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a b s t r a c t

The phase behavior after melting of crystalline-amorphous alternating lamella structure (CA-LAM) and
cooling from disordered state in polybutadiene-block-poly(3-caprolactone) (PB-b-PCL)/PB homopolymer
blends was investigated using small-angle X-ray scattering (SAXS). As soon as CA-LAM disappeared by
melting, coexistence of hexagonally packed cylinder (HEX) and layer structure was confirmed. On further
increasing temperature, HEX transited to Gyroid (Gyr) and the layer structure still remained (the layer
gradually disappeared or transited to HEX and Gyr at given temperatures). Under cooling process from
disordered state, perforated layer (PL) structure first appeared and transformed into Gyr. Although the
hysteresis of temperature dependence of domain spacing between heating and cooling process was
observed, it was not observed any more when the sample was heated after aging for adequately long
time. This hysteresis behavior was attributed to local distribution of PB homopolymer blended in block
copolymer. When PCL chains crystallized, PB homopolymer was expelled out of PB domain. With the
temperature increased and aging for a time, the PB homopolymer was redistributed into the PB domain
and the equilibrium structures in this system were observed.

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

Block copolymers are well known to form periodic morphol-
ogies with long-range order. It is well known that those equilibrium
morphologies are spheres arranged in a body-centered cubic (BCC)
lattice, hexagonally packed cylinder (HEX), gyroid structure (Gyr),
Fddd structure [1], and lamellar structure (LAM). The morphology
formed in molten state is predicted by cN and f (c is the Florye
Huggins interaction parameter, N is the total degree of polymeri-
zation and f is the volume fraction of one block).

In the past decade, ordereorder phase transition (OOT) has
attracted much attention both theoretically [2e5] and experi-
mentally [6e16]. It has been reported that hexagonally perforated
layers (HPL) appear as non-equilibrium structure between OOT
[8e20]. The stacking sequence of HPL channels can be modeled as
ABCABC. (face-centered cubic lattice type) [14e17] and ABAB.
(hexagonally closed packed lattice type) pattern [16e18]. In
(K. Yamamoto).
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addition, it was reported that there is a transient PL phase with
irregularly perforated channels [19,20].

The crystallization behavior of crystalline-amorphous block
copolymer is extensively studied [21e33]. When crystalline-
amorphous block copolymer is crystallized, it shows complex phase
behavior compared with amorphouseamorphous block copolymer.
When glass transition temperature (Tg) is higher than crystalliza-
tion temperature (Tc), or segregation power is relatively strong, the
morphology forming in molten state is maintained after crystalli-
zation [21e29]. In contrast, when Tg is lower than Tc, and segrega-
tion power is relatively weak, the morphology forming in molten
state transforms to crystalline-amorphous alternating lamellar
(CA-LAM) structure during crystallization [28e32]. The crystalli-
zation behavior and kinetics of crystalline-amorphous block
copolymer/amorphous homopolymer blends are also studied
[24e28,31,32]. Recently, in polybutadiene-block-poly(3-caplor-
actone) (PB-b-PCL)/polybutadiene homopolymer blends, it was
reported that a fraction of PB homopolymer was expelled out of the
PB lamellar domain during PCL crystallization [32].

To our knowledge, the process of phase transition from CA-LAM
to morphology forming in molten state has not been extensively
studied [31,33]. Nojima et al. investigated a melting behavior of CA-
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LAM, and they indicated that there was a correlation hole in phase
transition from CA-LAM to BCC [31]. Recently, Weiyu et al. reported
that crystalline lamellae composed of polyehyrene-block-poly
(etherene oxide) (PE-b-PEO) formed Gyr phase after melting of PEO
block, and then Gyr phase transformed into HEX phase with PE
block crystallized. Finally, after melting of PE block, HEX phase
transformed into spherical morphology [33].

As mentioned above, in PB-b-PCL/PB blends, since PB homo-
polymer does not dispersed uniformly into PB domain in CA-LAM,
characteristic phase behavior was anticipated when PB homopol-
ymer was redistributed into PB domain after melting of CA-LAM. In
this paper, we reported characteristic phase behavior of PB-b-PCL/
PB blends after melting of CA-LAM.

