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ABSTRACT:

The crystallization behavior in a macroscopically phase-separated blend consisting of poly(e-capro-

lactone) homopolymer (PCL) and PCL-block-polybutadiene copolymer (PCL-b-PB) is investigated both by synchrotron
small-angle X-ray scattering (SR-SAXS) and polarized optical microscope (POM) as a function of crystallization tem-

perature 7,.. The characteristic size of the phase-separated structure £ existing in this blend before crystallization can

arbitrarily be controlled by changing the phase separation time. When the blend with £ = 2.5 um is quenched into var-

ious T, two scattering peaks are observed in the SR-SAXS curve during crystallization, which arise from the crystal-
lized PCL and PCL-b-PB regions. The growth rates of these scattering peaks are identical at lower 7, (< 35°C), while
they deviate gradually with increasing 7,.. Only one type of spherulites is observed for the blend with £ = 10 um crys-

tallized at 7. = 35 °C to give a single growth rate, while two different types of spherulites appear at higher 7. (> 40°C)

and their growth rates are significantly different. Therefore the 7. dependence of crystallization behavior observed by
POM is qualitatively similar to that obtained by SR-SAXS, though & is moderately different between both cases.

[doi:10.1295 /polym]j.PJ2005148]
KEY WORDS
Scattering / Optical Microscopy /

Morphology formation in polymer blends is some-
times driven by a combined effect of the liquid-liquid
phase separation between components and the crystal-
lization of constituent polymers. The mechanism of
such morphology formation has been studied by many
groups for crystalline/amorphous polymer blends
with an UCST- or LCST-type phase-separated re-
gion.!”!8 For example, we have previously investigat-
ed the crystallization process in a binary blend of
poly(e-caprolactone) homopolymer (PCL, crystalline)
and polystyrene oligomer (PSO, amorphous) by time-
resolved small-angle X-ray scattering with synchro-
tron radiation (SR-SAXS),>%7 where this blend had
an UCST-type phase separation between PCL and
PSO at the same temperature range of PCL crystalli-
zation. The process of morphology formation was
considerably complicated, and the system consisted
of two regions, amorphous region mainly made of
PSO and crystallized region consisting of PCL lamel-
lae and amorphous layers, at all times during mor-
phology formation even for the blend without any
phase separation before crystallization. In these stud-
ies, we could get SAXS peak from the crystallized
region but not from the amorphous region since the
crystallized region had a definite structure inside,
and accordingly we obtained information on the mor-
phology formation only from the crystallized region.

Binary Blend / Phase-separated Structure / Crystallization / Small-angle X-ray

Therefore we believe that crystalline/crystalline poly-
mer blends have a potential advantage to investigate
the complicated morphology formation, because two
kinds of crystallization behavior might be observed
simultaneously to get more information on the mor-
phology formation. However there are a limited num-
ber of studies on the morphology formation in crystal-
line/crystalline blends!®?? because two crystalline
homopolymers are usually immiscible.

In a series of our recent studies,?>?* we used a
binary blend consisting of poly(e-caprolactone) homo-
polymer (PCL) and PCL-block-polybutadiene copoly-
mer (PCL-b-PB) by considering above points, where
both polymers were crystalline and an UCST-type
phase-separated region was situated in a same temper-
ature range of crystallization. We have obtained fol-
lowing results; (1) two regions, crystallized PCL and
PCL-b-PB regions, appeared during crystallization
when the blend was directly quenched from the micro-
phase-separated melt into crystallization temperature
T. without any phase separation, where the crystalli-
zation rate of PCL was equal to that of PCL-b-PB
and the overall rate of morphology formation was
driven only by the crystallization of PCL chains
(i.e., PCL and PCL blocks in PCL-b-PB). (2) When
the blend was quenched into 7, by passing through
the UCST-type phase-separated region, the crystalli-
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zation rate of two polymers depended significantly on
the characteristic size of the phase-separated structure
& existing in the blend before crystallization. That is,
when & < 500nm the crystallization rate of PCL
was equal to that of PCL-b-PB, while when & > 500
nm two rates deviated significantly and eventually
they approached to the values of neat polymers with
increasing &. We discussed the relation between &
and the crystal growth rate D of PCL chains and point-
ed out that above experimental results obtained at a
constant 7, (=40°C) might change with changing
T.. This is because D is critically dependent on 7,
and therefore the relation between & and D will change
drastically at each T, to yield a different crystalliza-
tion behavior.

