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a b s t r a c t

The local deformation behavior inside a poly(e caprolacton) (PCL)/polyvinylbutyral (PVB) banded
spherulite during drawing was observed by in-situ microbeam small-angle X-ray scattering (SAXS) –
wide-angle X-ray scattering (WAXS) – polarized optical microscopy (POM) simultaneous measurements.
From experimental results, we found that the local deformation of a PCL/PVB banded spherulite can be
divided into four stages. In stage I, disordering of the crystalline structure occurs. In stage II, the dis-
ordering of the crystalline structure ceases and disordering of the stacking and coarse slippage of the
lamellae occur. In stage III, after the breakdown of the twisted lamella structure, the reconstruction of
a long period structure occurs. In stage IV, further lamella slippage occurs. Our results show no evidence
of fine slippage at a local region during the drastic decrease in the long period. This strongly indicates
that the melting and recrystallization mechanism occurs during the lamella reconstruction of PCL/PVB.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

A full understanding of the deformation behavior of crystalline
polymers is one of the most important issues in the field of polymer
processing because it is directly related to the understanding of the
mechanical strength of polymeric materials. In a static field,
semicrystalline polymers generally form hierarchical structures
such as lamella stacking structures, fibril structures (in the form of
a lamella bundle) and spherulites. Upon drawing, stacked lamellae
are highly fragmented and the c-axis is oriented in the drawing
direction. Recently, based on the measurement of mechanical
properties and wide-angle X-ray scattering, Strobl and co-workers
proposed sequential four-step deformation mechanism [1]: (1) the
onset of isolated slip process, (2) a collective activity of slip, (3) the
beginning of crystalline fragmentation, and (4) chain disentangle-
ment resulting in a finite truly irreversible deformation. Surpris-
ingly, it has been reported that critical strains between these steps
are almost universal irrespective of polymer structures [2].
However, in spite of many studies on crystalline polymer defor-
mation by various experimental techniques [3–24], a detailed
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deformation mechanism about the long period reconstruction
process during drawing, is still an area of controversy. Corneliussen
and Peterlin found that the long period of drawn polyethylene
depends not on the initial long period but on the drawing
temperature, and they proposed a melting and recrystallization
mechanism [3]. Regarding the detailed process of the melting and
recrystallization mechanism, Peterlin further proposed a ‘micro-
necking’ process in which the folded lamella blocks are partially
unfolded before the formation of microfibrils [4]. The results of
transmitted electron microscopy (TEM) [6] and neutron scattering
[7,9] have supported the melting and recrystallization mechanism
for the long period reconstruction. On the other hand, structures
with fine slippage and coarse slippage exist in the deformed crys-
talline polymer under shear, which can be clearly distinguished
with two-dimensional small-angle X-ray scattering (SAXS) pattern
(see Fig. 1) [25]. In SAXS measurements during deformation, fine-
and coarse-slipped structures have often been reported [11–13,23].
Through detailed X-ray pole figure and morphology observations,
some researchers have suggested another long period reconstruc-
tion mechanism based on the fine slippage: the deformed lamellae,
the chain of which undergoes fine slippage, are pinched off, and
then fragmentized lamellae are recovered to become non slipped
lamellae [12]. While the mechanism of long period reconstruction
which occurs during the fragmentation process of lamellae is still
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Fig. 1. Illustration of lamellae after fine slippage (a) and coarse slippage (b) and their corresponding SAXS patterns.
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debated, it has been recognized that the deformation manner is
dependent on various factors such as the drawing temperature and
molecular structure of polymers.

