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The morphology of two polypropylene/poly(ethylene-co-propylene) (PP/EPR) in-reactor alloys prepared
by multi-stage sequential polymerization (MSSP) and two-stage polymerization (TSP) processes,
respectively, was investigated. It is observed that the alloy prepared by MSSP (sample 1) exhibits lower
phase separation temperature than the alloy prepared by TSP (sample 2), probably due to the higher
content of PP segments in the blocky copolymer fractions of sample 1. Two thermal treatments were
applied to the samples: (1) The samples were directly quenched from 230 �C to 132 �C for isothermal
crystallization; (2) The samples were firstly held at 160 �C for 60 min for phase separation and then
cooled to 132 �C for crystallization. It is found that both microstructure and thermal treatment affect the
morphology of the alloys, and the differences in morphology are interpreted in terms of phase diagram.
For sample 1 and for the samples subjected to phase separation prior to crystallization, the EPR-rich
phase contains more PP and thus is more viscous, which leads to more inclusion of the EPR-rich phase
into the spherulites. A coarse spherulitic structure is formed due to crystallization of PP in the included
EPR-rich phase. More included EPR-rich phase and its stronger crystallizability can further lead to the
narrower boundaries and formation of connections between the adjacent spherulites.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

As is well-known, in-reactor blending, which involves homo-
polymerization of propylene followed by copolymerization of ethylene
and propylene, can significantly improve the poor low temperature
impact properties of polypropylene (PP) [1–3]. The so-called poly-
propylene/poly(ethylene-co-propylene) (PP/EPR) in-reactor alloy is
now mainly produced by a two-stage polymerization (TSP) process. In
the first stage, propylene homopolymerization is performed in the
presence of a spherical TiCl4/MgCl2-based catalyst and porous PP
particles were produced. In the second stage, ethylene–propylene
copolymerization occurs and a rubbery EPR phase was prepared and
incorporated into the pre-formed PP matrix [4–7]. It has been
demonstrated that the PP/EPR alloy possesses excellent impact
strength, in comparison to mechanical blends of PP/EPR, benefited from
its unique morphology [8–16] and special components such as
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ethylene–propylene blocky copolymer [17–19]. Recently a new process
for producing PP in-reactor alloy based on multi-zone circulating
reactor (MZCR) was reported [20–23]. In this process, the polymer
granules are rapidlycirculated between a reaction zone containing pure
propylene and a reaction zone where a mixture of ethylene and
propylene is fed. This means that the retention time of the polymer
granules in each homopolymerization and copolymerization stage is
very short, while the whole polymerization time is still long enough to
reach a high polymer yield. The switch frequency between homo-
polymerization and copolymerization stages can be regulated by
changing the retention time in these two reaction zones. We simulated
such a polymerization process and prepared two PP/EPR alloys by
multi-stage sequential gas-phase homopolymerization of propylene
and gas-phase ethylene–propylene copolymerization in a circular
mode [24]. The switch times between homopolymerization and
copolymerization stages is 8 and 1 for sample 1 and sample 2, respec-
tively, and the total time for homopolymerization and copolymeriza-
tion maintains the same for both samples. It should be noticed that
sample 2 could be well representative of in-reactor alloy produced by
conventional two-step process (TSP). We found that, when the switch
frequency between homopolymerization and copolymerization
increased, the dimension of EPR phase decreased and the size
distribution of the dispersed EPR phase became more uniform, but
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the total EPR content in the in-reactor alloys was hardly influ-
enced [24]. The PP/EPR in-reactor alloy prepared by MSSP exhibits
better mechanical properties in both impact strength and flexural
modulus tests than PP/EPR alloy produced by conventional two-
stage polymerization process. So far most reports focused on the
relationship between structure and properties of PP/EPR alloys
prepared by two-stage polymerization [25–28], but very few on
PP/EPR alloys prepared by MSSP or MCZR.

On the other hand, the PP/EPR alloy is a mixture, which contains
crystalline PP homopolymer, amorphous EPR, blocky and/or
segmented ethylene–propylene copolymers [29–31]. For a blend
containing both crystalline and amorphous components, the ultimate
morphology and mechanical properties strongly depend on thermal
treatment due to the interplay of phase separation and crystallization.
It has been demonstrated that crystallization kinetic and morphology
of crystalline/amorphous polymer blends are affected by the rates of
crystallization and phase separation, size of the phase-separated
domains, crystallization temperature, temperature and time for phase
separation and other factors [32–47].

