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’ INTRODUCTION

The need to optimize mechanical properties and reduce pro-
cess cost has motivated the development of polyolefin blends for
several decades, as blending is indeed a convenient and efficient
route for the development of new materials benefiting from a
synergetic effect from the individual components.1,2 Blends that
incorporate one ormore crystallizable components have received
continuing attention as they offer an effective route to novel
property profiles.3�5 It is well-known that iPP (isotactic poly-
propylene) has poor impact resistance, especially at low tem-
perature and/or high impact rates, which limits its applications in
engineering areas. Consequently, many efforts have explored
blending varieties of elastomers with iPP to improve its impact
toughness.6�13 As the properties of crystallizable blends not only
are determined by the miscibility between or among the compo-
nents but also depend to a large extent on their crystalline
superstructure and morphology, the compatibility between com-
ponents is crucial in tuning the properties of the blends. In most
cases, block copolymer was added into the blend system to
improve the interfacial adhesion between the secondary compo-
nent and iPP serving as some kind of compatibilizer. Although a
large amount of experimental data on iPP blends with two or
ternary composites has been published,8�10 experimental data
on miscibility of a block copolymer with iPP are very scarce,
especially with a novel statistical multiblock copolymer.11,14

Recently, DowChemical hasmade a new olefin block copolymer
(OBC) via a process called chain shuttling polymerization.14 These
blocky copolymers consist of crystallizable ethylene�octene blocks

with low octene content and high melting temperature (hard
blocks), alternating with amorphous ethylene�octene blocks with
high octene content and low glass transition temperature (soft
blocks). Since OBC is a single-component system with polydisper-
sity, there is only one phase in the macroscopic limit (or the
thermodynamic limit) at constant temperature and pressure, this is
determined by the phase rule and is true for any block copolymers.
Its phase separation can only happen in the sub-macroscale, which is
the mesoscale and/or microscale at a condition below the MST
(mesophase separation transition) temperature. Normally, block
copolymers have a well-defined microphase separation, but due to
the nature of themultiblock copolymerswith distribution in number
of blocks, molecular weight, comonomers composition, and se-
quence length,15 OBCs have less defined microphase separation as
typical di- or triblock copolymers do; it is more likely that some
similar blocks aggregate into mesoscaled phase separation. In terms
of structure, OBC is like a composition fluctuation-induced meso-
phase separation without a clearly defined interphase, nor an
ordered structure as there is also a distribution of the domain size.
(Here, we emphasize the difference of the microphase/mesophase
separation between the traditional block copolymer and the poly-
dispersed OBCs.) The details about the one component OBC’s
phase behavior have been discussed in our previous work.16 It was
found that as the octene content increased, mesophase separation
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ABSTRACT: This work focuses on the effect of the unique
molecular structure of OBC (olefin block copolymer) consti-
tuted by soft blocks and hard blocks on the compatibility of
OBC/iPP (isotactic polypropylene) blends. Two OBCs with
high and low octene content were selected to blend with iPP.
The thermal behavior, morphology, and kinetics of crystal-
lization of the binary blends were studied systematically. The
variation in octene content of the OBCs caused a dramatic difference in their own mesophase separation as well as their
compatibility with iPP in blends. As the octene content increased, mesophase separation of OBC becamemore andmore dominant,
with the strong repulsive interaction between the hard and soft blocks of OBC and the coupled fact that the majority of the soft
blocks aremore compatible with iPP, resulting in its better compatibility with iPP. This was proved by smaller dispersed domain size,
better interfacial adhesion, and faster crystallization kinetics. On the other hand, we also found that annealing time was important in
controlling the superstructure in blends. There is a possible scalability of the mesophase separation of OBC on the compatibility and
superstructure of the OBC/iPP binary blends. According to our results, it is reasonable to obtain a systematic profile to adjust the
compatibility as well as the superstructure to satisfy different mechanical requirement by regulating octene content in the OBC and
the annealing condition of the blends.
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between hard blocks and soft blocks becomes more and more
dominant and the crystal morphology degrades gradually from
spherulites to dispersed relaxed lamellar structures. When the
mesophase separation is the dominant process, the formed spherical
mesophase-separated domains maintain a dispersed state even after
crystallization. Crystal lamellae could only grow through the inter-
stitial space of these mesophase-separated domains.

Since an OBC is a multiblock copolymer with a statistical
distribution in the molecular structure,15 the competitive inter-
actions between incompatible blocks in OBC and between these
blocks and iPP homopolymer molecules can give rise to a special
phase behavior of such blends and affect their phase separation,
morphology, and properties. Considering all the above, it is
essential to study the phase behavior of the iPP/OBC blends
systematically.

