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Three-dimensional analyses of spherulite morphology
in poly(oxyethylene) and its blends with amorphous
poly(d,l-lactic acid) using X-ray computerized
tomography

Nguyen-Dung Tien1,2, Yukihiro Nishikawa3,4, Masato Hashimoto3, Masatoshi Tosaka5,
Sono Sasaki1,4,6 and Shinichi Sakurai1,4,6

Here, we report on the three-dimensional structural analyses of huge spherulites of poly(oxyethylene) (PEG) using X-ray

computerized tomography (CT) in blends of PEG and amorphous poly(d,l-lactic acid). Large spherulite formation is characteristic

of PEG, and its direct observation using X-ray CT is reported here for the first time. Slit-shaped cracks that were straight or

curved were clearly observed using X-ray CT. Furthermore, scanning electron microscopic observation revealed that the cracks

were parallel to bundles of lamellar crystallites. From these observations, we conclude that a set of radial cracks observed by

X-ray CT is a signature of a huge spherulite. Several aspects that are representative of an axialite structure are presented, and

they are in good agreement with the intuitively proposed structural model for axialite long ago, although the size scale is much

larger in our study.

Polymer Journal (2015) 47, 37–44; doi:10.1038/pj.2014.83; published online 19 November 2014

INTRODUCTION

Spherulites are commonly found in various materials, including
mineral aggregates,1–3 simple organic liquids4,5 and polymers.6,7 A
typical spherulite consists of needle-like crystals that diverge from the
center of the spherulite and is often found in inorganic materials and
small organic molecules.8–10 In those cases, the needle-like crystals are
aligned radially from the center of the spherulite to provide a perfectly
symmetrical shape. As for polymer spherulites, it is known that they
consist of plate-like crystals, which are referred to as lamellae with
their basal surfaces aligned parallel to the radial direction of the
spherulite. A single lamella is first generated in the melt, and
subsequent spawning of new lamellae occurs. The lamellae grow
two-dimensionally in the direction parallel to their basal surface while
maintaining an almost constant thickness. Through splitting and
branching, spherically symmetric aggregates are eventually formed.
Therefore, characteristic features occur near to the spherulite center,
which do not appear in low-molar mass systems. These features
include a sheaflike aggregate, known as an axialite or hedrite.11–13 The
axialite structure has been found near the center of polymer
spherulites14,15 by polarized optical microscopic observation of poly-
mer melts sandwiched between coverslips. However, this microscopy
technique is only applicable in two-dimensional crystallization, and

experimental confirmation of axialites in three-dimensions is required.
Khoury and Passaglia14 previously demonstrated the existence of the
axialite at the center of a polymer spherulite in three dimensions using
surface-replica transmission electron microscopy (TEM) of the
fractured surface of a bulk sample. They presented two typical TEM
micrographs demonstrating several aspects of axialites viewed from
different perspectives. Unfortunately, in principle, it is impossible to
observe different aspects originating from a single axialite using the
surface-replica TEM method. Therefore, such a method is insufficient
to characterize three-dimensional (3D) axialite structures, and a non-
destructive 3D structural analysis technique is still required.
Recently, high-contrast X-ray computerized tomography (CT) has

been optimized for use with polymeric materials,16 and several
observations of the polymer blends have been reported.17 Its spatial
resolution is ~ 3 μm at present, which is not high enough for
visualization of spherulites or axialites. Nevertheless, we have success-
fully observed axialites in a poly(oxyethylene) (PEG) spherulite
because of their large size. The formation of huge spherulites is
characteristic of PEG in both pure PEG samples and in blends of
PEG with the racemic random copolymer poly(d,l-lactic acid)
(PDLLA),18,19 and direct observation of a 3D spherulite using X-ray
CT is reported here for the first time. We describe in detail how the
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spherulites and axialites can be identified using X-ray CT with the
assistance of scanning electron microscopy (SEM).