There exist various inner structures such as a cross-hatch
structure in isotactic PP (iPP) [26] and a twisting lamella structure
in many crystalline polymer systems [27–29]. It is interesting to
understand the influence of these structures on the deformation
manner. We have recently investigated detailed deformation
behavior of iPP spherulite with microbeam small- and wide-angle
X-ray scattering (SAXS–WAXS) [30]. Microbeam SAXS–WAXS
provides the information about wide-scale hierarchical structure at
a local region and its spatial distribution with high statistical
accuracy, which are hard to obtain with conventional X-ray scat-
tering that provides only averaged structural information. Thus, it is
a unique and powerful tool to investigate local structure informa-
tion in a spherulite and is applied to various materials such as
polymeric fibers [31–33], spherulites [34–36], and composites [37].
Deformation mechanism of an isotropically grown structure such
as a spherulite is intrinsically inhomogeneous in space [38] and the
local deformation behavior should be investigated. By using in-situ
microbeam SAXS–WAXS–polarized optical microscopy (POM)
measurement during the deformation of an iPP spherulite, we
clarified the manner of sequential stress focusing in the cross-hatch
structure at a local region of the spherulite [30]. At a local region of
an iPP spherulite where the normal of parent lamellae is parallel to
the drawing direction, the following sequential deformation
process under drawing at 155 �C was found: (1) amorphous part
between crystalline lamellae is stretched, (2) crystal packing of
parent lamellae is disordered, and (3) the daughter lamellae is
reoriented with the fragmentation of the parent and daughter
lamellae. During the fragmentation, the long period gradually
decreased even though the drawing temperature was about 20 �C
higher than isothermal crystallization temperature for the forma-
tion of the spherulite. In this experiment, no sign which supports
melt and recrystallization mechanism was found.
In the present study, we focus on the deformation behavior of
banded spherulite. It is composed of a periodically twisted lamella
in the radial direction. The origin of the twisted structure has been
widely investigated because of the fundamental interest in the
formation of this complex structure [27–29,39–53], and is
attributed to the polymer crystal structure such as the asymmetric
force on the asymmetric growth front [49,50] and the chiral
structure [42,52,53]. It is interesting and important to elucidate
how the twisted lamella structure affects the deformation of
a spherulite. We apply in-situ microbeam SAXS–WAXS–POM
simultaneous measurement to observe the structural changes
during drawing in a poly(e caprolacton) (PCL)/polyvinylbutyral
(PVB) banded spherulite. PCL/PVB is a characteristic polymer
blend; addition of a small amount of PVB to PCL suppresses the
nucleation rate of PCL crystal by two orders of magnitude and PCL
forms a very large, highly ordered banded spherulite, the band
width of which is about 20 mm [29]. Therefore, the PCL/PVB blend
is one of the most appropriate model systems for investigating
deformation of banded structure in detail by microbeam SAXS–
WAXS. By applying microbeam SAXS–WAXS at a local region of
a PCL/PVB banded spherulite during drawing, we propose
a deformation mechanism of the banded spherulite, which well
agrees with four-step deformation mechanism by Strobl and co-
workers [1,2].

2. Experimental section

2.1. Materials

PCL and PVB were supplied by Wako Chemicals, Ltd., and were
used as received. Mw of PCL was 65,000 and Mw of PVB was
100,000. The PCL/PVB blend sample was prepared by dissolving the
desired ratio of PCL to PVB in the common solvent tetrahydrofuran.
The PCL/PVB blend ratio used in the experiment was 95/5. The
solution sample was cast upon a glass plate at room temperature.
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Then, the sample was kept under vacuum at 353 K for 1 day and at
313 K for 1 week.
2.2. Sample preparation for drawing

The solution cast PCL/PVB sample was pressed at 80 �C for
20 min by a compact pressing machine, cooled to 37 �C, and then
held for 10–12 h. Although this process was not strictly isothermal
crystallization, the induction period of PCL/PVB crystallization at
37 �C was very long (about 5–10 min) and the spherulite hardly
grows by the time the temperature of the pressing machine reaches
37 �C (about 10 min). Hence, approximately isothermal crystalli-
zation was expected to occur. The thickness of the obtained film
was approximately 100 mm and the size of the isothermally crys-
tallized spherulites was 2–3 mm in diameter.