Blends of an AB copolymer with a homopolymer A (or B) and
blends of an AB copolymer with a homopolymer C which is
selectively miscible with the A (or B) homopolymers have been
studied extensively.1,17,18 Furthermore, blends comprised of a
diblock copolymer with a homopolymer having similar molecular
structure or some special interaction with at least one of the
blocks have been well studied,19�24 and the research on the well-
designed block copolymer/homopolymer system has caused
attention recently.22�24 However, most of these studies focused
on the effect of the homopolymer on the characteristic dimen-
sions and morphology of the self-assembled structures of the
block copolymers. In our present study, no strong specific
interactions (like hydrogen bonding or ionic effect) are occurring
in OBC/iPP, which exhibits macrophase separation in all blends
considered. From our efforts to determine the differences in
compatibility between iPP and OBC from morphological and
kinetic standpoints as the octene content in OBC varied, we
could conclude that OBCs’molecular and mesophase separation
structures have a dramatic influence on the macrophase separa-
tion and crystallization of such blends.

’EXPERIMENTAL SECTION

OBCs synthesized by the chain-shuttling technology were kindly
supplied as pellets by The Dow Chemical Company. The molecular
parameters of the OBCs used are presented in Table 1. iPP
(trademarked as S1003) with Mw = 3.4 � 105 g/mol and Mw/Mn =
3.8 is a commercial product purchased from Beijing Yanshan Petro-
chemical Co., Ltd.
To prepare blends, iPP and OBC were dissolved in xylene with a

polymer mass composition of ca. 1% at 130 �C for 24 h and then
coprecipitated from this hot xylene solution into a large excess of
methanol at room temperature. After filtration, the blends were dried in
air for 24 h and further dried in a vacuum oven at room temperature for 3
days. For comparison, plain iPP componentwas also prepared by the same
procedure.OBCweight fractions of 0.10, 0.50, and 0.90were used in these
blends, which are named as 1-10, 1-50, 1-90 in the OBC1/iPP blends
(blend1) and 4-10, 4-50, 4-90 in the OBC4/iPP blends (blend4).
Thermograms were obtained on a Mettler Toledo-822e differential

scanning calorimeter (DSC). Specimens weighing 5�10 mg were

picked from samples for thermal analysis. The thermal behavior is
studied between 30 and 200 �C with a heating/cooling rate of 10 �C/
min. All the measurements were conducted under nitrogen with a flow
rate of 20 mL/min.

The optical microscopy (OM) observations were carried out using an
Olympus (BX51) optical microscope and Olympus (C-5050ZOOM)
camera. A Linkam (350) hot stage was used to control the experimental
temperature. Films (∼30 μm) of the blends were prepared by hot
pressing at 200 ( 2 �C between two glass slides. For a typical OM
experiment, the blend was first annealed at 200 �C for 5 min to erase
thermal history, then quenched to 140 �C at 30 �C/min and held at that
temperature for 6 h, and finally cooled to room temperature at 10 �C/
min. The radius of the dendrites was measured by ImageJ software, and
the linear growth rate of dendrite was derived from the slope of the
dendrite radius over time plot. The consistency of the growth rate has
been checked by taking five measurements for each sample; due to the
nucleation and growth nature, the radius data cannot be averaged, and
only the medium sized dendrite data are plotted here. For the experi-
ment of annealing at 200 �C for 12 h, the sandwiched specimens were
surrounded with silicon oil to avoid the thermal degradation of the
polymer.

Specimens for atomic force microscopy (AFM) imaging were pre-
pared from the samples tested by OM. After cooling to room tempera-
ture, the cover glass slide was removed in liquid nitrogen; the free surface
was imaged in air with a commercial scanning probe microscope
(Nanoscope III) from Digital Instruments operated in tapping mode.
Images were collected at ambient conditions.

The samples after OM or AFM tests were etched in n-heptane at
ambient temperature for 1 week to wash out the more soluble
component of OBC, and then the film was coated with platinum prior
to examination by a scanning electronmicroscope (SEM). A JEOL (JSM
6700F) SEM was used with an operating voltage of 5 kV for this study.

’RESULTS AND DISCUSSION

In the present work, with the aim to study the compatibility
between OBCs and iPP by comparing phase behavior between
the OBC1/iPP and OBC4/iPP blends, we focus on the blends
with the asymmetrical volume fractions which contain 10 and 90
wt % OBCs, the typical thermal traces obtained from the DSC
measurement are shown in Figure 1. The left traces show the
crystallization during the cooling, while the subsequent melting
curves of these blends were compiled on the right. The crystal-
lization and melting curves of pure iPP and OBCs are also
provided for comparison.

