
ORIGINAL ARTICLE

In situ small-angle X-ray and neutron scattering
measurements on a blend of deuterated and
hydrogenated polyethylenes during uniaxial drawing

Go Matsuba1, Chie Ito2, Yunfeng Zhao1, Rintaro Inoue2, Koji Nishida2 and Toshiji Kanaya2

In situ small-angle X-ray and neutron scattering (SAXS and SANS) measurements were conducted on an isotropic blend of

deuterated polyethylene and hydrogenated polyethylene (HPE; 3 wt%) during uniaxial drawing at 125 1C to clarify the formation

mechanism of the shish-kebab from the isotropic film. In the early stage of drawing, two-spot scattering patterns were observed

along the drawing direction in both the SAXS and SANS patterns, and the patterns gradually shifted to lower angles, which

indicated that the isotropic lamellar crystals rotate and orient to align and that the long period increases because of the

elongation of the amorphous region. In the late stage of drawing, the long-period peak gradually shifted to higher angles and

the peak width broadened and finally disappeared at the local drawing ratio RDB6.0, suggesting fragmentation of lamellar

crystals (kebabs) and pulling of the polymer chains out of the kebab. However, only the 2D SANS patterns exhibited streak-like

scattering in the direction normal to drawing above RDB2.4, suggesting the preferential orientation and stretching of the HPE

chains to form the extended chain crystal (shish). By analyzing the SANS data using the multicore-shell cylinder model, the

diameter of the shish that consisted of HPE decreased from 9.0 to 4.5nm when the drawing was increased from RD¼3.8 to 8.0.
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INTRODUCTION

Polymer processing is one of the most important areas of research and
development in polymer industries. Consequently, understanding the
crystallization process of semi-crystalline polymers under various
flows, such as shear, elongation and drawing, and the subsequent
orientation and deformation processes of crystals for controlling
the higher order structure is of considerable importance.1–5 During
the crystallization process under flows, the so-called shish-kebab
structure, which consists of a long central core (shish) surrounded by
lamellar crystals (kebabs), is often observed. It is believed that the
shish-kebab is the structural origin of the ultrahigh strength and
modulus of fibers; therefore, intensive research studies have been
conducted by many research groups with the aim of examining the
structure and the formation process of the shish-kebab.6–17 Recent
research trends include the use of a shear cell with the so-called
short-term shear technique.15,18–24 This technique is excellent for
investigating the formation mechanism of the shish-kebab during the
early crystallization stage under mild shear conditions. However, it is
known that there are many methods for preparing fibers with the

shish-kebab structure that have ultrahigh modulus and strength, such
as processing by extruding,3,8–10 gel spinning16,17 and super drawing of
isotropic films.25–28 The morphology in polyethylene (PE) prepared by
melt extrusion was studied by Keller et al.7–10 using transmission
electron microscopy (TEM), and the authors observed that the shish
was B10nm in diameter and several micrometers in length. Based on
the TEM results, it was concluded that the shish is an extended chain
crystal and the kebab is a folded chain crystal. A PE gel spun fiber was
also studied by Ohta et al.16,17 using TEM; the authors reported a
similar shish-kebab structure with an ultrahigh modulus and strength
fiber. Therefore, many studies have demonstrated that the final
morphology in ultrahigh modulus and strength fibers prepared using
various methods is the shish-kebab structure although the formation
mechanism of the shish-kebab must be different in each type of fiber
because the initial structure is considerably different in each method.
In previous works,29 we have studied an uniaxially elongated PE