Before the drawing experiment, crystallized film samples were
cut into rectangles (10 mm (L)� 2 mm (W)� 0.1 mm (D)) with
a notch, and crossed tungsten wires of 20 mm diameter were
attached to the sample by applying adhesive tape on the edges of
both long sides of the rectangles. The purpose of attaching the
crossed wires was to find the position of the X-ray microbeam
before the drawing experiment as described later.
2.3. In-situ microbeam SAXS–WAXS–POM simultaneous
measurement during drawing

In-situ microbeam SAXS–WAXS–POM experiments were per-
formed at BL40XU, SPring-8 (Hyogo, Japan). The detailed experi-
mental setup is described elsewhere [30]. A quasi-monochromatic
X-ray beam (DE/E w0.02) from a helical undulator [54] with
a wavelength of 0.83 Å was used. A microbeam was obtained by
simply inserting a pinhole of 3 mm diameter 15 cm upstream of the
sample position. Parasitic scattering was removed by a second
pinhole of 50 mm diameter that was inserted immediately before
the sample position. The beam size used in this study was about
4 mm� 4 mm in full width at half maximum (FWHM), which was
measured by scanning a tantalum knife edge of 100 mm thickness.

The film sample was placed in a temperature-controlled
uniaxial drawing machine. The drawing temperature was set at
30 �C in the experiment. The sample was observed under an optical
microscope, which was set without obstructing the X-ray path. The
position at which the X-ray impinged, the drawing ratio, and the
temperature of the sample were controlled from outside the X-ray
hutch. SAXS and WAXS images were simultaneously observed
using a cooled CCD coupled with an X-ray Image-Intensifier (XRII)
[55], and an X-ray flat-panel imager (C9728DK, Hamamatsu
Photonics, Ltd., Japan), respectively. The sample-to-detector
distances were about 2800 mm and 135 mm for SAXS and WAXS,
Fig. 2. Typical datasets obtained by POM (a), SAXS (b), and WAXS (c). In the POM image, th
shown in (c).
respectively. The position of the X-ray beam was fixed at an upper
region of a spherulite, when the spherulite was stretched in the
horizontal direction. The position of the microbeam was deter-
mined by using the crossed wires on the sample. When the
microbeam passed through the wires, a very strong streak pattern
was observed in the SAXS image. By finding the position where the
crossed streak pattern was observed, we obtained the rough posi-
tion of the microbeam. Once this position was identified under
a microscope, it was easy to pinpoint the position of the microbeam
by irradiating the polymer sample with the X-ray microbeam
without using a 1/1000 absorber which was inserted during the
measurement, and damaging the sample.

For data acquisition, the following procedure was repeated: (1)
a sample was drawn while monitoring the POM image, (2) the
drawing was stopped when any change was observed in the
spherulite, (3) the sample position was adjusted so that a micro-
beam hits a fixed position on the spherulite, and (4) SAXS and
WAXS images were simultaneously observed. The exposure time
was 2 s for both SAXS and WAXS. The SAXS–WAXS measurement
was performed within 20 s after stopping the drawing process. The
drawing speed was 0.05 mm/s and the initial distance between the
chucks was about 6 mm. It should be noted that the drawing speed
in the local region of a spherulite was significantly different from
the macroscopic drawing speed.
2.4. Analysis of SAXS patterns

Fig. 2(b) shows a raw SAXS pattern of PCL/PVB, where a highly
oriented pattern is observed. To analyze the structural deformation
of lamellae upon drawing, we extract the sector region of interest
from the SAXS pattern, as shown in Fig. 2, and averaged the
intensity over the sector. We fitted the obtained one-dimensional
scattering profiles with a Gaussian function and then evaluated the
long period of the lamellae. The FWHM of the SAXS patterns was
calculated from the scattering profiles perpendicular and parallel to
the drawing direction. The SAXS peak can be assigned as shown in
Fig. 3, which was already reported in our previous scanning
microbeam SAXS–WAXS simultaneous measurement [35,36].
2.5. Analysis of WAXS patterns

