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Abstract

We have investigated the crystallization effect on the phase separation of a poly(3-caprolactone) and poly(ethylene glycol) oligomer (PCL/
PEGo) blending system using simultaneous small-angle light scattering and differential scanning calorimetry (SALS/DSC) as well as simulta-
neous small-angle X-ray scattering (SAXS), wide-angle X-ray scattering (WAXS), and DSC (SAXS/WAXS/DSC). When the PCL/PEGo system,
of a weight ratio of 7/3, is quenched from a melt state (160 �C) to temperatures below the spinodal point and the melting temperature of PCL
(63 �C), the structural evolution observed exhibits characteristics of (I) early stage of spinodal decomposition (SD), (II) transient pinning, (III)
crystallization-induced depinning, and (IV) diffusion-limited crystallization. The time-dependent scattering data of SALS, SAXS and WAXS,
covering a wide range of length scale, clearly show that the crystallization of PCL intervenes significantly in the ongoing viscoelastic phase
separation of the system, only after the early stage of SD. The effect of preordering before crystallization revives the structural evolution pinned
by the viscoelastic phase separation. The growth of SAXS intensity during the preordering period conforms to the CahneHilliard theory. In the
later stage of the phase separation, the PCL-rich matrix, of spherulite crystalline domains developed due to the faster crystallization kinetics,
traps the isolated PEGo-rich domains of a slower viscoelastic separation.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

For a polymer blend system containing semicrystalline and
amorphous components, the system morphology quenched
from melt can be kinetically trapped through quench temper-
ature and quench process, which modulate the competition/
cooperation between the phase separation and crystallization
of the system. For instance, when the melt of a binary polymer
blend, of partly miscible or immiscible components, is
quenched to a temperature below the spinodal temperature
but above the melting temperature of the crystalline
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component, the morphology of the binary polymer blend is
mainly determined by the phase separation kinetics [1e6].
Numerous studies have established a spinodal decomposition
(SD) model for characterizing the phase separation behavior,
including the exponential growth of light scattering intensity
with time [7] in the early stage of the spinodal decomposition
and the self-similarly growth [8] in the later stage. Recently,
many interesting morphologies such as network-like and
sponge-like as well as the unusual phase separation behavior
like spinodal pinning and phase inversion, have been observed
in various polymer blend systems [9,10]. These phenomena
were attributed to the effects of viscoelastic liquideliquid
phase separation (LLPS) originated from an asymmetrically
molecular dynamics (relating to, e.g., mobility of the mole-
cules) existing between the two blend components [9e16].
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When the temperature is quenched below both the spinodal
point and the melting temperature of the crystalline compo-
nent of the binary blend, the final morphology and structural
properties of the system are compounded by the additional
crystallization effect coexisting with the liquideliquid phase
separation. With the intervening of the crystallization effect,
the transit pinning of the viscoelastic phase separation can
be depinned, through local density fluctuations. The local den-
sity fluctuations induce a preordering process prior to crystal-
lization, as reported in many studies [17e23]. For instance,
Imai et al. [17,18] and Balta-Calleja et al. [19] monitored
the growth of a SAXS peak during the induction period of
polymer crystallization, and explained the observed growth
behavior with the spinodal mechanism given by the Cahne
Hilliard theory [7]. Ryan et al. [20e22] also observed similar
preordering effects in the melt-crystallized isotactic polypro-
pylene using simultaneous SAXS/WAXS/DSC measurements.
In addition, the pre-crystallization behavior was explained in
detail by Olmsted et al. [23], through spinodal-type kinetics,
on the basis of the CahneHilliard theory [7].

