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ABSTRACT: One of the longstanding issues in polymer science is crystallization of polymers under flow, espe-

cially formation of the so-called shish-kebab. Recent progress in quantum beam technology shed light on the substantial

nature in the shish-kebab formation. In this paper we review our recent experiments on polymer crystallization under

flow using time-resolved depolarized light scattering, small-angle and wide-angle X-ray scattering and small-angle neu-

tron scattering in a wide spatial scale from 0.1 nm to several tens mm. These studies revealed that the shish-kebab for-

mation is governed by a competition between the crystallization rate and the chain relaxation rate. Small-angle neutron

scattering study on an elongated blend of deuterated low molecular weight and protonated ultra-high molecular weight

polyethylenes showed that a long cylindrical object 2 mm in diameter and 12 mm in length was formed from deformed

network of ultra-high molecular weight chains, which included three shishs (or extended chain crystals) 9 nm in di-

ameter. [doi:10.1295/polymj.PJ2007098]
KEY WORDS Quantum Beam / Polymer Crystallization / Flow / Shish-Kebab / Hierarchic
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In polymer processing molten polymers crystallize
under various kinds of flows such as shear flow, elon-
gational flow and mixed flow, and the final structure
and morphology are strongly affected by the flow
conditions.1–3 In order to obtain desired properties of
polymers it is necessary to control the final structure
of polymers in the processing. Therefore, many re-
searches have been carried out on polymer crystalliza-
tion under flows for many decades to elucidate the
crystallization mechanism and control the final struc-
ture. One of the famous issues in the research filed is
structure and formation mechanism of the so-called
shish-kebab, which consists of long central fiber core
(shish) surrounded by lamellar crystalline structure
(kebab) periodically attached along the shish, and it
is believed that the shish-kebab structure is a structure
origin of ultra-high strength and ultra-high modulus
fibers.4–10 This is one of the reasons why so many
studies have been performed on the structure and
the formation mechanism of shish-kebab. In spite of
the great efforts there are still many unsolved prob-
lems in the shish-kebab. For example, even size of
shish-kebab structure is not still fully understood.
About 30 years ago, Keller and co-workers observed
shish-kebab structure in polyethylene (PE) using

transmission electron microscope (TEM),7–11 showing
shish of �10 nm in diameter and several mm in length.
This has been assigned to extended chain crystal. On
the other hand, large and long objects with diameter
of several mm aligned along the flow direction are of-
ten observed in some polymers24,28 using optical mi-
croscope (OM). This long object is apparently similar
to the shish structure but the spatial scale is very differ-
ent. It must include the kebab inside judging from the
spatial scale. These observations suggest that shish-
kebab has hierarchic structure in a wide spatial scale.
However, few papers did not deal with the hierarchic
structure of the shish-kebab structure. One of the rea-
sons is difficulty to study the shish-kebab structure in a
wide spatial range simultaneously, in addition, kebab
structure is overlapped on the shish structure, so that
it is not easy to distinguish the shish from the kebab.
Recently, quantum beam technology has been de-

veloped to provide well-controlled laser beam, syn-
chrotron radiation (SR) X-ray beam, and high flux
neutron beam. On the basis of the advanced technolo-
gy new experiments have been performed on polymer
crystallization under flow using time resolved small-
angle and wide-angle X-ray scattering (SAXS and
WAXS),12–22 time resolved small-angle light scatter-
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ing (SALS)23–28 and optical measurements,29–32 pro-
viding fruitful information on the formation mecha-
nism of shish-kebab structure. In this paper we will re-
view our recent experiments on polymer crystalliza-
tion using quantum beam technology such as time-
resolved depolarized light scattering (DPLS), time-
resolved SAXS, time-resolved WAXS, and small-an-
gle neutron scattering (SANS). The review includes
two topics. The first one is the crystallization of iso-
tactic polypropylene (iPP) under shear flow. In the
study we focus on effects of the shear rate and shear
strain on the shish-kebab formation in a wide spatial
scale from Å to several tens mm. We observe the shish
formation, the kebab formation and the crystalline
lattice formation individually using DPLS, SAXS
and WAXS, respectively, elucidating that the relation
between the shish formation and the kebab formation.
In the second topic we investigate effects of ultra-high
molecular component on the formation of shish-kebab
of polyethylene (PE). Some reports have already
shown that the ultra-high molecular weight compo-
nent enhanced the shish-kebab formation, but the data
were not quantitative. In this work we investigate the
effects of the ultra-high molecular weight component
on the shish formation as a function of the concentra-
tion of ultra-high molecular weight component and
the crystallization temperature, revealing an important
role of entanglements of the ultra-high molecular
weight chains. In SANS measurements we investigate
hierarchic structure of shish-kebab using a deuterium
labeling method. The results demonstrate for the first
time that large row structure 2mm in diameter and
12 mm in length, which is formed from deformed net-
work of ultra-high molecular weight chains, includes
only three shishs (extended chain crystals).