In the present work, we compared the morphologies of two PP/
EPR alloys prepared by TSP and MSSP, respectively, under different
thermal treatments, and the differences were interpreted in terms of
structure and phase diagram. The aim of this preliminary study work
is to reveal how the morphology of PP/EPR in-situ alloys can be
controlled by regulation of polymerization process (or microstructure
of the alloys) and interplay of phase separation and crystallization.

2. Experimental

2.1. Preparation of PP/EPR in-reactor alloys

Details for preparation of PP/EPR in-reactor alloys were
described in reference [24]. A multi-stage sequential polymeriza-
tion process was conducted using a high yield spherical Ziegler-
Natta catalyst, TiCl4/MgCl2$ID (where ID is an internal donor),
kindly donated by BRICI, SINOPEC (Beijing, China). In the first stage,
propylene homopolymerization was carried out for 60 min after
the prepolymerization conducted in a well-stirred glass reactor.
Next is a circular reaction mode including ethylene–propylene
copolymerization, in which an ethylene–propylene mixture of
a constant composition (propylene/ethylene¼ 1.5) was continu-
ously supplied to the autoclave under constant pressure (0.4 MPa),
and propylene homopolymerization under constant pressure
(0.6 MPa). That is to say, after ethylene–propylene copolymeriza-
tion for a designed time, the polymerization was switched to
propylene homopolymerization and subsequently ethylene–
propylene copolymerization at the same conditions as above. The
circular reaction mode was carried out for 80 min at 60 �C. In the
circular reaction, sample 2 was prepared by ethylene–propylene
copolymerization for 20 min and then propylene homopolymeri-
zation for 60 min, namely, the switch times of sample 2 was 1.
Analogically, sample 1 was synthesized by ethylene–propylene
copolymerization for 2.5 min and then propylene homopolymeri-
zation for 7.5 min in a circle and its switch times was 8. It is note-
worthy that compared to sample 1 prepared by MSSP process,
sample 2 is actually prepared by the conventional TSP process. The
Table 1
Polymerization conditions and mechanical properties of two PP/EPR in-reactor alloys.

Sample Retention time in each polymerization cycle (min)

Propylene
homopolymerization

Ethylene–propylene
copolymerization

Sample 1 2.5 7.5
Sample 2 20 60
polymerization parameters and mechanical properties of both
samples are given in Table 1.

2.2. Thermal fractionation

About 5 mg of each sample was sealed in an aluminum pan and
subjected to stepwise isothermal crystallization according to the
following procedure: The samples were first heated to 200 �C
under nitrogen atmosphere and held for 100 min to erase the
thermal history. Then the samples were cooled down to the first
isothermal crystallization temperature (Tc1¼130 �C) and held at
this temperature for 12 h, and then successively cooled down to
a series of isothermal crystallization temperatures (Tc) set at 125,
120, 115, 110, 105, 100, 95, 90, 85, 80, 75, 70, 65, and 60 �C,
respectively, and held at each temperature for 12 h. This tempera-
ture difference (5 �C) is defined as the ‘‘fractionation window’’. The
melting endotherms of the samples after step crystallization were
recorded on a Perkin-Elmer Pyris-1 calorimeter at a heating rate of
10 �C/min from 30 to 200 �C. In the other procedure, a ‘‘fraction-
ation window’’ of 10 �C and holding time of 24 h at each Tc were
employed as well.

2.3. Optical microscopy

Polarized optical microscopy (POM) observations were carried
out on an Olympus BX-51 polarized optical microscope (Tokyo,
Japan) equipped with a hot-stage and a digital camera. A small
piece of sample placed between two cover glasses was first melted
at 230 �C for 10 min on the hot-stage and the thermal history of the
sample was erased, and then morphology during isothermal crys-
tallization was observed. Two different thermal treatments were
applied to the samples prior to isothermal crystallization. In the
first thermal treatment, the samples were cooled directly from
230 �C to 132 �C at a rate of 30 �C/min to complete isothermal
crystallization. In the second thermal treatment, the samples were
firstly quenched from 230 �C to 160 �C and held for 60 min to
facilitate phase separation, and then cooled to 132 �C at a rate of
30 �C/min for isothermal crystallization. The samples in POM
experiments were also used for phase contrast optical microscopy
(PCOM) observations, which were carried out on phase contrast
microscope (XSZ-HX, Chongqing, China) equipped with a JVC color
video camera (TK-C921EC).

