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Relaxation of shear-enhanced crystallization in an impact-resistant polypropylene copolymer (IPC) upon
thermal treatment was systematically investigated, from the sight of phase structure and resultant
morphological evolution. Shearing was capable of accelerating the crystallization of IPC, while upon melt
annealing, a spontaneous morphological evolution can be observed accompanied by a gradual relaxation
of shear-enhanced crystallization. It was found the underlying structural motion during relaxation is in
essence a phase separation process towards a multi-layered phase structure, in which crystallizable
polyethylene segments are spatially entangled with ethylene-propylene random copolymer chains. The
shear-enhanced crystallization originates from the destruction of this multi-layered phase structure
which releases crystallizable PE segments to contact the matrix serving as nuclei for the crystallization of
polypropylene. Upon annealing, reconstruction of the multi-layered structure can be achieved leading to
the relaxation of shear-enhanced crystallization. A conceptual model describing this relationship
between phase structure and crystallization behavior in IPC has been proposed.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

As a widely used high-performance polymeric material, impact-
resistant polypropylene copolymer (IPC) has drawn considerable
interests since its introduction to the market, and the enthusiasm
from both industry and academe to this material seems to be
expanding in recent years. The appearance of IPC benefits from the
application of porous spherical TiCl4/MgCl2 catalyst and so-called
“reactor granule technology”, with which made it possible to
produce a series of previously unavailable multiphase materials [1].
IPC is commonly produced in-reactor by a multistage polymeriza-
tion processwhich involves bulk polymerization of propylene in the
first stage and then gas-phased copolymerization of ethylene and
propylene in the second stage [1e3]. Recently, a new technique
named multi-zone circulating reactor for producing IPC has also
been reported [4]. So far, themost concerned topic in the research of
IPC is clarifying the origination of its excellent rigidityetoughness
balance property. By understanding this structureeproperty rela-
tionship, it will in return enable rational design of IPCmaterials and
optimize their properties through improvements in polymerization
and catalyst technology. Earlier studies [5e9] have carried out
preliminary compositional characterizations on IPC through
x: þ86 21 6564 0293.
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different methods. Generally speaking, as an in-reactor alloy, IPC is
mainly composed of isotactic polypropylene (iPP) as the matrix
component in which ethyleneepropylene random copolymers
(EPR) are finely dispersed. Besides, some partially crystalline
copolymers, either EP block copolymers [9] or so-called EP
segmented copolymers [10], with different lengths of polyethylene
(PE) or PP segments (EP block copolymers are referred to those
copolymers with both crystallizable PE and PP segments, while EP
segmented copolymers include crystalline PE or PP segmented
polymers, in which only one kind of crystallizable segments exist,
either PE segments or PP segments), or even PE homopolymers are
proved to exist as well. Through increased understanding of IPC and
toughening mechanism, researchers have realized that there exists
a gap between the composition and final property, that is how the
different components build up entities and distributed in the
condensed state (i.e., phase structure and corresponding
morphology) [3,11e14]. Therefore, investigations [12e15] on the
phase structure andmorphologyof IPC under different spatial scales
have been carried out, from pristinemorphology of original particle
to microscopically phase separated structure formed in diluted
solution. However, a complete understanding of the formation of
multi-scale phase structure in IPC as well as its evolution towards
the equilibrium state has not been achieved yet.