EXPERIMENTAL

Materials
Isotactic polypropylene (iPP): We used isotactic

polypropylene (iPP) with the molecular weight Mw ¼
238;000 and the polydispersity Mw=Mn ¼ 5:1, where
Mw and Mn are the weight-average and number-aver-
age molecular weights, respectively. The iPP was syn-
thesized using metallocene catalysis. Pentad tacticity
determined by NMR measurements was mmmm ¼
0:974. The nominal melting temperature of the iPP
determined by DSC measurements was 149 �C at the
heating rate of 20 �C/min.
Polyethylene (PE): We used ultra-high molecular

weight (UHMW) polyethylenes (PE) with Mw ¼
2;000;000 and Mw=Mn ¼ 12 and low molecular
weight (LMW) PE with Mw ¼ 58;600 and Mw=Mn ¼
8:01 for DPLS and SAXS measurements. The nominal
melting temperatures of the LMW and UHMW PEs

determined by DSC measurements were 134 and
135 �C, respectively, at a heating rate of 20 �C/min.
Two polyethylenes were blended in hot xylene to
ensure the intimate mixing at the molecular level.
The solution was quenched into ice water to precipi-
tate as a gel, and it was vacuum-dried at 70 �C for
2 d and then hot-pressed at 165 �C for 5min.
For the SANS measurements, we used UHMW PE
and LMW deuterated PE with Mw ¼ 200;000 and
Mw=Mn ¼ 5, respectively. The UHMW PE is the same
PE as in the DPLS and SAXS measurements. Strips of
the blend film of UHMW hydrogenated PE (2.8wt%)
and LMW deuterataed PE (97.2wt%), which was pre-
pared in the same procedure as the DPLS samples,
were elongated about 6 times at 133 �C just below
the nominal melting temperature (¼ 135 �C) and
quenched into ice water. The details of the sample
preparation has been described elsewhere.43

DPLS Measurements
Two-dimensional (2D) depolarized light scattering

(DPLS) measurements were carried out using a
home-made apparatus with He-Ne laser (80mW,
wavelength � ¼ 633 nm) as a light source and a
CCD camera with 2D screen as a detector system.
The range of length of scattering vector Q in this
experiment is 4� 10�5 to 2:6� 10�4 Å�1, where Q

is given by Q ¼ 4� sin �=n� (2� and n being scattering
angle and the refractive index, respectively). A Link-
am CSS-450 high temperature shear cell was used for
the DPLS measurements to control the temperature
and the shear conditions. The temperature protocol
for the DPLS experiments is shown in Figure 1 for
PE: (a) heat up the polymer sample from room tem-
perature to 165 �C at a rate of 30 �C/min, (b) hold
at 165 �C for 5min, (c) cool down to the crystalliza-
tion temperature Tc ¼ 129 �C at a rate of 30 �C/min,
and (d) hold the temperature at 129 �C for the DPLS
measurements. The polymer melt was subjected to
pulse shear just after reaching the crystallization tem-
perature Tc of 129

�C.

Figure 1. Temperature protocol for crystallization process of

PE blend.
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SAXS Measurements
SAXS measurements were carried out using appa-

ratus at the beam line BL40B2 and BL45XU33 in
the SR facility, SPring-8, Nishiharima, and apparatus
at the beam line BL-15A in Photon Factory, KEK,
Tsukuba. A CCD camera (C4880: Hamamatsu
Photonics K.K.) with an image intensifier was used
as a detector system for the SAXS measurements.
In the measurements we covered a Q range of
6� 10�3 to 2� 10�1 Å�1. Here, Q is given by Q ¼
4� sin �=� . We also used U-SAXS machine with
Bonse-Hart type camera (TRY-HV) to a low Q range
of 1� 10�5 to 8� 10�3 Å�1.
A Linkam CSS-450 high temperature shear cell was

also used for the SAXS measurements to control the
temperature and the shear conditions. The thin film
sample was placed between two stainless plates with
Kapton windows 50 mm thick. The temperature proto-
col was the same as in the DPLS measurements, but
the pulse shear was applied at 30 �C above the crystal-
lization temperature Tc.

SANS Measurements
SANS measurements were performed using three

spectrometers. One is F-SANS spectrometer at JRR-
3 reactor in Tokai with neutron focusing lens made
of MgF2 with diameter 30mm, curvature radius 25
and thickness 10.5mm. Using F-SANS, we can per-
form two dimensional measurements in a very low
Q range from 1� 10�4 to 10�2 Å�1. We also used
SANS-U spectrometer34 at JRR-3 reactor in Tokai.
In the SANS-U measurements, the scattering vector
Q range was from 6� 10�3 to 7� 10�2 Å�1. In addi-
tion, we used time-of-flight (TOF) SANS spectrome-

ter SWAN35 installed at a spallation pulse cold neu-
tron source at KENS, Tsukuba, in order to extend
the Q range up to 3 Å�1. In this spectrometer we
measure scattering intensity as a function of neutron
wavelength � as well as scattering angle 2�. Hence,
we can cover a very wide Q range from 10�2 to
3 Å�1 in the measurements. Combining all the data
by three spectrometers we coverd a Q range from
10�4 to 3 Å�1 in this study. This wide Q range is a dis-
tinct feature of this experiment.