2. Experimental section

2.1. Materials

Polybutadiene-block-poly(3-caploractone) (PB-b-PCL) semi-
crystalline diblock copolymers were synthesized by anionic poly-
merization under vacuum. The butadiene monomer in toluene was
first polymerized at 50 �C for 3 h using n-butyllithium as the
initiator. After completing the polymerization of the butadiene
monomer, a small amount of polybutadiene/toluene solution is
poured in a glass tube attached with the reaction container under
vacuum. The glass tubewas sealed off and the contentwas obtained
to evaluate molecular weight of the precursor polybutadiene block.
And then 3-caploractone monomer was added through another
glass tube connected with the reaction container in order to
synthesize the block copolymer at 4 �C. The polybutadiene homo-
polymer which was used for blending with the PB-b-PCL was
synthesized by anionic polymerization under vacuum. All samples
were characterized by size exclusion chromatography (SEC) and 1H
nuclear magnetic resonance spectroscopy (1H NMR). Melting point
(Tm) is defined as the temperature at which the temperature
dependent SAXS invariant drastically changed in melting process.
Neat sample of the synthesized PB-b-PCL form a lamellar structure
(LAM) in molten state, and crystalline-amorphous alternating
lamellar structure (CA-LAM) in crystalline state. Table 1 shows the
molecular characteristics of the diblock copolymers and homo-
polymer used in this study. Blend samples were prepared as
follows: after dissolving a predetermined amount of PB-b-PCL and
PB homopolymer into toluene with a total polymer concentration
of ca. 5 wt%, the solvent was slowly evaporated. After complete
removal of the solvent, the cast sample was dried in vacuum for
a long time (at least 48 h) at room temperature. Blend samples are
denoted as bBCLx where x means the apparent volume fraction of
PCL block. All blend samples were confirmed to form CA-LAM in
crystalline state.

2.2. Synchrotron radiation small-angle X-ray scattering

The SAXS measurements with synchrotron radiation were
conducted at the beamline 15A in Photon Factory (PF) of High
Energy Accelerator Research Organization in Tukuba, Japan (KEK),
Table 1
Characteristics of synthesized polymers.

Code Mn
a Mw/Mn

a fPCL
(vol%)b

Tm (oC)c Crystalline
statec

Molten
statec

PB-b-PCL 7600 1.06 57 55 CA-LAM lamellar
PB 700 e e e e e

a Determined by size exclusion chromatography (SEC).
b Determined by 1H NMR.
c Determined by SAXS.
and BL40B2 in SPring-8 of Japan Synchrotron Radiation Research
Institute, Hyogo, Japan. In BL-15A, a charge-coupled device (C7300)
with an image intensifier (Hamamatsu Photonics Co., Ltd.) (II-CCD)
was used as a detector, and detector was set at a position of 230 cm
apart from sample position. The wavelength l of X-rays was
0.150 nm. In BL40B2, the imaging plate (Rigaku R-axis IV) was used
as a detector, and detector was set at a position of 300 cm apart
from sample position. The wavelength l of X-rays was 0.150 nm.
The sample temperature was controlled using Linkam LK-600 M
(Japan Hightech). Collagen was used as a standard specimen to
calibrate SAXS detector. The scattering intensities were corrected
for background scattering and sample absorption. All one-dimen-
sional SAXS profiles were obtained by circularly averaging two-
dimensional SAXS patterns. The magnitude of scattering vector (q)
is given by

q ¼ 4p
l
sin

�
q

2

�
(1)

where l is the wavelength of the X-ray and q is the scattering angle.
The domain spacing D is given by

D ¼ 2p
q*

(2)

where q* is the position of the first order peak.
To estimate the fraction of layer phase, double the first order

peaks in SAXS profiles are decomposed by using Lorenz peak
function. From the evaluated peak areas Alayer and AHEX, the fraction
of layer phase was defined by

flayer ¼ Alayer

AHEX þ Alayer
(3)
2.3. Laboratory-scale small-angle X-ray scattering

Laboratory-scale SAXS measurements were conducted using
a Nano-Viewer (Rigaku Corporation) equipped with a rotating
anode X-ray generator operated at 40 kV and 20 mA. The imaging
plate (Rigaku R-axis IV) was used as a detector. The detector was set
at a position of 110 cm apart from sample position. The wavelength
l of X-ray was CuKa radiation (¼0.154 nm).
3. Results and discussion

3.1. Phase behavior in heating process

Fig. 1(a) shows SAXS profiles for bBCL39 at a heating rate of 5 �C/
min. Fig. 1(b) shows the enlarged SAXS profiles in the vicinity of the
first order peak in Fig. 1(a). At 25 �C, where the sample was fully
crystallized, the diffraction peaks are seen at a relative q-peak
position of 1:2. This indicates that the sample formed a crystalline-
amorphous alternative lamellar structure (CA-LAM) in the crys-
talline state. In the temperature range from 70 to 130 �C above
melting point of PCL, an additional scattering peak near the high q
side of the first order peakwas observed. The first order peak seems
to be asymmetric and have a shoulder at high q side and double
peaks clearly observed at 110 �C. The diffraction peaks are observed
at relative q-peak position of 1:1.06:1.75:2.03:2.18:2.71:3.29.
Details of this structure with these q-peak positions are discussed
next section. When the temperature reached at 140 �C, the
observed SAXS profile was different from that below 130 �C. The
relative diffraction peak positions at 140 �C were
1:1.04:1.15:1.64:1.92. In the case of gyroid structure (Gyr), peaks are
generally seen at relative positions of 1:1.15:1.53:1.63:1.91. The