The interplay between the phase separation and crystalliza-
tion provides a possibility to tailor the final morphology of
a polymer blend for specific applications via a control of the
kinetic process of the LLPS and crystallization, for (1) simul-
taneous phase separation and crystallization, (2) phase separa-
tion-induced crystallization, or (3) crystallization-induced
phase separation. Along this direction, a large number of stud-
ies have been made [24e33]. For instance, Hashimoto et al.
[28,29] found that the structural evolution of the phase separa-
tion could be frozen by the rapid crystallization in the isotactic
polypropylene (iPP)/ethyleneepropylene random copolymer
(EPR) mixtures. In the study of poly(ethylene-co-hexene)
(PEH)/poly(ethylene-co-butene) (PEB), Han et al. [30] pro-
posed that the growth of concentration fluctuations for inter-
diffusion during the LLPS could assist the orienting of the
chain segments of PEB in forming nuclei for crystallization.

While the studies mentioned above focused on the result of
the interplay between phase separation and crystallization,
here we are interested more in capturing/manipulating the in-
teraction or cooperation process of the two forces in a polymer
blend, as well as the intermediate structures that can possibly
be trapped. To study the structural evolution of a binary
polymer blend system involving phase separation of a scale
from nanometer to micron size, small-angle light scattering
(SALS) and synchrotron small-angle X-ray scattering (SAXS)
of a high X-ray flux are appropriate tools, whereas synchrotron
wide-angle X-ray scattering is an ideal probe for the crystalli-
zation process in a time scale of seconds. Furthermore, to
correlate the effects of phase separation to crystallization,
simultaneous measurements of SALS/DSC and SAXS/
WAXS/DSC can offer significant advantages over separate
experiments.

In this study, we have specifically chosen a binary system
of PCL/PEGo blend (7/3 weight ratio), with a pronounced vis-
coelastic phase separation and a good crystallization capability
(PCL). As a consequence, the structural evolution influenced
by the concomitant liquideliquid phase separation and
crystallization proceeds in a reasonable speed that allows us
to capture the details of phase separation and crystallization
using simultaneous SALS/DSC (for morphology changes in
a large scale of micron size) and simultaneous SAXS/
WAXS/DSC (for morphology changes in nano-to-meso scale
and crystalline structure), when the system jumped from
a melt to a temperature below the spinodal point and the melt-
ing temperature of PCL.

2. Experimental method

2.1. Sample preparation

Poly(3-caprolactone) (PCL) and poly(ethylene glycol) olig-
omer (PEGo), with weight-averaged molecular weights (Mw)
10 000 and 400 Da, respectively, were received from Aldrich
Chem. Co., and molten-mixed with a weight ratio of 7/3
(PCL/PEGo) at 160 �C. The blend sample was kept at
160 �C for 10 min on a hot stage and then transferred (within
a few seconds) into a DSC chamber for phase separation and
crystallization at 40 �C, 42 �C, 45 �C, and 48 �C, and for
solely phase separation at 65 �C. The DSC instrument
(Mettler-Toledo FP84), calibrated by the two commonly
used standard samples of indium and zinc, was equipped
with glass or Kapton windows, for either simultaneous
SALS/DSC or SAXS/WAXS/DSC measurements, as detailed
below.

2.2. Small-angle light scattering

The HeeNe laser, of a power 5 mW, used in our simulta-
neous SALS/DSC measurements was plane-polarized, with
a selectable polarization direction. Light scattering pattern
from the sample sealed inside the DSC cell with glass win-
dows was collected by a CCD detector (with a time resolution
of a second), equipped with a polarization analyzer. With the
beam polarizer and analyzer in the same direction of polariza-
tion (Vv mode), the detector collected mainly the isotropic
scattering contributed by the spinodal concentration fluc-
tuations; with orthogonal polarizations (Hv mode), the detector
collected only anisotropic scattering from the crystalline
domains. The details of the SALS setup were reported in
our previous work [34]. All the SALS data were corrected
for background intensity. For the Vv mode, the one-dimen-
sional scattering curves I(q) were circularly averaged from
the isotropic, two-dimensional scattering patterns measured.
Whereas for the Hv mode, I(q) profiles were obtained along
the two symmetrical scattering axes of the two-dimensional
scattering patterns (shown below), using a program specially
developed for the instrument.

