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Abstract

Crystallization of polyethylene (PE) blends of low and high molecular weight components under shear flow was studied using time-resolved

depolarized light scattering (DPLS), focusing on effects of the high molecular weight component on the shish–kebab structure formation.

Anisotropic two-dimensional scattering pattern due to shish-like structure formation was observed above a certain concentration of the high

molecular weight PE. The threshold was about 2.5–3 times larger than the chain overlap concentration, suggesting an important role of

entanglements of the high molecular weight component. On the basis of these results a gel-spinning-like mechanism for the shish-like structure

formation has been proposed. The DPLS results also implied that the shish-like structure was mainly formed from the high molecular weight PE.

This was confirmed by small-angle neutron scattering (SANS) and small-angle X-ray scattering (SAXS) measurements on an elongated PE blend

of low molecular weight deuterated PE and high molecular weight hydrogenated PE (3 wt%).

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well known [1–6] that when polymers in melts and

solutions are crystallized under flows such as elongational and/

or shear flows the so-called shish–kebab structure is formed,

which consists of long central fiber core (shish) surrounded by

lamellar crystalline structure (kebab) periodically attached

along the shish. It is believed that the shish is formed by

crystallization of completely stretched polymer chains and the

kebabs are folded chain lamella crystals and grow to the

direction normal to the shish. The shish–kebab structure is very

important from industrial viewpoint [7–9] because it is

structural origin of ultra-high strength and ultra-high modulus

fiber. Among flexible polymers, only ultra-high modulus

polyethylene fiber is already available in industry but not for

other flexible polymers. One of the reasons is that formation

mechanism of the shish–kebab structure is not fully under-

stood. Once we know the basic mechanism we could produce

ultra-high modulus fibers for other flexible polymers, and
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hence elucidation of the formation mechanism is very

important.

On the basis of recent developments of advanced

characterization techniques, extensive studies have been

performed on polymer crystallization under various kinds of

flows using in situ rheo-small-angle and wide-angle X-ray

scattering (SAXS and WAXS) [10–20] and in situ rheo-small-

angle light scattering (SALS) [21–23] and rheo-optical

measurements [24–26]. Despite the extensive studies, the

formation mechanism of the shish–kebab structure is not fully

understood. One of the reasons is that there are many factors,

which influence the formation of the shish–kebab structure

such as molecular weight, molecular weight distribution,

branching in chain, shear rate, shear strain, crystallization

temperature and so on. It is necessary in such situation to

perform systematic studies on crystallization processes as a

function of each factor to elucidate the formation mechanism.

In a previous paper [27], we studied crystallization of

polyethylene under shear flow focusing on effects of the shear

rate and shear strain. In the present work, we have investigated

effects of high molecular weight (HMW) component on the

shish–kebab formation under shear flow. There are already

some papers reporting effects of HMW component on

crystallization under flow [20,28–32]. Most of the results

indicated that HMW component or long chains enhanced
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Fig. 1. Temperature protocol for the shear experiments on polyethylene.
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crystallization in the rate and the orientation. Recently,

Kornfield et al. [32] have studied effects of HMW component

using model blends of HMW isotactic polypropyrene (MwZ
923,000) and low molecular weight (LMW) one (MwZ
186,000), both of which had rather narrow molecular weight

distributions, and found that the role of the HMW component

in shear-induced crystallization is cooperative, enhanced by

entanglements among the long chains. Hsiao and co-workers

[20] also demonstrated the role of the HMW component in

blends of noncrystallizing low molecular weight polyethylenes

(MwZ50,000 and 100,000) and crystallizing HMW poly-

ethylene (PE) (MwZ250,000) using in situ rheo-SAXS and

rheo-WAXD techniques. The results indicated that the high

molecular weight component dominated formation of crystal-

lization precursor structure in the blend under shear flow, and

the viscosity of the matrix (low molecular weight component)

played an important role to influence the formation of

crystallization precursor structure.

In this experiment, we have performed depolarized light

scattering measurements on crystallization processes of blends

of HMW PE (MwZ2,000,000) and LMW PE (MwZ58,600)

under shear flow to study effects of the HMW component on

the shish–kebab structure formation. In addition, to confirm

that the shish structure is mainly formed from the HMW

component, we performed small-angle neutron scattering

(SANS) and small-angle X-ray scattering (SAXS) measure-

ments on an elongated blend of HMW hydrogenated PE (MwZ
2,000,000) and low molecular weight deuterated PE (MwZ
200,000).

2. Experimental

2.1. Materials

In DPLS studies we used two polyethylenes (PE) with

molecular weight MwZ58,600 and 2,000,000 and the

polydispersity Mw/MnZ8.01 and 12, respectively, where Mw

and Mn are the weight- and number-average molecular weight,

respectively. The LMW PE was kindly supplied by Showa

Denko Ltd, and the HMW PE by Mitsui Chem. Co., Ltd. The

nominal melting temperatures of the LMW and HMW PEs

determined by DSC measurements were 134 and 135 8C at a

heating rate of 20 8C/min. It should be noted that the molecular

weight distributions of the PEs are broad, which may smear

effects of the high molecular weight component on the shish–

kebab formation. However, the large molecular weight

difference [Mw(HMW)/Mw(LMW)w34] may overcome the

difficulty.