In a simple approximation, components in IPC can be divided
into two categories, the crystalline ones (e.g., iPP, and partially
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crystalline polymers with long PE or PP segments) and the amor-
phous ones (i.e., EPR and iPP with very low isotacticity). Thus, both
the physical and mechanical property, including rigidity and
toughness, of IPC are largely determined by them as well as their
mutual interactions. As to the crystalline components, with the
contribution and elaboratework of Keller [16e19], Lovinger [20,21],
Lotz [22e27] and Bassett [28,29] etc., the properties of semi-crys-
talline polymers such as PE or PP has been widely studied and
discussed. By permanganic etching [28,30e32], directly viewing
the fine lamellar structure in bulk PP or PE has also been realized.
Hence, the crystallization behavior of simple system containing
either iPP or PE has been clarified to a great extent. However, for the
system like IPC in which iPP, EPR and other partially crystalline
polymers containing PE or PP segments are mixed, the situation
becomes complicated. Many factors will influence the crystalliza-
tion in such complex system, for example, interplay between
crystalline components [33,34], interaction between amorphous
and crystalline components [35], external thermal and mechanical
conditions [36e38], etc. Particularly, the effect of crystalline EP
copolymer as interfacial modifiers has made the phase morphology
including its evolution under various circumstances a crucial as
well as an intriguing topic, which may not only affect the crystal-
lization behavior but also the final performance of the material just
as the well-known example of high impact polystyrene [39]. Early
studies [40e42] on analogous PP/EPR binary mixtures have already
reported that morphological controlling of the blend will result in
different crystallization kinetics. During the last decade, Han and
Cheng [43e46] have done elaborate studies on investigating the
fluctuation-assisted crystallization in binary polyolefin blends to
illustrate the relationship between liquideliquid phase separation
and crystallization behavior. Our recent study [47,48] on shear-
enhanced crystallization in IPC also suggested that intrinsic phase
structure has great influence on the crystallization behavior. In
brief, the morphological evolution and the underlying structural
changing are extremely important to the understanding of crys-
tallization in multi-component polymer system. However, at least
in IPC system, few work has been reported concerning the
mentioned topic. Yang [14] et.al have found a spontaneous
morphological evolution of processed IPC melt upon thermal
treatment, a tendency towards the core-shell phase structure has
been observed, nevertheless, no corresponding information about
the crystallization has been provided.

In the present study, we reported an experimental study on the
relaxation of shear-enhanced crystallization in IPC concerning the
morphological evolution and subsequent crystallization behavior.
Phasemorphologies of pre-sheared IPC samples after different melt
annealing procedures were observed using scanning electron
microscopy (SEM), and the underlying structural changing was
correlated to the relaxation of shear-enhanced crystallization. By
solvent fractionation, two characteristic fractions in IPC were
separated and each composition, molecular structure, phase
morphology as well as the crystallization behavior were character-
ized. It appears that the different components in the two fractions
will be precisely combined and result in a unique multi-layered
morphology under equilibrium. Varying this phase structure in IPC
may lead to the totally different crystallization kinetics. The possible
mechanism describing the phenomenon has been proposed on the
basis of experimental data and substantial analysis.

2. Experimental section

2.1. Experimental materials

IPC material used here is a commercial grade in-reactor alloy
produced by Qilu Petrochemical Co., SINOPEC (Shandong, China).
The weight-average molecular weight was 15.3 � 104 and the
polydispersity index was 5.02, as measured by GPC. The ethylene
content of IPC was 10.6 wt% as determined by 13C NMR.
2.2. Sample preparation

Both as-received and pre-sheared IPC sample were used for
investigation. Pre-shearing process was carried out by a PLE 651
torque rheometer (Brabender, Germany) at a rotor speed of 40 rpm
for 10min under 175 �Cwith 0.1 wt% anti-oxidant added in. As soon
as the melt pre-shearing reached the preset duration, both the
rotation and heating of the rheometer were stopped, and then
a water-circulation cooling system directly connected to the
chamber was opened. The samples left in the chamber were cooled
to room temperature by water-circulation and then scratched out
for further measurement. Room temperature was kept at 25 �C by
air-conditioning, and the pre-sheared sample was denoted as IPC-S.
Parameters of the rheometer, the estimated shear rate, and the
possible degradation or cross-linking induced by shear process
were fully discussed in the Supplementary Material.

Solvent fractionation was performed according to following
procedures; First, IPC pellets were dissolved in hot xylene con-
taining 0.1 wt% anti-oxidant and kept for 5 h. The homogeneous
solution was then slowly cooled to room temperature. The
precipitate was separated by filtration and obtained as fraction Fa.
Second, the component dissolved in xylenewas washed out by cold
methanol and obtained as fraction Fb. Both fractions were dried in
vacuum for 24 h before further analysis. The average recovery ratio
of solvent fractionation was approximately 95 wt% in which the
content of Fa and Fb was about 20 and 75%, respectively.
2.3. Thermal property characterization

A Mettler DSC-1 apparatus was used to analyze the thermal
properties. Calibration for the temperature scale was performed
using indium (Tm ¼ 156.60 �C and DH0

m ¼ 28.45 J/g) as standard to
ensure reliability of the data obtained. The accuracy of measured
temperature is � 0.05 �C. All the experiments were carried out in
nitrogen atmosphere. For regular melting and crystallization anal-
ysis, the measurements were performed as following procedures:
samples were heated to 200 �C and kept for 5 min to erase previous
thermalhistory. Subsequently, sampleswere cooled to25 �Cat 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 cooling
scan, while the melting temperature and fusion enthalpy of the
samples were determined during the second heating scan.
2.4. Fourier transform infrared spectroscopy (FTIR)