Seen from Figure 1a, the pure OBCs show crystallization
peaks at 87 �C (OBC1) and 74 �C (OBC4), while all blends
exhibit a single crystallization peak. We have previously reported
the crystallization behavior of pure OBCs in detail.16 OBCs have
little effect on the crystallization behavior of iPP in the 10/90
OBC/iPP blends, as evidenced by the similar peak to plain iPP at
114 �C. On the other hand, the crystallization of iPP must be
considerably retarded by the existence of 90 wt % OBC compo-
nent in blends, as evidenced by the depression in temperature
and area of the crystallization peaks. Meanwhile, it can be
assumed that the preformed crystals of iPP will serve as nuclei

Table 1. Characteristics of OBCsa

sample Mw (g/mol) Mn (g/mol) net octene content (mol %) soft block octene content (mol %) hard block octene content (mol %) wt % of soft segment

OBC1 179 000 76 000 17.9 22.6 1.13 84

OBC4 249 000 74 000 25.4 35.7 2.10 82
aData were provided by The Dow Chemical Company.
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for OBC to assist it to crystallize, resulting in an overlapped
crystallization peak here.

In contrast to the crystallization behavior, there are two
distinguishable melting peaks for all of the blends in the
subsequent heating process as shown in Figure 1b. The peak at
166 �C corresponds to the melting of iPP which is characteristic
of the melting of theR-form of iPP. Themelting peaks at 118 and
114 �C are attributed to the melting of hard blocks in OBC1 and
OBC4 individually, as the temperatures are typical for the
melting of low density linear polyethylene.

It is interesting to note that 4-90 has a higher crystallization
temperature than 1-90 even though OBC4 has a lower crystal-
lization temperature than OBC1. In this case, one might antici-
pate a particular effect between OBC4 and iPP which enhances
the crystallization in 4-90 comparedwith 1-90. In order to explain
this seemingly confusing nonisothermal crystallization behavior
between 1-90 and 4-90, the corresponding crystallization mor-
phologies of the relative samples after identical heat treatment as

in the DSC measurements are observed by OM, as shown in
Figure 2. From the DSC data for the pure iPP and pure OBCs, it
is clear that any component has crystallized upon cooling to
30 �C. However, at 110 �C, the DSC data indicate that the pure
OBCs have not yet crystallized and this is supported by the OM
micrographs of Figure 2a,b. In contrast, the OMmicrographs for
1-90 and 4-90 (Figures 2c and 2d, respectively) show crystal-
lization within the blends at 110 �C, despite the lack of any
signature of crystallization in the DSC data. On the basis of the
higher melting temperature of iPP crystals observed on reheating
these blends, we attribute the crystallization at 110 �C to that of
iPP. In addition, the crystallization is markedly different between
the two blends. In Figure 2c, several iPP crystals appear as tiny
dark spots in the phase contrast graphs (marked in the white
circles), while in Figure 2d, significantly more and larger den-
drites are formed. This result indicates an enhanced ability to
nucleate in 4-90, which is consistent with the higher crystallization
temperature of 4-90 than 1-90. The particular mechanism25,26

of nucleation in OBC/iPP blends will be discussed in detail
elsewhere.

The optical micrographs of the blends and the pure OBCs
cooled to room temperature following annealing at 140 �C for 6 h
are compiled in Figure 3. It is clear to see the remarkable difference
between the two OBCs by comparing Figures 3a and 3b. During
the further cooling to room temperature, OBC1 almost has a
spherulite-filled morphology even after annealing at 140 �C for
6 h; on the contrary, OBC4 only formed small, imperfect crystals
in the local regions which appear as bright spots in the polarized
optical micrographs. To further clarify the morphology of the
OBCs in this situation, the samples were further investigated by
AFM, as presented in Figure 4. From the AFM images, mesophase
separation between hard blocks and soft blocks, as well as the
crystalline morphology, can clearly be observed in both OBCs.
The structure of OBC4 is dominated by mesophase separation,
which appeared as the nearly spherical domains with the diameter
of about 100 nm (denoted by the white arrow in Figure 4b),
whereas the structure of OBC1 is dominated by lamellae that are
degraded in quality by the effect of mesophase separation. These
results are consistent with our previous studies.16

After blending with iPP, these distinct OBCs caused dramatic
difference in crystallinemorphology of their blends.When 10wt%

Figure 1. Thermal behavior of the samples: (a) the crystallization process; (b) the melting process. The scan rate was 10 �C/min. The samples were
annealed at 200 �C for 5min, then cooled to 30 �C at 10 �C/min to obtain the crystallization curves (a), and reheated to 200 �C at the same rate to obtain
the melting curves (b).