RESULTS AND DISCUSSION

Crystallization of iPP under Shear Flow
Depolarized Light Scattering. Time-resolved de-

polarized light scattering (DPLS) measurements were
performed on the crystallization process of iPP at a
crystallization temperature 132 �C for various shear
rates, and the results are shown in Figure 2. Under
the quiescent crystallization condition ( _�� ¼ 0 s�1),
we observed isotropic scattering pattern after an in-
duction period before nucleation of about 5min. On
the other hand, as the shear rate increased we ob-
served anisotropic streak-like scattering pattern along
the direction normal to the shear. This indicates that
there are long scattering objects aligned along the flow
direction, which must be the shish structure or the pre-
cursor of shish structure. In order to analyze the DPLS
data we employed two measures. One is the anisotro-
py in the 2D scattering pattern, which is defined as a
ratio of integrated intensity in the normal direction to
the parallel one, termed degree of anisotropy. Another
measure is the length of the induction period before
the streak-like scattering appears in the direction

Figure 2. Time evolution of 2D DPLS patterns during crystallization process of iPP at 132 �C for various shear rates, _�� ¼ 0, 3.5, 14 and

70 s�1. (Reprinted from Ref. 28 with permission from American Chemical Society)
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normal to the flow. The former and the latter are
measures of anisotropic structure formation and crys-
tal nucleation rate, respectively.
The degree of anisotropy was plotted against

logarithm of the shear rate in Figure 3 (upper), show-
ing the linear relationship. The critical shear rate
_���ani,DPLS was evaluated to be 3:1� 0:3 s�1 by extrap-
olating the degree of anisotropy to unity. We also
evaluated the critical shear rate for the induction
period _���ind,DPLS to be �1 s�1 although the data was
not shown here. The critical shear rate for the degree
of anisotropy _���

ani,DPLS is larger than that for the induc-
tion period _���

ind,DPLS. Similar results were reported for
polyethylene.26 The physical meaning of the finding
will be discussed later after showing the SAXS and
WAXS data. Next we performed time-resolved
small-angle X-ray scattering measurements on the
crystallization process of the same iPP in tens nm
scale to see the formation process of the kebab.
Small-angle X-ray Scattering. Time-resolved

small-angle X-ray scattering (SAXS) measurements
were carried out on crystallization process of iPP un-
der the same temperature and shear conditions as the
DPLS. The observed time evolution of 2D SAXS pat-
terns was shown in Figure 4 for the shear rates of 7,
35 and 70 s�1. Under the quiescent condition, only
isotropic scattering patterns were observed and the
onset time of the scattering intensity is about 650 s
after reaching the crystallization temperature Tc
(¼ 132 �C). On the other hand, under the shear condi-
tion, the onset time of the scattering intensity is earlier
than that under the quiescent condition and the scatter-
ing pattern is anisotropic. The anisotropic SAXS pat-
tern is completely different from the DPLS one (see
Figure 2), in which streak-like scattering appears in

a direction normal to the flow. The observed two-spot
SAXS pattern parallel to the flow direction must cor-
respond to the distance between the lamellae (kebabs)
periodically aligned along the shish structure. In order
to analyze these SAXS data quantitatively we also
used the onset time and the degree of anisotropy,
which depended on the shear rate very much.
The degree of anisotropy for the 2D SAXS pattern

was plotted in Figure 3 (middle) against logarithm of
the shear rate. Assuming a linear relationship between
the degree of anisotropy and the logarithm of the shear
rate below 35 s�1, we extrapolated the degree of ani-
sotropy to unity to evaluate the critical shear rate
_���
ani,SAXS to be 3:3� 0:6 s�1. We also evaluated the

critical shear rate for the induction period _���
ind,SAXS

to be �1 s�1 although the data was not shown here.
Similar to the DPLS result, the evaluate the critical
shear rate _���ani,SAXS is larger than the critical shear rate
for the reduction in the induction period _���

ind,SAXS

(�1 s�1), and very close to that in the DPLS (the
shish) _���ani,DPLS (¼ 3:1 s�1). This must imply that the
anisotropy of the kebab structure is dominated by
the shish formation. This problem will be discussed
later after showing the WAXS results.

Wide-angle X-ray Scattering. Time-resolved
WAXS measurements were performed on the same
iPP under the same temperature and shear conditions
as the DPLS and SAXS measurements. In the WAXS
measurements we observed the time evolution of the
local crystalline structure in both of the shish and
the kebab, particularly in the kebab because the
amount of kebab was much larger than the shish. In
order to see the anisotropy time evolution of 1D
WAXS profiles normal and parallel to the shear direc-
tion are shown in Figure 5 for the shear rate of 70 s�1.
The degree of anisotropy for the (040) diffraction

Figure 3. Degree of anisotropy for 2D DPLS, SAXS and

WAXS patterns of iPP as a function of shear rate. Dashed lines

in the figures show value of one.