A Nicolet Nexus 470 Infrared Spectrometer (Thermal Nicolet,
America) was used to collect the IR spectra in the region of
4000e500 cm-1. All spectra collected were averages of 64 scans
with a resolution of 4 cm-1.
2.5. Wide angle X-ray diffraction (WAXD)

WAXDmeasurements were performed using a PANalytical X’pert
diffractometer (PANalytical, Netherlands) in a reflection mode using
Ni-filteredCuKa radiation (l¼ 0.154nm)under avoltage of 40kVand
a current of 40 mA. Radial scans of intensity versus diffraction angle
2qwere recorded in the region from 10 to 40�.
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2.6. Scanning electron microscopy (SEM)

A scanning electron microscopy (TESCAN 5136MM) was used to
observe the sample surface at an operating voltage of 20 kV. Before
observation, IPC samples were etched by xylene at room temper-
ature for 5 h and coated with gold.

2.7. Field emission transmission electron microscopy (FETEM)

Thin film samples (thickness < 200 nm) for FETEM observation
were prepared by solution casting (0.05 wt%) to a pre-heated
copper grids using xylene as the solvent. To erase the influence of
dissolving and casting, film samples were further thermally treated
before a JEM-2100F (JEOL, Tokyo, Japan) field emission trans-
mission electron microscopy operated at 200 kV was used for
observation.

3. Results and discussion

3.1. Thermal properties of as-received IPC and IPC-S

Concerning the complexity of IPC material, a basic under-
standing of its overall thermal property is necessary. Fig. 1 shows
the crystallization and melting curves of as-received IPC and IPC-S
samples. In Fig. 1 A, the as-received IPC exists two crystallization
peaks (Tp), a major one located at 112.8 �C and another minor one at
89.4 �C indicating the existence of both iPP and crystallizable EP
copolymers with different length of PE or PP segments. As for IPC-S
sample, it shows remarkable difference in crystallization behavior
that the Tp corresponding to iPP component was elevated nearly by
9.0 �C. Our previous crystallization kinetic study on the same IPC
material [48] showed that this elevation of Tp could shorten the
half-time of crystallization (t1/2) by about 1 magnitude during
isothermal crystallization at 129.0e135.0 �C. Thus, it points to
a shear-enhanced crystallization in IPC, and interestingly this
behavior appears to be long-existed reflected on the fact that it will
not disappear under normal heating/cooling circles or short-term
melt annealing. Subsequent melting behaviors of as-received IPC
and IPC-S samples are exhibited in Fig. 1 B. Concerning the low
crystallinity of the as-received sample may imply a less perfect
crystalline structure, we have checked the possible heating induced
melting-recrystallization-remelting process and confirmed that no
such process will occur in the as-received samples during heating.
The detailed data and discussion can be found in the
Supplementary Material. In Fig. 1 B, both samples exhibit two
melting peaks. The peak located at higher temperature should be
attributed to themelting of iPP component in IPC, and the other one
at lower temperature corresponds to the melting of crystalline PE
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Fig. 1. Crystallization (A) and melting (B)
component. For the melting of iPP component, two distinct differ-
ences exist between as-received IPC and IPC-S samples. First, peak
value was slightly higher for as-received IPC (163.7 �C) than that of
IPC-S (162.0 �C). Second, the melting region of as-received IPC was
broader than that of IPC-S. The two differences indicate that in IPC-
S sample, the iPP molecules preferred to form thinner and more
uniform lamellae compared to as-received IPC, which may be
related to its faster crystallization kinetic. The weak and broad
peaks corresponding to the melting of crystalline PE component
were also observed in both samples.

3.2. Relaxation of shear-enhanced crystallization and
morphological evolution upon thermal treatment

There are considerable interests to understand the shear-
enhanced crystallization in IPC. However, owning to the multi-
component andmultiphase nature of IPC as stated, interpreting the
exact reason behind this interesting phenomenon is still difficult.
Based on extensive experimental data, our previous research [47]
has suggested a conceptual model to describe the mechanism
accounting for this significant shear-enhanced crystallization. In
that study, we once observed that the relaxation of enhanced
crystallization (i.e., decreasing the crystallization rate backwards)
could be achieved through melt annealing, however, no further
investigations have been carried out. Obviously, this relaxation
behavior is an important breakthrough point from which the
internal reason of enhanced crystallization is hopeful to be
revealed. Hence, in the present study, we have carried out
a comprehensive investigation on the relaxation of shear-enhanced
crystallization in IPC during annealing treatment.