Figure 2. Phase contrast optical micrographs of nonisothermal crystal-
line morphology: (a) OBC1, (b) OBC4, (c) 1-90, and (d) 4-90. These
micrographs were taken at 110 �C during cooling from 200 to 30 �C at
10 �C/min. The circles in (c) are drawn to guide the eyes for the iPP
nuclei.



4329 dx.doi.org/10.1021/ma200194c |Macromolecules 2011, 44, 4326–4334

Macromolecules ARTICLE

OBC is added to iPP, iPP forms the continuous matrix and OBC
forms the dispersed phase. Before crystallization starts, the minor
OBC component is already segregated into droplet-like domains
in the blend. (The original phase separationmorphology at 200 �C
of the blends considered obtained by fast quenching will be shown
in Figure 5.) During the crystallization process, it appears that the
iPP spherulites just grow around the OBC droplets and engulf the
latter within the crystals as shown in Figures 3c and 3d.However, it
is difficult to distinguish the phase-separatedmorphology in the phase
contrast micrograph for 4-10 in Figure 3d due to the resolution

Figure 3. Optical micrographs of samples annealed at 140 �C for 6 h after melting at 200 �C for 5 min: (a) OBC1, (b) OBC4, (c) 1-10, (d) 4-10, (e)
1-90, and (f) 4-90, while (g) and (h) are 1-90 and 4-90 crystallized at 140 �C for 6 h after annealing at 200 �C for 12 h, respectively. All samples were
cooled to room temperature at 10 �C/min following the anneal process at 140 �C. The left images are the phase contrast micrographs, and the right ones
are the polarized optical micrographs.

Figure 4. AFM phase images of the OBCs morphology after annealing
at 140 �C for 6 h then cooled down to room temperature at 10 �C/min:
(a) OBC1; (b) OBC4.

Figure 5. AFM phase images of blends annealing at 200 �C for 5 min
followed by rapidly quenching into liquid nitrogen: (a) 1-10, (b) 4-10,
(c) 1-90, and (d) 4-90.
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limitations of OM. On the other hand, randomly dispersed OBC-
rich droplets that were trapped within the iPP spherulites could be
clearly observed for 1-10 in Figure 3c. It should be noted that the
OBC domain size in 4-10 is much smaller than 1-10 which
indicates the better compatibility between OBC4 and iPP. Rever-
sing the composition of the OBC/iPP blend to 90/10 is likely to
invert the phase structure, so that the dispersed domains in 1-90
and 4-90 are the iPP-rich phase and the continuous matrix is the
OBC-rich phase, although it is difficult to distinguish the iPP
dispersed domains from Figures 3e and 3f. Furthermore, the
matrix of OBC should possess a mesophase-separated substruc-
ture containing hard block-rich spherical domains dispersed in a
soft block-rich matrix. It could be expected that there must be a
considerable amount of uncrystallizable impurity held internally
within iPP crystals formed at 140 �C, as the matrix phase of OBC
was in the molten state in this case. Indeed, the crystalline
morphology of iPP in 90/10OBC/iPP blends displays a dendritic,
branchlike texture with an open and irregular profile as shown in
Figures 3e and 3f. The structure consists of birefringent
(crystalline) arms which are separated by plainly visible interfi-
brillar layers of OBC phase.

Additionally, by comparing 1-90 and 4-90, the variance
between these two blends is obvious. For 1-90, the growth of
the dendrite was considerably restrained: after crystallization at
140 �C for 6 h, a significant fraction of the sample volumewas still
free of iPP crystals. After further cooling to room temperature,
OM observations indicated that these noncrystalline regions
quickly filled with small crystals (Figure 3e). For 4-90, the
dendrites grew much faster and almost completely filled the
sample volume under the same condition. Additionally, the iPP
was evenly distributed under the micrometer length scale
throughout the sample, such that iPP-rich regions were unde-
tectable due to the limit resolution of OM. Moreover, after
cooling to room temperature, we expect that any remaining
amorphous iPP would crystallize as well as the hard blocks
confined within the mesophase-separated domains.