Fig. 2(c) shows a typical raw WAXS pattern. As shown in this
figure, only a partial pattern was obtained, because the detector for
WAXS was placed away from the axis of the X-ray beam so as to
record both SAXS and WAXS simultaneously. Two reflections, the
110 and 020 reflections, were analyzed to investigate the structural
change during drawing. The azimuthal distribution and sector-
averaged profiles of each reflection were calculated after
e position of the microbeam is shown by a dot. The definition of the azimuthal angle is



Fig. 3. Illustration of relationship between SAXS, WAXS patterns and twisted structure.
This correspondence was reported in our previous publication [35,36].
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background subtraction. Each diffraction peak in the sector-aver-
aged profile was fitted with a Gaussian function, and the FWHM of
each diffraction peak was obtained. The azimuthal angle was
defined as shown in the figure. The WAXS peak can be assigned as
shown in Fig. 3, which was already reported in our previous
scanning microbeam SAXS–WAXS simultaneous measurement
[35,36].

3. Results

3.1. In-situ microbeam SAXS–WAXS–POM measurement during
drawing of PCL/PVB

Fig. 4 shows microbeam SAXS–WAXS–POM datasets obtained
during the drawing. The black points in the figures indicated the
positions of the X-ray microbeam. Before drawing (Fig. 4(a)),
anisotropic SAXS and WAXS patterns were clearly observed, indi-
cating that a well-oriented higher-order structure was formed at
a very local region of the banded spherulite. The anisotropic SAXS
pattern originates from the lamella structure, the plane normal of
which is almost perpendicular to the incident X-ray microbeam. In
the partial two-dimensional WAXS pattern, one of the four 110
reflections was observed in Fig. 4(a). The 110 reflection arc in
Fig. 4(a) mainly originates from the lamella structure, the normal of
which is parallel to the incident X-ray microbeam [36].

In Fig. 4, the drastic changes in SAXS and WAXS patterns during
drawing are clearly observed. In SAXS, the anisotropic pattern
becomes broader and, in particular, the width of the scattering
intensity perpendicular to the drawing direction increases during
drawing. In the WAXS pattern, the azimuthal position of the 110
reflection, which is initially located at 122�, moved toward 90�,
while the 200 reflection correspondingly disappeared during
drawing. Through the quantitative analyses of the SAXS and WAXS
pattern changes, we found that the deformation process of a PCL/
PVB banded spherulite is divided into four stages. Thus, in the
following, we show the results of data analyses by relating them to
the four stages of deformation.

First, the results of WAXS data analyses are shown. In Fig. 5, the
changes in FWHM of the 110 and 200 reflections are shown. From
the FWHM of the 110 and 200 diffraction peaks along the radial
direction calculated from the sector-averaged WAXS profiles, the
order of crystalline structure, which includes the packing order and
the crystal size, was evaluated. In stage I, the disordering of
crystalline structure was induced by the action of stresses, while no
further disordering was observed in stage II. Next, the changes in
the azimuthal distribution of 110 and 200 reflections are shown in
Fig. 6. It was found that no drastic change occurred in the azimuthal
distribution of the 110 reflection until Frame No.11. At Frame No.12,
which is the boundary between stages II and III, a change in the
azimuthal distribution of the 110 reflection clearly occurred,
accompanied with the disappearance of the 200 reflection. These
results clearly indicate a change in the crystal orientation by the
breakdown of the initial twisting structure through the applied
stress.