EXPERIMENTAL PROCEDURE
PEG was purchased from Wako Pure Chemical Industries, Ltd. (Kyoto, Japan)
with a weight-average molecular weight (Mw) of 2× 104. PDLLA was purchased
from Sigma-Aldrich Co. with Mw in the range of 75 000–120 000. All chemicals
were used as received without further purification.
The 100% PEG sample and its blends with PDLLA at 20 and 50 wt%

(referred to as DL20 and DL50, respectively) were dissolved in dichloromethane
(DCM), yielding a solution with ~ 5 wt% polymer concentration. The as-cast
samples were prepared by solution casting for ~ 24 h at room temperature. The
evaporation rate of DCM was suppressed by covering the casting Petri dish with
aluminum foil with small holes. During casting, solution weight was measured
using electronic balance (GR-202, A&D, Tokyo, Japan), and several photo-
graphs were taken with a digital camera. The resulting as-cast samples were
subjected to X-ray CT (FLEX-M345, Beamsense, Osaka, Japan). The X-ray
generator tube was operated at 40 kV, and the transmission images were
acquired using a charge-coupled device (CCD) with a CsI scintillator. To
construct a 3D image, the sample was rotated over 180° at 0.25° intervals. At
each rotation angle, four transmission images were taken with the exposure
time of 1 s, and they were averaged to provide a total exposure time of 4 s. The
obtained 720 transmission images were reconstructed into a 3D image using a
standard filtered back-projection algorithm.20 SEM was also conducted to
observe the fractured sample surface. The freeze-fractured surface was prepared
by breaking the sample in liquid nitrogen and observed using a VE-7600
(Keyence, Osaka, Japan) operated at 10 kV. Before SEM observation, samples
were coated with platinum using ion-sputter.
Polarized optical microscopy (POM) (Nikon Eclipse E600 POL) was used for

observing the spherulite structure in melt-cooled samples. As-cast samples were
sandwiched between two coverslips, placed on a hot stage (Linkam LK-600PM)
at 70 °C for ~ 2 min and gradually cooled to room temperature. Spherulite
growth in the 100% PEG and in the blend samples was recorded with a CCD
movie camera.

RESULTS AND DISCUSSION

Huge spherulites formed in solution-cast PEG samples
It can be observed in Figure 1 that a spherulite bearing a fibrous
texture was formed in the 100% PEG sample cast from a DCM
solution onto a glass plate. The diameter of the spherulite displayed in
Figure 1 is ~ 5mm, which is very large compared with typical polymer

spherulites (several tens of μm). In addition, the aspect ratio (the
diameter to thickness ratio) is also as large as 6250. Large spherulites
were formed in sample cast from both DCM and aqueous solutions,
for which a larger spherulite was formed with diameter up to 10mm
and aspect ratio of 455, as shown in Figure 2. Thus, solution-cast PEG
characteristically forms large spherulites. It is also interesting to note
that the same features can be observed using direct microscopic
observation without crossed polarizers, as shown on the right panel of
Figure 2. This effect may be due to the undulating surface of the
fibrous-textured spherulites.

Spherulite formation during solvent evaporation
A plot of polymer solution concentration during solution casting for
the 100% PEG sample versus elapsed time is shown in Figure 3.
Corresponding photographs of the casting solutions and the as-cast
samples are provided in Figure 4. In the plot in Figure 3, there are two
kinks. Point (a) (730min elapsed) is coincident with the onset of
crystallization, which was confirmed by the formation of white spots
in the solution, as shown in Figure 4a. At kink point (b) (737min

Figure 1 Polarized optical micrograph featuring a huge spherulite formed in
a 100% PEG sample cast from a dichloromethane solution onto a glass
plate. The spherulite diameter is estimated to be ~5mm, and the aspect
ratio is as large as 6250. A full color version of this figure is available at
Polymer Journal online.

Figure 2 Bright-field image (by direct capturing with a CCD camera)
featuring a huge spherulite formed in a 100% PEG sample cast from an
aqueous solution in a Petri dish. The spherulite diameter is ~10mm, and
the aspect ratio is 455. A full color version of this figure is available at
Polymer Journal online.

Figure 3 Plot of the casting solution (DCM solution) polymer concentration
as a function of time for the 100% PEG sample.
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elapsed), the white spots increased and space filled. Most likely,
crystallization occurred near the solution surface due to the increase in
surface polymer concentration and the cooling effect that was a result
of the latent heat absorption due to solvent evaporation from
the solution surface. Furthermore, the crystalline objects may
continue to float near the surface, as the density of the PEG crystal
(1.235 g cm–3)21 is smaller than that of the solvent, dichloromethane
(1.33 g cm–3). After 900min, evaporation was further suppressed due
to the reduction in the solvent partial pressure in the highly
concentrated solution.
The as-cast sample surfaces were heavily bumped and cracked, as

shown in Figure 4b. The surfaces of the as-cast samples with average
thicknesses of ~ 0.45mm were found to be fully covered with bumps
as large as ~ 2-mm width and 0.6-mm height. The bumps are
hypothesized to be a consequence of large spherulite formation, which
motivated our conduction of X-ray CT analysis to further characterize
the samples.