Figure 4. Time evolution of 2D SAXS patterns during crys-

tallization process of iPP at 132 �C for various shear rates,

_�� ¼ 7, 35 and 70 s�1. (Reprinted from Ref. 28 with permission

from American Chemical Society)
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intensity was plotted in Figure 3 (lower) against loga-
rithm of the shear rate. Although the data points are
rather scattered, there certainly exists a critical shear
rate for the anisotropy _���

ani,WAXS or for the crystal lat-
tice formation in the kebab. Extrapolating the data
to the degree of anisotropy of unity, we evaluated
the critical shear rate _���

ani,WAXS to be 3:3� 0:5 s�1,
which was larger than the critical shear rate for the re-
duction in the induction period _���ind,WAXS (�1 s�1),
similar to the cases of the DPLS and SAXS experi-
ments. The value of 3.3 s�1 is rather close to the
critical values for the anisotropic structure forma-
tions in DPLS (¼ 3:1 s�1) and in SAXS (¼ 3:3 s�1)
( _���

ani,DPLS � _���
ani,SAXS � _���ani,WAXS � 3:2 s�1), suggest-

ing that the anisotropic structure formation is domi-
nated by a common origin. These values are larger
than the critical shear rates for the induction period
evaluated in DPLS, SAXS and WAXS measure-
ments ( _���

ind,DPLS � _���
ind,SAXS � _���ind,WAXS � 1 s�1). In

the following we discuss the formation mechanism
on the basis of these data.
Comparison of DPLS, SAXS and WAXS Data and

Formation Mechanism of Shish-kebab Structure.
The time evolutions of the scattering intensities were
compared among the DPLS, SAXS and WAXS meas-
urements. The intensities of DPLS, SAXS and WAXS
were shown as a function of annealing time after
applying pulse shear with shear rate of 70 s�1 at
132 �C in Figure 6. It is very clear that the DPLS in-
tensity rises up the earliest at around 20 s, and the
SAXS intensity is next at 100 s and finally the WAXS
intensity comes at around 140 s. When we compare in-
tensities obtained by different scattering methods we
have to take into account the difference of sensitivi-
ties. During the crystallization process at 132 �C under
quiescent condition, we observed the onset of DPLS,
SAXS and WAXS intensities at about 300 s, 650 s
and 900 s, respectively. These onset times reflect the
difference of the sensitivities involving structure
factor, scattering contrast, counter efficiency, noise-

to-signal ratio, etc., and hence it is difficult to compare
them directly. In order to compare the results, we took
the ratio of the onset time under quiescent to that
under shear for each scattering method, which gives
15 (¼ 300=20), 6.5 (¼ 650=100), 6.4 (¼ 900=140)
for DPLS, SAXS and WAXS, respectively. The larg-
est ratio of 15 indicates that the shish-like structure
formation observed in DPLS is the most accelerated
by shear, suggesting that the shish-like structure is
formed first. The ratios for SAXS and WAXS are
almost the same and smaller than for DPLS, meaning
that the acceleration of the kebab structure formation
by the flow is less than the shish-like structure. In
other words, the shish-like structure is formed earlier
than the kebab. On the other hand, it is very interest-
ing to point out that the critical shear rate for the ani-
sotropic structure formation is almost the same for
DPLS, SAXS and WAXS, which are 3:1� 0:3,
3:3� 0:6 and 3:3� 0:5 s�1, respectively: _���

ani,DPLS �
_���
ani,SAXS � _���ani,WAXS (� _���

ani). How can we understand
the results? The ratio of the onset times implies that
the shish-like structure oriented along the flow is
formed first, and then the lamella (kebab) may be epi-
taxially formed on the surface of shish-like structure,
resulting in the oriented lamella structure or the kebab

Figure 5. Time evolution of 1D WAXS profiles normal and parallel to the flow direction after cessation of the shear with shear rate of

70 s�1. The profiles were shifted vertically for clarification. Annealing times after pulse shear are 0, 2, 4, 6, 8, 10, 15, 20, 25, 30, 35, 40, 45

and 50min from bottom to top for both parallel and normal directions.

Figure 6. Comparison of time evolution of DPLS, SAXS and

WAXS intensities during crystallization process of iPP at 132 �C

after pulse shear with shear rate of 70 s�1.
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structure. If the oriented shish-like structure is not
formed in the weak shear rate range below the critical
value _���

ani,DPLS, it would be impossible to form the ori-
ented kebabs. In other words, the critical shear rate for
the anisotropic shish-like structure formation governs
the orientation of the kebab.
Next we consider why the critical shear rate for the

reduction in induction time _���ind is smaller than that for
the anisotropic structure _���

ani. In the low shear rate re-
gion below the critical value for the reduction in the
induction time ( _�� < _���

ind), polymer chains are some-
what extended to orient by the shear. If crystallization
occurs in the oriented state the crystallization rate
must be faster than that under quiescent state. How-
ever, in the low shear rate rage we did not observe
any acceleration of crystallization rate, suggesting that
the orientation must relax to be isotropic before nucle-
ation. In this case, crystallization occurs in isotropic
melt and acceleration of crystallization would not be
observed. In the shear rate region above the critical
shear rate for the reduction in the induction time
and below the critical shear rate for the anisotropic
structure formation ( _���

ind < _�� < _���
ani), crystal nuclea-

tion must occur before the relaxation of the orienta-
tion, and the nucleation rate is accelerated due to
the orientation (orientation-induced crystallization).
This acceleration is in a small orientation domain
because the so-called primary nuclear is in a size of
�15 nm.36 On the other hand, for the shish-like struc-
ture formation, the crystal growth must occur along
the oriented chains or new crystal nuclei must be
formed along the chains (or the segments) to prevent
the relaxation of chain orientation. In this shear rate
region, therefore, it is expected that the chain orienta-
tion is relaxed in global scale (�mm scale) before the
crystal growth occurs along the chains. Above the crit-
ical shear rate for the anisotropic structure formation
( _���

ani < _��), on the other hand, nucleation rate of poly-
mer chains oriented by the shear is accelerated due to
the orientation and the crystal growth in the large

scale occurs before the relaxation of chain orientation,
resulting in the anisotropic shish-like structure. The
chain relaxation is mainly governed by reptation
motion, suggesting that entanglements of polymer
chains play an important role and the critical shear
rate _���

ani is in the order of inverse of the reptation time.
Folded chain lamella crystals (kebabs) grow on the
surface of the shish to form the shish-kebab structure.
It is expected that the kebab grows epitaxially on the
surface of the shish-like structure, and hence the ac-
celeration of the shish growth accelerates the kebab
growth and the anisotropic shish-like structure induces
the anisotropic kebab formation. Therefore, it is not
surprising that the critical shear rates are almost iden-
tical between the kebab and shish-like structure for the
reduction in the induction time as well as for the ani-
sotropic structure formation.

Crystallization of Blends of Ultra-high and Low
Molecular Weight Polyethylene
In this section we examine the effects of ultra-high

molecular weight component in the crystallization of
PE under shear flow, and we also study hierarchic
structure of shish-kebab in a wide spatial scale using
neutron scattering technique.

Depolarized Light Scattering. Figure 7 shows
the time evolution of 2D DPLS patterns of the matrix
PE (LMW PE) and the PE blend including 3wt%
UHMW one during the crystallization process at
129 �C after the pulse shear. The shear rate _�� and
the shear stain " are 4 s�1 and 1600%, respectively.
In the case of the matrix PE an isotropic scattering
pattern appears at around 80 s after applying the pulse
shear and increases in intensity with annealing time.
On the other hand, the 3% blend shows a very sharp
streak-like scattering normal to the flow direction,
which appears at around 30 s after the pulse shear, cor-
responding to the shish-like structure in mm scale. It is
called the row structure hereafter. At about 80 s in the
late stage, isotropic scattering appears to cover the

Figure 7. Time evolution of 2D DPLS patters for the matrix PE (LMW PE) and the PE blend including 3wt% UHMW PE during the

crystallization process at 129 �C after pulse shear. The shear rate and the strain were 4 s�1 and 1600%, respectively. (Reprinted from

Ref. 27)
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anisotropic one. It is evident that the streak-like scat-
tering is due to the UHMW PE because the matrix PE
does not show any anisotropic scattering under this
shear condition. From these observations, we can di-
rectly conclude that the UHMW component enhances
the formation of the row structure.
We also examined the effects of the concentration

of the UHMW PE CHMPE. Figure 8 shows the 2D scat-
tering patterns of the PE blends at 68 and 98 s after the
pulse shear as a function of the concentration CHMPE.
The shear rate and the shear strain are 4 s�1 and
3200%, respectively. Anisotropic scattering patterns
are not observed when the concentration CHMPE of
the UHMW PE is less than 0.5wt%. At around
CHMPE ¼ 0:5wt%, a very weak anisotropic scattering
is observed at 68 s after the pulse shear as seen in
Figure 8 and the 2D scattering intensity increases in
the anisotropy with the concentration CHMPE, suggest-
ing that there is a critical concentration C�

ani for the
anisotropic scattering at around CHMPE ¼ 0:5wt%.
In Figure 9, the degree of anisotropy Rani at 68 s after
the pulse shear is plotted against the concentration
of the UHMW PE CHMPE for three shear conditions,
under which the matrix PE does not show the aniso-
tropic scattering pattern. It is obvious that the degree

of anisotropy is almost unity below CHMPE ¼
0:5{0:6wt% while it abruptly increases above this
concentration, showing that the critical concentration
for the anisotropy C�

ani is 0.5–0.6wt%. We compare
the critical concentration C�

ani to the chain overlap
concentration C�

Rg of the UHMW PE. The overlap
concentration C�

Rg was calculated taking into account
the molecular weight distribution37 to be 0.178 g/
cm3 or 0.209wt%. The ratio of the critical concentra-
tion to the overlap concentration C�

ani=C
�
Rg is 2.5–3.