Fig. 1. (a) SAXS profiles for bBCL39 at a heating rate of 5 �C/min. (b) The enlarged SAXS
profiles in the vicinity of the first order peak in Fig. 1(a). Thick arrows identify the
characteristic peak position of layer structure, and thin arrows identify that of HEX
(below 130 �C) and Gyr (above 140 �C).

H. Takagi et al. / Polymer 51 (2010) 4160e41684162
peak positions observed above 140 �C are in good agreement with
that of Gyr phase except for the peak position of 1.04. Thus, it was
found that Gyr and another structure corresponding 1.04 coexisted
in the observed temperature during this heating process.
Fig. 2. (a) SAXS profiles for bBCL42 at a heating rate of 5 �C/min. (b) The enlarged SAXS
profiles in the vicinity of the first order peak in Fig. 2(a). Thick arrows identify the
characteristic peak position of layer structure, and thin arrows identify that of HEX
(below 130 �C) and Gyr (above 140 �C).
Fig. 2(a) shows SAXS profiles for bBCL42 at a heating rate of 5 �C/
min. Fig. 2(b) shows the enlarged SAXS profiles in the vicinity of the
first order peak in Fig. 2(a). Similarly to the case of bBCL39, since the
diffraction peaks are seen at a relative q-peak position of 1:2 in
the crystalline state, the sample formed CA-LAM. The scattering
peak from bBCL42 was observed near the high q side of the first
order peak in the temperature range from 70 to 130 �C. From
observed relative peak positions (1:1.06:1.75:2.03:2.16:3.29) for
bBCL42, the structure formed in this temperature range was found
to be identical with that formed in bBCL39. When temperature rose
to 140 �C, the diffraction peaks were observed at relative peak
position of 1:1.04:1.15:1.64:1.92, which means the Gyr structure
formed above 140 �C, and another structure (corresponding 1.04q*)
coexisted with Gyr as the same as the case of bBCL39.

3.2. Determination of the morphology observed in heating process

In order to identify the structure formed in the temperature range
from 70 to 130 �C in both samples bBCL39 and bBCL42, SAXS
measurementof share-oriented samples of bBCL42was conducted at
SPring-8. Fig. 3(a) shows two-dimensional (2D) SAXS image
Fig. 3. (a) Two-D SAXS image of share-oriented samples of bBCL42 at 80 �C in SPring-
8. (b) One-D SAXS profile obtained by circularly averaging 2D SAXS pattern in Fig. 3(a).
(c) Azimuthal angle dependence of diffraction maxima for the pattern observed in
Fig. 3(a).