2.4. Scanning electron microscopy (SEM)

The morphology of spherulites was investigated using a scan-
ning electron microscope (FEI-SIRION). The SEM samples were
prepared as follows: films of sample 1 and sample 2 were placed
between two cover glasses on the hot-stage of the above-
mentioned Olympus BX-51 optical microscope (Tokyo, Japan), and
first melted at 230 �C for 10 min to erase the thermal history of
samples. Then two different thermal treatments as described in
Section 2.3 were applied to the films before isothermal crystalli-
zation at 132 �C. The film was then etched by xylene for 24 h at
room temperature to remove non-crystalline ethylene–propylene
random copolymer and then coated with gold before observation.
Switch number
(times)

Impact strength
(KJ/m2)

Flexural modulus
(MPa)

8 13.6 915.7
1 3.9 770.7
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2.5. Small-angle light scattering (SALS)

The small-angle light scattering (SALS) apparatus was described
in reference [48]. A He–Ne laser generator was used as the incident
beam with the wavelength of 632.8 nm. The temperature accuracy of
the hot-stage controlled by an intelligent controller (AI-708,
Yuguang, China) was about �0.1 �C. The scattering pattern was
detected by a CCD digital camera (MTV-12V1C, Mintron, Taiwan) and
the data were imported into the computer memory in real time
through a video capturing board (VIDEO VESA CG-400, Daheng,
China). Online circular averaging of each scattering pattern was
performed to obtain the SALS intensity. The film samples were firstly
heated to 230 �C and hold for 5 min, then cooled to 140 �C at a rate of
0.5 �C/min. The SALS intensities were measured upon cooling.
3. Results

3.1. Thermal fractionation and phase separation temperature

The DSC melting curves of sample 1 and sample 2 after stepwise
crystallization fractionation with a fractionation window of 5 �C are
shown in Fig. 1. However, the DSC peaks at low temperature range
are very weak under such a thermal fractionation condition. In order
to reveal the DSC peaks at low temperature range clearly, stepwise
crystallization fractionation was also conducted at a fractionation
window of 10 �C, and the corresponding DSC melting curves in low
temperature range are inserted in Fig. 1. There are two major peaks
at high temperature range together with many weak peaks at low
temperature range for both samples. Comparing the relative
intensities of the DSC melting peaks, one can see that relative
intensity of the melting peaks at 140 �C is stronger in sample 1 than
that in sample 2. This peak is attributed to the melting of blocky
ethylene–propylene copolymers. The crystalline PP segments in the
blocky copolymer fractions are chemically linked with other
segments (such as ethylene–propylene random copolymer
segments), leading to the lower melting temperature of PP
segments [17,49]. However, our previous temperature rising elution
fractionation result showed that these two samples had similar
weight percentages of EPR content (eluted at room temperature)
Fig. 1. DSC melting curves of sample 1 and sample 2 after stepwise crystallization
fractionation with a fractionation window of 5 �C. Inset is the DSC melting curves in
low temperature region after stepwise crystallization fractionation with a fractionation
window of 10 �C.
and blocky copolymer (eluted between 30 and 100 �C) [24]. As
a result, the different thermal fractionation curves of sample 1 and
sample 2 are probably due to the different compositions of the
blocky fractions. The higher intensity of the shoulder peak at 140 �C
indicates that the blocky fractions of the PP/EPR in-reactor alloy
sample 1 prepared by MSSP contain more PP segments than the
blocky fractions in sample 2 prepared by TSP. To exclude possible
influences of the phase dispersion states, we dissolved these two
samples in xylene and found that the recovered samples still
exhibited different thermal behaviors. This means that the smaller
size of EPR phase in sample 1 than in sample 2 [24] is not the main
reason for their different thermal behaviors. There must be some
differences in chain structure between the two samples.