2.3. SAXS and WAXS measurements

Simultaneous SAXS/WAXS/DSC measurements were per-
formed with X-rays of a wavelength of l¼ 1.91 Å (6.5 keV)
on the SWAXS instrument at the BL17B3 SWAXS endstation
of the National Synchrotron Radiation Research Center
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(NSRRC), Taiwan. With an area detector for SAXS and a lin-
ear detector for WAXS (both are gas proportional detectors),
time-dependent SAXS/WAXS data were collected for the sam-
ple sealed inside the DSC chamber, with a data collection time
of 60 s for each time frame. The sample-to-detector distance
was 2772 mm for SAXS and 62 mm for WAXS. The setup
covered q-ranges of 0.025e1.8 nm�1 in SAXS and 11e
22 nm�1 in WAXS. All the SAXS and WAXS data were rigor-
ously corrected for electronic noise, sample transmission,
background scattering, and detector sensitivity, and calibrated
by polyethylene and silver behenate for SAXS and by silicon
and sodalite for WAXS. The one-dimensional SAXS intensity
profiles I(q) were circularly averaged from the two-dimen-
sional isotropic scattering patterns. The details for SWAXS
instrument were reported previously [35].

3. Data analysis

3.1. Lamellar model for SAXS data analysis

In semicrystalline polymer systems, lamellar structure of
crystallineeamorphous type is often characterized by one-
dimensional correlation function [36],

gðxÞ ¼ 1
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0
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�
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�
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�
dq; ð1Þ

obtained from the Fourier transform of the corresponding one-
dimensional SAXS intensity profile, I(q), with the scattering
invariant Q and the scattering wavevector transfer q¼
4p sin q/l defined by the scattering angle 2q and the wave-
length l of photons. Limited by the measurable q-range, it is
often needed to extrapolate SAXS data in both high-q and
low-q regions using, respectively, the PorodeRuland [37]
model and the DebyeeBueche model [38,39] before the Four-
ier transformation of I(q) for g(x). Nevertheless, in this study
a relative invariant QSAXS ð¼

R q2

q1
Iq2dqÞ was used with the two

integration limits approximated by the two measurable mini-
mum and maximum q values, q1 and q2. In our case, the rela-
tive invariant thus obtained is found to be within few percent
difference from the Q invariant obtained with the data extrap-
olation method. Fig. 1a illustrates a typical g(x) obtained from
the SAXS profile measured for the system studied. From g(x),
we can extract the amorphous thickness, crystalline thickness,
and long period for the lamellar structure of PCL, as indicated
in the figure.

3.2. Relative crystallinity extracted from WAXS

The relatively crystallinity WC,WAXS in this study is defined
as the ratio of the integrated intensity of all Bragg peaks ob-
served to the integrated intensity of the whole WAXS profile
of the polymer blend studied. We fit the crystalline peak
positions and integrated peak intensities with a Gaussian func-
tion, using a common peak-fitting program. The uncertainties
of the fitted parameters are generally smaller than few percent.
Fig. 1b demonstrates a typical case, where the WAXS data are
deconvoluted by three crystalline peaks and an amorphous
halo.

4. Experimental results

Fig. 2 shows the phase diagram determined previously [40]
for the PCL/PEGo blend of an upper critical solution temper-
ature (UCST). With the sample composition of 7/3 and the
initial sample temperature of 160 �C, five quenched tempera-
tures, 65 �C, 48 �C, 45 �C, 42 �C, and 40 �C, are selected
(marked in Fig. 2). The designated route of phase separation
(indicated in Fig. 2) crosses over the spinodal and melting
curves from the one-phase region and enters into the zone
where crystallization coexists with liquideliquid phase
separation.