In this study, we investigate the effect of 7, on the
crystallization behavior in a binary blend of PCL and
PCL-b-PB, where the phase separation between PCL
and PCL-b-PB yields the heterogeneous structure with
various & prior to the crystallization, which can be
controlled by the phase separation time. The crystalli-
zation process of this blend is observed both by
SR-SAXS and polarized optical microscope (POM),
which give information on the morphology at different
sizes. The results obtained from a series of our studies,
that is, the effects of T, as well as those of & on the
morphology formation in crystalline/crystalline bina-
ry blends, will contribute to the morphological design
of these systems. That is, information during morphol-
ogy formation will make it possible to control the
crystallization behavior of each component and even-
tually final morphology formed in these polymer
systems.

EXPERIMENTAL

Polymers and Sample Preparation

PCL (M,, = 3,500 and M,,/M, = 1.50) and PCL-b-
PB (M, = 13,000, M,,/M, =1.16, and PCL:PB =
66:34 in volume ratio) used here are the same that
we used in our previous study.?*** This blend has an
UCST-type phase separated region with a critical tem-
perature at ca. 110 °C, and the melting temperature of
PCL chains T, is ca. 60°C irrespective of composi-
tion. The melting temperatures meet with the cloud
point curve at ¢pc, = 0.2 and 0.8, where ¢pcy is the
weight fraction of PCL in the blend, so that it is pos-
sible to develop the phase-separated structure with
various & by annealing the blends with 0.2 < ¢pc; <
0.8 at temperatures above T,,.

In this paper, we exclusively report on the SR-
SAXS and POM results for the blend with ¢pc; =
0.6 because they did not depend significantly on ¢pcy.
However, our previous results showed that the crystal-
lization behavior of this blend depended intimately on
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£2% That is, the crystallization rates of PCL and PCL-
b-PB were identical at 40°C for the blend with & <
500 nm, while they deviated gradually with increasing
&. For example, the crystallization rate of PCL-b-PB
was two-third of that of PCL for the blend with
& = 2.5 um. Therefore we chose & = 2.5 um for inves-
tigating the 7. dependence of crystallization behavior
by SR-SAXS. In addition, we chose & = 10um as
well as 2.5um for the spherulite observation by
POM because we could not observe the separate crys-
tallization of PCL and PCL-b-PB for the blend with
&=2.5um.

First the blend was quenched from the microphase-
separated melt at 120°C into 70°C (> T,,) and an-
nealed there for 42h (corresponding to & = 2.5 um)
or 168 h (§ = 10 um) to yield two kinds of phase-sep-
arated structure before crystallization. £ was evaluated
by the relation & o 1% previously obtained for this
blend,?* because a small difference in refractive index
between PCL and PCL-b-PB led to the unreliable &
when it was estimated by an optical microscope.

SR-SAXS Measurements

The SR-SAXS measurement was performed at
Photon Factory in High-Energy Accelerator Research
Organization, Tsukuba Japan, with a small-angle X-
ray equipment for solution (SAXES) installed at beam
line BL-10C. Details of the optics and the instrumen-
tation were described elsewhere.”>?® The SR-SAXS
measurements were continued until the integrated in-
tensity did not change any more, and each time-sliced
SAXS intensity during 10 sec was obtained as a func-
tion of wave number s (= %sin 0; 26: scattering angle,
A: X-ray wave length (= 0.1488 nm)) after correcting
background scattering. The SAXS curves thus ob-
tained were very complicated because they consisted
of three scattering peaks and also an increasing inten-
sity toward s — O (see Figure 1). To evaluate the
angular position and intensity of each scattering peak
accurately, we used the Lorentz function?’ for each
scattering peak and the Debye-Bueche equation for
the increasing intensity at lower s5,%7 as we described
in our previous manuscript.”> The peak position (or
spacing) and peak intensity were finally evaluated as
a function of crystallization time ¢. at each 7.