The difference in structure between sample 1 and sample 2 will
inevitably lead to their different phase behaviors. Fig. 2 shows the
variations of SALS intensity with temperature for sample 1 and
sample 2. Since PP and EPR have similar refractive indices, it is
difficult to get good result from the SALS experiments. This lead to
the noisy data in Fig. 2, but we still can see a transition occurs upon
cooling. At high temperature the alloys are homogeneous and the
SALS intensity nearly keeps constant. As phase separation takes
place, the SALS intensity increases gradually with decrease in
temperature. The phase separation temperatures are 182 �C and
205 �C for sample 1 and sample 2, respectively. The blocky
copolymer of polypropylene-b-poly(ethylene-co-propylene) can
act as compatilizer of PP and EPR. In sample 1 the blocky fractions
have better compatibility with PP due to higher content of PP
segments, leading to its lower phase separation temperature. It
should be noted that there are still controversies about the phase
diagram of PP/EPR binary blends. A lower critical solution
temperature (LCST) type phase diagram was observed by some
authors [37,50], but others believed the phase diagram of PP/EPR
binary blends is upper critical solution temperature (UCST) type
[34,51]. Also Seki et al. reported that PP and EPR were miscible in
the melt [52]. Our result indicates that the phase diagram of PP/EPR
in-reactor alloys is UCST type in the presence of propylene/
ethylene-co-propylene blocky copolymers.

3.2. Optical microscopy

In order to investigate the effect of the interplay of phase
separation and crystallization on morphology of PP/EPR in-reactor
Fig. 2. Variations of SALS intensity with temperature for sample 1 and sample 2.
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alloy, two thermal treatments were applied to the samples. In the
first one, the samples were quenched from 230 �C and then
isothermally crystallized at 132 �C. The POM micrographs of sample
1 and sample 2 after complete crystallization at 132 �C are shown in
Fig. 3(a) and (b), respectively. It is found that spherulites with
radiant fibrils are formed for sample 2, but the final shape of the
spherulites is polygonal due to impingement. In contrast, it is hard
to observe the radiant fibrils inside the spherulites of sample 1 and
the spherulites exhibit a coarse structure. For both samples, there
are amorphous regions between the spherulites, which are indi-
cated by the black zones surrounding the spherulites in the
micrographs.

The samples were also quenched from 230 �C and then hold at
160 �C for 60 min. At this temperature, phase separation will take
place but crystallization will not occur. Subsequently, the samples
were cooled to 132 �C for isothermal crystallization. The POM
micrographs of sample 1 and sample 2 after this thermal treatment
are shown in Fig. 3(c) and (d), respectively. It is found that for
sample 2 spherulites with polygonal shape are formed. When
compared with the sample 2 directly crystallized at 132 �C, the
amorphous zones between the spherulites in the sample 2 crys-
tallized after phase separation are of smaller size, leading to the
narrow boundaries between the spherulites. The structure inside
the spherulites of sample 2 also becomes coarser under this
thermal treatment. For sample 1 the overall morphology is quite
homogeneous but coarse. Spherulites can hardly be recognized
because the boundaries between different spherulites nearly
disappear, which are the most evident difference between sample 1
and sample 2 under this thermal treatment. Fig. 4 shows the
morphological development of sample 1 during crystallization. One
can see that spherulites are still formed during crystallization.
Amorphous zones of small size, as indicated by the circle in Fig. 4,
are formed in the crystallization frontier. During crystallization,
these amorphous zones are not pushed out from the spherulites
but instead are taken up into the spherulites.
Fig. 3. POM images of sample 1 (a) and sample 2 (b) directly quenched from 230 �C to 132 �C
to 132 �C for crystallization.
The coarse structure of the spherulites is seldom reported. When
amorphous components are included into the spherulites, droplet-
like domains are usually observed inside the spherulites [16,27]. In
order to clarify the origin of the coarse structure of the spherulites,
the morphology of the PP in-reactor alloys were also examined with
phase contrast optical microscopy (PCOM). Fig. 5 shows the PCOM
images of both samples after different thermal treatments, respec-
tively. It is found that, unlike in the POM images, the coarse structure
of the spherulites is not evident in the PCOM images, and droplet-
like domains are observed inside the spherulites. Since the coarse
structure of the spherulites is observed by POM but not by PCOM, it is
highly probable that the coarse structure arises from crystallization.
Comparing Figs. 3 and 5, one can see that the more amorphous
domains inside the spherulites, the more coarse the spherulites,
indicating that the coarse structure is still related to the inclusion of
the amorphous component. As a result, we speculated that the
coarse structure of the spherulites is due to crystallization of the
EPR-rich phase included into the spherulites. From Fig. 5, it is also
observed that phase separation prior to crystallization can lead to
larger size of the included amorphous domains.