blend of deuterated low molecular weight PE and hydrogenated
high molecular weight PE (2.8 wt%) using neutron and X-ray
scattering techniques over a wide range of scattering vector, Q
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(1� 10�3B30nm�1), where Q¼ 4psiny/l (2y and l are the
scattering angle and wavelength, respectively). We previously
observed that the fibril structure in the mm scale was formed from
a high molecular weight component from the quantitative analysis of
the data using the multicore-shell cylinder model, we determined that
the fibril structure was B1mm in radius and approximately about
12mm long and included approximately three extended chain crystals
with radius of B4.5 nm. This study clarified the detailed structure of
the shish-kebab in uniaxially elongated PE but unfortunately did not
provide direct information about the formation mechanism of the
shish-kebab in the elongated fiber. Therefore, in this study, we focus
on the structure development in an isotropic PE film during drawing
at a temperature just below the nominal melting temperature, Tm, to
clarify the shish-kebab formation mechanism. For this purpose, we
prepared a PE blend of deuterated and hydrogenated PE and
performed in situ small-angle X-ray and neutron scattering (SAXS
and SANS) measurements during drawing. The SAXS patterns were
analyzed to clarify the formation mechanism of the kebab (oriented
lamellar crystals), and the 2D SANS patterns were analyzed using
the multicore-shell cylinder model to clarify the shish formation
mechanism from an isotropic film.

EXPERIMENTAL SECTION
We used hydrogenated PE (HPE) supplied from Mitsui Chemical Inc., Tokyo,

Japan (Mw¼ 2 000 000 and Mw/Mn¼ 12) and deuterated PE (DPE) bought

from Cambridge Isotope Laboratories, Inc., Andover, MA, USA (Mw¼ 600 000

and Mw/Mn¼ 2) in this experiment. The nominal melting temperatures of

HPE and DPE determined by differential scanning calorimetry measurements

were 131 and 126 1C, respectively, at a heating rate of 5 1Cmin�1. The blend of

HPE and DPE was prepared as follows. The two PEs were dissolved in hot o-

dichlorobenzene with an antioxidant reagent (2,6-t-butyl-p-cresole) to form a

homogeneous solution at 145 1C under a nitrogen atmosphere. After main-

taining the solution at 145 1C for 2 h, it was poured into methanol to

precipitate the blend. The blend sample was filtered from o-dichlorobenzene

and rinsed with methanol. The precipitate was vacuum-dried at room

temperature for several days. The dried samples were hot-pressed at 170 1C

for 3min and rapidly quenched in ice water to obtain a film that was

B0.5mm thick. The concentration of HPE in the blend was 3 wt%.

In situ SANS measurements were performed using the SANS-U spectro-

meter at the JRR-3 reactor,30 Japan Atomic Energy Agency, Tokai, Japan. In the

SANS-U spectrometer, the scattering vector, Q, range was 0.07–0.7 nm�1. The

neutron wavelength (l) was 0.7 nm, and the dispersion (Dl/l) was 10%. The

scattered neutrons were detected using a two-dimensional position sensitive

detector that had an area of 65� 65 cm2 (128� 128 pixel2). In situ SAXS

measurements were performed on the BL-15A beamline31 at the Photon

Factory, KEK, Tsukuba, Japan. The sample-to-camera distance was 2.1m, and

the X-ray wavelength was 0.15nm. A CCD camera (C7330: Hamamatsu

Photonics K.K., Hamamatsu, Japan) with an image intensifier was used as the

detector for the in situ SAXS measurements. The Q range was 0.08–1.5nm�1.

The exposure times were 300 and 2 s for the SANS and SAXS measurements,

respectively. The SANS and SAXS patterns were recorded every 5min and 10 s,

respectively. The two-dimensional (2D) SANS and SAXS patterns were

evaluated after correcting the raw data for the sample thickness and

background. For the analysis of the SANS and SAXS patterns, we calculated

the sector-averaged intensities parallel and normal to the drawing direction

from the 2D profiles in azimuthal angle ranges between �201 and þ 201 and

between þ 701 and þ 1101 to evaluate the oriented structure.

The films were drawn at 125 1C using a homemade drawing machine in

both the SANS and SAXS spectrometers. Before drawing, the sample was

crystallized at 125 1C for 20min in the sample cell, which ensured that each

experiment was conducted with samples that had the same thermal history. We

selected this temperature (125 1C) because it is above the so-called ac transition
temperature Tac (B75 1C) in PE,32 above which PE chains can translate inside

the crystal. Therefore, we expected that the chains were pulled out from the

crystals during the drawing process.16 The initial sample length was 20mm.