Fig. 2 presents the crystallization curves of IPC-S samples after
melt annealing at 200 �C for 0e240 min. At this annealing
temperature, the influence of oxidant-degradation, cross-linking or
other chemical reactions can be excluded with the aid of nitrogen
atmosphere and anti-oxidant, as also pointed out by a recent study
[49]. In Fig. 2, it shows that Tp of all annealed IPC samples exhibited
a recovery tendency towards the as-received IPC sample implying
the enhanced crystallization effect was eliminated gradually.
Degrees of this recovery showed a dependence of the annealing
duration, that is, the longer the annealing performed, the more Tp
valuewas decreased. Theminimum annealing time required for the
sheared sample to start relaxation at 200 �C is about 15 min which
has been discussed in the Supplementary Material. Through
annealing for 240 min, Tp have decreased to 114.9 �C. It is no doubt
that the shear-enhanced crystallization tends to be completely
eliminated with sufficient long annealing. In essence, the under-
lying structural motion during annealing can be treated as an
inverse process of shear-enhanced crystallization. One possible
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reason for this reversible process has been taken into account that
shear could have induced the chain disentanglements which
results in the alignments or orientation of PP chains to facilitate the
crystallization, and on the other hand, relaxation could occur
during thermal annealing. A detailed discussion about this reason is
available in the Supplementary Material from which we concluded
that the classical shear-induced chain alignments or orientation of
PP chains might not be the main reason for the shear-enhanced
crystallization in IPC. However, it is more likely that shear promotes
the chain disentanglement between iPP and other components
causing the breaking of original phase structure, which might help
the crystallization of IPC. While in turn, annealing induces a struc-
tural motion backwards to achieve re-entanglement and as a result,
enhanced crystallization will relax. If phase structure has been
varied, the resultant morphology should be readily observed after
Fig. 3. SEM micrographs of IPC-S (A) and annealed IPC-S after annealing for different d
carefully etching by electron microscopy. Therefore, to testify the
above assumptions, we performed an elaborate experiment to
demonstrate the possible morphological evolution during melt
annealing of IPC-S. We utilized DSC to perform annealing on cryo-
fractured IPC-S sample at 200 �C precisely for different time and
after which, samples were directly taken out from chamber and
quenched to room temperature. The obtained samples were then
etched by xylene and coated with gold for subsequent SEM
observation.

Fig. 3 displays the SEM micrographs depicting phase morphol-
ogies of IPC-S and annealed IPC-S samples. The as-received IPC
sample has also been provided for comparison. In Fig. 3 A, IPC-S
sample shows no typical phase separated structure with clear
boundary as described in previous studies [11,50,51]. Instead,
randomly distributed amorphous phases (etched) with irregular
dimensions are observed. It seems that pre-shearing procedure has
severely damaged the original phase structure of the as-received IPC
shown in Fig. 3 F and resulted in a partially miscible system. Analo-
gous shear-induced partial mixing has been reported in PP/EPR
system [40], however, the exact nature of this phenomenon is
a question that is still open to scientific debate [52]. In IPC system, this
shear-induced morphology cannot be stabilized for long at 200 �C as
shown in Fig. 3 B that after 60 min annealing, it has evolved to
remarkable different phase separatedmorphology. It shows in Fig. 3 B
that the etched phase mainly exhibited a typical bi-continuous
morphology, and some small isolated spherical phases could also be
observed. With longer annealing, as exhibited in Fig. 3 D and E, it
seems that bi-continuous morphology has gradually broken into
isolateddomain structures. These pictures imply thatduring the early
stage of annealing, spinodal decomposition dominated the phase
separation process and induced the bi-continuous morphologies
whereas under longer annealing, the appearance of the isolated
spherical phases is a natural tendency of the late stages of spinodal
urations (B) 60 min (C) 120 min (D) 180 min (E) 240 min and (F) as-received IPC.