Fig. 4. The plots of the first diffraction peak q* and second diffraction peak q** versus temperature in bBCL39 (a) and in bBCL42 (b) at a heating rate of 5 �C/min.
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measured at 80 �C which indicated an azimuthal angle dependent
scattering ring. That is, the twoarc scatteringwereclearlyobservedat
around 110� and 290� with respect to the equator (clock wise rota-
tion). One-dimensional (1D) SAXS profile accumulated by circularly
averaging of 2D SAXS pattern is shown in Fig. 3(b). The scattering
intensity is presented as a function of q/q*with q* being the position
of thefirst diffractionpeak. The samediffractionpeakswith a relative
q-peak position of 1:1.06:1.73:2.00:2.13:2.64:3.20:4.27 were repro-
duced, that is, itwas identicalwith those inFig.1. If thefirst diffraction
peak isoriginated fromthehexagonallypackedcylinderphase (HEX),
the observed peak ratio of 1:1.73:2.00:2.64 is in fairly good agree-
ment with the calculated peak ratio for HEX, except for the peaks
with ratio of 1.06, 2.13, 3.20 and 4.27 which are seen in integral
multiple. The rest of the peaks, thus, are assigned to the layer. It has
been reported that an intermediate structure such as hexagonally
perforated layer (HPL) appears inordereorder transition (OOT) from/
to Gyr. When HPL is measured by using SAXS, a relative q-peak
position of diffraction peaks in 1D SAXS profiles are seen inmultiple
integer [9] and/or hexagonal [18,19] pattern. The stacking sequence
ofHPL channels canbemodeled asABCABC. andABAB.pattern. In
HPL structurewithABCABC. stacking, thefirst order and the second
order peak corresponds to (100) and (002), respectively [17]. Because
this two scattering plans are not parallel each other, the scattering
peaks of the first order and the second order peak never be observed
at the same azimuthal angle even if X-ray beam enter the sample
from any directions. In HPL structure with ABAB. stacking, the first
order and second order peak corresponds to (101) and (003),
respectively [17]. In this case, scattering peaks of the first order and
the second order peak also never be observed at the same azimuthal
angle because two scattering planes are not parallel. Azimuthal angle
dependent of oriented sample can reveal if the sample is HPL, or not.
Fig. 3(c) shows azimuthal angle dependence of diffraction maxima
for the 2D SAXS pattern except for the peak at higher q (2.64q* and
4.27q*) because of weaker scattering intensity. The scattering
intensity was normalized with its scattering maxima. The first
Fig. 5. (a) Time-dependent SAXS profiles o
diffraction peak represents qHEX, and the second diffraction peak
represents qlayer. Inourcase, thefirst and the seconddiffractionpeaks
were observed at almost the same azimuthal angle. The structure
corresponding to the first diffraction peak is HEX because HEX is
thermodynamically stable structure as discussed later. Here, the
peaks of lamellar structure (LAM) are generally seen at integral
multiple. As mentioned above, the diffraction peaks of HPL can be
seen in the same manner. In addition, PL phase with irregularly
perforated channels also gives peaks in integral multiple, and
diffused scattering shoulder is seen at the low q side of thefirst order
peak. Therefore, it is difficult to identify the structure corresponding
to the second diffraction peak by only SAXS measurement. Since it
was still unclearwhether the layer is perforatedornot,we simplyuse
the term of “layer” in this paper. Therefore, it was concluded that the
structure formed in bBCL39 and bBCL42 at 80 �C was coexistence of
HEX and layer.

Above 140 �C, the structure with 1.04q* cannot be clearly
identified because any higher order peaks were absent in SAXS
profiles in Figs. 1 and 2. Fig. 4(a and b) show plots of q* and q**
versus temperature for bBCL39 and bBCL42, respectively, at
a heating rate of 5 �C/min. The slope of q* discontinuously changed
around 136 �C. This indicates that OOT from HEX to Gyr occurred
around at this temperature. On the other hand, the slope of q**
nearly continuously changed. Therefore, the layer structure
observed below 136 �C did not undergo OOT on heating, and
accordingly coexistence of Gyr and layer structure was confirmed
above 136 �C.

3.3. Thermodynamical stability of coexisting state

Although coexistence of HEX and layer was observed after
melting, whether, or not, is the coexisting of those thermody-
namically stable? The isothermal SAXS measurement in the
temperature range where the HEX and layer coexisted was con-
ducted. The sample of bBCL39 was heated from room temperature
f bBCL39 at (a) 80 �C and (b) 120 �C.



Fig. 6. Time-dependent SAXS profiles of bBCL42 at 180 �C. The sample was heated
from room temperature (crystalline state) to 80 �C at a heating rate of 100 �C/min, and
held for 30 min at 80 �C. And then sample was re-heated from 80 �C to 180 �C at
a heating rate of 10 �C/min.

Fig. 7. (a) SAXS profiles for bBCL39 at a cooling rate of 5 �C/min. (b) The plots of peak
position q* versus temperature.
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(crystalline state) to 80 or 120 �C (above melting point) at a heating
rate of 100 �C/min, and then the scattering date was accumulated
just after temperature reached at 80 or 120 �C. The isothermal time-
dependent SAXS profiles at 80 and 120 �C were shown in Fig. 5
(a and b), respectively. The scattering profile is presented as
a function of q/q* with q*HEX being the position of the first
diffraction peak of HEX. The first order peak of layer is represented
by q**layer. The scattering intensity of the HEX increased and the
scattering intensity of the layer decreased with passing time. This
indicates that the layer is relatively unstable structure in the
coexisting region of HEX and layer.

At higher temperature range thanwhere Gyr structure appeared
(T > 136 �C), the Gyr and the layer also coexisted as mentioned
above. The isothermal SAXS measurement was conducted in order
to check the stability of the layer in the coexisting region. The time-
dependent SAXS profiles of bBCL42 at 180 �C where the Gyr and
layer coexisted were shown in Fig. 6. The scattering profile is pre-
sented as a function of q/q*with q*Gyr being the position of the first
diffraction peak of Gyr. The first order peak of layer is represented
Fig. 8. (a) SAXS profiles for bBCL42 at a cooling rate of 5 �C/min. (b) The plots of peak
position q* versus temperature.



