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Abstract

The microphase separation structure in the molten state and the structure formation in crystallization from such ordered melt were investigated for
the blends of polystyreneepolyethylene block copolymers (SE) with polystyrene homopolymer (PS) and polyethylene homopolymer (PE) and for
the blends consisting of two kinds of SE with different copolymer compositions from each other, using synchrotron small-angle X-ray scattering
techniques (SAXS). The copolymer compositions of SE block copolymers employed were 0.34, 0.58 and 0.73 wt. fraction of PE, and their melt
morphologies were cylindrical, lamellar and lamellar, respectively. Macrophase separation or the morphology change in the melt occurred depend-
ing on the molecular weight and the blend composition, as reported so far. In crystallization from such macrophase-separated and microphase-sep-
arated melts, the melt morphology was completely kept for all the blends. Crystallization behavior was also investigated for the blends. The
crystallization within the spherical and cylindrical domains surrounded by glassy PS was not observed for SE/PS blends. In the crystallization
from the macrophase-separated melt, two exothermal peaks were observed in the DSC measurements, while a single peak was observed for other
blends. For the blends with PS, the degree of crystallinity was depressed and the apparent activation energy of crystallization was high, compared to
those for the corresponding neat SE. For SE/PE and SE/SE blends, those were changed depending on the blend composition.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Crystallization and higher-order structure formation of crys-
tallineeamorphous block copolymers have been extensively
studied [1e18]. In crystallization at a temperature below the
orderedisorder transition temperature TODT, it is of main inter-
est whether or not microphase separation structure in the melt is
destroyed by crystallization, that is, whether block copolymers
crystallize within a microdomain or not. When the amorphous
block is in the rubbery state at a crystallization temperature Tc

of the crystalline block, the structure change in crystallization
is governed by kinetic factors such as competition between crys-
tallization rate and diffusion rate of the amorphous chain,
because polymers are usually made to crystallize in the state
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far from the equilibrium state. We have elucidated that structure
change in crystallization depends on the melt morphology as
well as the crystallization temperature [16]. When the amor-
phous block is in the glassy state, on the other hand, it is expected
that microphase separation structure in the melt will be
preserved in crystallization because the amorphous domain
remains rigid throughout the crystallization process [18].

We reported the crystallization and structure formation of
di- and tri-block copolymers consisting of polyethylene (PE)
and polystyrene (PS) [18]. In this article, further studies,
which are concentrated on the blends of PEePS block copoly-
mers with the corresponding homopolymers, PE and PS, and
on the blends consisting of two kinds of PEePS block copoly-
mers, are presented. In the blends containing block copolymers,
the melt morphology and the domain size may be changed and
the macrophase separation may also occur depending on the
blend ratio. This article is focused on the crystallization from
such phase structure in the melt.
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2. Experimental section

2.1. Materials

Polystyreneepolyethylene block copolymers (SE) and poly-
ethylene homopolymers (PE) were synthesized by catalytic
hydrogenation of the corresponding precursor polystyrene-
polybutadiene block copolymers (SB) and polybutadiene
homopolymers (PBd), respectively, purchased from Polymer
Source, Inc. Hydrogenation was carried out in degassed toluene

Table 1

Characteristics of SE block copolymers and PE, PS homopolymers

Sample Sample

code

Mw/Mn
a Mn

b

[kg/mol]

Composition

(wt%)