Fig. 4. FTIR (A) characterization of as-received IPC, Fa and Fb, and WAXD (B) scattering curves of Fa and Fb.
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decomposition, which might help to reduce the system surface to
volume ratio. Because it is hard to precisely measure the extractable
phase volume fraction or the sphere diameters concerning the
possible local differences and preparation condition, hence, themost
convincing information derived from the micrographs is that during
annealing, the morphology of IPC-S sample showed a tendency to
undergoa spinodaldecompositionand transformfrombi-continuous
to isolated domains with perfectly spherical shape and uniform
diameter. Moreover, in Fig. 3 E, it is observed that the fringe areas of
some dispersed phases show different contrast compared to the
matrix. Earlier studies [14,53] have indicated that during melt
annealing, the crystalline EP block copolymers in high impact poly-
propylene,which shares similar compositionwith IPC,will enrichand
build up the shell of the dispersed phases behaving as the interface-
modifier. Hence, we speculate that the different contrast of the fringe
area might be related to the formation of such core-shell structure,
which helps to the evolvement of amorphous phases and control
their shapes and dimensions as observed in the late stage of
decomposition. However, it is worth noting that as the SEM cannot
discriminate the difference in local composition and also very thin
morphological features have a natural tendency to lighten up in SEM,
the speculation is not very convincing at the present stage. Whether
the core-shell structure exists need further examination by TEM,
whichwill beprovidedanddiscussed later in this study.Nevertheless,
it should be stressed that the abovemorphological evolution process
can be well correlated to the gradual relaxation of enhanced crys-
tallization in IPC-S, as reflected on thedecreasingof Tp shown inFig. 2.

To sum up, the above results suggested an underlying structural
motion during the relaxation of shear-enhanced crystallization. It
appears that the phase structure in IPC-S is unstable, and undergoes
a morphological evolution upon thermal annealing. Liquideliquid
phase separation approaching the equilibrium state from bi-
continuous to isolated spherical domains can be clearly observed.
We noticed that during this process, with more stable and regular
domain structure formed, the Tp of annealed IPC-S sampledecreased
indicating a decreasing in crystallization rate. Though the DSC result
and SEM micrographs cannot be directly related, we can speculate
that an underlying relationship might exist between the two
experimental phenomenons at the present stage. Hence, to further
clarify the relationship between the varying phase structure and
crystallization behavior as suggested, we performed solvent frac-
tionation to destroy and reconstruct the phase structure in IPC, and
then characterized its crystallization behavior respectively.

3.3. Crystallization and phase morphology of fractions in IPC

Solvent fractionation performed on IPC has been described in
the experimental part. Two characteristic fractions, Fa and Fb,
referred to the crystallizable component and amorphous compo-
nent, respectively, were collected for investigation. Fa corresponds
to the component which cannot be dissolved in xylene under room
temperature, and Fb corresponds to the soluble component under
the same condition. First, FTIR andWAXD characterizationmethods
have been carried out to confirm the phase contents and molecular
structures of the two fractions.

The FTIR results of as-received IPC, Fa and Fb are shown in Fig. 4
A. In FTIR spectrums, the absorbance peaks at 998 cm�1 and
841 cm�1 are the characteristic peaks of crystalline iPP, while the
splitted peaks at 729 cm�1 and 730 cm�1 are attributed to the
crystallizable PE sequences. Accordingly, it is evident that fraction
Fa is mainly composed of iPP and crystallizable PE components. The
crystallizable PE components should include the crystallizable PE
segments in either crystalline EP block copolymer, PE segmented
polymer or even PE homopolymer as we proposed in our previous
study [47]. With regard to fraction Fb, it seems that the peak
intensities at 998 cm�1 and 841 cm�1 are very low. Only one peak at
973 cm�1 corresponding to atactic polypropylene and another peak
at 720 cm�1 corresponding to ethylene segments with very low
crystallinity can be observed. Hence, the fraction Fb mainly
contains amorphous EPR. The results of WAXD characterization of
Fa and Fb, as presented in Fig. 4 B, are quite consistent with the
information obtained by FTIR. Fraction Fa exhibits several strong
diffraction peaks which correspond to the crystalline poly-
propylene and polyethylene, indicating a high crystallinity of Fa.
Comparatively, fraction Fb only shows a broad peak with very low
intensity, which means Fb should be mainly composed of nearly
amorphous components. There results proved that the solvent
fractionation has successfully separated the crystalline component
and amorphous component as we expected.