POM Observations

The macroscopic change in morphology by the
crystallization of PCL chains was observed at various
T. by a polarized optical microscope (Olympus BX-
50) with a temperature-controlled hot stage (Linkam
LTS-350).22 The morphological change was moni-
tored between crossed polarizers, and the average
radius of spherulites was measured at each 7, as a
function of 7, to evaluate the growth rate of spherulites
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Figure 1. SR-SAXS curves during crystallization of PCL chains at 35°C (a) and 45°C (b) for the macroscopically phase-separated

blend with & = 2.5 um.

appearing in the blend. Here, we used the blends with
£=2.5um and 10um because the difference in &
yielded a distinct difference in the spherulite growth
behavior.

RESULTS AND DISCUSSION

Overview of Crystallization Process Measured by
SR-SAXS

Figure 1 shows time-resolved SR-SAXS curves for
the phase-separated blend with & =2.5um crystal-
lized at 35°C (a) and 45°C (b). These SR-SAXS
curves are virtually similar in shape to those previous-
ly reported for the blends without any phase separa-
tion.?* That is, the scattering peak (denoted by A),
which arises from the microdomain structure in the
melt, decreases in intensity with increasing 7, and
simultaneously two scattering peaks appear at lower
(B) and higher (C) angles, which come from the crys-
tallized PCL-b-PB and PCL regions, respectively. In
addition, we can observe a monotonically increasing
scattering toward s — 0 (D), which is ascribed to
the mosaic structure consisting of the crystallized
PCL-b-PB and PCL regions. The qualitative compar-
ison between Figures la and 1b indicates that the
crystallization process is merely more prolonged at
higher 7, without any substantial difference.

The ¢, dependence of the spacing (i.e., the alternat-
ing period of lamellar morphology formed in PCL and
PCL-b-PB regions) and the normalized intensity (i.e.,
the peak intensity divided by the maximum intensity)
evaluated from each scattering peak is plotted in
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Figure 2 for the phase-separated blend with & = 2.5
um crystallized at 7. =35°C (a, d), 40°C (b, e),
and 45°C (c, f). The spacing from the microdomain
structure is gradually replaced with two kinds of spac-
ing, one from the lamellar morphology formed in the
crystallized PCL-b-PB region and the other from the
crystallized PCL region, at the middle of 7., which
is similar to that for the blend without any phase
separation.”> However, the 7. dependence of the nor-
malized intensity is not similar to that for the blend
without phase separation. That is, the normalized
intensities from two regions make one master curve
at 7, = 35°C (Figure 2d) while they deviate signifi-
cantly at 7, = 40 and 45 °C (Figures 2e and 2f), indi-
cating that the crystallization rates of PCL and PCL-b-
PB are equivalent at 7, = 35°C but they differ con-
siderably at 7, > 40°C. We showed previously that
the crystallization behavior at 7, = 40°C was inti-
mately dependent on &; the crystallization rate of
PCL was equal to that of PCL-b-PB for the blend with
a small & (< 500 nm) but not for the blend with a large
& (> 500 nm). Figures 2d-2f indicate that even if £ is
enough large (= 2.5um) the crystallization behavior
is also critically dependent on 7.

T. Dependence of Crystallization Rate

It is easily found from Figures 2a—2c that the spac-
ing of lamellar morphology formed in PCL-b-PB and
PCL regions is constant irrespective of 7, and is plot-
ted in Figure 3 against 7,.. The spacing of the PCL
lamellar morphology is 15.0nm and comparable to
that of neat PCL (14.0nm when crystallized at
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Figure 2. 1. dependence of the spacing (a—c) and normalized peak intensity (d-f) evaluated from SR-SAXS peaks arising from the

microdomain structure (OJ), crystallized PCL-b-PB region (O), and crystallized PCL region (A) during crystallization at 35°C (left),
40°C (middle), and 45 °C (right) for the phase-separated blend with & = 2.5 um. The solid curves in panels a—c represent the spacing when
the scattering peaks from the microdomain structure and crystallized PCL-b-PB region are approximated by a single Lorentz function.
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Figure 3. T, dependence of the spacing of the lamellar mor-
phology formed in the crystallized PCL-b-PB (@) and PCL (A)
regions for the phase-separated blend with £ = 2.5 um.