4.1. SALS/DSC data

Fig. 3 shows the time-dependent SALS patterns collected
with the Vv and Hv modes defined previously, after the sample
quenched from 160 �C to 45 �C for an isothermal phase
separation and crystallization. Within the first 16 s after the
quench, the isotropic spinodal ring appears in the Vv mode
while little or no scattering intensity can be observed in the
Hv mode (Fig. 3a). At t¼ 340 s after quench (Fig. 3b), very
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Fig. 1. (a) A typical g(x) obtained from a SAXS profile measured for the PCL/

PEGo (7/3) system, with the amorphous thickness la and the long period L of

the lamellar structure of PCL indicated. (b) Typical WAXS data obtained at

Tc¼ 45 �C for the PCL/PEGo blend during crystallization. The data are

deconvoluted into three Gaussian peaks for the 110, 111, 200 Bragg reflections

and a broad amorphous halo.
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low angle scattering near the beam center appears in the Vv

mode, with an enhanced spinodal ring. Whereas in the Hv

mode, a cross pattern of anisotropic scattering starts to show
up vaguely. This weak scattering, occurring with no exo-
thermic sign in the DSC trace, corresponds to large-scale
anisotropic fluctuations in the system, instead of PCL crystal-
lization. In the subsequent evolution after 340 s (Fig. 3cee),
the scattering near the beam center in the Vv mode develops
into an elliptic-like pattern. Meanwhile, the anisotropic scat-
tering in the Hv mode intensifies, accompanied with the prom-
inent exothermic peak of the PCL crystallization, and forms
the four-leaf-clover pattern in the lower-q region. The evolu-
tion of the scattering pattern observed reflects the typical
morphological development of polymer crystals from sheaf-
like crystal to spherulites.

Fig. 4 exhibits the one-dimensional scattering profiles
obtained from the scattering patterns shown in Fig. 3. For iso-
tropic scattering, the scattering profiles (Fig. 4a) are character-
ized by the spinodal scattering hump centered at qm;Vv

,
with the peak intensity Im;Vv

. The characteristic peak position
qm;Vv

w 1.2 mm�1 indicates a mean spacing of 5.2 mm ðL ¼
2p=qm;Vv

Þ between the phase separated domains. The time-
dependent qm;Hv

and Im;Vv
values obtained from the scattering

profiles are summarized in Fig. 5. On the other hand,
the scattering profiles retrieved from the anisotropic scat-
tering patterns (contributed mainly by the PCL spherulites)
gradually develop a scattering peak at qm;Hv

¼ 0:21 mm�1 at
t w 720 s, in which peak position corresponds to an averaged
size D ð¼4:1=qm;Hv

Þ [41], ca. 20 mm of the PCL spherulites.
The size is evidently larger than the domain spacing L

(ca. 5 mm) of the phase separated domains, indicating the for-
mation of PCL matrix in the system. Note, to better determine
the timing of the appearance of the anisotropic scattering, it is
important to eliminate completely the isotropic scattering
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Fig. 3. Time-dependent SALS patterns measured in the Vv mode (left) and Hv

mode (right) for the PCL/PEGo (7/3) blend quenched from 160 �C to 45 �C.

At the bottom, A and P denotes the directions of polarizer and analyzer.
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contribution from the spinodal ring in the Hv mode data col-
lection. For this purpose, the orthogonal alignment between
the polarizer and analyzer needs to be accurate within 1�.

In Fig. 5, we summarize the series of SALS data observed
for the sample quenched from 160 �C to the temperature above
and below the melting temperature of PCL, Tm¼ 63 �C. Ac-
cording to the features of the spinodal peak position and
peak intensity, qm;Vv

and Im;Vv
, we divide phase separation

into four characteristic stages as indicated in Fig. 5bee. In
Stage I, Im;Vv

grows exponentially with a constant qm;Vv

(namely, phase separation increases continuously with a con-
stant domain spacing), which corresponds well to the early
stage of SD and there is little or no observable crystallization
effect. In Stage II, the constants qm;Vv

and Im;Vv
correspond to

a transient pinning stage of phase separation. From Fig. 5a
(data of no crystallization effect) and Fig. 5d,e (data of in-
creasingly larger crystallization effect due to the deeper
quench), we notice the effect of lower quench temperature
on shortening the duration of the pinning stage for an earlier