After clarifying the phase content and molecular structure, the
crystallization of the two fractions was studied. The crystallization
curves of Fa and Fb derived from DSC measurement are shown in
Fig. 5, and the crystallization curve of as-received IPC is also
provided for comparison. The crystallization curve of Fb shows two
crystallization peaks with very weak intensities at 44.0 �C and
112.4 �C. By comparison with as-received IPC, the crystallization
peak at 112.4 �C can be attributed to the crystallization of PP with
low molecular weight and isotacticity. On the other hand, the
appearance of crystallization peak at 44.0 �C indicates the presence
of very short PE segments. As DSC measurements can only detect
the crystallizable polymer, the above results proved that except for
the amorphous EPR, Fb also contains some components with very
low crystallinity (e.g., PP with very low isotacity or short PE
segments). However, as the integrated crystallinity of these
components is lower than one percent, their existences cannot be
detected by WAXD measurement. With respect to fraction Fa, the



40 60 80 100 120 140 160

Temperature (
o

C)

p
U

o
d

n
E

Fa

112.4
44.0Fb

106.8

119.6

112.8

89.4

As-received IPC

Fig. 5. Crystallization curves of Fa, Fb and as-received IPC.

Fig. 6. FETEM graphics of solution casted as-received IPC filmwith inset of a magnified
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crystallization curve shows two peaks, a major one at 119.6 �C and
a weak one at 106.8 �C. As the results of FTIR and WAXD exhibited
in Fig. 4 have indicated that the major crystalline components in Fa
are iPP and crystallizable PE components, it is reasonable to spec-
ulate that the major peak can be treated as the crystallization of iPP
matrix while the weak peak can be regarded as the crystalline PE.
Nevertheless, it is worth mentioning again that the assignment of
the two peaks here is only a speculation because no solid proof is
available so far. Solvent fractionation and subsequent character-
ization results has confirmed the complexity of composition and
chain structure in IPC. That is, in addition to the main components
of crystalline iPP and amorphous EPR, there also exist crystalline
polymers with crystallizable PE segments.

However, it isworth noting that in Fa, the Tp of iPP component has
increased to 119.6 �C. This elevation of Tp reminded us of the crys-
tallization behavior of IPC-S because two samples exhibited similar
enhanced crystallization behaviors. In otherwords, after removing Fb
from IPC, the samplewill also showa faster crystallization rate. Aswe
have speculated inSection3.2, different crystallizationbehaviorsmay
closely related to the phase structures. Therefore, in order to under-
stand this relationship, thedetailedphase structure of the fractions as
well as the as-received IPC should be examined.

According to recent studies [13,14], phase structure of IPC can be
directly observed by TEM, and different compositions can also be
distinguished because of their different contrast induced by density
variation. We first observed the original phase structure of as-
received IPC. Through solution casting, a thin film of IPC was formed
on the pre-heated copper grids. However, the dissolving procedure
will certainly alter the original state of the as-received samples.
Therefore, after the IPC film was obtained, we have applied certain
thermal treatment to this film. The thermal treatment was similar to
that applied to the IPC-S that the sampleswere annealed at 200 �C for
about 2 h and then quenched to room temperature using DSC, the
purpose of which is to erase the effect of solution casting and exhibit
the properties of bulk IPC film. FETEM micrograph of IPC solution
casting film is exhibited in Fig. 6, and the inset shows a magnified
image of a particle. Many particles with uniform dimensions of
several tens of nanometers can be clearly seen from Fig. 6. From the
magnified particle as presented, fine phase morphology of as-
received IPC is revealed. It seems that the particles exhibit multi-
layered phase structure. To ascertain the composition of each layer,
we have provided the SAED result (selective area electron diffraction)
as indicated by black arrows in Fig. 6. The SAED pattern of the core
dark area with the strongest contrast only shows the characteristic
orthorhombic crystal of crystalline PE and hence this area should be
composed of crystalline PE. Because it is difficult to differentiate the
crystallizable PE segments in crystalline EP copolymer or PE homo-
polymer, hence it is more precisely to define the components in this
area as crystalline PE segmented polymer. The white middle layer, as
the SAED showed only diffused circles, can be recognized as the
amorphous EPR. When we selected the fringe area with weaker
contrast compared to the core area for electron diffraction mea-
surement, both the hexagonal crystal structure of PE and monoclinic
crystal structure of PP can be observed. Recent study [54] has pointed
out that incorporation of propylene unit into PE crystal lattice will
lead to the expansion of the cell and formation of hexagonal phase.
Hence, the area should be composed of EP block copolymers with
both long crystallizable PE and PP segments. Moreover, part of the EP
block copolymers seem to link with the crystalline PP matrix, which
indicates that some PP segments, because of their good compatibility
with iPP, could crystallize into the matrix. On the other hand, the
crystallizable PE segments aremore inclined to theEPRdomain. Thus,
the EP block copolymers can serve as interface-modifier or surfactant
to improve the connection between the dispersed domains and
matrix as well as to control the morphology.