40°C), indicating that the PCL lamellar morphology
is almost made up of pure PCL. However, the spacing
of the PCL-b-PB lamellar morphology is 34.5nm
and moderately larger than that of neat PCL-b-PB
(29.3nm at 40°C), suggesting that some amount of
PCL is incorporated in the PCL-b-PB lamellar mor-
phology to yield the larger spacing. The theoretical
phase diagram for binary blends with phase separation
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and crystallization in a same temperature range
predicts that the crystallization of PCL chains yields
pure PCL-b-PB and PCL phases in equilibrium,?
and therefore the binodal curve does not intervene
any more in the morphology formation under the
melting temperature of PCL chains. The significantly
large spacing for the PCL-H-PB lamellar morpholo-
gy suggests the non-equilibrium crystallization, for
which we will discuss later in relation to the spherulite
structure.

Figure 4 shows the T, dependence of the half-time
of crystallization 1/, a measure of the crystallization
rate of constituent polymers in each region, for the
phase-separated blend with § = 2.5 um, where t;, is
evaluated from the plot of the normalized peak inten-
sity against 7. (Figures 2d-2f). It is clearly found that
at T, = 35°C the values of 7y, for PCL-b-PB and
PCL are identical but they deviate significantly with
increasing T.. In addition, ¢, for the quenched blend
with a small &, where ¢/, for PCL is equal to that of
PCL-b-PB at any T,, is also plotted in Figure 4, in
which t, for the quenched blend takes a middle po-
sition between those for PCL and PCL-b-PB in the
phase-separated blend. This is a new finding of the
present study and definitely shows that the combina-
tion of & and T, drives the crystallization behavior
of this blend. That is, increasing 7. at constant & leads
to the separate crystallization of PCL and PCL-b-PB,

Polym. J., Vol. 38, No. 6, 2006
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Figure 4. T, dependence of the half-time of crystallization
t12 for PCL-b-PB (@) and PCL (A) in the phase-separated blend
with & = 2.5 um. O represents the result for the quenched blend,
where t1/, is equivalent for PCL and PCL-b-PB.

and therefore T, has the same effect as &€ on the crys-
tallization behavior of two polymers.

Overview of Crystallization Process Observed by
POM

Figure 5 shows the typical spherulites observed
during crystallization at 35°C (a, d), 40°C (b, e),
and 45°C (c, f) for the phase-separated blend with

& = 2.5 um (upper panels) and £ = 10 um (lower pan-
els). The spherulites shown in panels a—d are all clas-
sified into a same type judging from their appearan-
ces, which is similar to the spherulite observed in
neat PCL (Figure 6a). However, two different spheru-
lites are formed for the blend with £ = 10 um crystal-
lized at T, = 40 and 45 °C (e, 1), that is, one is similar
to that mentioned above (denoted by A in panels e and
f) and the other that with a distinct banded structure
(B), which is analogous to the spherulite observed
for neat PCL-b-PB (Figure 6b). Therefore it is easily
speculated that the spherulite denoted by A or B
in Figures 5e¢ and 5f corresponds to that appearing
in neat PCL (Figure 6a) or PCL-b-PB (Figure 6b),
respectively, and consequently the spherulite A is
mainly composed of PCL while the spherulite B of
PCL-b-PB.