In order to understand the change of the azimuthal distribution
of the WAXS pattern during the drawing process, scanning micro-
beam WAXS was performed. The upper regions of PCL/PVB spher-
ulites before and after drawing were scanned along the radial
direction of the spherulite using an X-ray microbeam. In Fig. 7, the
change in the azimuthal distribution of the 110 reflection during
the scanning of the spherulites is expressed as a contour map. The
abscissa is taken as the azimuthal angle and the ordinate as the
scanning position. In Fig. 7(a), a contour map obtained from
a banded spherulite before drawing is shown, where a periodic
change in the azimuthal distribution was clearly observed. It is
known that this periodic pattern of the 110 reflection indicates the
continuous twisting of the lamella structure [35]. On the other
hand, the contour map in Fig. 7(b) shows the azimuthal distribution
of the 110 reflection from the spherulite after drawing. The periodic
change in the azimuthal distribution is not observed after drawing.
The difference between Fig. 7(a) and (b) clearly indicates that the
change in the azimuthal distribution of the WAXS pattern in Fig. 6
originates from the breakdown of the periodic twisting structure
and the subsequent alignment of the c-axis orientation of the
crystal along the drawing direction.

Next, the results of SAXS data analyses are shown. The changes in
the long period and its FWHM in the SAXS pattern were calculated
from sector-averaged one-dimensional profiles (Fig. 8). In stage II,
the long period gradually increased, while no clear change in the
long period was observed in stage I. In stage III, the long period
drastically decreased. This decrease may correspond to the recon-
struction of large lamella structure, which will be discussed later.
Furthermore, it was also found that the SAXS peak broadened
perpendicular to the drawing direction during the drawing
(Fig. 4(e)–(g)), and SAXS pattern finally showed the two-bar pattern.
Therefore, we analyzed the FWHM of SAXS profiles perpendicular to
the drawing direction in each frame (Fig. 9). As shown in the figure,
FWHM of the SAXS intensity perpendicular to the drawing direction
started to increase in stage II, and this change accelerated in stage III
and continued in stage IV. Although the increase in FWHM occurred
before the drastic decrease in the long period, the SAXS pattern was
not a clear two-bar pattern but was still spotty at stage II though the
width gradually broadened. The SAXS pattern indicates that not the
fine slippage but the slight coarse slippage of lamellae partially
occurs in lamellae, c-axis of which are aligned along the drawing
direction, before the drastic reconstruction of long period structure
(see Fig. 1). For a clearer understanding of stage III, we computed
Fourier transforms of the SAXS profiles along the drawing direction
in Frame No. 12–14. The enlarged SAXS spots, the one-dimensional
SAXS intensity profiles along the radial direction, and the corre-
sponding Fourier transform profiles, i.e., the electron density
correlation functions, are shown in Fig.10. By comparing the Fourier
transform profiles, it was found that the electron density correlation
between the stacked lamellae in Frame No.13, which corresponds to
the transient state of lamella reconstruction, was weakest among
Frame No. 12–14, while the correlation in Frame No. 14, which
corresponds to the state after the reconstruction of lamellae, was
strongest. This means that the lamella stacking structure after the
reconstruction in stage III has a higher electron density correlation



Fig. 4. Representative POM-SAXS-WAXS datasets of PCL/PVB¼ 95/5 banded spherulite during drawing.
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than that before reconstruction. In addition, it should be noted that
the correlation function peak in Frame No. 14 is the strongest out of
the three frames at its first maximum at 170 Å and second minimum
at 220–230 Å. This stronger interference indicates that the unifor-
mity of the long period is higher.

For stage III, it is also interesting to compare the SAXS and WAXS
changes. The breakdown of the twisted lamella structure (see the
WAXS azimuthal distribution change from Frame No. 11 to Frame
No. 12 in Fig. 6) occurred before the drastic decrease in the long
period (see the change in the long period from Frame No. 12 to
Frame No.13). This clearly shows that the reconstruction of the long
period structure starts after the breakdown of the twisting lamella
structure. This seems reasonable because it is difficult to recon-
struct the lamella structure without destruction of the twisted
lamella structure.