3.3. SEM

POM shows that when sample 1 is subjected to phase separation
prior to crystallization, the inter-spherulitic boundary can hardly be
seen after completion of crystallization, but spherulites indeed are
formed during crystallization. In order to observe the inter-spher-
ulitic boundary more clearly, the samples were etched with xylene
at room temperature to remove the amorphous components and
were characterized with SEM. Fig. 6 shows the SEM micrographs at
different scales for sample 1 quenched from 230 �C and cooled from
160 �C, respectively. It is found that even for sample 1 cooled from
160 �C the boundaries between the spherulites can still be observed
after removal of the amorphous components. However, two
striking differences are noticed for sample 1 subjected to two
for crystallization; sample 1 (c) and sample 2 (d) held at 160 �C for 1 h and then cooled



Fig. 4. Morphological development of sample 1 during crystallization at 132 �C. The sample was first held at 160 �C for 60 min and then cooled to 132 �C for crystallization. (a) 60 s;
(b) 140 s; (c) 220 s and (d) 300 s.
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different thermal treatments. Firstly, the sample cooled from 160 �C
has much more holes inside the spherulites than the sample
directly quenched from 230 �C. These holes are formed by removal
of the amorphous components and should correspond to the
amorphous domains. This shows that more amorphous
Fig. 5. PCOM images of sample 1 (a) and sample 2 (b) directly quenched from 230 �C to 13
cooled to 132 �C for crystallization.
components are included into the spherulites for the samples
cooled from 160 �C, which is in accordance with PCOM observa-
tions. Secondly, the crannies between the spherulites, where the
amorphous components are enriched, are much narrower in the
sample cooled from 160 �C than that in the sample quenched from
2 �C for crystallization; sample 1 (c) and sample 2 (d) held at 160 �C for 1 h and then



Fig. 6. SEM micrographs of sample 1 etched by xylene at room temperature (a) crystallized at 132 �C after quenching from 230 �C; (b) enlarged picture of the circled area in (a); (c)
crystallized at 132 �C after held at 160 �C for 60 min; (d) enlarged picture of the circled area in (c).
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230 �C. For the sample cooled from 160 �C, in the crannies there are
also lots of tie fibrils connecting the adjacent spherulites, which are
seldom observed in the sample quenched from 230 �C. Such
morphology is clearly favorable to the mechanical properties of PP/
EPR in-reactor alloys, since the boundary between the spherulites is
usually the weakness of polymer materials upon tensile drawing.
Fig. 7. Schematic phase diagrams for sample 1 and sample 2.
4. Discussion

4.1. Phase diagram

The above results show that the inclusion of the amorphous
component into the spherulites, the coarse structure within the
spherulites and the inter-spherulitic boundary are affected by both
phase separation and microstructure of the PP/EPR in-reactor
alloys. The effect of phase separation on the inclusion of the
amorphous component into the spherulites has been reported in
literature, but the effect of phase separation on the latter two is
rarely reported [16]. These effects can be interpreted in terms of the
interplay of phase separation and crystallization. The phase
diagrams of sample 1 and sample 2 are schematically depicted in
Fig. 7. When the PP/EPR in-reactor alloys are quenched below the
phase separation temperature, phase separation will take place
first. Two phases, the PP-rich phase (denoted as concentrated
phase, i.e. c phase) and the EPR-rich phase (denoted as dilute phase,
i.e. d phase), will be formed upon phase separation. The composi-
tions of the EPR-rich phase and the PP-rich phase depend on the
quenching depth. In the present work the presence of the blocky
component affects the compatibility between PP and EPR, thus the
compositions of the PP-rich and EPR-rich phases are dependent on
the volume fraction and microstructure of the blocky component.
However, noting the small amount of the block component
(w10 wt%) in the PP/EPR in-reactor alloys, we still treat the PP/EPR
in-reactor alloys as binary blends of PP and EPR. Since the blocky
component can act as compatilizer of PP and EPR and decrease the
temperature of phase separation, the phase separation curve of
sample 1 is narrower (i.e. smaller difference in composition
between the c phase and d phase) and locates below the phase
separation curve of sample 2. As a result, at the same temperature
where phase separation takes place, the PP content in the EPR-rich
phase follows the order: sample 1> sample 2 (i.e. d2> d1 and
d4> d3), and sample 1< sample 2 (i.e. c2< c1 and c3< c4) in the PP-
rich phase. For a sample at different phase separation temperatures,
the PP content in the EPR-rich phase at high temperature is larger
than that at the lower temperature (i.e. d4> d2 and d3> d1), and it
is the reverse for the PP content in the PP-rich phase (i.e. c4< c2 and
c3< c1).
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4.2. Inclusion of amorphous component