It has been shown that the crystalline morphology of the
blends crystallized at 140 �C up to now; however, the original
phase structure before crystallization is still unspecified. As
quench experiment was an efficient approach to demonstrate
the macrophase/microphase separation morphology in the melt,
the series of blends for this study were quenched into liquid
nitrogen after melting at 200 �C for 5min, and AFM images were

compiled in Figure 5. In 1-10 and 4-10 as shown in Figures 5a and
5b, the dispersed domain is OBC-rich phase. By comparing the
dispersed domain size in these two blends after annealing at
200 �C for 5 min, we can conclude that the compatibility of iPP
with OBC4 is better than with OBC1. The discrete domains in
Figure 5c aremore like iPP-rich phase due to the larger dimension;
as to Figure 5d, the dispersed phase can either be iPP-rich phase or
OBC’s mesophase separation domains, which is difficult to
distinguish from this AFM image; further evidence for the macro-
phase separation in 4-90 is shown in Figures 9i and 9j. Still, the
better compatibility of iPP with OBC4 is a reasonable explanation
for the smaller domain size in Figure 5d than in Figure 5c.

As it is still somewhat surprising that blends containing such a
small fraction of iPP could form such dendrite-filled structure,
the crystallization process of 4-90 at 140 �C was further
investigated with time-resolved OM consequently, as presented
in Figure 6. There were obvious crystal nuclei formed even after
crystallizing for 15 min, and the micrographs clearly showed the
growth of dendrites over time from these nuclei. It is intuitive to
detect how the iPP dentrites cover the whole interspace. The fact
that 4-90 could crystallize into dendrites filling the entire speci-
men volume indicates the finer dispersion of iPP chains in the
OBC4 matrix.

Moreover, if the iPP dispersed phase grows into a coarser
structure prior to crystallization, it can be deduced that the
growth of the dendrites will be inhibited due to the decrease of
the connectivity among the crystallizable domains. This assump-
tion was confirmed by imposing a phase separation effect before
the crystallization process on 1-90 and 4-90. Figures 3g and 3h
are the optical micrographs of 1-90 and 4-90 crystallized at
140 �C for 6 h after annealing at 200 �C for 12 h and then cooled
down to room temperature, respectively. The iPP macrophase-
separated domains as well as the more open and relaxed
dendrites structure can be observed from these images, especially
for 1-90, where the dispersed iPP-rich macrophase-separated
domains after annealing at 200 �C for 12 h were notable from the
phase contrast image in Figure 3g. Also, it can be observed that
the dendrite crystallized from the much coarser phase separation
morphology are more incompact, in this way, the crystalline
morphology has been adjusted by tuning annealing conditions.
The morphology of 4-90 as shown in Figure 3h is somewhat
similar to 1-90 that has been annealed at 200 �C for only 5 min as
shown in Figure 3e. Additionally, there was plenty of sample

Figure 6. Phase contrast optical micrographs of time-resolved growth process of 4-90 crystallized at 140 �C: (a) 15, (b) 30, (c) 60, (d) 90, (e) 120, and
(f) 240 min.
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volume free of iPP dendrites formed at 140 �C for 6 h, which
suggested that the growth rate was decreased greatly compared
with the one without long time annealing at 200 �C as shown in
Figure 3f. The driving force for macrophase separation between
OBC4 and iPP is smaller than that betweenOBC1 and iPP (as our
discussion on χ shown later); therefore, the phase separation rate
or the coarsening rate is slower in blend4. It would take longer time
for 4-90 to reach to the same sized phase separation morphology
as 1-90. However, if we anneal 4-90 for longer time (such as 12 h),
it will reach the similar phase-separated domain size and structure
compared to 1-90 annealed for only 5 min. Consequently, on the
following quenching to 140 �C for isothermal crystallization, the
crystallization structure of 4-90 after longer time annealing became
similar to that of 1-90 annealing for 5 min.

Evermore, morphology as well as the crystallization kinetics
factors was taken into consideration to compare the compat-
ibility in blend1 and blend4: the surface morphology of 1-90 and
4-90 further investigated by AFM is shown in Figure 7, and the
growth rate of dendrite is compiled in Figure 8.

The specimens used for AFM were obtained by removing the
cover glass of the OM samples in liquid nitrogen. From the
height images, the branches of the dendritic crystals are visible,
while from the phase images, the simultaneous macrophase
separation between iPP and OBC and mesophase separation
within the OBC are visible. Figure 7a is the surface morphology
of 1-90 showing open-armed iPP dendrites containing loosely
packed lamellae, as dictated by the large fraction of noncrystal-
lizable OBC impurity present in the blend. Furthermore, a small
population of spherical domains with diameters on the order of
several nanometers, corresponding to mesophase separation of
the OBC1, is evident in the boundaries between lamellae.
However, the mesophase separation of OBC1 appeared in 1-90
was almost negligible when compared to that of OBC4 in 4-90,
which is shown in the following.