3.2. DSC measurement of PCL/PVB before and after drawing

In the PCL/PVB blend system, a very large spherulite was
formed, and the deformed part of the spherulite was easily cut out



Fig. 5. Changes in FWHM of 110 reflection (open circles) and 200 reflection (closed
circles) during drawing.
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after drawing. By selecting only the deformed region from
a spherulite after drawing for DSC measurement, the thermal
property of the reconstructed lamella structure was examined. The
melting behavior of PCL/PVB after deformation was compared with
that before drawing (isothermally crystallized at 37 �C). Addition-
ally, the melting behavior of the PCL/PVB spherulite crystallized
under the isothermal condition at 30 �C, which corresponds to the
drawing temperature, was also compared. In Fig. 11, the melting
curve of isothermally crystallized PCL/PVB exhibited a single
melting peak with a wide distribution of endothermic heat flow. As
is well known, a sample isothermally crystallized at a lower
temperature has a melting peak at a lower temperature, indicating
lower thermal stability due to the formation of thinner lamellae
under larger undercooling. Surprisingly, the melting behavior of the
drawn PCL/PVB was considerably different from those of the
isothermally crystallized samples; the melting peak of the drawn
sample was much sharper. Furthermore, the peak melting
temperature of the drawn PCL/PVB was lower than that before
drawing and was comparable to that of PCL/PVB isothermally
crystallized at 30 �C, although the widths of the DSC profiles were
significantly different. This strongly indicates that the lamella
structure is greatly modified by the drawing procedure, resulting in
the reconstruction of lamellae with more uniform and lower
thickness. In order to transform lamellae with a wide thickness
distribution into those with a narrow thickness distribution, it
seems natural to consider the occurrence of melting and recrys-
tallization mechanism [3,4] during drawing. The mechanically
Fig. 6. Intensity map of azimuthal distribution of 110 refle
melted parts may have a memory of their structure such as their
orientation and conformation, and may easily recrystallize from the
memorized state like oriented melt at the drawing temperature. In
such a case, the melting point of the recrystallized sample should
be comparable to that of a sample isothermally crystallized at the
drawing temperature. We discuss the deformation mechanism in
detail in the final section.
4. Discussion

4.1. PCL/PVB banded spherulite deformation model

On the basis of our experimental results, a structural deforma-
tion model during drawing is constructed as shown in Fig. 12. In
stage I, disordering of the crystalline structure starts, while no
change in the long period and twisting lamella structure occurs. In
stage II, the disordering of the crystalline structure ceases, and
a gradual increase in the long period starts accompanied with
disordering of the stacking (see Fig. 8) and slight coarse slippage
(see Fig. 9). At the boundary of stages II and III, the destruction of
the twisted lamella structure occurs. In stage III, after the break-
down of the twisted lamella structure, the shortening of the long
period structure and further coarse slippage occurs, that is, the
reconstruction of the stacked lamella structure starts. During the
reconstruction of lamellae in stage III, the thickness distribution of
the lamella structure becomes much narrower, which may be
caused by the mechanical melting and recrystallization. In stage IV,
no clear characteristic was found except for the occurrence of
further coarse slippage of the lamellae, and therefore, this stage is
omitted in Fig. 12. This four stage model seems to agree with four-
step deformation model by Strobl and co-workers [1]. The dis-
ordering of crystal packing in stage I will be induced by the isolated
chain slippage. The coarse slip of lamellae in stage II will corre-
spond to the collective activity of slippage. The destruction of
twisting and drastic change in long period in stage III will corre-
spond to fragmentation process. The further coarse slip in stage IV
will be induced by the chain disentanglement.

The sequence of this deformation model seems reasonable.
Initially, the stress is focused on disordering of the crystalline
structure. After the disordering of the packing, the coarse slippage
of lamellae may easily occur. Twisting lamellae, which consists of
a disordered structure with coarse slippage, may be then broken
down and their c-axis may be aligned along the drawing direction.
ction (left) and 200 reflection (right) during drawing.