Drawing at 125 1C was performed at a rate of 6mms�1 in the drawing

machine; therefore, the average strain rate was 3.0� 10�4 s�1. The local

drawing ratio, RD, in the irradiated position of the specimen was determined

by measuring the displacement of marks on the specimen at intervals of 1mm

before drawing. In this condition, it took B140min to finish the drawing up

to RD¼ 8.0 at the irradiated position of the specimen. Therefore, the effective

strain rate was 8.3� 10�4 s�1. Note that we did not observe necking during

the drawing process.

RESULTS AND DISCUSSION

Figure 1 presents the time evolution of the 2D SANS and SAXS
patterns during the drawing process at 125 1C at various drawing
ratios, RDs. The SANS and SAXS patterns at RD¼ 1.0 before drawing
are isotropic and exhibit a broad scattering maximum at approxi-
mately Q¼ 0.12nm�1. This broad peak is a well-known long-period
peak and corresponds to the spacing between the lamellar crystals.
The isotropic patterns indicate that the lamellar crystals are iso-
tropically distributed in the sample. Note that the SANS and the
SAXS were almost identical before drawing, which indicates that the
HPE chains were homogeneously distributed in the DPE. At RD¼ 1.8,
two-spot scattering patterns in the direction parallel to drawing were
observed in both the SANS and SAXS measurements. This result must
be due to the orientation of the lamellar crystals to align along the
drawing direction. The oriented lamellar crystals become the so-called
kebabs; therefore, the oriented lamellar crystals were called kebabs
hereafter. At RD¼ 2.4, not only the two-spot scattering from the
kebabs but also streak-like scattering in the normal direction to
drawing were observed in the SANS pattern although the intensity of
the streak-like scattering was weak. However, only the two-spot
scattering from the kebabs was observed in the SAXS pattern. These
results can be understood by considering the difference of scattering

Figure 1 2D SANS and SAXS patterns for various drawing ratios, RD. The drawing direction is longitudinal.
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contrasts between neutrons and X-rays. It is well known that the
neutron scattering contrast is determined by the scattering length
density difference,33 but the X-ray scattering contrast is dominated by
the electron density difference.34 Therefore, in the DPE and HPE
blend, the neutron scattering contrast is determined by the density
fluctuations between the crystalline and amorphous phases and the
composition fluctuations between DPE and HPE. However, the X-ray
scattering contrast is only dominated by the density fluctuations
between the crystalline and amorphous phases. Therefore, it is
believed that the streak-like scattering in the SANS patterns was
caused by the preferential orientation of HPE parallel to the drawing
direction. This preferential orientation must be due to the higher
molecular weight of HPE (Mw¼ 2 000 000) compared with DPE
(Mw¼ 600 000), and the oriented structure must develop into the so-
called shish.29 At RD¼ 4.4, the two-spot scattering from the kebabs
weakened in intensity and broadened in width in the direction
normal to the drawing in both the SAXS and SANS patterns, although
the streak-like scattering became distinct in the SANS pattern. When
the drawing ratio was increased to RD¼ 8.0, the two-spot scattering
disappeared in the SANS and SAXS patterns, suggesting that the
kebabs disappeared and the shish grew. A similar disappearance of the
kebabs has been reported in PE fibers prepared using a gel spinning
method during drawing by Ohta et al.17 The streak-like scattering
normal to the drawing direction, however, became stronger only in
the SANS patterns, which indicates that more HPE chains were
participating in the shish. We attempted to evaluate the fraction
change of HPE during the drawing, but it was impossible to estimate
because the scattering intensity depended on both the scattering
contrast and the number of the shish (or the total volume fraction of
shish); it was extremely difficult to separate the two contributions
during the drawing process. In principle, the shish would be observed
even in the SAXS measurements, but it was not observed during this
experiment. This result must be because the small number of shish
crystals were below the threshold for detection. We conducted SANS
measurements during the heating process after the drawing and
observed that the highest melting temperature that corresponded to
the streak-like scattering was B141 1C, which was close to the
equilibrium melting temperature. This observation confirms that
the streak-like scattering includes extended chain crystals (or shishs),
although there were not many crystals.
For a more detailed analysis of the orientation and disappearance