Fig. 4. Time-resolved scattering profiles extracted from the two-dimensional

scattering patterns shown in Fig. 3, with (a) isotropic scattering (Vv mode)

and (b) anisotropic scattering (Hv mode).
entry into the subsequent Stage III. In Stage III, the unusual
increase in qm;Vv

, few percent (w3e5%) at most, is a unique
crystallization-induced effect, as compared to the process of
solely liquideliquid phase separation of a monotonic decrease
in the qm;Vv

value (see Fig. 5a). For this effect, we assign this
Stage III as crystallization-induced depinning region. From the
four sets of data in Fig. 5bee, obviously, the duration of this
stage can be reduced more by a deeper quench of the system
into a lower temperature for a larger crystallization effect. The
increase of the qm;Vv

value can be characterized by a power-
law behavior qm;Vv

wta, with positive a values ranging from
0.05 (Fig. 5b) to 0.1 (Fig. 5e). The negative a value corre-
sponds to a faster transition to the Stage IV for crystallization.
In Stage IV, the decreasing qm;Vv

and increasing Im;Vv
with
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time characterize the stage with a coarsening in the phase
separated domains and an enhanced PCL crystallization, as
evidenced by the prominent exothermic peak detected concur-
rently (solid curves in Fig. 5).

4.2. SAXS/WAXS/DSC data

Fig. 6 shows the time-resolved SAXS and WAXS data of
the PCL/PEGo (7/3) blend during an isothermal crystallization
at 45 �C. The WAXS profiles (Fig. 6a) measured show only an
amorphous halo scattering in the earlier stage, until the first
appearance of discernible crystalline peaks at t w 600 s. The
three crystalline peaks observed are assigned to be the crystal-
lographic reflections of the planes indexed by (110), (111), and
(200) of the orthorhombic unit cell of PCL crystals [42]. Using
the method described in the previous section, we have
extracted the evolution of the relative crystallinity WC,WAXS

from the time-dependent WAXS profiles.

Fig. 6. Simultaneously measured (a) WAXS profiles and (b) the corresponding

one-dimensional SAXS profiles, after the PCL/PEGo (7/3) blend quenched

from 160 �C to 45 �C.
On the other hand, the corresponding SAXS profiles de-
rived from the isotropic two-dimensional scattering patterns
in the early stage of SD (Stage I) and the structural pinning
stage (Stage II) are featureless, implying the lack of density
fluctuations in nano-to-meso scale, despite the concentration
fluctuations of micron size observed in the SALS (see
Fig. 5). Around t w 400 s after the quench (in Stage III), the
system gives discernible SAXS intensities in the low-q region
(w0.1 nm�1). When the first WAXS crystalline peaks appear,
a broad SAXS halo takes shape at the same time. The halo
gradually develops into a relatively sharp hump, signifying
the formation of the PCL lamellar stacks.

The time-dependent SAXS profiles reveal a shift in the
scattering peak position of the PCL lamellar stacks from
q¼ 0.32 nm�1 to a larger q w 0.37 nm�1 (a sign of condens-
ing lamellar spacing), as the lamellar structure develops along
time. The detailed structural parameters of the lamellar stacks,
including the long period L, crystalline thickness lc, and the
amorphous thickness la, are extracted from the one-dimen-
sional correlation function g(x) Fourier transformed from the
measured SAXS profiles, as described previously. To be
consistent with the bulk crystallinity w0.47 determined from
the DSC result simultaneously measured, we assign the first
minimum in the correlation function to be amorphous thick-
ness la, based on the method described in our previous report
[43]. The lamellar thickness then can be deduced from
lc¼ L� la. The lamellar thickness of PCL (lc¼ 8e9 nm) mea-
sured is consistent with the value w8 nm reported by Nojima
et al. [33]. The time-dependent L, lc, and la obtained from the
SAXS profiles are summarized in Fig. 7.
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4.3. Global view of the scattering data