Fig. 9. (a) SAXS profile for bBCL39 and bBCL42. (b) SAXS profile for bBCL42 obtained at BL40B2 of SPring-8. The profiles observed at 180 �C after cooling from disordered state at
a cooling rate of 100 �C/min.
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by q**layer. The scattering intensity of Gyr increased and the scat-
tering intensity of layer decreased with aging time. It was found
that the layer was unstable in the temperature rangewhere the Gyr
and layer coexisted.

Recently, in PB-b-PCL/PB blends, it was reported that a fraction
of PB homopolymer was expelled out of the PB lamellar domain
during crystallization. Therefore, the appearance of coexisting state
might be caused by this phenomenon. To identify that HEX
observed just after melting of CA-LAM is not metastable phase, we
investigated the phase behavior in cooling process in the next
section. It is anticipated that domain spacing of HEX formed after
melting of CA-LAM is small, since h-PB does not distribute
uniformly in the microdomain. In the last section, we investigated
temperature dependence of domain spacing between heating
process and cooling process.

3.4. Phase behavior in cooling process

It is important to investigate the phase behavior in cooling
process to compare with that of heating process. Then, cooling
experiment from disordered state was conducted. Fig. 7(a) shows
SAXS profiles for bBCL39 at a cooling rate of 5 �C/min. Fig. 7(b)
shows plots of q* against observation temperature. At 220 �C, the
SAXS profile shows only one broad peak with small scattering
intensity that is ascribed to the scattering from correlation hole in
Fig. 10. SAXS profiles for bBCL35. The sample was cooled from disordered state at
a cooling rate of 100 �C/min and stored at 80 �C.
the disordered phase of block copolymer. As the sample was cooled
to 210 �C, the sharp diffraction originating from micro-phase
separation was observed. In Fig. 7(b), since the position of q*
discontinuously changed at 214 �C, the sample exhibited dis-
ordereorder transition. When the sample was cooled to 174 �C, the
new scattering peak appeared (as a shoulder) in lower q side of the
first order peak observed above 174 �C. The second order peak of
Gyr corresponding to new scattering peak was observed at 170 �C,
and the Gyr coexisted with the structure appeared above 174 �C in
the temperature range from 174 to 162 �C. Upon further decrease in
temperature from 162 �C, finally only Gyr was observed. The phase
transition from Gyr to HEX in bBCL39 was not observed at a cooling
rate of 5 �C/min. As for bBCL42, the similar phase behavior was
observed except for transition temperature and time. Fig. 8(a)
shows SAXS profiles for bBCL42 at a cooling rate of 5 �C/min. Fig. 8
(b) shows the temperature dependence of q*. Discontinuous change
in q* at 230 �C (OOT from disorder to order state) was observed and
at 144 �C additional new peak emerged. In the cases of bBCL42 as
well as bBCL39, transformation from Gyr to HEX at a cooling rate of
5 �C/min was not observed.

In order to identify the structure observed after quenching from
disordered to the ordered state, SAXS profiles of both bBCL39 and
bBCL42 obtained at 200 �C after cooling from disordered state is
shown in Fig. 9(a) which observed in BL-15A at PF. SAXS profiles
show only one sharp scattering peak (marked by thin arrow) and
the diffuse scattering (marked by thick arrow). Since any other
higher order peaks were not observed in Fig. 9(a) (These may be
buried in noise of the detector), the structure cannot be identified
with only these measurements. SAXS measurement in the beam-
line of BL40B2 at SPring-8 was conducted to reveal whether higher
order peaks exist. The SAXS profile for bBCL42 was obtained at
SPring-8 after quenching to 180 �C at a cooling rate of 100 �C/min as
shown in Fig. 9(b). The inset indicates enlarged profile around q/q*
of 2.0. Diffraction peaks were clearly observed at a relative q-peak
position of 1:2:3 (marked by thin arrows), and the diffuse scat-
tering peak was observed at the low q side of the first order peak
(marked by thick arrow). This structure was reported as a transient
PL phase with irregularly perforated channels [19,20]. Therefore, it
was concluded that transient PL appeared before forming Gyr in
cooling process. Although SAXS measurement was not conducted
for bBCL39 at SPring-8, since diffuse scattering peak was observed
at the low q side of the first order peak as shown Fig. 9(a), PL
structure formed during transition to Gyr as well as bBCL42.