of the lamellar crystals (or the kebabs), we calculated the 1D SAXS
profiles along the direction parallel to drawing because we saw the
density fluctuations between the lamellar crystal and amorphous
phases in the SAXS but not the composition fluctuation between DPE
and HPE. The calculated 1D SAXS profiles are plotted in Figure 2 for
various drawing ratios after correcting for the Lorentz-factor
[I(Q) �Q2].35 The long period, L, was evaluated from the peak
positions, Qpeak, through L¼ 2p/Qpeak and plotted in Figure 3 with
the peak intensity, Ipeak, as a function of the drawing ratio. The long
period, L, and the peak intensity, Ipeak, increased with drawing in the
low RD region, and after presenting a maximum at RDB1.8, both of
the parameters decreased with drawing and the peak finally dis-
appeared at RDB6.0. During the early stage of drawing below
RDB1.8, the isotropically distributed lamellar crystals rotated and
oriented along the parallel direction due to the drawing, then the
isotropic scattering pattern became the anisotropic two-spot pattern.
To quantitatively evaluate the orientation of the lamellar crystals, we
calculated the ratio of the integrated intensity of the parallel direction
to that of the normal one (Iparallel/Inormal) in the range of
Q¼ 0.08–0.15 nm�1. This ratio is a measure of the orientation. The

result is shown in Figure 4 as a function of RD. The ratio began to
increase with the drawing ratio above RDB1.5, which indicated that
the lamellar crystals began to rotate and orient to align to the
stretching direction. According to the anisotropic change of the
scattering pattern, the peak intensity becomes stronger because many
lamellar crystals (or kebabs) orient in the same direction. In this
process, the long period, L, of parallel direction became longer, likely
because of the elongation of the amorphous region between the
lamellar crystals because of the drawing. In addition, the width of the
scattering peak became narrow in the parallel direction, as observed in
Figure 2, which suggests that the distribution of the long period, L, in
the parallel direction became narrow. On further drawing above
RDB1.8, the long period, L, and the peak intensity, Ipeak, decreased
with drawing. This result could be explained in terms of lamellar
fragmentation.36–38 When tie chains in the amorphous region
between the lamellar crystals are fully stretched during the drawing
process, a large stress is exerted on the lamellar crystals. In this
situation, the lamellar crystals must be broken into two or more
pieces (fragmentation), resulting in a reduction in the long period, L.
The distribution of the long period, L, must be broader, thereby
resulting in a broader width of the scattering peak in the parallel

Figure 2 SAXS intensity, I(Q) �Q2, in the direction parallel to drawing for

various drawing ratios, RD, after correcting for the Lorentz-factor.

Figure 3 Long period, L, and peak intensity, Ipeak, as a function of the

drawing ratio, RD.
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direction above RDB3.0, as observed in Figure 2. Furthermore, the
reduction in the lateral size of the fragmented lamellar crystals caused
the broadening of the peak width in the normal direction, which is
observed in Figure 1. Both of the broadenings weakened the peak
intensity. These facts agree with the experimental observations. In the
high drawing ratio region above RDB6.0, the long-period peak
disappears, as observed in Figure 2. In other words, the kebabs might
disappear with drawing. In this region, the lamellar crystals were
further fragmented into smaller crystallites. Finally, polymer chains in
the lamellar crystals could be pulled out because the temperature
(125 1C) was above the ac transition temperature Tac.

32 Hiss et al.36

insisted that polymer chains were disentangled in high drawing ratios.
It is therefore expected that the pulled and disentangled chains are
incorporated into the extended chain crystal (or the shish) in the nm
length scale.39,40 To confirm this expectation, we analyzed the SANS
data with a focus on the streak scattering normal to the drawing
direction.
As previously mentioned, the streak scattering was observed in the

direction normal to the drawing only in the SANS pattern (see
Figure 1) in the drawing range above RD¼ 2.4. This result suggests
that the shish is primarily formed by the high molecular weight HPE;
therefore, analyzing the SANS data in the normal direction will yield
information about the formation of the shish structure during the
drawing process.
In our previous study,29 we performed SANS and SAXS