Based on the phase diagram schematically depicted in Fig. 7, we
firstly discuss the amount of amorphous component included into
the spherulites. For a system containing both crystalline and
amorphous components, the amorphous component can be either
included into the spherulites or excluded from the spherulites,
depending on the growth rate of the spherulites and the diffusion
rate of the amorphous component. If the growth rate of the
spherulites is much faster than the diffusion rate of the amorphous
phase, the amorphous component tends to be included into the
spherulites. Otherwise, the amorphous component is excluded
from the spherulites. The diffusion rate of the amorphous compo-
nent is related to its viscosity, which depends on temperature and
its composition. At the same temperature, the EPR-rich phase of
sample 1 contains more PP than the EPR-rich phase of sample 2
(d2> d1 and d4> d3). Since the viscosity of PP is higher than that of
EPR, the EPR-rich phase is easier to be included in sample 1 than in
sample 2. As a result, more amorphous components are included
into the spherulites in sample 1 than in sample 2 at the same
thermal treatment. On the other hand, when the alloys are firstly
held at 160 �C, phase separation will take place but crystallization
will not proceed. After the phase-separated melt is quenched to
132 �C, further phase separation tends to take place in both the PP-
rich and EPR-rich phases previously formed at 160 �C. However,
this process may be retarded due to confinement of the pre-existed
phase-separated morphology, and the inclusion of the amorphous
component still depends on phase structure formed at 160 �C. Due
to shallower quenching depth, the PP content in the EPR-rich phase
at 160 �C is higher than that at 132 �C (d4> d2 and d3> d1), leading
to higher viscosity of the EPR-rich phase and more EPR-rich phases
included into the spherulites for the samples cooled from 160 �C.

4.3. The coarse spherulitic structure

As for the coarse spherulitic structure, it has been revealed by
the POM and PCOM images that it may be due to crystallization of
PP in the included EPR-rich phase. The phase diagram of PP in-
reactor alloys is a little different from that of the real PP/EPR binary
blends. In the real PP/EPR binary blends, the compositions of the
PP-rich phase and the EPR-rich phase are highly different due to the
immiscibility between PP and EPR when temperature is below the
UCST. Therefore, the content of PP in the EPR-rich phase of PP/EPR
binary blend is very low and PP in this phase cannot crystallize. In
contrast, the phase diagram of the PP in-reactor alloy is narrower
than that of the PP/EPR binary blends due to the presence of the
blocky copolymer components, which means that the difference in
the composition between the PP-rich phase and the EPR-rich phase
is not so large and the EPR-rich phase still contains a certain
amount of crystallizable PP. It should be noted that, although the
EPR-rich phase also contains crystallizable PP, crystallization of the
PP in the EPR-rich phase is slightly behind that in the PP-rich phase
due to the lower concentration of PP in the former. Therefore, the
EPR-rich phase is still amorphous immediately after crystallization
of PP in the PP-rich phase. When the EPR-rich phase is included into
the spherulites formed by the PP in the PP-rich phase, subsequent
crystallization of PP in the EPR-rich phase is confined inside the
spherulites but causes coarsening of the spherulites. The extent of
coarsening of the spherulites is dependent on the composition and
amount of the EPR-rich phase included into spherulites. As dis-
cussed in the above section, the EPR-rich phase of sample 2 crys-
tallized from directly quenched melt contains the fewest PP, thus
coarsening of the spherulites is the weakest. On the contrary,
because the PP content in the EPR-rich phase of sample 1 cooled
from 160 �C is the highest, this sample exhibits the coarse
spherulite structure at the largest extent. The coarse spherulitic
structure was also reported by Doshev et al. in a PP/EPR in-reactor
alloy [13], in which the EPR was prepared at a high ethylene/
propylene feed ratio in the second copolymerization stage. In such
an alloy, the EPR should be also crystalline due to its high ethylene
content.