From both the height and phase images in Figure 7b, a large
population of mesophase-separated, spherical domains is appar-
ent in 4-90. These hard block-rich domains of the OBC would be
expected to crystallize upon cooling to room temperature after
the annealing process. However, we also expect that iPP should
macrophase separate into dispersed domains, being the minor
component in these blends. There is no doubt that much of the
iPP is present in these images as dendritic, albeit highly imperfect
crystals; the cross-hatched lamellar structure shown in Figures 7c
and 7d is typical of iPP crystallization. Nevertheless, we cannot
conclusively rule out the possibility that the small dispersed
domains, best depicted in Figures 7e and 7f, consist of some
fraction of macrophase-separated iPP. In summary, both these
dilute blends formed dendrites with very loose and open armed
structure; mesophase separation was more dramatic in 4-90 than
1-90, the larger interspace between lamellar stacks in 1-90
possibly indicating a coarser distribution of iPP-rich, macro-
phase-separated domains.

To obtain amore quantitativemeasure about the dendrite growth
in these 90/10 OBC/iPP blends, the dendrite growth rate in the
90/10OBC/iPP blends is presented as a plot of theOM-determined
dendrite radius over time in Figure 8. It is clear that the radial growth
rate remained almost constant with time in the case of isothermal
crystallization at 140 �C. Comparatively, 4-90 has a much faster
growth rate than 1-90, which is in good agreement with the

Figure 7. AFM images of 1-90 and 4-90 crystallized at 140 �C for 6 h after annealing at 200 �C for 5 min: (a) height (left) and phase (right) images of
1-90; (b) height (left) and phase (right) images of 4-90, (c) and (e) are the enlarged left and right square parts in (b), respectively; and (d) and (f) are the
enlarged square parts of (c) and (e), respectively.

Figure 8. Dendrite growth rate at 140 �C after annealing at 200 �C for
5 min for 1-90 and for 5 and 720 min for 4-90.



4332 dx.doi.org/10.1021/ma200194c |Macromolecules 2011, 44, 4326–4334

Macromolecules ARTICLE

nonisothermal crystallization behavior mentioned previously further.
Moreover, when 4-90 was annealed at 200 �C for 12 h, macrophase
separation occurred and the growth rate at 140 �C decreased
drastically. The morphology of the dendrite crystallized from the
much coarser matrix was once shown in Figure 3h. Combined with
the morphology information presented above in Figures 3e, 3f, and
3h, we have further evidence that the growth is retarded with
increasing iPP domain size. That 4-90 has a faster growth rate than
1-90 indicates a finer distribution of iPP chains in OBC4 matrix.

To further elucidate the morphologies of these blends, all the
samples after OM or AFM tests were etched in n-heptane for
1 week at room temperature. The SEM images of the etched
blends crystallized at 140 �C for 6 h after annealing at 200 �C for
5 min are compiled from Figures 9a to 9h; the left images are for
blend1 and the right ones are for blend4. The OBC/iPP blends
near phase boundary at 10/90 and 90/10 and with middle at
50/50 components were selected in particular. Since the well-
arranged iPP chains are much less soluble in n-heptane in this
case, the pores in the structure can be attributed to OBC-rich
domains. In Figure 9a, the diameters of the pores in 1-10 are
more than 3 μm in average. Moreover, these OBC-rich domains
were obviously radially deformed as the iPP crystal growth front
is prone to reject the rubber phase before engulfing them when
crystallizing.27 From the inset, it can be seen that there is some
rubber-like component left at the edge of the pore, which itself is
smooth and sharp. In Figure 9b, the pores from 4-10 indicate that
the OBC domain size was in the submicrometer range which has
been reported as the optimum scale size for mechanical toughing
properties. Furthermore, interfacial adhesion was better in this
case as the phase boundaries were much rougher in 4-10.
Moreover, a small number of egg-shaped objects with 100 nm
in diameter can be observed near the edges of the pores,
which can be distinguished more clearly in the inset. This struc-
ture was confirmed by AFM observation on the same sample
without etching, as will be discussed later (Figure 10). Collec-
tively, these results again indicate that OBC4 is more compatible
with iPP.

Figures 9c and 9d show a typical spinodal phase separation
structure in the iPP spherulite of the OBC/iPP 50:50 blend, and
this liquid�liquid phase-separated morphology was almost pre-
served during the crystallization process. The bicontinuous phase
separation structure had already broken into isolated islands in
1-50. In contrast, 4-50 exhibits a well-developed, bicontinuous
morphology with highly interconnected iPP and OBC (pore)
domains. The distinct morphology in these two blends suggested
that 1-50 was in the later phase separation stage than 4-50. Thus,
it is supposed that if a macrophase separation process is imposed
on 4-50, similar morphology to 1-50 could be achieved. In
addition, the interface between the iPP and OBC domains is
much rougher in 4-50 than 1-50, as with the 10 wt%OBC blends.