measurements on a similar blend of HPE and DPE over a wide Q
range (1� 10�3B30nm�1) using various scattering instruments,
and we observed that the streak scattering originated from fibril
structures in the mm scale, including some extended chain crystals
(the shishs) in the nm-scale29 based on the analyses using the
multicore-shell cylinder model. The origin of the fibril structure in
the mm scale is not currently clear, but one possibility is that the
entangled HPE network is stretched and split into bundles in the
direction normal to drawing.We have checked the phase separation
between HPE and DPE at 190 1C for 2 h, but could not find any signs
of the phase separation. In the present work, however, the Q range is
limited due to the in situmeasurements. Therefore, we cannot directly
evaluate the fibril structure on the mm scale, but we assume that the

streak-like scattering originated from the fibril structure, including the
shish structure in the nm scale consisting of HPE, similar to the
previous work.29 It was further assumed that the extended chain
crystals and fibrils consisted of HPE and a mixture of HPE and DPE,
respectively, and that the fibrils were surrounded by a matrix of DPE.
Under these assumptions, the scattering intensity of the model could
be approximated by

ISANSðQÞ¼ ðrcD � raDÞ
2IdenðQÞþ ðrcH � raDÞ

2IrowðQÞþ Iinc ð1Þ

where rcD, raD and rcH are the scattering length densities of DPE in
the crystalline region, DPE in the amorphous region and HPE in
the crystalline region, respectively, and Iden(Q), Irow(Q) and Iinc are
the structure factor due to the density fluctuations, the form factor of
the fibril including the extended chain crystals (shishs) in the nm
scale, and the incoherent scattering intensity, respectively. The first
term corresponds to the Fourier transform of the density correlation
functions, therefore Iden(Q) can be observed in the SAXS
measurement, and equation (1) is written as

ISANSðQÞ¼KISAXSðQÞþ ðrcH � raDÞ
2IrowðQÞþ Iinc ð2Þ

where K is a ratio of contrast factor of neutron scattering to X-ray
scattering. In this procedure, we neglected the incoherent scattering
contribution mainly from hydrogen atoms in HPE because the
concentration of HPE was very small, as shown previously.29

We evaluated the contrast factor, K, by comparing the neutron and
X-ray scattering intensities in the high Q range above 10nm�1 in our
previous paper.29 The X-ray intensity was adjusted to the neutron
intensity such that the intensity ratio of the wide angle X-ray
scattering to the wide angle neutron scattering was equal to the
calculated ratio. In this in situ experiment, we only performed the
X-ray and neutron-scattering measurements over a limited Q range,
and we did not have neutron and X-ray scattering data in a high Q
region above 10nm�1. Therefore, we used the same contrast factor
value for the neutron scattering to X-ray scattering as before.29 Using
the contrast factor, we calculated the X-ray scattering intensity relative
to the neutron intensity in both the parallel and normal directions.
After subtracting the X-ray data, the SANS intensities were plotted
at RD¼ 6.0 and 8.0 in Figures 5a and b, respectively. The SANS
intensities corresponds to the second term in equation (2). Note that
the SAXS intensity is lower than the SANS intensity by more than one
order of magnitude in the normal direction, and hence, the effect of
the subtraction is not significant. However, the SAXS intensity is
almost comparable with the SANS intensity in the parallel direction,
especially in the high Q range above 0.2 nm�1, and the subtraction
was not successful; therefore, we excluded the data above Q¼ 0.2
nm�1. The strong streak scattering in the normal direction in the
SANS patterns must be mainly due to the shish structure composed
by HPE, and could be regarded as a form factor of the fibril in the mm
scale including the nm-scale shish (second term in equation (2)). To
describe the form factor, we employed the multicore-shell cylinder
model.29 Although the multicore-shell cylinder model was explained
in the previous paper,29 we recall here the essence of the model. The
schematic drawing of the model is shown in Figure 6. In the model,
the fibril structure that consists of a mixture of HPE and DPE is
expressed by a large cylinder with a diameter of 2Rshell and a height of
2H. The fibril includes some extended chain crystals (or shishs) of
HPE, which are expressed by core cylinders with a radius of 2Rcore

and a height of 2H. The number of the core cylinders is given by n.
Neglecting the cross terms between the cores and between the core
and shell in this model, the scattering intensity could be