Branchc

(1-butene,

mol%)
PS PE PS PE

SE SE34 1.03 28.4 14.1 66 34 3.5

SE54 1.05 36.9 42.4 46 54 4.0

SE73 1.04 15.4 40.0 27 73 3.5

PE HPE 1.05 e 40.0 e 100 4.0

LPE 1.02 e 6.5 e 100 4.0

PS HPS 1.02 9.5 e 100 e e

LPS 1.03 5.6 e 100 e e

a Determined by SEC in toluene calibrated against polystyrene standards.
b Nominal value in which hydrogenation was taken into account of.
c Determined by 1H NMR spectroscopy in C6D6.
(1e1.5 wt% solution of the block copolymer) at 90 �C and
6 MPa H2 pressure for 30 h using a Wilkinson catalyst
(Ph3P3)3Rh(I)Cl/(C6H5)3P (1.0 mol%/35 mol% with respect
to the number of double bonds of the PBd blocks, respectively).
Purification was accomplished by repeated precipitation with
a toluene/methanol system three times and dried under vacuum
for a day. Under the used conditions, the PBd blocks got com-
pletely hydrogenated and the PS blocks were not hydrogenated
as revealed by 400-MHz 1H NMR. Gel permeation chlomatog-
raphy (GPC) traces for all hydrogenated polymers indicated
a narrow single peak which was almost the same as that in
the original PBd polymers. The ratio of 1,2-structure to 1,4-
structure estimated for the original butadiene polymers with
1H NMR was 7/93 or 8/92(mol/mol), which corresponds to
3.5 or 4.0%, respectively, of ethyl branches per ethylene unit
for polyethylene. Characteristics of the samples employed are
listed in Table 1.

2.2. Sample preparation and measurements

The block copolymers and blends were cast from a 5 wt%
solution in toluene at 60 �C, followed by removing the solvent
completely in a vacuum oven at room temperature for 1 day.
The compositions of the blends used are shown in Table 2.
Table 2

Spacing, domain size and morphology estimated from SAXS

Sample Composition (wt%) Composition of PE (wt%) Spacing L (nm) Domain sizea Morphology in the melt

Block Homo dPS(nm) dPE (nm)

SE34 100 0 34 43.5 e 16.7b PE cylinder

SE54 100 0 54 79.3 31.2 48.1 Lamella

SE73 100 0 73 59.1 14.5 44.6 Lamella

HPE 0 100 100 36.0c e e e
LPE 0 100 100 17.0c e e e

SE54/HPS-43 80 20 43 87.7 43.9 43.8 Lamella

SE54/LPS-43 80 20 43 83.3 41.7 41.6 Lamella

SE54/HPS-27 50 50 27 109.6 e 38.2b PE cylinder

SE54/LPS-27 50 50 27 102.0 e 35.6b PE cylinder

SE73/HPS-52 71 29 52 95.0 e 44.2b PE cylinder

SE73/LPS-52 71 29 52 83.8 39.0b PE cylinder

SE73/HPS-26 36 64 26 e e e PE sphere

SE73/LPS-26 36 64 26 e e e PE sphere

SE34/HPE-58 64 36 58 75.8/49.7 e e Lamella/cylinder

SE34/LPE-58 64 36 58 79.9 28.4 51.5 Lamella

SE34/HPE-67 50 50 67 51.9/e e e Cylinder/disorder

SE34/LPE-67 50 50 67 e e e Lamella

SE54/HPE-63 80 20 63 e e e Lamella

SE54/LPE-63 80 20 63 106.0 32.7 73.3 Lamella

SE54/HPE-82 40 60 82 e e e Disorder?

SE54/LPE-82 40 60 82 e e e Disorder?

SE54/SE34-41 33 67 41 61.9 32.3 29.6 Lamella

SE54/SE34-47 67 33 47 e e e e

SE73/SE34-47 33 67 47 49.3 22.7 26.6 Lamella

SE73/SE34-60 67 33 60 55.8 18.7 37.1 Lamella

SE73/SE54-60 33 67 60 73.3 24.6 48.7 Lamella

SE73/SE54-67 67 33 67 67.4 18.3 49.1 Lamella

a Calculated using the specific volumes vsp¼ 1.283 and 0.974 cm3/g for amorphous PE [20] and PS [21], respectively, on the basis of the value of spacing L in melt.
b Radius of cylinder domain.
c Long period.
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Fig. 1. SAXS profiles for SE and SE/PS in the molten state at 140 �C and the crystalline state at 74 �C.
Crystallization and melting processes were observed using
time-resolved small-angle X-ray scattering technique employ-
ing synchrotron radiation (SR-SAXS). SR-SAXS measure-
ments were performed with a beam line BL-10C at the
Photon Factory in the Institute of Materials Structure Science,
High Energy Accelerator Research Organization in Tsukuba,
Japan. Details of the optics and the instrumentation have
been described elsewhere [19]. The scattering vector was
defined as q¼ (4p/l)sin(q/2), where q is the scattering angle.