To correlate all the SALS, SAXS, WAXS, and DSC data for
a comprehensive picture of the structural evolution of the
blending system studied, we have integrated all the evolutions
of the structural parameters observed in Fig. 7, according to
the four structural evolution stages proposed previously. In
Fig. 7, the structural evolution displayed covers a time scale
ranging from 10 s to 2000 s and length scale from atomic to
nano, meso, and micron size. For instance, the large domain
spacing w5 mm is first observed by SALS in Stages I and
II, then density fluctuations of a meso-to-nano scale is picked
by SALS or SAXS sometime later in Stage III. Afterwards,
SAXS and WAXS detect the nano-scale ordering and the
atomic ordering of the lamellar structure of PCL in Stage IV.

For the crystallization-involved structural transition
(mainly in Stages III and IV), we have further defined four
characteristic times tQint;Hv

, tQ,SAXS, tDSC, and tWC;WAXS
for the

initiation of the changes in the Hv scattering invariant Qint;Hv

(SALS), relative invariant QSAXS (SAXS), exothermic heat
flow (DSC), and relative crystallinity WC,WAXS (WAXS). The
time sequence tQint;Hv

< tQ;SAXS < tDSC < tWC;WAXS
illustrates

the sequential changes of the system morphology before and
during the PCL crystallization, with a focus on the transition
from the later stage of Stage III to Stage IV. During the tran-
sition period near tQ,SAXS, the crystallization-induced local
density fluctuations (of a nano-to-meso scale) start to affect
the liquideliquid phase separation process, and revive gradu-
ally the structure pinned by the viscoelastic effect of the sys-
tem. The transition can be accelerated for an earlier domain
coarsening and PCL crystallization (starting from tWC;WAXS

in
Stage IV), by quenching the system to a lower temperature
below the melting temperature of PCL (see Fig. 5).

5. Discussion

5.1. Gibbs free energy of mixing compounded
by crystallization

In this section, we describe how the free energy DG of
mixing of the binary polymer system is affected by the crystal-
lization, and how the resultant driving forces guide the phase
separation process of the PCL/PEGo blend. Fig. 8 illustrates
the two kinds of free energy landscapes for (1) Tps, tempera-
tures below spinodal temperature Ts but above the melting
temperature Tm of PCL and (2) Tc, temperatures below Tm

of PCL. When temperature of the binary system of PCL/PEGo
(7/3) (corresponding to the PCL volume fraction fPCL ¼
0:696) is quenched from one-phase temperature to Tps, the sys-
tem undergoes a phase separation for the liquideliquid bino-
dal compositions, fl0 ðTpsÞ and fl00 ðTpsÞ, of a local free
energy minimum, following the SD process. On the other
hand, when the temperature is quenched below Tm, both the
two driving forces (derived from dðDGÞ=df)dthe force of
liquideliquid phase separation (determined by the tangent
line of two metastable liquideliquid binodal points fl0 ðTcÞ
and fl00 ðTcÞ) and the force of crystallization (determined by
the two stable liquidesolid phase compositions, fLðTcÞ and
fCðTcÞ)dcan affect the route of the phase separation (see
Fig. 8).

In this studied system, we have observed the development
of SD before PCL crystallization (in Stage I), the pinning
and depinning of the phase separation (in Stages II and III),
and the crystallization (in Stage IV). The phase separation
process observed follows well the free energy ‘‘map’’ given
in Fig. 8 for the Tc case. It is possible to rearrange or tune
the weighting of the two driving forces of the crystallization
and liquideliquid phase separation, through the selections of
quenched temperature and initial composition, to trap the
phase separation process in a local minimum of a selected
DG landscape, thus, tailoring the final morphology through
the kinetic competition between the two forces.