For 1-90, shown in Figures 9e and 9g, it is remarkable that the
space within the lamellar stacks is much larger than usual as a great
deal of OBC molecules are incorporated into the interlamellar

Figure 9. SEM images of blends crystallized at 140 �C for 6 h after
annealing at 200 �C for 5 min: (a) 1-10, (b) 4-10, (c) 1-50, (d) 4-50, (e)
1-90, and (f) 4-90; (g) and (h) are magnified images of the solid box in
(e) and (f), respectively. These images show the magnified area within
an iPP spherulite or dendrite formed at 140 �C. (i) 4-90 crystallized at
140 �C for 6 h after annealing at 200 �C for 12 h. (j) The magnified
square part in (i); the area imaged here was selected from the part which
was not covered by the iPP dendrite when crystallized at 140 �C for 6 h.
All the specimens shown here were cooled down to room temperature
following the crystallization at 140 �C.

Figure 10. AFM images of unetched samples of 1-10 (left) and 4-10
(right) crystallized at 140 �C for 6 h after annealing at 200 �C for 5 min.
The arrow indicates the radial direction of spherulite growth; the white
circles on the right highlight the remarkable mesophase separation in
OBC4-rich domains.
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and/or interfibrillar regions during the crystallization process of
iPP, in such a way as to limit its removal during the etching
procedure. The relaxed lamellar stacks can be observed clearly,
whereas the mesophase-separated domains are not as evident as in
4-90, which is shown in Figures 9f and 9h. For 4-90, there are
representative cross hatched lamellar structures. Furthermore, it is
obvious to note that the lamellar structure is more compact than in
1-90. Besides the apparent lamellar structure, the remarkable
mesophase separation morphology also appears in the matrix of
4-90, which corresponds to the egg-shaped structures with about
100 nm in diameter. The optical micrographs of Figures 3f and 6
have shown that the crystals observed in 4-90 were completely
volume-filling even when the iPP content was as low as 10 wt%; in
Figures 9f and 9h, the higher resolution SEM images show that the
existence of OBC components between the neighbor lamellae
spreads the interlamellar distance and leads to a very loose and
open armed dendrites structure. The SEMmorphology presented
here is in reasonable agreement with the AFM results shown in
Figure 7. The results further agree in that the macrophase
separation of iPP from OBC4 is indiscernible from mesophase
separation within OBC4 due to the improved compatibility of iPP
and OBC4. It has been shown in Figure 3h that the dendrite was
very much restrained when a macrophase separation effect was
imposed on 4-90 before crystallization. To further elucidate the
macrophase separation morphology in 4-90 annealed at 200 �C,
SEM images of this specimen annealed at 200 �C for 12 h were
appended in Figures 9i and 9j. The iPP-rich macrophase separa-
tion domains can be clearly observed in the images as well as the
mesophase separation of the matrix of OBC4, which indicates that
4-90 is a macrophase-separated blend at 200 �C as well.

Returning to Figure 9b, as mentioned, there are many small
egg-shaped objects around the boundary of the dispersed phase
domains. To exclude the possibility that these structures were
faulty images caused by the solvent etching, the sample was
investigated by AFM before etching, as shown in Figure 10. It is
known that the growth front is prone to reject the rubber phase
out of the spherulite during crystallizing.27 Clearly, the OBC-rich
domains were deformed in the radial direction. And this rejection
phenomenon is more evident in 1-10 than in 4-10. It is believed
that the domain size in 4-10 is much smaller which makes the
dispersed OBC-rich domain easier to be engulfed by the iPP
crystal growth front without too much deformation. And it is
interesting to point out that the smaller egg-shaped objects could
be observed clearly within the OBC-rich domains even before
etching by solvent, which is much more evident in 4-10
(highlighted in the white circles) than in 1-10. The phenomenon
that macro- and mesophase separation both occur in the same
system was observed here. We expected that the remarkable
mesophase separation in iPP/OBC4 would have some special
influence on the iPP/OBC blends.

On the basis of the above results, it could be concluded that
the compatibility between iPP and OBC is better in blend4 than
in blend1. The improved compatibility must originate from the
difference between these two OBCs studied at present.