The sample was annealed in a sample holder kept at
140 �C, which is higher than both melting temperature Tm of
PE and glass-transition temperature Tg of PS, for 1 h to erase
Table 3

Characterization of microphase structure for SE/PS blends

Sample D (nm) D/D0 aJ/aJ0

SE54 79.3 1 1

SE73 59.1 1 1

SE54/HPS-43 87.7 1.11 1.05

SE54/LPS-43 83.3 1.05 1.08

SE54/HPS-27 126.5 1.60 1.13

SE54/LPS-27 117.7 1.48 1.17

SE73/HPS-52 95.0 1.61 1.09

SE73/LPS-52 83.8 1.42 1.17



7663H. Takeshita et al. / Polymer 48 (2007) 7660e7671
the previous thermal history and to form a stable microphase
separation structure. Then, it was moved rapidly into a mea-
surement holder thermostated at a desired crystallization tem-
perature Tc to be crystallized isothermally.

Differential scanning calorimetry (DSC) measurements
were performed with a PerkineElmer Pyris 1 apparatus. The
sample was annealed at 140 �C for 30 min in the DSC appara-
tus, and then rapidly quenched to a desired Tc to be crystal-
lized isothermally. Isothermal crystallization was analyzed
by an exothermal peak. After the isothermal crystallization,
melting behavior was observed by heating the sample from
Tc to 140 �C at 5 �C/min.
3. Results and discussion

3.1. Microphase structure in molten and crystalline
states

3.1.1. Blends with PS homopolymer
Fig. 1 shows SAXS profiles of SE and SE/PS in the molten

and crystalline states.
In the molten state, for SE54 and its blends, microphase

separation occurs for all samples, while macrophase separa-
tion does not appear to occur. This comes from the fact that
the molecular weight of both LPS and HPS is smaller than
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Fig. 2. SAXS profiles for SE and SE/PE in the molten state at 140 �C and the crystalline state at 74 �C.
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that of the PS block of SE54 and that the amount of added PS
is not so much. The microphase structure of the neat SE54 is
maintained for SE54/HPS-43 and SE54/LPS-43 containing
20% of HPS and LPS, respectively, while for SE54/HPS-27
and SE54/LPS-27 containing 50% of PS homopolymer the
microphase structure changed from lamella to cylinder.

The SE73 blends with PS homopolymer also show micro-
phase separation structure. The morphology of SE73/LPS-52
and SE73/HPS-52 containing 29 wt% of PS homopolymer is
a cylinder although the first-order peak for SE73/HPS-52 is
hidden by the beam stopper. For SE73/LPS-26 and SE73/
HPS-26 with more amount of PS, the SAXS peaks may
come from particle scattering. This suggests that the spherical
domains of PE are dispersed in the PS matrix.

The positions of the scattering peaks in these blends shift to
smaller q from that in the respective neat block copolymers,
which mean that the homopolymer is located in the microdo-
main. The spacing L estimated from the position of the first-
order peak is summarized in Table 2. The domain sizes d of
PS and PE evaluated from L using the volume fraction are
also shown in Table 2, where the volume fraction was deter-
mined using the respective specific volumes, vsp(PE)¼
1.283 cm3 g�1 [20] and vsp(PS)¼ 0.974 cm3 g�1 [21]. The in-
terdomain distance D estimated for SE/PS blends is shown in
Table 3. From the volumetric consideration it is possible to in-
terrelate the ratio of D for the blend to D0 for the neat block co-
polymer, with the change of the interfacial density rJ/rJ0 of the
chemical junctions, which is intimately related to the swelling
of the solubilization behavior. Following Hashimoto et al. [22],

D

D0

¼
�

rJ

rJ0

�
f�1

b ð1Þ

for lamellar microdomains, and

D

D0

¼
�

rJ

rJ0

���
2=31=2

�
pf f�1

b

�1=2 ð2Þ

for hexagonally packed cylindrical microdomains, where fb

and f are the volume fraction of the block copolymer in the
blend and the volume fraction of the desired component in
the copolymer, respectively. rJ/rJ0 can be related to aJ/aJ0,

�
rJ

rJ0

�
z

�
aJ

aJ0

��2

ð3Þ

where aJ/aJ0 are the ratio of the average nearest-neighbor dis-
tance between the chemical junctions along the interface.
When aJ/aJ0¼ 1, homopolymers are localized in the central
regions of the domain, while homopolymers are more uni-
formly distributed in the domain as aJ/aJ0 is larger. As com-
pared between the blends with the same composition of HPS
and LPS, namely, (SE54/HPS-43 and /LPS-43), (SE54/HPS-
27 and /LPS-27), and (SE73/HPS-52 and /LPS-52), as shown
in Table 3, D/D0 for the HPS blends is larger than that for the
LPS blends, and aJ/aJ0 is smaller for the HPS blends than for
the LPS blends. This means that PS homopolymer with
a higher molecular weight is more localized in the central
region of the domain.