As for Fa and Fb, their phase structures are shown in Fig. 7. As
expected, after solvent fractionation, the fractions exhibited
remarkably different morphologies. For fraction Fa, the phase
structure in Fig. 7A shows thatmanydark spherical particles formed
in matrix. The SAED pattern of the core area of these particles
provided in Fig. 7 A confirmed that these dark particles in Fa can be
attributed to the crystalline PE components. The matrix with lower
contrast can thenbe attributed to the crystalline iPP, according to the
characterized composition and phase structure of as-received IPC.
The crystalline EP block copolymers are believed to exist between
dark particles andmatrix, however, due to their similar contrast, it is
not easy to distinguish directly from themicrograph.With regard to
Fb, as shown in Fig. 7 B, it can be observed that there exist two
components, onewithweakest contrast which should be attributed
to the amorphousEPR, and anotherwith strongercontrast randomly
scattered which can be regarded as those components with low
crystallinity. By FETEM and SAED, we could again confirm the
existence of crystalline PP, PE and amorphous EPR, which helps to
prove that the compositional information we derived from FTIR,
WAXD and DSC was correct. However, the microscopy picture
cannot be directly related to the FTIR, WAXD or DSC result. The
purpose of microscopic observation is to show the various phase
structures of IPC formed under different compositions.

With the aforementioned structural information and detailed
phase structure of Fa, Fb and as-received IPC sample, as we have
stated, it is reasonable to speculate that there exists a relationship
between the varying phase structure and crystallization behavior in
IPC. For as-received IPC, the closely packed multi-layered structure
shows that the amorphous EPR domains are located within EP block
copolymers and crystalline PE segmented polymers, which indicates



Fig. 7. FETEM graphics of solution casted films of fraction Fa (A) and fraction Fb (B).
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a good miscibility between EPR chains and crystallizable PE chains.
These chains are highly entangled under the quiescent condition, and
as a result, no chances exist for crystallizable PE segments to contact
iPP chains in matrix. However, if disentanglement can be achieved
through removing EPR from IPC, the original multi-layered structure
is no longer existed. Under the circumstance, shearing is no longer
a necessity for the crystallization enhancement, as long as the crys-
tallizable PE segments, either in PE segmented polymers or EP block
copolymers, are released and have chances to contact PP matrix, for
example, by dissolving in solution or by shearing, then the enhanced
crystallization could be achieved. Therefore, in fraction Fa where
amorphous EPR was removed, we noticed that an enhanced crys-
tallization happened. In brief, it can be concluded that the formation
of multi-layered structure and its stability is extremely important to
crystallization behaviors in IPC.Under stable state, that is, perfect and
closely packed multi-layered structures are formed, the interaction
between crystallizable PE segments and iPP matrix is unachievable.
Thus, no changing in crystallization can be observed.

According this suggestion, the shear-enhanced crystallization in
bulk IPC can also be explained by the following scenario. Under
quiescent state, IPC is a phase-separated system forming the multi-
layeredphase structure. However, shear can destroy thismorphology
and induce a partiallymiscibility in IPC implying that a number of the
crystallizable PE segments, depending on the condition of shear (see
SupplementaryMaterial), coulddisentangle fromEPRandcontact iPP
matrix, which leads to the acceleration of IPC crystallization.
Although both shear and solvent fractionation can destroy the orig-
inal phase structure, they have remarkable differences in that the
destruction by melt shearing is temporary while by solvent frac-
tionation, this destruction is permanent. Therefore, destroyed phase
structure in bulk IPC-S, or disentangled chains in other words, can be
Fig. 8. FETEM graphics of solution casted IPC-R fi
gradually repaired by melt annealing as observed by the morpho-
logical evolution exhibited. Finally, a complete re-entanglement and
reconstruction of phase structure can be achieved leading to the
vanishing of enhanced crystallization. While for fractioned Fa, it
seems only by remixing Fb, the phase structure as well as the crys-
tallization can be recovered backwards.