X-ray CT analyses
The as-cast samples were cut into small pieces, ~ 1×1×0.3mm3 and
subjected to X-ray CT observation. Figures 5–7 show the 3D and cross-
sectional images obtained using X-ray CT for the 100% PEG as-cast
sample, DL20 blend sample and DL50 blend sample, respectively.
As shown in Figure 5, many cracks were observed in regions A and

B. Such characteristic cracks are hypothesized to be involved in large
spherulites as the cracks appear to converge into a single point to form
a spoke-like pattern in region A. This feature reminds us a spherulite.
The cracks found in region B are different; however, it is possible to
consider that the cracks converge into a single point that is located at
the lower apex of the dotted lines outlining region B. Thus, region B
also appears to be part of a large spherulite. For the DL20 sample
shown in Figure 6, the convergence of cracks is not clear. Further-
more, a large cavity and many voids and slit-like cracks were observed
near the bottom surface of the sample (the surface in contact with the
Petri dish). Thus, the features of the DL20 sample appear to be a bit
different from those of the 100% PEG sample. However, the pattern of
slit-like cracks can be identified in the region encircled with a white
dotted line in Figure 6 that is similar to that observed in region B in
Figure 5. Here, the converging point of the slit-like cracks may be
located near the top of the bumped surface (as specified with a thick
white arrow). If the converging point were the center of a spherulite,
the cracks would be parallel to a bundle of lamellar crystallites. To
examine this possibility, SEM observations were conducted, as shown

in Figure 8, wherein the boundary between the spherulites can be
clearly observed (Figure 8b). Therefore, we can conclude that the
cracks are parallel to a bundle of lamellae in a spherulite. This
conclusion in turn confirms that X-ray CT can detect the 3D

Figure 4 Photographs of the casting solution at ~730min corresponding to (a) the onset of crystallization and (b) after complete solvent evaporation (as-cast)
for the 100% PEG sample. A full color version of this figure is available at Polymer Journal online.

Figure 5 3D outlook (inset) and corresponding cross-sectional images
obtained using X-ray CT for the 100% PEG as-cast sample. The A and B
regions highlight characteristic cracks that are involved in huge spherulites.

Figure 6 3D outlook (inset) and corresponding cross-sectional images
obtained using X-ray CT for the DL20 as-cast sample.
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structures of a cluster of cracks in large spherulites, as observed in
regions A and B in Figure 5. Slit-shaped cracks were stochastically
involved in the POM picture in Figure 9, showing a spherulite in the
DL20 as-cast sample (cast on a glass plate by spin-coating at 2000 r.p.
m. from a DCM solution; thickness of ~ 1.4 μm). Here, cracks were
located in the central region of the large spherulite. The POM image in
Figure 9 was taken by inserting the retardation plate (optical
retardation of 530 nm) so that a yellow/orange color can be recognized
in the upper-right and lower-left regions of the spherulite, and a blue/
purple color can be observed in the upper-left and lower-right regions.
This coloring is typical of a negative spherulite. Figure 7 of the DL50
sample exhibits very different features from those of the 100% PEG
and DL20 samples. Many round voids can be observed. Although
small cracks were observed near the top of the bump shown in the
cross-sectional view, it is difficult to conclude that those cracks suggest
the existence of spherulites, and it is likely that no large spherulites
were formed due to the large amount of amorphous PDLLA blended
into the DL50 sample. To determine why large spherulites were not
formed in the DL50 sample, we conducted POM observation of DL50
on cooling from the melt (Figure 10).
Figure 10 shows time-sliced POM images of the development of

crystallization in the DL50 sample melt, which was originally cast from
a DCM solution in a Petri dish with thickness of 0.45mm. The as-cast
sample was melted by heating at 70 °C (above Tm) for ~ 2min. The
initial state of sample melt is shown in Figure 10a. Here, many bubbles
of 10–20 μm size are observed that stayed at fixed positions and did not
affect the observation of the crystallization process (Figures 10b–d).