In cooling process, the phase transition fromGyr to HEXwas not
observed in both bBCL39 and bBCL42 at a cooling rate of 5 �C/min.
Additionally, when the Gyr samples obtained at 180 �C were cooled
to 80 �C in both samples, transformation from Gyr into HEX did not



Fig. 11. Change in domain spacing D for bBCL39 (a) and bBCL42 (b) in heating and cooling process, respectively. Structures for bBCL39 were HEX below 136�C and Gyr above 136�C
during heating process, and PL above 162�C and Gyr below 162�C during cooling process. Those for bBCL42 were HEX below 136�C and Gyr above 136�C in heating process, and Gyr
below 144�C.
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occur even after aging for 6 h (Figure is not shown). Here, we used
the blend sample of bBCL35 to confirm the phase transition Gyr to
HEX in cooling process. It was confirmed that bBCL35 showed
coexisting of HEX/layer at lower temperature and revealed that of
Gyr/layer at higher temperature as well as bBCL39 and bBCL42 in
heating process (Figure is not shown). As for bBCL35, cooling
experiment from disordered state to 80 �C at a cooling rate of
100 �C/min indicated different result. SAXS profiles for bBCL35 are
shown in Fig. 10 which was detected by the Nano-Viewer. In Fig. 10,
the second order peak of Gyr corresponding to relative q-position of
(4/3)1/2 was clearly seen after 60 min, and the peak at a relative q-
position of 41/2 was also seen with somewhat weak intensity. After
annealing for 426 min, the scattering intensity of (4/3)1/2 corre-
sponding to Gyr decreased, and peaks at 31/2 and 41/2 corre-
sponding to HEX developed. Thus, in the case of bBCL35, transition
from Gyr to HEX was observed. The blend sample of bBCL35 can
easily relax the polymer chain to transform into HEX phase in
comparison with the samples of bBCL39 and bBCL42, because the
amount of PB homopolymer added in bBCL35 was larger than that
in bBCL39 and bBCL42 as a result PB homopolymer acted as
a plasticizer. Thus, we believe that the aging time was too short to
induce the phase transition from Gyr to HEX in the both cases of
bBCL39 and bBCL42, which is related to the PCL volume fraction.
The sample of bBCL35 was most asymmetric among samples used
here. Thus, HEX formed in bBCL35 is most thermodynamically
stable than other samples, because the PCL composition is close to
HEX boundary in phase diagram. Namely, the effect of both
Fig. 12. The time evolution of DHEX, Dlayer, and flayer calcula
composition and plasticizer is considered to drive the phase tran-
sition from Gyr to HEX was observed in bBCL35.

Let us consider the order of the phase. The systems transform
from Gyr/ HEX during cooling. The general phase diagram [34] of
amorphous block copolymers is the transition from
HEX / Gyr / LAM (lamellar microdomain in amorphous block
copolymer) at a fixed composition with decreasing temperature. In
a blending system, the analogy with the phase diagram of block
copolymer in selective solvent [35] must be taken into account.
Blend of homopolymer PB in PB-b-PCL corresponds to decreasing
the apparent volume fraction of PCL and thus a “horizontal”
trajectory in a phase diagram. In this case, PB-b-PCL itself shows the
lamellar morphology in molten state. After blending, bBCL shows
cylindrical one. With increasing temperature, cN of the bBCL
system decreases (“vertical” trajectory in a phase diagram) and the
selectivity of PB must be weak. The loss of the selectivity brings the
reduction of the apparent volume fraction of PCL. These consider-
ations can explain the morphology travels from “HEX to Gyr and
subsequently to LAM with decreasing temperature. Therefore, it is
reasonably possible that the phase order HEX/Gyre (Gyr/HEX
in cooling) is observed as in the system of block copolymers in
a selective solvent. However, the strangeness for PB-b-PCL itself
remains in non-blend system (without blending). As we previously
reported the phase behavior of PB-b-PCL, the phase transitions
from HEX to Gry in heating process and from Gyr to HEX in cooling
process were observed at the volume fraction of PCL around 35%
[36]. Namely, the phenomenon of the phase orders mentioned here
ted using eq(3) for bBCL39 at (a) 80 �C and (b) 120 �C.



Fig. 13. Change in domain spacing D for bBCL39. Triangles (Da) represent HEX below
136 �C and Gyr above 136 �C during heating process after aging at 120 �C for. Data with
circles (Dh) and squares (Dc) are identical with those in Fig. 11(a).