5.2. Interplay between phase separation
and crystallization

With the guide of the free energy map shown above, we are
now in a good position to discuss the cause and effect in the
structural evolution of the system studied. With the phase sep-
aration features observed (see Figs. 5 and 7), we can see that
Stage I for the early stage of SD is not affected by the crystal-
lization. In Stage II, we attribute the transient pinning of the
morphology mainly to the viscoelastic phase separation. For
a dynamically asymmetric blend of PCL/PEGo, the PCL, of
a much higher molecular weight and a lager viscoelastic
effect, therefore, slower dynamics than PEGo, defers the
progress of the phase separation. Transient pinning was also
observed by Tanaka and Araki [9,10] in dynamically

Fig. 8. Free energy landscapes of mixing of the binary polymer system at Tps

(dash-dotted curve; below spinodal temperature Ts but above the melting tem-

perature Tm of PCL) and Tc (solid curve; below Tm). The arrow indicates the

initial PCL volume fraction f ¼ 0:696 for the PCL/PEGo (7/3) system studied.

fl0 ðTcÞ and fl00 ðTcÞ are the two metastable liquideliquid binodal points,

whereas fLðTcÞ and fCðTcÞ are the stable liquidesolid phase compositions.

The contribution of PCL crystallization to DG is also shown.
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asymmetric systems of polymer blends, who also explained
the pinning effect by suppressed concentration fluctuations.
However, in our case, with the intervening of a non-trivial
crystallization force, the structural pinning effect can be over-
ridden. Apparently, in our system the concentration fluctua-
tions locked by the viscoelastic effect is gradually revived
by the crystallization force for a preordering of PCL chains
before crystallization.

In Stage III, characterized by the crystallization-induced
structural depinning (see Fig. 5), we attribute the growing
local density fluctuations with time (observed by SAXS) to
a preordering of PCL segments. From the structural evolution
sequence observed, the local density fluctuation or preordering
of PCL closely correlates to the depinning process. The pre-
ordering overrides the viscoelastic-confined concentration
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Fig. 9. R(q)/q2 vs. q2 plot for the growth rate R(q) of the SAXS intensity I(q)

observed in the PCL preordering period of the PCL/PEGo (7/3) blend

quenched to 45 �C. The data are fitted with a linear relation, with the intercep-

tion at 0.028 nm2 s�1 corresponding to the diffusion coefficient of the system.

The inset shows a typical example of the exponential growth behavior of I(q)

with time, at q¼ 0.422 nm�1. The data were fitted with the solid line for the

linear relation of ln I(q) vs. time.
fluctuations and leads to the decreased PCL domain spacing,
as observed by the SALS. The decrease in the mean spacing
of the PCL-rich domains (corresponding to the few percent
increase in qm;Vv

shown in Fig. 5) may be a result of decreased
PEGo domain volume (w10%), due to a crystallization-
accelerated segregation of PCL from the PEGo-rich domains.

After tDSC or tWC;WAXS
is Stage IV, defined as the diffusion-

limited crystallization stage. In this stage, the formation of
three-dimensional crystalline domains is concomitant with
the formation of the lamellar domain of PCL (within a time
resolution of a minute), indicating a close association between
the three-dimensional packing and the lamellar stacking.
Then, the lamellar domains maintain the size with the crystal-
line zones inside by growing into a matured structure (constant
L, lc, and la values). In the later stage of crystallization, the
number of matured lamellar domains (QSAXS) and the relative
crystallinity (WC,WAXS) of the system increase with time. And
the development of PCL crystalline morphology (from sheaf-
like crystals to spherulites) inside the PCL-rich domains is
faster than the coarsening process of the minor PEGo-rich
domains (via the evaporationecondensation process). As a re-
sult, the PCL-rich domains develop into matrix of the system,
with a characteristic size of spherulites larger than the mean
domain spacing of the isolated PEGo domains. And the PCL
matrix traps some of the isolated PEGo-rich domains of an in-
complete phase separation, as evidenced by our observation
using polarized microscope [43]. The result complies with
the law e the fastest wins e in determining the kinetically
trapped morphology, as also mentioned by Hashimoto et al.
in the studies of diffusion-limited crystallization [28,29].