Then, the sample was gradually cooled down to the room temperature.
The elapsed time is labeled on each POM image in Figure 10. It can be
observed that crystallization proceeded from the lower-right corner of
the POM image with a partially curved frontline of crystalline growth
region. It seems that spherulite formation began, but the growth front
was split by small patches of ~ 20–100 μm diameters. Moreover,
although the curvature of the frontline was large (that is, the hemi-
spherical region in the vicinity of the growing front is small), close
examination reveals that the hemi-spherical region exhibits a yellow/
orange color in the upper-right region and a blue/purple color in the
upper-left region (Figure 10e), and other hemi-spherical regions show
overlapping of the two colors. Thus, we might conclude that the
negative spherulite was formed in the vicinity of the growth front. The
formation of tiny spherulites implies that the capability of forming a
spherulite of the PEG moiety in blend samples (even in the DL50
sample) is still active. Therefore, the reason for the absence of large
spherulites in the DL50 sample is somewhat unclear. As stated above,
patches such as those observed in Figure 10d may serve as obstacles to
hinder the formation of large spherulites. Although crystallization
proceeded over time, it can be observed that, in the round-shaped
patches, the color remained unchanged over 306-s elapsed time
(Figure 10d). This result implies that crystallization never took place
in the round-shaped patches. Therefore, these regions (small patches)
are considered to be phase-separated domains with an amorphous
PDLLA-rich composition. Interestingly, these regions are visible even
in Figure 10a, and they are clearly different from the cavity. The above
explanation based on phase-separation is, at a first glance, not

Figure 7 3D outlook (inset) and corresponding cross-sectional images
obtained using X-ray CT for the DL50 as-cast sample.

Figure 8 SEM micrographs of the freeze-fractured surface of the 100% PEG as-cast sample.

Figure 9 Polarized optical micrograph of cracks in the central region of a
spherulite formed in the DL20 sample cast from a dichloromethane solution
onto a glass plate. A retardation plate with optical retardation of 530 nm was
inserted. The magnified image on the right side was adjusted to gray scale
to better observe cracks.
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acceptable because the amorphous regions of PEG and PDLLA are
mixed, namely, no phase-separation should take place due to the
miscibility of PEG and PDLLA. However, phase separation is possible
during solution casting due to crystallization-induced phase separation.
Namely, although two polymers (PEG and PDLLA) are mixed
molecularly in the casting solution, the crystallization of PEG causes
expulsion of the PDLLA moiety to form the phase-separated domains.
Tanaka and Nishi22 have reported on and presented a clear picture of
similar round-shaped phase-separation domains that are expelled out
from a spherulite during its growth. Such phase separation is not
thermodynamically favorable, and the phase-separated domains should
be melted away. However, homogenization of the phases would take
time. For the particular case of solution casting, if vitrification of the
PDLLA-rich phase occurs before homogenization of the phases,
crystallization-induced phase separation domains would be frozen in
the as-cast sample. On heating of the as-cast DL50 sample, the PDLLA-
rich domains (formed due to the crystallization-induced phase
separation, rather than due to thermodynamic phase separation, as
stated so above) can be identified, as is in Figure 10a. Again, the
PDLLA-rich domains should be homogenized due to the miscibility of
PEG and PDLLA, but homogenization may take some time. In the
short preheating time (~2min) at 70 °C (above Tm) before the course
of crystallization in Figure 10a, the PDLLA-rich domains are con-
sidered to remain in the sample. These regions remain further during
crystallization as shown in Figures 10a–d and serve as obstacles to the
formation of large PEG spherulites. Thus, crystallization-induced phase
separation prevented the formation of large spherulites during melt
crystallization, as shown in Figure 10. For the DL20 sample, the
amount of PDLLA is low enough that even if crystallization-induced

phase separation took place, it would not hinder the formation of large
spherulites.
It is also important to note the shape of the voids in the DL50

sample. Unlike the slit-shaped cracks that formed in the 100% PEG and
DL20 samples, many round-shaped voids formed in the DL50 sample,
as shown in Figure 7. As stated above, the slit-shaped cracks formed
between the crystalline lamellar bundles, and they were likely formed
because of volume shrinkage that occurred with secondary crystal-
lization (that is, the development of higher-order crystalline structures
in the spherulite interiors). The reason for the formation of round-
shaped voids in the DL50 sample may be explained as follows. Many
tiny spherulites were formed during solvent evaporation that comple-
tely filled the space. Similarly to the final point of crystallization of the
100% PEG sample (point (b) in the plot of Figure 3), we experimen-
tally found that the polymer concentration of the DL50 casting solution
was ~ 82 wt% at the time at which the space was completely filled by
crystalline regions. This result suggests that the solvent remained in the
amorphous region, and those voids were formed by volume contraction
on further evaporation of the remaining solvent. If slit-shaped cracks
would be formed in the DL50 sample, they were too small to be
observed via X-ray CT because such slit-shaped cracks exist in small
spherulites, as shown in Figure 10 to be of ~ 150 μm diameter.
Existence of cracks in spherulites is not a new finding. In 1961,