The spherulites with the banded structure are fre-
quently reported for completely miscible blends con-
sisting of crystalline/amorphous homopolymers®*-33
and microphase-separated crystalline-amorphous di-
block copolymers.’**3 In particular, PCL-b-PB forms
regularly banded spherulites at any composition and
T.,>* in which amorphous PB blocks covalently linked
with PCL blocks can intimately interact with PCL
blocks during crystallization though the repulsive in-
teraction works between PCL and PB blocks. There-
fore it is supposed that the interaction between amor-

Tc =40 °C
Y E N,

Figure 5. Typical spherulites observed during crystallization at each 7. for the phase-separated blend with & = 2.5um (a—c) and

& = 10um (d—f). Two different types of spherulites (indicated by A and B in panels e and f) can be observed only for the blend with

& = 10 um crystallized at 40 and 45 °C.
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Figure 6. Typical spherulites observed for neat PCL (a) and PCL-b-PB (b) crystallized at 40 °C.
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Figure 7. Spherulite growth rate in the phase-separated blend with £ = 10 um crystallized at each T, indicated. A and O correspond to

the growth rate of spherulites A and B, respectively, in Figures 5e and 5f.

phous and crystalline chains is necessary during crys-
tallization to form such banded spherulites, because
completely immiscible crystalline/amorphous blends
never form such banded spherulites. However, the
detailed mechanism to form banded spherulites is
not fully understood.

It is puzzling to consider that the SAXS results
show two different kinds of crystallization occurring
in the system while the POM observation indicates a
single spherulite growth for the sample with & = 2.5
nm, as shown in Figures 4 and 5. One plausible inter-
pretation for this contradictory result is that the PCL
crystallization is significantly decelerated by the pres-
ence of amorphous PCL-b-PB, but it controls the total
structure and growth rate of the spherulite, and even-
tually the crystallization of PCL-b-PB follows with a
slightly slow rate. It is necessary to quantitatively
elucidate the relationship between the crystallization
rates on different sizes.

T. Dependence of Spherulite Growth Rate
The average radius of spherulites evaluated from
Figures 5d-5f is plotted in Figure 7 against ¢, for var-
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ious T, which makes a line in every case. As previ-
ously mentioned, we have only one type of spherulites
at T, = 35°C, so that we obtain one line (Figure 7a),
while we have two types of spherulites at 7. = 40 and
45°C whose growth rates are significantly different,
so that we have two lines (Figures 7b and 7c). The
growth rate of PCL spherulites is distinctly faster than
that of PCL-b-PB spherulites. This fact is qualitative-
ly consistent with the SR-SAXS results shown in
Figures 2e and 2f, where the scattering peak from
the PCL lamellar morphology appears first followed
by that from the PCL-b-PB lamellar morphology at
T. =40 and 45°C and the time lag increases with
increasing 7., though & in Figure 2 is moderately
smaller than that in Figure 7.

The spherulite growth rate G can be evaluated from
the slope of these lines shown in Figure 7, and is plot-
ted in Figure 8 against 7. The values of G for PCL
and PCL-b-PB spherulites increase with decreasing
T. and finally they coincide at 7, = 35°C. Figure 8
also contains G for the quenched blend with small &
(<« 100nm), which has intermediate values between
G of PCL and PCL-b-PB spherulites for the phase-

Polym. J., Vol. 38, No. 6, 2006
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Figure 8. T, dependence of the growth rate of each spherulite
in the phase-separated blend with € = 10um (@ and A). O repre-
sents the result in the quenched blend, where one type of spheru-
lites can be observed.

separated blend. Figure 8 indicates that 7T, affects the
crystallization behavior of our blend in the same way
as & and it leads to exactly the same conclusion
obtained by SR-SAXS measurements (Figure 4). That
is, the inverse of f;/,, which is a measure of the
crystallization rate obtained from SR-SAXS measure-
ments, decreases monotonically with increasing 7,
though there is a large difference in the decreasing be-
havior between two results; tl_/lz reduces faster than
that of G. This is because there is a large difference
in the structural size from which we get information
on the crystallization behavior; tf/lz is based on the
lamellar morphology and G on the spherulite. There-
fore, the growth mechanism of crystals on the lamella
size and also on the spherulite size should be clarified
for the quantitative comparison of both the results. In
summary, PCL and PCL-b-PB make the separate crys-
tallization with increasing 7,, which gives the same
effect with increasing & at constant 7., as demonstrat-
ed in our previous study.?*