Fig. 14. The plots of flayer for bBCL39 versus crystallization temperature.
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is not unique to the blend or selective solvent systems. It can be
safely said that it is specific behavior for PB-b-PCL whose molecular
weight is relatively small and which can be oligomer rather than
polymer.
3.5. The hysteresis behavior of D observed between heating and
cooling process

Fig. 11(a) shows the change in D with temperature for bBCL39.
Observed D are represented with circles for HEX below 136 �C and
triangles for Gyr above 136 �C during heating process, squares for
PL above 162 �C and inverted triangles for Gyr below 162 �C during
cooling process. Fig. 11(b) shows plots of D against temperature in
bBCL42. Solid lines in Fig. 11(a) and (b) correspond to the slope of D
in the temperature range where Gyr structure formed. In Fig. 11(a),
the slope of D (Gyr phase) observed above 136 �C during heating
process is �0.0079 nm/�C and that of D (Gyr phase) below 162 �C
during cooling process is�0.0119 nm/�C. In Fig. 11(b), the slope of D
(Gyr phase) observed above 136 �C during heating process is
�0.0080 nm/�C and that of D (Gyr phase) below 144 �C during
cooling process is �0.0149 nm/�C. The slope of D was slightly
different between heating and cooling process for both samples. In
the higher temperature range (above 200 �C), the slopes ofD during
heating process in bBCL39 and bBCL42 were nearly coincident with
those in cooling process. However, the value of D above 162 �C (Gyr
phase) during cooling process was higher than that of D above
136 �C (Gyr phase) during heating process. Why was a large
hysteresis of temperature dependence of D between heating
process and cooling process observed? Recently, it was reported
that a fraction of PB homopolymer (h-PB) was expelled out of the
PB lamellar domain during PCL crystallization in PB-b-PCL/PB
blends [32]. Namely, the macro-phase separation between PB-b-
PCL and h-PB occurred during crystallization, and then h-PB rich
domain (h-PB domain) localized between CA-LAM. In our cases, the
same situation can be considered when PB-b-PCL/PB blend was
crystallized. The composition of local area around block copolymer
can be expected to be lower h-PB fraction. The HEX observed after
melting CA-LAM may also have inadequate domain spacing,
because h-PB was not uniformly distributed in the PB domain of
HEX. Similarly, Gyr phase transited from HEX with inadequate
domain spacing was still also the same situation during heating
process. On the other hand, once sample heated up to the disor-
dered state, h-PB was fully mixed with PB-b-PCL. In the ordered
phase observed during cooling process from the disordered state,
since h-PB fully dispersed in PB domain, Gyr structure has equi-
librium and adequate domain spacing. As indicated in Fig. 11(a) and
(b), the both D during heating process approached the D extrapo-
lated to high temperatures in cooling process, which means the
expelled h-PB gradually dispersed into the PB domain and
the structure reached equilibrium. It can be easily anticipated that
the excluded h-PB can dispersed into the PB domain when the
sample is aged for long time, and also expected that no hysteresis of
D between heating and cooling process is observed when the h-PB
fully is dissolved into the PB domain of HEX in heating process.
Then, the isothermal SAXS measurements at 80 and 120 �C where
HEX and layer coexisted were conducted during melting process.
The time evolution of DHEX, Dlayer, and apparent fraction of flayer
estimated from the time-dependent SAXS profiles for bBCL39 at 80
and 120 �C is shown in Fig. 12(a and b), respectively. The sample
was heated from room temperature (crystalline state) to 80 and
120 �C (above melting temperature) at a heating rate of 100 �C/min,
and then the scattering datawere accumulated just after reached at
80 and 120 �C. Circles and squares represent DHEX and Dlayer,
respectively. Triangles represents flayer defined using eq. (3). At
80 �C (Fig. 12(a)), the values of DHEX and Dlayer increased with
passing time and reached plateau (21.1 and 19.8 nm, respectively)
after 200 min from temperature jump. At 120 �C (Fig. 12(b)), DHEX
and Dlayer also rose with time and finally came at plateau values
(21.5 and 20.3 nm, respectively) after 80 min. In contrast, the flayer
monotonically decrease with aging time. These results indicate that
the expelled h-PB distributed into the PB domain. Moreover, DHEX
as well as Dlayer increased with passing time. These results indicate
that the layer phase was also lack of the h-PB, and the h-PB redis-
tributed simultaneously into both HEX and layer phase by further
annealing. Fig. 13 shows the temperature dependence of D (trian-
gles) for bBCL39 obtained on subsequently heating after the
isothermal measurement of Fig. 12(b). Structures were HEX below
136 �C and Gyr above 136 �C. Datawith circles (Dh) and squares (Dc)
are identical with those in Fig. 11(a) to confirm an annealing effect
on the temperature dependent D. The value of Da was higher than
that of Dh, and in good agreement with Dc at temperature ranging
from 145 to 180 �C where Gyr phase forms. In addition, since the
slope of Da observed above 136 �C was �0.0125 nm/�C, the slope of
Dh was almost coincident with that of cooling process (see Fig. 11
(a)). Therefore, in the sample which was annealed for 80 min, the
hysteresis of temperature dependence of D between cooling and
heating process disappeared, because Gyr observed in heating
process was formed from HEX where h-PB fully mixed.