This strongly suggests that entanglements of the
UHMW PE are very important for the formation of
the row structure. This result may be understood in
the following picture. In order to produce the row
structure or the precursor of shish polymer chains
must be extended due to the shear. Suppose that the
UHMW PE are isolated in the blend, they are some-
what extended by the shear flow, however it does
not lead to the anisotropic structure formation. On
the other hand, when the concentration of UHMW
PE is above the critical value for the entanglements,
the chains must be extended due to the connectivity
as polymer network is deformed. The critical concen-
tration for the anisotropy C�

ani must correspond to the
critical concentration for the effective entanglements.
This is schematically illustrated in Figure 10(a) and
10(b). These pictures remind us the gel spinning tech-
nique38–41 to produce ultra-high strength and ultra-
high modulus fiber of PE although all of the situations
are not the same. In this procedure, PE chains are ex-
tremely extended because the tension is transmitted
though the cross-linking points in the gel network.
On the other hand, in order to obtain the ultra-high
strength fiber the number of the cross-linking points
should be as little as possible because too many
cross-linking points prevent the extension of polymer
chains. It is therefore expected in the crystallization of
the PE blend under the shear that the formation of the
row structure or the precursor of shish is depressed at
a rather high concentration of the UHMW PE above
C�
ani because the polymer chains cannot be extended

Figure 8. 2D DPLS patters of the PE blends with various concentrations of the UHMW PE from 0 to 3wt% at 68 and 98 s after pulse

shear. The shear rate and the strain were 4 s�1 and 1600%, respectively. (Reprinted from Ref. 27)

Figure 9. Degree of anisotropy as a function of the concentra-

tion of UHMW PE for various shear strains 1600, 3200 and

6400%. Shear rate was 4 s�1. (Reprinted from Ref. 27)
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due the shear because of too many entanglements as
illustrated in Figure 10(c).
Small-angle X-ray Scattering. In order to see for-

mation of kebab we performed small-angle X-ray
scattering (SAXS) measurements on crystallization
process of the PE blends under the same shear condi-
tion as that in DPLS measurements. In the SAXS ex-
periments the pulse shear was applied at 30 �C above
the crystallization temperature Tc. Figure 11 shows an
example of time evolution of 2D SAXS profiles for
the PE blends including 0, 1 and 2wt% UHMW PE
during the crystallization process at Tc ¼ 132 �C after
applying shear flow. In the case of 0wt%, only iso-
tropic scattering patterns are observed. On the other
hand, the 1 and 2wt% blends show two-spot scatter-
ing parallel to the shear direction and the spots became
stronger in intensity with annealing time, showing that
the UHMW PE enhances the anisotropic structure for-
mation. These orientated features must be due to the
kebab structures, which are oriented perpendicularly
to the shear direction, and the spot position corre-
sponds to the so-called long period between kebabs.
The present results suggest that the UHMW PE also
enhances the kebab structure formation and there is
a critical concentration for the kebab formation.
We also examined the crystallization tempera-

tures Tc dependence of the time-resolved SAXS data.
Figure 12 shows the time evolution of 2D SAXS im-
ages of the PE blend with UHMW PE concentration
of 0.2wt% for various crystallization temperatures
Tc. In a temperature range below about 127 �C two
strong spots parallel to the shear direction are ob-
served after a certain induction time and followed

by isotropic scattering due to the spherulite formation.
As the crystallization temperature decreases, the onset
time of the anisotropic scattering becomes shorter.
This is due to the increase in degree of super-cooling
(or quenching depth), which is a driving force of crys-
tallization in this temperature region.42 On the other
hand the spot scattering parallel to the shear direction
is not observed above about 129 �C, at least during the
annealing period of 1 h. Note that the two spots were
observed even above �129 �C for the concentrations
of UHMW PE higher than 0.2wt%, showing that the
critical UHMW PE concentration for the anisotropy
exists and depends on the crystallization temperature.
We have evaluated the critical UHMW PE concen-

tration C�
SAXS for the anisotropy as a function of crys-

tallization temperature. The critical UHMW PE con-

Figure 11. Time evolution of 2D SAXS patterns during crys-

tallization process of PE blends with UHMW PE concentration of

0, 0.2, 1 and 2wt% at crystallization temperature 132 �C.

Figure 12. Time evolution of 2D SAXS patterns during crys-

tallization process of PE blends with UHMW PE concentration of

0.2wt% at various crystallization temperatures, 123, 125, 127 and

129 �C.

Figure 10. Schematic illustrations of the role of UHMW PE

in formation of row structure. Thin and thick curves represent

UHMW and LMW PEs, respectively. (a) CHMPE < C�
Rg: UHMW

PE chains are isolated and slightly extended by the shear, (b)

CHMPE > C�
Rg: UHMW PE chains are entangled and extended

due to the connectivity as polymer network is deformed, (c)

CHMPE 	 C�
Rg: too many cross-linking points (or entanglements)

prevent extension of UHMW PE chains. (Reprinted from Ref. 27)
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centration C�
SAXS thus obtained is plotted against the

crystallization temperature in Figure 13. In the previ-
ous section we showed that the critical concentration
for the row structure or the precursor of shish was
about 0.5–0.6wt% at Tc ¼ 132 �C, which was almost
identical with the C�

SAXS value determined from the
kebab formation. This result supports the idea that
the entanglements of UHMW PE also play an impor-
tant role in kebab formation. In this experiment, on the
other hand, we observed that the critical concentration
C�
SAXS decreased with the crystallization temperature