Detailed Analysis of Spherulite Structure

The POM results show the difference in crystalli-
zation rate at larger & than SR-SAXS results; two
distinctly different spherulites are not observed up to
& = 10 um while SR-SAXS results reveal the differ-
ence in crystallization rate at £ = 2.5 um. It is more
difficult to find out the difference in the spherulite
structure because the appearance within spherulites
changes slightly and continuously with changing &,
and even if there is a difference in the spherulite struc-
ture at smaller £ we might fail to notice it. Therefore,
the SR-SAXS results are more reliable and sensitive
for detecting the difference in crystallization rate of
two regions. However, the POM observation contains
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Figure 9. T, dependence of the alternating period of banded
spherulites appearing in the phase-separated blend with & = 10
mm (A) and neat PCL-b-PB (O).

another information on the morphology formed in this
blend.

Figure 9 shows the T, dependence of the alternating
period of banded spherulites shown in Figures 5e and
5f, together with that formed in neat PCL-b-PB. It is
phenomenologically known from our previous study>*
that the alternating period depends significantly on the
volume fraction of PCL chains (i.e., PCL and PCL
blocks in PCL-bH-PB) in the blend ¢, as well as T..
That is, the period increases with increasing ¢y, and
T., though the mechanism is unknown. Figure 9
shows that at lower T, (< 45°C) the period in the
blend is larger than that in neat PCL-b-PB, suggesting
that the PCL-b-PB region contains some amount of
PCL and eventually ¢}, is slightly larger than that
of neat PCL-b-PB to give the larger period. This fact
is consistent with the result obtained from Figure 3,
where the spacing of the PCL-b-PB lamellar morphol-
ogy in the blend is significantly larger than that of neat
PCL-b-PB. At higher T, (> 45 °C), on the other hand,
two periods merge into one, suggesting that ¢y, in
the PCL-b-PB region is equivalent to that in neat
PCL-b-PB and therefore the PCL-b-PB region is made
up of pure PCL-b-PB without any PCL because the
crystallization of PCL blocks is so slow for PCL to
be completely rejected from the crystallized PCL-b-
PB region.

As mentioned above, it is difficult to directly com-
pare the results obtained by SR-SAXS and POM.
However, the SR-SAXS method is advantageous to
precisely find the difference in crystallization behav-
ior between two regions, and the POM observation,
in particular, the banded spherulite provides another
information on the lamellar morphology formed in
two regions during crystallization.
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CONCLUSIONS

We have studied the crystallization behavior of PCL
chains in a macroscopically phase-separated blend
consisting of PCL and PCL-b-PB as a function of 7,
both by time-resolved SR-SAXS and POM. This blend
has an UCST-type phase-separated region in the crys-
tallization range of PCL chains, and it is possible to
control the phase-separated structure with various &
prior to the crystallization, from which we can start the
crystallization by quenching the blend into various 7.
The following results were obtained from this study.

1) SR-SAXS measurements revealed that the crys-
tallization rates of PCL and PCL-b-PB were sig-
nificantly different at higher 7, (> 40°C) for the
blend with & = 2.5 um, while they crystallized si-
multaneously at 7. = 35 °C. Because these crys-
tallization rates were identical even at T, = 40
°C for the blend with smaller &£ (< 500 nm) as pre-
viously reported, it was concluded that decreasing
T. has a same effect with decreasing & on the crys-
tallization behavior of PCL chains.

2) When & = 2.5 um we observed only one type of
spherulites and eventually a single spherulite
growth rate at any 7., while when & = 10 um
two different types of spherulites were observed
at higher 7, (> 40°C), whose growth rates were
significantly different. Therefore, the effect of 7,
on the crystallization behavior observed by POM
was consistent with that obtained by SR-SAXS
though & was moderately different in both cases.

Above facts clearly indicate that the crystallization
behavior of this blend is driven by the interplay be-
tween the phase-separated structure before crystalliza-
tion (or &) and the crystal growth rate D (or 7,). There-
fore it is necessary for the morphological control of
binary blends with phase separation and crystalliza-
tion exiting in a same temperature range to understand
the detailed relationship between & and D (or T,).
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