As the system iPP/OBC considered here is a multiblock
copolymer blended with a homopolymer in the absence of a
strong reaction (such as ionic and hydrogen bonding effect), the
mean-field approximation is applicable here. According to the
binary interaction model for a copolymer�homopolymer blend
system28�33

χ ¼ χ13φ1 þ χ23φ2 � χ12φ1φ2 ð1Þ

where χ is Flory�Huggins interaction parameter in the blend
iPP/OBC system. Here, the subscripts 1, 2, and 3 denote the
hard blocks and soft blocks of the OBC and iPP, respectively. φ1
is the volume fraction of hard blocks in OBC, φ2 is the volume
fraction of soft blocks in OBC, φ2 = 1 � φ1, and χ13 and χ23 are
the averaged interaction parameters from monomers of hard
blocks and soft blocks with those from iPP respectively, and χ12 is
the interaction parameter between the monomers of the hard
blocks and soft blocks “homopolymers”.

To reiterate, OBCs differ from anionically polymerized and
hydrogenated olefin block copolymers in having a statistical
multiblock architecture with a distribution in block lengths and
a distribution in the number of blocks per chain.15 To simplify
the problem at present, the hard blocks and soft blocks are
represented as equivalent of homopolymers which interact with
iPP through a single χ even though both the hard blocks and soft
blocks are copolymers.

In addition, we assume that χ13 is identical for blends contain-
ing OBC1 or OBC4, despite the differing octene content of the
hard blocks in those two cases. This is a reasonable assumption
because the octene content differs by less than 1 mol % in the
hard blocks between OBC1 and OBC4 as well as the hard blocks
in both copolymers constitute a small fraction of the total
composition seen from the parameters in Table 1. Here, we
consider the weight percent is identical to the volume percent. In
these two OBCs, the weight percent of hard blocks for both
OBCs is similar, so we can neglect the difference in φ1 (or φ2)
between blend1 and blend4.

In contrast, there is great distinction between the soft blocks of
these two OBCs, as the octene content increased from 23 mol %
in OBC1 to 36 mol % in OBC4. Additionally, the weight percent
of the soft segments is more than 80%, which would contribute
more prominently to the overall χ provided there is significant
interaction between the soft blocks and iPP.

There has been considerable effort expended to determine the
effect of octene content in ethylene�octene copolymers (EOc)
on their compatibility with iPP;7,11 it was found that the rubber
particle size of the blends decreased as the octene content in the
EOc was increased, which was a consequence of the reduced
interfacial tension between iPP and EOc. Thus, it is reasonable to
believe that the soft blocks in OBC4 are more compatible with
iPP than in OBC1, which indicates χ23 is smaller in blends
containing OBC4 than in blends containing OBC1. Additionally,
it is known that mesophase separation becomes more dominant
as octene content increases in the molecule;16,34 the more
prominent repulsive interaction between the hard and soft blocks
in OBC4 suggests a larger χ12 compared with OBC1.

In eq 1, when we take into account both the smaller χ23 and
the larger χ12 for blends containing OBC4, while keeping the
other numerical value constant, including χ13, φ1, and φ2, we can
see easily that the overall χ is smaller, in agreement with our
conclusion that there is an enhanced compatibility between iPP
and OBC4.

’CONCLUSIONS

In this work, the phase behavior of two blends which contain
novel OBCs with different octene content in the molecule has
been studied in detail. The effect of OBCs’ distinct molecular
structure on the compatibility of iPP/OBC blends was investi-
gated systematically by comparing the thermal behavior, phase
morphology, and kinetics of crystallization.
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iPP and OBCs are immiscible in the melt state, and macro-
phase separation exists in all the components of the iPP/OBC
blends. The compatibility between iPP and OBC is dramatically
distinct which originates from the difference in octene content of
soft blocks in the two OBCs mainly. As the trend of typical
mesophase separation effect of these novel OBCs becomes
dominant with increasing the octene content, the repulsion effect
between the hard blocks and soft blocks enhances mixing
between iPP and OBC comparatively. This, coupled with the
fact that the majority of soft blocks are more compatible with iPP
as octene content increased, leads to better compatibility be-
tween iPP andOBC. Consequently, a finer dispersion of iPP-rich
(or OBC-rich) domains, improved interfacial adhesion between
iPP and OBC domains, and a faster crystal growth rate are
obtained in iPP/OBC blends with OBC constituting higher
octene content. One the other hand, we found that annealing
time plays an important role in controlling the superstructure of
the blends. It was shown in our experiments that by imposing a
macrophase separation process on blend4, similar morphology
and kinetics to blend1 could be obtained as well. Based on our
results, a possible scalability of the mesophase separation on the
phase behavior of the OBC/iPP blends could be achieved by
adjusting the molecular structure of the blocky copolymer and
the annealing conditions.
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