3.4. Self-assembly of fractions and its influence on crystallization

To further clarify whether varying phase structure in IPC will
result in changing of crystallization behavior, we remixed fraction
Fa and Fb, and denoted the obtained sample as IPC-R. Fig. 8 A
shows the FETEM micrographs of IPC-R solution cast film after
annealing at 200 �C for 2 h. The annealing process was still con-
ducted in DSC, the copper grid supporting IPC-R was sealed in an
aluminum pan and precisely thermal treated. In Fig. 8 A, an
interesting self-assembly of fraction Fa and Fb reflected on the
morphological evolution has been observed. Through remixing and
annealing, IPC-R sample has spontaneously reformed a perfect
multi-layered structure, which is almost the same as that of as-
received IPC sample. Some adjacent particles (marked by white
arrow) which seem to be separating from each other can also be
observed indicating that the IPC-R sample was actually undergoing
an evolution towards more stable state. On the other hand, crys-
tallization curve of IPC-R exhibited in Fig. 8 B shows that an
obvious recovery of Tp to the lower temperature, which is close to
that of as-received IPC sample. It implies that the enhanced crys-
tallization of Fa can be eliminated by remixing with Fb accompa-
nied by reforming the multi-layered structure. Thus, it is again
demonstrated the close relationship between the morphological
evolution and crystallization in IPC.
lm (A) and crystallization curve of IPC-R (B).



Fig. 9. Schematic model depicting the relationship between phase structure and crystallization behavior in IPC.
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On the basis of the above results, we proposed a conceptual
model to interpret the phase structure in IPC, and how its evolution
will influence the crystallization behavior, as shown in Fig. 9. The
four main components in IPC, that is iPP, EPR, EP block copolymer
and PE segmented polymer have been marked respectively. Under
equilibrium state, the quiescent structure of IPC exhibits a micro-
scopically phase separated morphology. Different components can
form a multi-layered structure as shown in the globe left-down in
Fig. 9. Because of the existence of EPR as well as the compatibility,
the crystallizable PE segments (as indicated by black lines) are
confined and separated from iPP matrix. However, by removing
EPR, as in the case of Fa, original multi-layered structure will be
completely destroyed shown in the globe right-down in Fig. 9.
Under the situation, so long as the crystallizable PE segments are
released and have chances to contact PP matrix, the enhanced
crystallization could be achieved. The possible molecular-scale
reason for this faster crystallization may be attributed to the faster
nucleation rate of linear PE segments which could serve as stable
nuclei to improve the crystallization of iPP. Therefore, overall
crystallization behavior will be changed reflected on the enhanced
crystallization kinetics. As to the relaxation of enhanced crystalli-
zation, if the phase structures are only temporarily destroyed (e.g.,
shear in bulk), they are hopeful to be gradually repaired under melt
annealing, and ultimately recovers to its original state. However, if
the destruction of phase structure cannot be recovered, for example
removing Fb through solvent fractionation, apparently the crys-
tallization will never be turned back unless the removed fraction is
remixed to reconstruct the phase structure.
4. Conclusion

Relaxation of shear-enhanced crystallization in IPC has been
investigated from the sight of phase structure and resultant
morphological evolution. It is found that melt shearing can destroy
the original phase structure of IPC and induce a partial miscibility
leading to an enhanced crystallization. The shear-enhanced crys-
tallization in IPC can be gradually eliminated upon melt annealing,
and the underlying structural motion is proved to be a reconstruc-
tion of phase structure towards equilibrium state. It appears that
with sufficient annealing time, IPC-Smelt will reform a stable phase
structure with domains finely dispersed in the matrix through liq-
uideliquid phase separation and the enhanced crystallization is
likely to be totally eliminated.

By solvent fractionation, FTIR, WAXD, DSC characterizations and
FETEMobservation, IPC has beenproved to be a complex systemwith
multi-component and multiphase nature. It is mainly composed of
iPP, EPR, EP block copolymer and PE segmented polymer. Multi-
layered phase structure can be observed under stable state and the
composition of each layer has been identified. By removing amor-
phous component out of IPC, multi-layered structure will be
destroyed leading to an enhanced crystallization similar to IPC-S.
However, by remixing the amorphous component, a morphological
evolution through self-assembly of fractions happens, and multi-
layered structure can be reformed again. Meanwhile, crystallization
behavior recovers back towards the original situation. A model has
beenproposed to explain the process and it is suggested that in stable
multi-layered structure, the crystallizable PE segments are entangled
with EPR chains which blocks them from contacting iPP matrix.
However, when this structure is destroyed, either by shear or solvent
fractionation, the overall crystallization in IPC can be greatly affected.
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