At Tc¼ 74 �C, as shown in the SAXS profiles drawn by the
dotted line, the positions of the peaks including higher-order
peaks are completely the same as those in the molten state.
Here, note that any exothermal peak due to crystallization
did not appear in DSC observation for the blends with a small
amount of PE such as SE54/HPS-27, SE54/LPS-27, SE73/
HPS-26 and SE73/LPS-26. This means that the crystallization
of PE chains is confined to the microdomain and that in partic-
ular crystallization is much restricted in the rigid spherical and
cylindrical domains.

3.1.2. Blends with PE homopolymer
Fig. 2 shows the SAXS profiles for the blends of SE with

PE homopolymer in the molten state at 140 �C and the state
crystallized isothermally at 74 �C.

In the molten state of SE34/LPE-58 containing 36% of
LPE, morphology is changed from cylindrical to lamellar
and the position of the first-order peak shifts to a low angle
side compared to that of neat SE34. In SE34/LPE-67 which
contains 50% of LPE, although the first-order peak position
is hidden by the beam stopper, the SAXS profile is similar
to that for SE34/LPE-58. For both blends of SE34/LPE-67
and /LPE-58, only one set of scattering peaks appears but
any other series of peaks is not observed, and two exothermal
peaks due to crystallization were not observed in the DSC
measurements, contrastive to SE34/HPE-58 mentioned later.
This suggests that LPE homopolymer is dissolved in the PE
domain of the block copolymer because the molecular weight
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of LPE is smaller than that of PE block in SE34. On the other
hand, the blends with HPE whose molecular weight is much
higher than that of PE block in SE34 macrophase-separate,
as shown clearly for SE34/HPE-58 in Fig. 2. Two series of
peaks exist for SE34/HPE-58. This means that the system sep-
arates into two kinds of macrophases, in which one of them
has lamellar structure and the other one probably cylindrical
structure taking account of the SAXS profile in SE34/HPE-
67. Also, the positions of the first-order peaks of both series
exist at a lower angular position than that of neat SE, namely
HPE homopolymers are distributed to both macrophases. For
SE34/HPE-67 containing more amount of HPE, only one
series of peaks due to cylindrical microphase structure is ob-
served. However, the first-order peak position is almost the
same as that of SE34/HPE-58 with a smaller amount of
HPE, and in addition, as shown in Fig. 3, two exothermal
peaks appear in crystallization in the same way as SE34/
HPE-58. Therefore, it is concluded that SE34/HPE-67 also
has two macrophases with cylindrically microphase-separated
and disordered phases, respectively.

In the molten state of SE54 blends, although peak positions
are not clearly observed, the SAXS profiles suggest an existence
of lamellar microphase structure for SE54/LPE-63 and SE54/
HPE-63 containing 20% of PE homopolymer, while SE54/
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Fig. 4. SAXS profiles for SE and SE/SE in the molten state at 140 �C and the crystalline state at 74 �C.



7666 H. Takeshita et al. / Polymer 48 (2007) 7660e7671
LPE-82 and SE54/HPE-82 with 60% of PE homopolymer may
be in the disordered state or not so regularly ordered state.