4.4. Inter-spherulitic boundary

The gap between the spherulites is related to the amount of the
amorphous components expelled from the spherulites (or the
amount of the amorphous components included into the spheru-
lites). The more the amorphous components expelled, the broader
the gap. The relationship between the amount of the amorphous
included into the spherulites and the thermal treatment and
microstructure of PP in-reactor alloys has been discussed in
previous section. On the other hand, formation of tie fibrils con-
necting the adjacent spherulites depends on the width of the gaps
between the spherulites and the crystallizability of the components
aggregating in gaps. If the gap is too wide, connections between the
adjacent spherulites are difficult to form. This means the amount of
the components expelled from the spherulites during crystalliza-
tion should not be too high for formation such an inter-spherulitic
boundary structure. Moreover, the components expelled into the
gaps should also be partially crystalline, which can crystallize after
formation of spherulites. Lustiger et al. used crystalline propylene–
ethylene random copolymer (with an ethylene content of 5.3 mol%)
or a multiblock copolymer of isotactic and atactic polypropylene to
blend with isotactic PP homopolymer [27]. The crystalline random
copolymer or blocky copolymer was rejected into the inter-spher-
ulitic boundaries. Subsequent crystallization of the random copoly-
mer or blocky copolymer connected the adjacent spherulites and
enhanced the strength of the inter-spherulitic boundaries. In the
present work, the crystalline component enriched in the inter-
spherulitic boundaries is PP in the EPR-rich phase and is unlike to
be the blocky fractions, since the overall content of the blocky
fractions is very low (w10 wt%) [24]. The SEM images show that
isothermal thermal treatment at 160 �C for phase separation prior
to crystallization is favorable to formation of connections between
the adjacent spherulites (Fig. 6). This can also be interpreted in
terms of the phase diagram. Upon phase separation at 160 �C, the
EPR-rich phase contains more PP than the EPR-rich phase formed at
lower temperature. Since the EPR-rich phase and PP-rich phase
formed at higher temperature are difficult to undergo second phase
separation when they are cooled to lower crystallization tempera-
ture due to morphological confinement. The higher PP content in
the EPR-rich phase leads to more EPR-rich phase is included into
the spherulites (thus narrower gap between the spherulites) and
stronger crystallizability of the components expelled into the inter-
spherulitic boundaries. The connected spherulites were reported
by Du et al. in polypropylene/poly(ethylene-co-octene) (PP/PEOc)
in-reactor alloy as well [16]. Similarly, they found that phase
separation in the melt prior to crystallization was advantageous to
formation of such morphology. They attributed the connections
between the adjacent spherulites to PP, though they did not show
the crystallizability of the PEOc component. One difference
between morphology of the PP/PEOc in-reactor alloys in literature
and the PP/EPR in-reactor alloys in the present work is no coarse
structure of the spherulites was observed in the PP/PEOc alloys. We
speculate that PP has worse compatibility with PEOc and thus the
PEOc-rich phase contains fewer PP after phase separation, leading
to its weaker crystallizability. PP in the included PEOc-rich phase
cannot crystallize due to confinement in the spherulites and forms
droplet-like domains, but PP in the PEOc-rich phase expelled into
the crannies between the spherulites still can crystallize due to less
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confinement and forms tie fibrils connecting the adjacent spheru-
lites. In contrast, for the PP/EPR in-reactor alloys containing blocky
fractions in the present work, both the EPR-rich phase included into
the spherulite and the EPR-rich phase expelled into the boundaries
can crystallize due to its higher PP content, leading to a coarse
spherulitic structure and the connecting tie fibrils between the
adjacent spherulites, respectively.

5. Conclusions

Thermal fractionation reveals that the blocky components in the
alloy prepared by multi-stage sequential polymerization contain
more PP segments than in the alloy prepared by two-stage poly-
merization. This leads to the lower phase separation temperature of
sample 1, thus at the same temperature the quench depth and the
compositions of the EPR-rich and PP-rich phases are different for
sample 1 and sample 2. The amount of the EPR-rich phase included
into the spherulites depends on the PP content in the EPR-rich phase,
since more PP result in higher viscosity. Coarsening of the spherulites
is related to crystallization of PP in the EPR-rich phase included into
the spherulites. Thermal treatment also affects the boundaries
between the spherulites. Phase separation prior to crystallization is
favorable to formation connections between the adjacent spherulites.
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