Tc, and reached a constant value of �0:1wt%, which
was about half of the chain overlap concentration C�

Rg.
Does this result mean that the critical concentration is
not related to entanglements? Seki et al.32 studied a
critical concentration for the anisotropic structure for-
mation in isotractic polypropylene blend including
small amount of UHMW component and found that
it was lower than the overlap concentration C�

Rg, sim-
ilar to the present result at the low crystallization tem-
peratures below about 127 �C. In order to understand
their results and our results we have to consider the
molecular weight distribution of UHMW PE. The
longer chains in UHMW PE could be entangled at
lower concentration than that for the average molecu-
lar weight, and hence more oriented than the shorter
ones. Therefore, the lower critical concentration than
the overlap concentration is not so surprising for poly-
mers with molecular weight distribution. As for the
crystallization temperature dependence of the critical
concentration may suggest that the anisotropic struc-
ture formation is determined by a competition be-
tween the orientation relaxation of polymer chain
and the crystallization (nucleation) rate. The detailed
discussions will be given in a forthcoming paper.

Small-angle Neutron Scattering. In the DPLS
measurements we showed that the row structure or
the precursor of shish had a diameter in mm scale.
On the other hand, as mentioned in Introduction,
TEM observations showed that shish (extended chain
crystal) had a diameter of �10 nm.7–10 These observa-
tions suggest that shish-kebab has hierarchic structure
in a wide spatial scale. In this work we studied the hi-
erarchic structure using small-angle neutron scattering
in a very wide Q range.43

We used hydrogen/deuterium (H/D) labeling
method in SANS. It is well known in SANS that the
scattering contrast between hydrogenated and deterat-
ed PEs is very large,44 so that if the row structure is
formed from UHMW h-PE we could observe it due
to the high scattering contrast. For this purpose we
used an elongated blend of UHMW h-PE and LMW
d-PE (2.8/97.2), and performed SANS and SAXS
measurements. In the SANS data in Figure 14(a) we
clearly see the streak-like scattering normal to the
elongation direction in addition to the two-spot pattern
along the elongation direction. The former and the lat-
ter must correspond to the row structure and the kebab
structure (or kebab spacing). On the other hand, we
only see the two-spot pattern along the elongation di-
rection in the SAXS result (Figure 14(b)), correspond-
ing to the kebab structure. The results directly show
that the row structure is mainly formed from the
UHMW h-PE although the Q range is not enough
to estimate the form factor of the row structure. In
order to evaluate the form factor we have extended
the Q range in this work using F-SANS and SWAN
spectrometers. Combining all the data we have plotted
the 1D scattering intensities in the parallel and normal
directions in Figure 15 in a Q range of 4� 10�4

to 3 Å�1.
The SANS contrast in the present sample arises

from two causes: scattering length density difference
due to mass density difference and scattering length
difference between H and D. We assume that the mass
density correlation function and the H/D density cor-
relation function could be decoupled because the frac-
tion of UHMW h-PE is very small (2.8wt%). In

Figure 13. Critical concentration C�
SAXS of UHMW PE for

anisotropy in SAXS pattern against crystallization temperature

Tc. Filled square shows critical concentration C�
ani for anisotropic

structure formation in DPLS.

Figure 14. 2D SANS (a) and SAXS (b) patterns of elongated

PE blend of low molecular weight deuterated PE (LMW d-PE)

and ultra-high molecular weight hydrogeneated polyethylene

(UHMW h-PE). Weight fraction of UHMW h-PE is 2.8%.
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SAXS measurements h-PE and d-PE cannot be distin-
guished, and the scattering contribution due to the
mass density fluctuations IdenðQÞ can be observed in
SAXS. Therefore, in order to evaluate the scattering
contribution due to the mass density fluctuations
IdenðQÞ we carried out WAXS, SAXS and U-SAXS
measurements on the same sample, and the results
are plotted in Figure 15 together with the neutron
data where the WAXS intensity was adjusted so that
the intensity ratio of WAXS to WANS is equal to
the calculated one. The difference intensities are plot-
ted in Figure 16. The difference intensities approxi-
mately correspond to the form factors of the row
structure.
We have first employed a cylinder model to de-

scribe the form factor of the row structure. The form

factor of an oriented cylinder with a length of 2H and
radius of R has been reported by Shibayama et al.45