In the crystalline state of all SE34 and SE54 blends with
PE, a broad peak due to crystalline lamellae can be observed
at q¼ 0.2e0.5 in the same way as that for LPE and HPE ho-
mopolymers, while such a peak is not observed in the neat
block copolymers. The broad peak suggests that the domain
size in the blends was enlarged so that a few crystalline lamel-
lae were able to be piled up within the domain. For SE34/LPE-
58, as an example, the estimated PE domain size and the
spacing between crystalline lamellae, are 52 nm and around
18 nm (for q¼ 0.35 nm�1), respectively. Taking account of
distribution of crystalline lamellar size, it is possible that
a few crystalline lamellae are piled up in the PE domain
between PS phases. Here, the ‘‘spacing between crystalline
lamellae’’ is not necessarily a so-called long period because
the orientation of chain-folded crystals within the microdo-
main is unknown but may be distributed in the present block
copolymers. Zhu et al. [23] observed that the average chain
orientation within the restricted rigid domain depended on
Tc, and Hamely et al. [24] reported that it tended to be parallel
to the domain surface in high molecular weight blocks to
match the interfacial area per block junction between the crys-
talline and amorphous domains (The chain length scale is
wN2/3 for a block copolymer melt and wN for a crystalline
stem, where N is the degree of polymerization.). In addition,
the chain direction may be confined so that the spacing of
the microphase structure can be maintained in crystallization.

3.1.3. SE/SE blends
The SAXS profiles for the copolymer/copolymer blends are

shown in Fig. 4. In the amorphous state, all samples except
SE54/SE34-47 show clear peaks including higher-order peaks,
which suggests that no macrophase separation occurs. The
morphology of the blends with SE34 is changed from cylindri-
cal to lamellar by adding SE73 or SE54. The position of the
first-order peak in the lamellar structure depends on the blend
composition for all blends. The spacing L and the domain size
d are listed in Table 2. Fig. 5 shows double logarithm plots of
spacing vs. number averaged molecular weight for the blends
with lamellar structure. The slope of the plots is about 4/5.
Hashimoto reported that the slope was in the range of 2/3e
4/5 [25].

In the crystalline state, the peak positions are completely
the same as those in the molten state. This means that the mi-
crophase separation structure in the melt was not disrupted by
crystallization.

3.2. Crystallization behavior

Degrees of crystallinity, D.C., normalized to PE content, at
various crystallization temperatures are summarized in Table 4
and are shown in Fig. 6.

As mentioned above, crystallization was not observed even
at the condition of large supercooling degree (Tc¼ 40 �C) for
both SE54/HPS-27 and SE54/LPS-27. The degree of crystal-
linity of neat SE34 is also very small. These are crystallization
within the spherical or cylindrical microdomain surrounded by
glassy PS. We reported previously the same behavior for poly-
(tetrahydrofuran)ePS block copolymers, and concluded that
it was very hard to crystallize within a closed rigid micro-
domain [26]. On the other hand, SE54/HPS-43 and SE54/
LPS-43 have a D.C. of 20e25% as shown in Table 4. In these
two blends, their melt morphology is lamellar as shown in
Fig. 1a and b.

SE34/HPE-58 and SE34/HPE-67 show two exothermal
peaks in non-isothermal crystallization as seen in the DSC
curves of Fig. 3, which corresponds to macrophase separation
occurring (Fig. 2a) as mentioned already. For comparison, the
thermograms for SE54/HPE-63 and SE54/HPE-82 without
macrophase separation in the melt are also shown in Fig. 3.
In both SE34/HPE-58 and SE34/HPE-67, the double crystalli-
zation peaks at a lower and higher temperatures can be as-
signed to the crystallizations from two macrophase-separated
phases of cylindrical and lamellar (or disordered) ones, respec-
tively, because the crystallization from the former phase is
more restricted than that from the latter. In fact, the peak po-
sition at a higher temperature is close to that for SE54/HPE-63
and SE54/HPE-82 crystallized from the disordered or not so
regularly ordered state as described above. Also, the area ratio
of the double peaks is parallel to the content of PE homopoly-
mer in the blends. Thus, the peaks at the lower and higher tem-
peratures correspond to crystallization from the cylindrical
domain and from the lamellar domain (or disordered state),
respectively.
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Table 4

Melting temperature, degree of crystallinity and Avrami index in the indicated range of Tc