Inoue reported on fine cracks perpendicular to the boundary of
spherulites of polypropylene (PP).9 ‘Band cracks’ have been found in
spherulites of poly(lactic acid) (PLA).23 ‘Band cracks’ are co-centric
circular cracks with a periodic interval from the spherulite center. In
both cases, the cracks were considered to be formed by volume
shrinkage on crystallization. Generally, the formation of polymer
spherulites includes several steps: (i) formation of crystalline nucleus;

Figure 10 Polarized optical micrographs (a–d) showing the development of crystallization in the DL50 sample melt. The magnified image (e) is cropped from
the yellow rectangle in (d) to highlight a feature of a negative spherulite.
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(ii) formation of an axialite; (iii) branching and spherical growth of
lamellae; (iv) termination of growth by collision of growth fronts of
neighbouring spherulites; and (v) ripening of spherulites (that is,
volume filling of lamellae in the interior of the spherulites). Steps (i)
and (ii) are microscopic phenomena that are out of the scope of the
current study. At step (iii), the system consists of tiny solid spherulites
sporadically dispersed throughout the polymer melt. At step (iv),
collision of growth fronts may result in solid networks of crystalline
lamellae that immobilize the system. This type of network is called a
‘skeleton of spherulites’. For isotactic polystyrene, Bassett and Olley24

successfully observed the ‘skeleton’ by chemically etching low-
molecular weight components. Volume filling of the skeletal network
takes place at step (v). It should be noted that the ‘skeleton’ cannot
shrink so that overall spherulite shrinkage due to the decrease in the
volume on further crystallization is prevented. Thus, polymers that
exist in-between the ‘skeletal network’ have to accommodate them-
selves, giving rise to the cavitation and the slit-like cracks. It is not
surprising that cracks in spherulites were first observed with PP9 as it
has the large thermal expansivity.
In our systems of both 100% PEG and its blend with PDLLA,

extraordinarily large cracks were found that may be ascribed to
additional effects of solvent evaporation that assisted cavity formation
during crystallization. As observed in Figure 3, the formation of the
'skeleton' was considered to be accomplished at 900 min, at which
point evaporation drastically slows down.

Spherulite morphology
Figure 5 shows typical cross-sectional views of spherulites, which are
highlighted by the dotted curves labeled ‘A’ and ‘B’. Region A shows

spoke-like cracks diverging from the middle of a spherulite, and region
B contains a ‘rose-petal assembly’ pattern of cracks. Keller and
Waring25 previously reported on spoke-like cracks. Later, Khoury and
Passaglia14 also reported on these two types of patterns by conducting
surface replica TEM observation, in which it was noted that these
dissimilar patterns originated from the same spherulite. To prove their
hypothesis, we digitally sliced one spherulite along different cross-
sectional directions, as shown in Figure 11. Figure 11a shows a typical
spoke-like crack pattern, similar to that observed in region A in
Figure 5. This type of pattern is usually obtained when the cross-
sectional plane contains the center of the spherulite. The dissimilar
patterns are obtained when the spherulite is sliced in off-centered
planes. Typical examples are shown in Figures 11b and c, which are
the cross-sectional views of a single spherulite cut along the broken
lines indicated in Figure 11a. Figure 11b shows a typical ‘rose-petal
assembly’ pattern of the cracks, which is similar to a pattern of
crystalline lamellae bundles first proposed by Khoury and Passaglia,14

and Figure 11c shows a pattern of hyperbolic curves.
These patterns are comprehensively illustrated in Figure 12. As

observed in Figures 5 and 11a, the ‘spoke-like pattern’ seems to be an
axialite; however, as this pattern made of cracks rather than crystalline
lamellae, it is too large to be the axialite. As stated above, the crack is
an indication of the lamellar bundle orientation so that the patterns
observed in Figure 11 should be realized in 3D space, in which the
spherical assembly of lamellar bundles is accommodated. In fact, X-ray
CT 3D images confirmed that the cracks were curved. To form a
spherical aggregate of lamellar bundles, the cracks should branch out
and curl. Thus, the axialite is formed. Figure 12d has cylindrical
symmetry around the dotted line, which is the rotation axis. One can

