The crystallizable PE segments are no longer
trapped and can always gather together to undergo normal
crystallization. Therefore, after solvent fractionation, the
IPC sample owns a faster crystallization rate similar to the
shear-enhanced situation. Moreover, this effect can never be
suppressed even under melt annealing at high temperature.
We have tried to keep the fractionationed TPC sample at
230 °C for 8 h, and the crystallization temperature did not
show any changes, which strongly supported our explana-
tion. Therefore, the model implies that there exists a depen-
dence of shear rate in shear-enhanced crystallization of IPC
due to the combination between the partially crystalline
copolymer and the amorphous random copolymer. One
may suggest that, according to the previous studies, the high
molecular weight chains of iPP or PE will play a role in the
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Figure 12. Crystallization curves of IPC-S (A) and partially fractiona-
tioned IPC-S (B) before and after annealing.

shear-enhanced crystallization because they tend to form
some precursors owing high melting temperature under
shear which can act as nuclei for other components. We have
discussed this explanation as you can see in the Supporting
Information. We concluded that the shear-induced precur-
sor may have an influence but apparently is not the main
reason for the shear-enhanced crystallization in the present
system.

To further testify our model, we designed an experiment to
partially remove the amorphous phase in IPC-S. From the
model, it can be easily inferred that when part of amorphous
components in IPC-S is removed, the possibility of a recov-
ery of shear-enhanced crystallization still exists. However,
the difference is due to the releasing of some block copolymer
and PE chains from the amorphous phase; the enhanced
crystallization cannot be completely eliminated. The partial
removing of amorphous components can be realized in a
convenient way. The IPC-S sample in its original solid form
was directly fractionationed by n-hexane for a short time,
and as a result, only the amorphous component close to the
surface could be washed out. Figure 12 shows the crystal-
lization curves of IPC-S and partially fractionationed IPC-S
before and after same annealing procedure. From Figure 12,
as we have expected, the crystallization behaviors of both
samples exhibited recoveries back to their original states. For
IPC-S samples, the T}, seemed to move to the value which was
almost the same as IPC, indicating a sufficient relaxation of
the unstable phase structure. However, with the same an-
nealing procedure, the partially fractionationed IPC-S sam-
ples did not show a complete relaxation. The 77, only moved
to a lower temperature but failed to reach the value of that of
IPC. Moreover, it should be note that the loss of part of the
amorphous components also lowers the possibility of the
collision between block copolymers and random copoly-
mers. To sum up, crystallization behavior of fractionationed
IPC-S sample is nearly impossible to completely revert as
predicted by our model.

In brief, the model of shear-enhanced crystallization in
IPC we proposed here is based on the experimental results
obtained and shows certain reasonableness from a macro-
scopic viewpoint. It should be admitted that, due to the
complexity of IPC system, the detailed moving process of the
chains in IPC under shear force still needs to be further
explored in our future studies.

4. Conclusion

In this study, we have examined the shear-enhanced crystal-
lization by a combinatory investigation of DSC, SEM, FETEM
and POM techniques. The preshearing applied on iPP, iPP/EPR
and IPC samples led to significantly accelerated crystallization
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kinetics only in IPC samples. It was found that this enhanced
crystallization could be eliminated by suitable annealing proce-
dures. Through FETEM observation, we have built up a multi-
layered phase structure of IPC. The phase morphology observed
by SEM revealed that, in the case of IPC, the partially crystalline
block copolymer works as a bridge connecting the dispersed
amorphous phase and crystalline matrix, whereas in the case
of IPC-S, this connection seemed to be destroyed. With the results
of solvent and thermal fractionation, it was showed that
both partially crystalline components and amorphous compo-
nents play an important role in the shear-enhanced crystallization
of IPC.

A model describing the mechanism of shear-enhanced cry-
stallization in IPC was proposed. A correlation between the phase
structure and corresponding crystallization behavior was con-
structed. According to the model, in IPC system, the PE homo-
polymers lie in the core area and are surrounded by amorphous
ethylene—propylene random copolymers. The crystalline block
copolymer with both crystallizable PP and PE segments exists as
an interphase between the dispersed amorphous phase and the
matrix. Crystallizable PP segments are inserted into the crystal-
line matrix while PE segments are trapped in amorphous phase.
This multilayered phase structure is stable under a quiescent
state. However, under the molten state, external shear can destroy
the multilayered phase structure by pulling out PE homopoly-
mers as well as the PE segments of block copolymers from
amorphous phase. Because of the disconnection from the amor-
phous phase, the PE segments can gather together to form stable
nuclei and play a role to enhance the subsequent crystallization
rate of IPC by improving the nucleation rate. With annealing at
high temperatures, both the shear-induced phase structure and
shear-enhanced crystallization can be eliminated due to a spon-
taneous self-assembly back to the stable multilayered phase
structure. It should also be noted that the shear-enhanced
crystallization of IPC is accompanied by the destruction of
original phase structure; that is, there exists the possible loss of
original excellent balance between toughness and rigidity of IPC,
which may be a potential problem in the processing of such
materials.
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