In the transition from Stage III to Stage IV (Fig. 7), there is
a clear interval between tQ,SAXS and tWC;WAXS

, where the SAXS
relative invariant QSAXS rises before the appearance of
WC,WAXS of the crystalline scattering, namely, the preordering
period. In this period, the local density fluctuations of
Fig. 10. Cartoons for the morphologies and the corresponding concentration ðfÞ/density fluctuations in the four stages, I, II, III, and IV, of the structural evolution

of the PCL/PEGo (7/3) blend, with L for the wavelength of concentration fluctuations of the liquideliquid phase separation and D for the size of PCL spherulites.

The dark zones are for PEGo domains, whereas the relatively bright zones represent the PCL-rich domains of a higher viscoelasticity. The symbols for concen-

tration f are defined in Fig. 8.
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preordering and the large-scale concentration fluctuations of
liquideliquid phase separation are superimposed, and the cor-
responding SAXS intensity observed follows reasonably well
the exponential growth behavior Iðq; tÞ ¼ Iðq; t ¼ 0Þexp
½2RðqÞt� described by the CahneHilliard theory [7], as the
example (with q¼ 0.422 nm�1) shown in the inset of Fig. 9.
From the growth rate RðqÞ ¼ Dappq2ð1� ð1=2Þðq2=qmð0Þ2ÞÞ
of the SAXS intensity in the q-range of 0.25e0.55 nm�1, we
have extracted an apparent diffusion coefficient Dapp¼
0.028 nm2/s from the intercept, as shown in Fig. 9, with the
most probable wavenumber of fluctuations qm(0)¼ 0.40 nm�1

approximated by the long period L (w0.37 nm�1) observed.
Nevertheless, the preordering behavior in SD is well studied
by many groups, including, Imai et al. [17,18], Balta-Calleja
et al. [19], Ryan et al. [20e22], and Olmsted et al. [23].

In Fig. 10, we graphically illustrate the interplay between
the crystallization and phase separation described above,
based on the evolution characteristics of the concentration/
density fluctuations during the phase separation of the system.
In Stage I, the long range concentration fluctuations of a char-
acteristic length scale L (w5 mm) correspond to the early
stage of SD. In Stage II, the transient pinning, the amplitude
of the long range density fluctuations enhances, while the
fluctuation range L is confined by the viscoelastic effect. In
Stage III, the crystallization-induced depinning, the local
density fluctuations, corresponding to the preordering of
PCL, superimpose the long range concentration fluctuations
of liquideliquid phase separation. We assume that the large
local density fluctuations existing prior to the crystallization
of PCL are responsible for the formation of stable PCL nuclei.
In Stage IV, diffusion-limited crystallization, characteristic
lamellar density fluctuations of the PCL spherulites keep
expanding.

6. Conclusions

We have studied the phase separation of the PCL/PEGo (7/
3) blend in a wide range of length scale and time scale, with
the viscoelastic liquideliquid phase separation compounded
by the crystallization effect of PCL. After the early stage of
SD of the system, the crystallization effect is initiated, and
the structural evolution pinned by the viscoelastic effect is
depinned by the crystallization force through local density
fluctuations. The large PCL-rich domains of PCL spherulites
further suppress the ongoing viscoelastic separation in the
later stage of the phase separation. Since kinetic competing
rule abides by the law e the fastest wins, we can control the
competition between phase separation and crystallization by
the initial composition and quenched temperature for a partic-
ular degree of phase separation of a preferred morphology.
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