Figure 11 Typical cross-sectional images of a single spherulite obtained by conducting digital slicing of the 3D data obtained using X-ray CT. (a) A cross-
section featuring a central portion of the spherulite. (b, c) Cross-sectional views of planes that are perpendicular to the image shown in (a), as indicated by
the broken lines. The broken lines show different cutting plane positions: vertical to provide the view (b) and horizontal to provide the view (c).
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see that the cross-section that includes the rotation axis becomes a
‘spoke-like pattern,’ as shown in Figure 12a. By contrast, the cross-
section perpendicular to the rotation axis must have rotational
symmetry, but these cracks cannot be circles as they only slightly
curl. Therefore, the cross-section is a ‘rose-petal assembly’ pattern, as
shown in Figure 12b. The model in Figure 12d also explains the
pattern of hyperbolic curves in Figure 11c, which is ascribed to the
cross-section parallel to the rotation axis. If the distance of the cross-
section from the rotation axis is increased, the number of cracks
becomes smaller. Consequently, it is concluded that the interpretation
illustrated in Figure 12d agrees with the experimental observation
shown in Figure 11. In the X-ray CT observations, the ‘axialitic’
pattern observed in Figures 5 and 11a is meaningful and interesting,
although it is much larger than the actual axialite that exists in the
central part of the spherulite.
As the rotation axis passes through the center of the spherulite,

the center of the ‘spoke-like pattern’ should be coincident with the
spherulite center. In Figure 11a, one can see a bright (white) region in
the central part of the ‘spoke-like pattern’. In general, the pixel
intensity in X-ray CT images is proportional to the X-ray absorption
coefficient.16 The bright center in Figure 11a suggests the existence of a
region with high electron density in the spherulite center. A similar
bright region was found at the central part of each spherulite
examined in the current study. The bright region can be recognized
as a small ‘ribbon’, which is a thin bundle of lamellar crystals. In the
case of polymer spherulites, two possibilities other than the axialite
could be the origin of the bright region. One is a foreign particle

nucleus. If the foreign particle is dust, it is usually round-shaped (such
as a piece of silicate soil) and therefore does not appear as a ‘ribbon’.
Thus, this possibility is not the case. Another possibility for the object
at the center of a spherulite is a crystalline nucleus consisting of
high-molecular weight polymer chains with high crystallinity and high
electron density. However, this alternative is less plausible as a single
nucleus is considered to be much smaller than that can be observed

Figure 12 Schematic representations of the cross-sectional views (a–c) that correspond to the experimentally-observed cross-sections shown in Figure 11.
Illustration (d) represents the 3D model of crack assembly in a spherulite. Here, each crack (black solid line) in illustrations (a–c) represents a curved sheet.
The broken lines show different cutting plane positions: vertical to provide the view (b) and horizontal to provide the view (c).

Figure 13 X-ray CT image highlighting the substrate-side surface of the
100% PEG as-cast sample.
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with the spatial resolution of ~ 3 μm of X-ray CT. Therefore, it is
reasonable to consider that the bright regions in these images contain
highly bundled lamellae with high electron density. Therefore, the
‘ribbon’ shape of the bright region found in the center of the
spherulite (Figure 11a) can be ascribed to the axialite.
In our observation, the bright region at the spherulite center is

typically found in the interior of the polymer film. As observed in the
inset of Figure 5, the film surface gradually undulates, reflecting
the round shape of the spherulite. This topography indicates that the
growth fronts of the spherulites were terminated at the surface of
the as-cast sample. Figure 13 highlights the substrate-side surface of
the 100% PEG as-cast sample. Two broken circular curves with
~ 1.2mm and 0.5 mm diameter highlight a typical ‘rose-petal assem-
bly’ pattern, which corresponds to the spherulite intersection perpen-
dicular to the rotation axis (as illustrated in Figure 12b). Therefore, the
region is considered to be distant from the spherulite center, which
indicates that nucleation did not take place at the substrate-side
surface. To summarize, nucleation primarily takes place spontaneously
in the interior of the casting solution and is not triggered by the
substrate surface.

CONCLUSIONS

Unusually large spherulites were formed in the as-cast samples of
100% PEG and DL20 blend from dichloromethane solutions. More-
over, large cracks were successfully found in the PEG spherulites using
X-ray CT. It was found that the cracks run along constituent bundles
of the lamellar crystal and can therefore serve as indicators of the
lamellar orientation. X-ray CT revealed details of the spherulites in
three dimensions. PEG spherulites were well modeled as a curled
bundle of lamellar crystallites, as shown in Figure 12d. In addition, the
centers of the PEG spherulites were located in the interior of the film,
rather than on the substrate-side or free surfaces.
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