Sample Tc (�C) Tm low (�C) Tm high (�C) D.C.a (%) Avrami index

SE34 71.9e75.0 84.2e89.3 94.0e95.2 5.3e3.3 1.5e1.8

SE54 83.0e85.0 87.4e89.2 96.1e96.4 28.3e26.0 2.2e2.3

HPE 90.2e93.2 93.1e96.4 99.4e100.8 26.8e22.8 2.6e3.1

LPE 103.0e106.0 108.8e110.7 111.0e112.9 31.5e18.7 2.4e3.1

SE54/HPS-43 82.0e84.0 86.6e87.7 97.1e97.5 23.4e22.4 1.8e1.9

SE54/HPS-27b 40 e e e e
SE54/LPS-43 84.0e86.0 88.9e90.6 98.6e98.8 25.5e21.4 2.5e2.6

SE54/LPS-27b 40.0 e e e e

SE34/LPE-58 102.0e104.0 104.2e106.3 110.0e111.2 17.9e12.6 2.4e2.5

SE34/LPE-67 102.0e104.0 103.4e106.5 110.2e111.2 21.2e15.1 2.0

SE54/LPE-63 95.0e97.0 98.5e100.5 106.9e107.5 22.7e16.6 2.0

SE54/LPE-82 104.0e106.0 106.9e108.8 109.2e110.2 14.3e8.7 2.0e2.3

SE54/HPE-63 86.0e89.0 90.3e93.1 97.5e98.4 22.5e18.0 2.4e2.7

SE54/HPE-82 88.0e91.0 91.5e94.4 98.1e98.9 25.1e21.0 2.1e2.6

SE54/SE34-41 79.0e82.0 83.8e87.4 95.1 24.6e22.8 2.0e2.7

SE54/SE34-47 81.0e83.0 86.3e88.1 95.1e95.5 29.1e25.5 2.2e2.7

a Normalized to PE content. DHm
o ¼ 4.051 kJ/mol was used [30].

b Crystallization was not observed.
For all crystallizable samples, as examples are shown in the
DSC curves of Fig. 7, two endothermal peaks appeared in the
melting process after crystallized isothermally, in spite of a sin-
gle exothermal peak in the crystallization except for the above
two macrophase-separated samples. A lower melting peak de-
pended on Tc, whereas a higher one was almost independent of
Tc. This means that the former melting peak is due to crystals
formed by isothermal crystallization at the Tc and that the lat-
ter is due to reorganization of crystals during the DSC scan.
These two kinds of melting temperatures are plotted against
Tc in Fig. 8. The plots of lower melting temperature Tm low

vs. Tc are parallel to Tm¼ Tc, so that common Hofmane
Weeks plots cannot be used to decide the equilibrium melting
temperature Tm

o . This melting behavior including multimodal
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Fig. 6. Plots of degrees of crystallinity, D.C., vs. crystallization temperature Tc

for indicated samples.
endotherms has been found and discussed so far for hydroge-
nated PBd and ethylene random copolymers such as linear low
density polyethylene (LLDPE) and ethyleneevinyl acetate
copolymers [27e29]. Therefore, the behavior that the Tm low

vs. Tc plots are parallel to Tm¼ Tc is not peculiar to block co-
polymer itself. This may come from distribution of melting
temperatures originating from distribution of ethyl-branch
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Fig. 7. DSC thermograms in the melting of SE54/LPS-43 crystallized at the

indicated temperature.
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composition. When the melting temperatures of the samples
are distributed in the region crossing over a given crystalliza-
tion temperature Tc, the plots of Tm vs. Tc may be parallel to
Tm¼ Tc because the polymers with Tm lower than Tc cannot
crystallize. Then, D.C. should decrease with Tc, because the
number of the polymers with Tm above Tc decreases with in-
creasing crystallization temperature. It was observed that Tm,
Tc and D.C. decreased with increasing amount of branches
for the fractionated LLDPE [28,29].

For both SE54 blends with HPS and LPS, as shown in
Fig. 6, although D.C. is reduced by adding PS homopolymers,
the plots of D.C. are located in the TceD.C. region close to
that of neat SE54, because in this case all PE components be-
long to the block copolymer and the melt morphology of the
blends is the same as neat SE54. On the other hand,
the SE54 blends are affected by blending PE homopolymer.
The behavior of D.C. for the blends with HPE and LPE comes
close to that for HPE and LPE, respectively, depending on the
amount of added PE (the fractions of HPE and LPE homopol-
ymers in the whole PE component are 0.32 and 0.74 for SE54/
PE-63 and SE54/PE-82, respectively). This suggests that PE
chains in the homopolymer and copolymer crystallize
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together. On the other hand, D.C. behavior in the SE34 blends
is much governed by PE homopolymer (the fraction of LPE in
the whole PE: 0.62 and 0.75 for SE34/LPE-58 and SE34/LPE-
67, respectively). This may be due to the following blending
effects: morphology change from cylindrical to lamellar, en-
largement of the domain size, and disordering of morphology,
as shown in Fig. 2b.