According to the report we have calculated the form
factor in the normal direction, and fitted to the ob-
served scattering intensity after convoluted with the
resolution functions of the spectrometers. The result
of fit is shown by a dotted line in Figure 16, which
is almost behind the data points (or a thick line) in
the Q range below about 0.02 Å�1. This means that
the cylinder model can describe the row structure only
in the large scale above about 300 Å, and the evaluat-
ed radius was �1mm. This large radius certainly is not
an extended chain crystal because it is large enough
to include kebab inside, but it must be the bundle
of the shish-kebab. In the Q range above about 0.02
Å�1, on the other hand, the observed data in the nor-
mal direction show excess scattering, suggesting some
extra structure which is not included in the cylinder
model. As mentioned in the Introduction, Keller and
coworkers7–10 reported shish structure with diameter
of �10 nm, which must correspond to extended chain
crystal (the shish). We have assigned the excess scat-
tering intensity above about 0.02 Å�1 to the shish
structure. In order to describe this contribution we em-
ployed a multicore-shell cylinder model, in which the
core and shell describe the extended chain crystal (the
shish) and the row structure in mm scale, respectively.
Calculating the scattering intensity of the multicore-
shell cylinder model we fitted to the observed one in
the normal direction. The result of the fit was shown
by a thick solid line in Figure 16 where the core con-
tribution was also indicated by a chain line. The fit-
ness is very good, showing that the present model,
which is termed multicore-shell cylinder model, is ap-
propriate to describe the shish structure and the row
structure. The evaluated radii of the shell and core
are �1 mm and 4.5 nm, respectively, and the number
of core cylinders is about 3, meaning that only 3 ex-
tended chain crystals are in the row structure. This
very small number of the shish is one of the reasons
why we did not observe the extended chain crystals
in SAXS measurements. The results provide us a pic-
ture that the row structure with radius of �1 mm in-
cludes about 3 extended chain crystals (shish) with di-
ameter of 4.5 nm. The row structure must a bundle of
the shish-kebab structure. If we assume that the three
shish-kebab structure equally shear the large bundle
(or the row structure) with radius of �1 mm, the radius
of the kebab would be about 500 nm. Calculating the
intensity in the parallel direction we have estimated
the length of the cylinder 2H to be �12 mm. This
length is comparable to that of the shish observed
by Keller and coworkers by TEM.7–10 The row struc-
ture evaluated in the SANS study was schematically
illustrated in Figure 17.

Figure 16. 1D SANS difference intensities in directions nor-

mal and parallel to the elongation direction after subtraction of

contributions of density fluctuations which were evaluated from

SAXS data. Thick solid lines are the results of fit to multicore-

shell cylinder model and thin chain line is a contribution of the

core [or the shish (extended chain crystal)]. Thick dotted line is

the result of fit to the cylinder model.

Figure 15. 1D SANS and SAXS profiles of elongated PE

blend of LMW d-PE and UHMW h-PE in directions normal and

parallel to the elongation direction.
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In the previous section we found that the row struc-
ture or the precursor of shish in mm scale appeared in
a very early stage of crystallization. This precursor is
very similar to the row structure in size observed here
for the elongated PE. We also found that the row
structure or the precursor formation was enhanced
by addition of high molecular weight component
above a certain critical concentration, suggesting that
entanglements of high molecular weight component
play an important role for the row structure formation.
In other words, the row structure is formed from de-
formation of polymer network due to entanglements,
and hence we proposed a gel-spinning-like formation
mechanism for the row structure in a previous section.
Recent experiment on isotactic polystyrene (iPS)
showed that row structure (precursor) in mm scale
aligned along the shear flow appeared even above
the nominal melting temperature Tm.

46 In the SANS
experiment, it was shown that the elongated PE has
row structure similar to the precursor although the
crystallization mechanism is very different between
the pulse shear crystallization and the elongation
crystallization. The finding may imply that the net-
work of UHMW PE due to entanglements play an
important role for the row structure formation in both
the crystallization processes. The large oriented
network (or the row structure) may enhance the for-
mation of the shish structure (or the extended
chain crystal).

CONCLUSION

In this article we reviewed our recent progress
of the studies on polymer crystallization under flows
using the so-called quantum beam technology such
as time-resolved depolarized light scattering (DPLS),
time-resolved small-angle and wide angle X-ray scat-
tering (SAXS and WAXS) and small-angle neutron
scattering (SANS). In the experiments on iPP we ob-
served the structure formation process of the shish-
like structure (or the row structure) in micrometer
scale, the kebab in tens nm scale and the crystalline
lattice in nm scale, focusing effects of the shear rates
and the shear strain. The results suggested that the
shish-like structure (or the row structure) was first
formed and the kebab grew on the surface of the shish
or the shish-like structure, and hence the critical shear
rate for the anisotropic structure formation was domi-
nated by the shish formation. Effects of high molecu-
lar weight component of PE were examined using a
blend including 2.8wt% of ultra-high molecular
weight (UHMW) PE with Mw ¼ 2;000;000. It was
found that the row structure formation was enhanced
by the addition of UHMW PE above a critical concen-
tration of 0.5–0.6wt% at 129 �C. The critical concen-
tration depended on the crystallization temperature,
implying that the formation of the shish-like structure
or the row structure was dominated by a competition
between the crystallization rate and the chain relaxa-
tion rate. SANS study on an elongated PE blend with
deuterium labeling method revealed that a long cylin-
drical object 2mm in diameter and 12 mm in length
was formed from the deformed network of UHMW
chains, which included three shishs or extended chain
crystals inside. The long cylindrical object was very
similar to the row structure observed in DPLS during
crystallization process under shear flow, suggesting
that the network of UHMW PE due to entanglements
played an important role for the row structure forma-
tion in both elongational crystallization as well as
shear induced crystallization.
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