Now let us discuss the origin of the appearance of unstable layer
phase. To reveal the effect of crystallization condition on flayer, the
fraction flayer obtained from the sample of bBCL39 crystallized at
various temperatures is plotted against crystallization temperature
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(Tc) in Fig. 14. The sample was fully crystallized at a certain
temperature Tc followed by heating to 80 �C at a heating rate of
100 �C/min, temperature was kept for 60 s. After that, SAXS date
was acquired at 80 �C. It can be seen from Fig. 14 that flayer
increases with an increase inTc. This may result from exclusion of h-
PB from domain during crystallization. In the case of high Tc, h-PB,
which can be free to move in h-PB domain, is expelled out of PB
domain during crystallization because of slow crystallization rate.
As a result, since a large amount of h-PB is missed out of PB domain,
the fraction of h-PB dissolved in PB domain of CA-LAM decreases. In
other words, macro-phase separation between PB-b-PCL and h-PB
occurs. In this situation, just after melting of CA-LAM, since HEX is
formed in the vicinity of h-PB domain, and unstable layer phase
formed in the region far away from h-PB domain, the coexisting of
HEX and layer is observed. By further heating or annealing, h-PB in
h-PB domain diffuses into PB domain. By contraries, in the low Tc,
much h-PB can be arrested in PB domain because of fast crystalli-
zation rate. Since the amount of h-PB existed in PB domain of CA-
LAM was relatively large, HEX easily formed just after melting of
CA-LAM. Recently, however, it was reported that there exist inter-
mediate structures during the phase transition from CA-LAM to
BCC or Gyr [37,38]. It is possible that unstable layer phase appears
as intermediate structure during phase transition from CA-LAM to
HEX. Namely, layer phase appears as a transitional state before
forming HEX, because layer structure is similar to CA-LAM (Both are
layers). Therefore, it is a challenge to show clearly how unstable
layer phase formed. Further investigation is needed to explain the
origin of the appearance of unstable layer phase.

In this report, we could not give the direct evidence that h-PB
was expelled out of the PB lamellar domain in crystallized state.
However, as discussed in Figs. 11 and 12, the hysteresis of D
between heating and cooling process was observed without aging
in molten state. DHEX obtained after melting of PCL increased by
aging for long time. This result indicates that the expelled h-PB
domain was redistributed into the PB domain. As discussed in
Fig. 13, no hysteresis of D between heating and cooling process was
observed when h-PB was remixed into the PB domain. Besides, in
the phase transition from CA-LAM to Gyr or BCC by using PB-b-PCL
(non-blended sample), neither the change of D in the isothermal
measurement after melting of CA-LAM nor the hysteresis of D
between heating and cooling process was observed [34]. Therefore,
these results are considered as the indirect evidence that h-PB was
expelled out of PB domain by crystallization.

4. Conclusions

The phase behavior after melting of CA-LAM and cooling from
disordered state in PB-b-PCL/PB blends was investigated using
SAXS. As soon as CA-LAM disappeared by melting, coexisting of
HEX and layer structure was observed. Upon further increase of
temperature, these blends exhibited OOT from HEX to Gyr, and
then coexisting of Gyr and layer was observed. In the cooling
process, transient PL structure with irregular perforated channels
was observed and subsequent decrease of temperature induced
transition of transient PL into Gyr. During heating process, when
these blends were aged in temperature range where HEX and layer
coexisted, the fraction of layer flayer decreased with increasing
temperature. In addition, when the sample stored at 80 �C
(temperature jump from R.T.) in which HEX and layer coexisted,
DHEX and Dlayer increased and flayer also decreased with aging time.
These results indicate that layer observed in the coexisting region is
unstable structure, and HEX appeared after melting. CA-LAM is
stable structure but does not reach completely equilibrium state.
Some PB homopolymer was expelled from PB microdomain during
crystallization of the sample. The temperature dependence of
domain spacing corresponding to the first order peak position of
Gyr observed in heating process was smaller than that of Gyr
observed in cooling process. The Gyr observed in heating process
was still non-equilibrium in this system just after transition from
HEX because PB homopolymer was not fully distributed PB
microdomain. This hysteresis behavior was caused by redistribu-
tion of PB homopolymer.
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