Fig. 7. Intensity map of azimuthal distribution of 110 reflection of PCL crystallized at
37 �C before drawing (a) and after drawing (b).
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After the alignment of the c-axis of lamellae along the drawing
direction, the drastic reconstruction of the lamellae will finally
occur. Note that the deformation manner of lamella structures
which cannot be detected by microbeam 2D-SAXS and WAXS is still
unclear even with our experiment.
4.2. Discussion on melting and recrystallization mechanism

The model of reconstruction of the lamella structure during
drawing is still unclear. Peterlin and co-workers suggested
a micronecking mechanism involving the melting and
Fig. 8. Change in lamellar long period (closed circles) and FWHM of SAXS intensity
profiles along drawing direction (open circles) obtained from the sector-averaged SAXS
intensity profiles.
recrystallization process of PE, which was based on the results of
the melting temperature change during drawing and morphology
observation [3,4]. In their experiments, the initial lamella thickness
hardly affected the final lamella thickness after drawing, and the
final structure was only determined by the drawing temperature.
Some authors used small-angle neutron scattering and reported
experimental results that supported the melting and recrystalli-
zation of PE under some experimental conditions [7,9,10]. On the
other hand, from the results of X-ray scattering and morphology
observation, other authors suggested a different model for the
change in lamella thickness during drawing. They considered the
reconstruction of lamella as being due to the fine slippage of
lamellae and the recovery from the fragmented slippage state [11–
13]. Actually, the lamellae are thinner after fine slippage, and there
are several reports in which experimental evidence of fine slippage
during the compression of PE sheets is presented [13,14]. In one
scenario that rejects the mechanism of melting and recrystalliza-
tion, the structure is pinched off after the fine slippage, and the
fragmented structure with fine slippage is recovered when a strong
deformation force is applied [12]. In this scenario, the recovered
structure has a different lamella thickness from original lamellae,
depending on the angle of tilting and experimental conditions such
as the deformation temperature.

We consider that the reason why such a controversy has
continued until now is partially due to the limitation of the
experimental techniques. Microscopic methods such as TEM cannot
easily observe in-situ structural changes in the range of the hier-
archical structure, and furthermore, the statistical accuracy is poor.
On the other hand, scattering techniques have so far shown only
spatially averaged structure information, comprising the superpo-
sition of various deformation stages in different regions of
spherulites.

The microbeam X-ray scattering technique can overcome such
experimental limitations. Actually, in our experiment, we observed
the deformation behavior at a very local region with good statistical
accuracy. In our results, we did not find any clear evidence for fine
slippage at the upper region of the spherulite during a drastic
change in the long period. Thus, in the case of lamella reconstruc-
tion, where the lamella plane normal is already parallel to the
drawing direction, the deformation model based on fine slippage
Fig. 9. FWHM of SAXS intensity in the direction perpendicular to the drawing direc-
tion during drawing.



Fig. 10. SAXS pattern change in stage III (left), the extracted one-dimensional profiles (upper right), and Fourier transform of the profiles (lower right).

Fig. 11. DSC results for PCL/PVB¼ 95/5 isothermally crystallized at 37 �C before
drawing (solid line), after drawing (dotted line), and PCL/PVB¼ 95/5 isothermally
crystallized at 30 �C (dashed line).
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and the recovery process in lamellae is not adequate for explaining
the reconstruction of the long period. In this case, drastic coarse
slippage accompanied with melting and recrystallization appears
to be the only essential process for lamella spacing reconstruction.