Figure 4 Ratio of the integrated SAXS intensity for the parallel direction to

that for the normal one in the range of Q¼0.08–0.15nm�1.
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approximated by

Icore-shellðQÞ¼ ½Vshellðrshell � �rDÞFðQ;Rshell;HÞ�2

þ ½nVcoreðrcore � rshellÞFðQ;Rcore;HÞ�2
ð3Þ

where F(Q,R,H) is scattering amplitude of a cylinder with a length
of 2H and a radius of R, reported by Shibayama et al.,41 Vshell,
Vcore, Rshell and Rcore are the shell and core volumes and the shell
and core radii, respectively, and rshell, rcore and �rD are the
scattering length densities in the shell, the core, and the DPE
matrix, respectively. Following the previous procedure,29 we
assumed rcore¼ rcH and rshell was calculated assuming that the
shell volume fraction was 0.3 and that the HPE was homogeneously
distributed in the shell with the degree of crystallinity of 0.63,
which were determined by the differential scanning calorimetry
data. �rD was calculated under the assumption that the matrix only
consisted of DPE. Note that the shell volume fraction of 0.3 was
determined in the fitting procedure as follows.29 It was assumed
that the HPEs were distributed homogeneously in the shell. Under
these assumptions, we calculated rshell after we determined the
volume fraction of the shell. In the multicore-shell cylinder model,
the intensity is given by equation (3); therefore, the intensity ratio
at Q¼ 0 is R¼ ½Vshellðrshell � �rDÞ�

2/½nVcoreðrcore � rshellÞ�
2: Extra-

polating to Q¼ 0, we determined the ratio R of B10�7, corre-
sponding to the shell volume fraction of 0.3. As mentioned
previously, the Q range in this experiment was limited; therefore,
it was impossible to determine the radius, Rshell and height, 2H, in
the mm scale directly. As we could not determine these values
directly, we used the same values of Rshell¼ 1 mm and 2H¼ 12 mm
as those in the previous report.29 Similar fibril structures in the mm
scale have often been observed with TEM28,42 and scanning
electron microscope.43 We also observed the fibril structure in
the PE blend with a radius of B1 mm in confocal microscope
measurements, although the data are not shown here. Note that
the value of the mm-scale radius Rshell does not affect the size
evaluation in the nm-scale shish because the length scales are
considerably different.
We first calculated the form factor of a shell cylinder with the

average value of Rshell¼ 1mm and the dispersion of 20%, which are

shown by dashed lines in Figures 5a and b, adjusting the lines to the
data below 0.15nm�1. The line is simply a power law with an
exponent of �3, which corresponds to an asymptotic form factor
of an oriented cylinder in the normal direction to the long axis.
It is clear that the SANS profiles show excess scattering intensities
over the power law suggesting some internal structure that must be
the nm-scale shish (the extended chain crystal) with a radius of
several nm, which Keller et al.3,7–10 reported several decades ago.
Then, we fitted the multicore-shell cylinder model to the observed
SANS intensity in the normal direction, and the results of fits are
shown by solid thick curves in Figures 5a and b. The results of fits are
very good. The nm-scale shish (core cylinder) contribution is shown
by dotted lines in Figure 5. From the fit in Figures 5a and b, we
estimated the radii of the core cylinders, which were 7.0 and 4.5 nm
for RD¼ 6.0 and 8.0, respectively. The numbers of the core cylinders
were B1.5 in both cases. These results suggest that the mm-scale fibril
structure with a radius of B1mm includes B1.5 extended chain
crystals. Because of this small number, we did not observe the
extended chain crystals with the SAXS measurement. Note that the
ratio of scattering intensity in the parallel direction to the normal one
is a function of the cylinder length, 2H, at a given radius R. Therefore,
we calculated the parallel intensity as a function of 2H for Rshell¼ 1
mm (see chain lines in Figure 5), and determined that the intensity
calculated for 2HB12mm is the best to describe the observed
intensity. This value is very similar with the previously reported
value.29

We fitted the calculated scattering function from the multicore-
shell cylinder model to the data at different drawing ratios, and
evaluated the number, n, and the radius, Rcore, of the core cylinder
(nm-scale shish). The results are shown in Figure 7. The radius of the
core cylinder decreased with the increased the drawing ratio. This
result means that the core cylinder composed of HPE chains became
thinner with drawing. However, the number of core cylinders in the
fibril structure was almost independent of the drawing ratio. During
the drawing process, the core cylinder does not split off to create new
core cylinders, rather, it simply thins.
As shown above, the kebab structure gradually disappeared when

RD41.8 and may have merged into the nm-scale shish structure. If
this explanation is correct, the shish should increase in diameter.