The feature in the crystallization kinetics of the polymer
systems including block copolymers has been discussed
mainly on the basis of Avrami expression. According to
Avrami equation, the fraction of crystallinity Xt at a crystalliza-
tion time t is expressed as

Xt ¼ 1� expð�KtnÞ ð4Þ

where K is the overall crystallization rate constant and n is the
Avrami index. Since Eq. (4) can be rewritten as

log½ � lnð1�XtÞ� ¼ logKþ nlogt ð5Þ

n can be evaluated from the initial slope of the plots of
log[�ln(1� Xt)] vs. log t. At a small degree of crystallinity,
Eq. (5) can be rewritten as

logXt ¼ logKþ nlogt ð6Þ

Fig. 9 shows an example of double logarithm plots of Xt

against t. The Avrami indices n obtained from the initial slope
of the plots are summarized in Table 4. As shown in Table 4,
Avrami indices of the block copolymers and blends are smaller
than those of PE homopolymers. In particular, n of SE34 with
a cylindrical domain is very small, and that of SE54/HPS-43 is
also small. The small value of n, which means the decrement
of the growth dimension, is caused by a restriction in
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Fig. 9. Avrami plots for SE54/LPS-43 at indicated Tc.
crystallization within the microphase-separated domain, in
particular, within two- or three-dimensionally closed domains
such as cylindrical and spherical domains.

The inverse of the crystallization time t at a certain degree
of crystallinity Xt corresponds to the overall crystallization
rate v, that is,

vw1=t ð7Þ

Here, t was taken to be the time at Xt¼ 0.015, which lies
on the straight line of the log t� log Xt relation for all the
samples. Fig. 10 shows Arrhenius-type plots of 1/t, that is,
1/t0.015 vs. the inverse of the supercooling degree
DT¼ Tm

o � Tc, where the equilibrium melting temperature
Tm

o was assumed to be 145 �C [30] which is for the linear
PE homopolymer.

As seen in Fig. 10a, the slope of the plots, that corresponds
to the apparent activation energy of crystallization, is steep for
SE54/HPS-43 compared with that of neat SE54. This tendency
can be attributed to the fact that the increasing glassy compo-
nent PS restricts the crystallization of blends.

As shown in Fig. 10bed, the crystallization rate of SE block
copolymers is much slower than that of PE homopolymers when
compared with each other at the same DT, and the apparent
activation energy of SE is larger. When adding homopolymer
PE to SE, both crystallization rate and activation energy come
close to those of PE homopolymer depending on the amount
of added PE. This tendency of the composition dependence co-
incides to that in the behavior of D.C. For the block copolymer/
block copolymer blend SE54/SE34, as shown in Fig. 10e, the
Arrhenius-type plots shift depending on the blend ratio.

4. Conclusion

The macrophase separation and the morphological change
in microphase separation occurred depending on both blend
composition and molecular weight of added homopolymer
for the SE blends with the corresponding homopolymer and
for the SE/SE blends, as reported so far for the blends contain-
ing block copolymers.

In crystallization, the melt structure was completely main-
tained for all blends, irrespective of the microphase separation
structure and with and without macrophase separation, be-
cause the structure is frozen by the glassy PS. This suggests
that the crystalline phase can be arranged in the several-ten
nanometer scale by applying the melt structure as a template.

The crystallization of SE/PS was restricted with an increase
of glassy PS component with both aspects of the crystallinity
and crystallization kinetics, and at last the crystallization was
not observed for the SE/PS blends with spherical PE domains.
On the other hand, the crystallization of SE/PE was not re-
stricted so much to come close to the crystallization behavior
in PE homopolymer with increasing PE content. In the macro-
phase-separated systems the crystallization occurred indepen-
dently in the respective phases, while in the other systems the
exothermal crystallization peak was single.
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