By combining our results with previous results, fine slippage is
considered as an additional preliminary process in the region where
the chain axis of the lamellae is inclined to the drawing direction. In
such a region, strong shear stress will be applied to inclined
lamellae and the fine slip structure will be formed. When the chain
is aligned along the drawing direction via fine slippage, drastic
coarse slippage will proceed. Several authors already proposed that
double yielding points in stress–strain curve correspond to fine
slippage and coarse slippage, respectively [56]. In addition, it should
be noted that there is the possibility of fine slippage during the
destruction of twisting structure in the lamellae which is not
detected by X-ray scattering. In the deformation of a PCL/PVB
banded spherulite, the breakdown of twisting at the boundary of
stage II and III is also included as a preliminary process, and during
the alignment of lamellae, the fine slippage may occur though it
cannot be measured with our experimental setup. In the future, the
validity of this concept should be examined by further microbeam



Fig. 12. Structural deformation model during drawing of PCL/PVB.
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in-situ SAXS–WAXS–POM measurements during drawing at an
inclined lamella region of a spherulite.

Next, the lamella reconstruction mechanism which occurs in
stage III is discussed. In PCL/PVB, it is difficult to explain the drastic
change in the long period structure and its thermal property
without considering the melting and recrystallization mechanism.
Furthermore, as shown in Fig. 8, the drastic reconstruction of the
long period structure occurs in a very short time, and the moment
of melting and recrystallization may be difficult to determine by an
ex-situ method and spatially averaged experimental techniques.
Our microbeam experimental results strongly indicate that the
mechanical melting and recrystallization process occurs in stage III,
where the correlation function at the end of stage III showed much
stronger correlation than that at the beginning of stage III.

However, it should be also noted that the melting and recrys-
tallization mechanism may not be a universal mechanism in other
polymer systems. In PE, it is considered that melting and recrys-
tallization will only occur at higher temperature than 95 �C [9].
Furthermore, the deformation manner itself strongly depends on
the type of polymer and the drawing conditions. For example, in
our previous study, the deformation behavior of an iPP spherulite
was investigated by microbeam SAXS–WAXS–POM simultaneous
measurement [30]. In this case, the long period after drawing at
154 �C was thinner than that of the initial state, which was formed
by isothermal crystallization at 128 �C, and a similar phenomenon
in iPP was also reported by other authors [57]. In the case of iPP, we
concluded that no evidence of melting and recrystallization was
observed and that a simple fragmentation process may be the main
mechanism in iPP deformation under our experimental conditions.
Interestingly, in iPP, the decrease in the long period occurs with the
‘ordering’ of lamella stacking, while the decrease in the long period
in PCL/PVB occurs with the ‘disordering’ of lamella stacking. This
difference also strongly indicates that the mechanism of recon-
struction of lamella long period is completely dependent on the
type of polymer and the drawing conditions. In order to fully
understand the essential point of the deformation mechanism of
lamella rearrangement, we must systematically perform micro-
beam SAXS–WAXS experiments for various polymer spherulites
and classify the deformation mechanism, which may be strongly
dependent on the crystal structure (for example, the possibility of
sliding diffusion) and drawing conditions (for example, the rela-
tionship between the characteristic relaxation time of the polymer
chain and the drawing rate).

5. Conclusion

We have performed in-situ microbeam SAXS–WAXS–POM
simultaneous measurements during the drawing of PCL/PVB
banded spherulites. From the experimental results, we propose
a deformation model for PCL/PVB banded spherulites with four
stages. In stage I, disordering of the crystalline structure occurs. In
stage II, the disordering of the crystalline structure ceases and
disordering of the stacking and coarse slippage of the lamellae
occur. In stage III, after the breakdown of the twisting lamella
structure, the reconstruction of a long period structure occurs. In
stage IV, further lamella slippage occurs. In addition, our results
show no evidence of fine slippage during the drastic decrease in the
long period, which is sometimes considered as a key structural
change in the proposed mechanisms other than the melting and
recrystallization mechanism. Thus, our results strongly indicate
that the melting and recrystallization mechanism is dominant
during the lamella reconstruction of PCL/PVB. We have demon-
strated that microbeam SAXS–WAXS–POM simultaneous
measurement clearly shows the pathway of structure deformation
in a complex hierarchical structure.
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