Figure 5 1D SANS intensities after subtracting the density fluctuation contributions in the parallel and normal direction to drawing for a blend of DPE and

HPE (3 wt%) at 125 1C. The drawing ratios are RD¼6.0 (a) and 8.0 (b). The solid line is the result of fit with the multicore-shell cylinder model to the

SANS intensity in the normal direction, and dashed and dotted lines are the contributions from the shell cylinder with Rshell¼1mm and the core cylinder

with Rcore¼4.5 nm, respectively. Chain line is the calculated intensity in the parallel direction from multicore-shell cylinder model with 2H¼12mm and

Rshell¼1mm.
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However, we observe a thinning of the radius of the nm-scale shish
structure rather than a thickening. In the early stage of the drawing
process, we observed the preferential orientation and extension of
high molecular weight HPE to form the shish, suggesting that the
shish in the early stage was primarily formed from HPE. On further
drawing, the lamellar crystals (the kebabs), which mainly consisted of
DPE because of a very high fraction of DPE (97 wt%), were
fragmented into small lamellar crystals. Finally, DPE chains were
pulled from the lamellar crystals (the kebabs) to merge onto the shish.
In the SANS measurements, we observed the nm-scale shish produced
from HPE in the DPE matrix because of the high SANS contrast
between HPE and DPE. In the late stage of the drawing process, the
DPE chains were merged onto the HPE shish, and they must have
been located outside of the HPE shish. The merged DPE chains
outside of the HPE shish are almost invisible in the SANS profile. This
result may explain why we did not observe a thickening in the shish.

During the drawing process, the visible HPE shish is gradually
stretched and thinned, as observed in the SANS measurement.

CONCLUDING REMARKS

We have studied the structure development of a blend of DPE and
HPE (3 wt%) during the drawing process at a temperature just below
the nominal melting temperature using in situ SAXS and SANS
measurements. We discussed the development of the isotropically
distributed lamellar crystals based primarily on the SAXS data.
During the early stage of the drawing process below RDB1.8, the
isotropically distributed lamellar crystals rotate and orient to align
along the drawing direction. During this process, the amorphous
regions between the lamellar crystals are elongated, thereby resulting
in the increase of the long period, L, in the drawing direction. With
further drawing, the lamellar crystals (kebabs) are fragmented into
small pieces and the polymer chains are pulled from the kebab, and
finally disappeared at RDB6.0. The streak-like scattering appeared in
the direction normal to drawing above RDB2.4 only in the in situ
SANS measurement, which indicates that the preferential orientation
and stretching of HPE chains formed the extended chain crystals (or
the shish). The stretching of the HPE chains must be due to the
higher molecular weight of HPE compared with DPE, although the
average molecular weight of HPE is only three times larger
than that of DPE. Combining the SAXS and SANS results, it is
concluded that in the late stage of drawing, the kebabs were broken
and the polymer chains were pulled from the kebabs and finally
merged onto the shish. By analyzing the 1D SANS profiles using
multicore-shell model, we observed that the radius of the nm-scale
shish that consisted of HPE was approximately 9.0 nm at RD¼ 3.8,
and it decreased to 4.5 nm at RD¼ 8.0 with further drawing while the
number of the shishs was almost constant during the drawing. This
result means that the HPE shishs do not separate to form new shishs
and that the DPE chains are merged on the outside of the HPE shish
in the late stage of drawing, but the DPE on the HPE shish is invisible
because of the absence of SANS contrast.
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Figure 6 Schematic drawing of the multicore-shell cylinder model.

Figure 7 Radius (circle) and number (square) of core cylinders as a

function of drawing ratio RD at 125 1C.
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