HMW and LMW PEs were dissolved in xylene with

anitoxidant regent (2,6-tert-butyl-p-cresole) to form a homo-

geneous solution at 130 8C under nitrogen atmosphere.

Concentration of the HMW component was in a range of

0.2–3 wt%. After keeping the solution at 130 8C for 1 h, it was

quenched into ice/water to precipitate as a gel, filtered from

xylene and washed with methanol several times. The gel was

vacuum-dried at 70 8C for 2 days and then hot-pressed at

165 8C for 5 min and quenched rapidly to ice/water to get a thin
film w0.3 mm thick. The LMW PE film was prepared under

the same procedure as a control sample. In the DPLS

measurements, a thin film was placed between two quartz

plates, which protected the sample from oxidation, and the

thickness was controlled at 0.3 mm before applying the shear.

Note that each film was used only once for a measurement to

avoid damage due to oxidation or degradation.

For SANS and SAXS measurements, we used HMW

hydrogenated PE with MwZ2,000,000 and Mw/MnZ12 and

LMW deuterated PE with MwZ200,000 and Mw/MnZ5. The

HMW PE is the same PE as in the DPLS measurements. Strips

of the blend film of HMW hydrogenated PE (3 wt%) and LMW

deuterataed PE (97 wt%), which was prepared in the same

procedure as the DPLS samples, were elongated about six

times at a rate of 30 sK1 at 133 8C just below the nominal

melting temperature (Z135 8C) and quenched to ice/water.

These elongated strips were aligned on the cell window. It is

noted that the quenching of the blends was done as rapidly as

possible to avoid segregation [33–35]. However, in this work

we did not check the segregation directly.
2.2. DSC measurements

DSC measurements were carried out to characterize thermal

properties of the sample using Perkin–Elmer DSC-7. All the

DSC scans were performed under nitrogen environment.
2.3. DPLS measurements

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

measurements were carried out using a home-made apparatus

with He–Ne laser (80 mW, wavelength lZ633 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!10K5 to 2.6!10K4 ÅK1, where Q is given by QZ
(4p sin q)/nl (2q and n being scattering angle and the

refractive index, respectively).

A Linkam CSS-450 high temperature shear cell with quartz

windows was used to control temperature and shear conditions.

Sample thickness was 0.3 mm for all the DPLS measurements.

The temperature protocol for the shear experiments is shown in

Fig. 1: (a) heat the polymer sample from room temperature to
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165 8C at a rate of 30 8C/min, (b) hold at 165 8C for 5 min, (c)

cool down to the crystallization temperature TcZ129 8C at a

rate of 30 8C/min, and (d) hold the temperature at 129 8C for

the DPLS measurements. The polymer melt was subjected to

pulse shear just after reaching the crystallization temperature

Tc of 129 8C.
2.4. SANS measurements

Small-angle neutron scattering (SANS) measurements

were performed with SANS-U spectrometer [36] at the

JRR-3M reactor in Japan Atomic Energy Research Institute

(JAERI), Tokai, Japan. Neutron wavelength l in this

measurement was 7 Å with the dispersion Dl/l of 10%.

Scattered neutrons were detected by a two-dimensional

position sensitive detector having 65!65 cm2 (128!128

pixels) area. In the measurements, we covered a range of

magnitude of scattering vector Q (Z4p sin q/l; l and 2q

being neutron wavelength and scattering angle, respectively)

from 0.005 to 0.13 ÅK1.
2.5. SAXS measurements

Small-angle X-ray scattering (SAXS) measurements were

carried out with an small-angle scattering apparatus installed

at the beam line BL45XU [37] in the synchrotron radiation

facility, SPring-8, in Nishiharima, Japan. Wavelength of

incident X-ray was 0.9 Å and scattered X-ray was detected

by a two dimensional CCD camera with an image

intensifier. The Q range covered in this measurement was

0.009–0.15 ÅK1.
Fig. 2. Time evolution of 2D DPLS patters form the matrix PE (LMW PE) during the

16 sK1 from top to bottom. The shear strain 3 was 3200%.
3. Results and discussion

3.1. Depolarized light scattering measurements

First of all, we would like to discuss structure development

of LMW PE (matrix PE) during the crystallization process after

applying pulse shear. This will give a basis for interpretation of

the results of the PE blends. It should be noted that in the

present DPLS experiments, we focus our attention on the very

early stage of the crystallization, where the scattering intensity

is very weak. We therefore, used samples 0.3 mm thick, which

are too thick to investigate the late stage due to multiple

scattering. Therefore, in the discussion of the DPLS results we

concentrate on the results in the early stage.

Fig. 2 shows an example of the time evolution of 2D DPLS

pattern for the LMW PE during the crystallization process for

the shear rates of 1, 8 and 16 sK1. The shear strain was 3200%

for all the measurements. After a certain induction period for

the structure formation, we observed isotropic 2D DPLS

pattern for the shear rate _g of 1 sK1. The induction period

becomes shorter with increasing the shear rate although the 2D

pattern is isotropic, showing acceleration of the crystallization

rate with increasing the shear rate. As the shear rate further

increases, the 2D scattering pattern becomes anisotropic above

about _gZ6 sK1 in addition to the acceleration of the

crystallization rate. For example, the 2D pattern for _gZ
16 sK1 shows streak-like scattering normal to the flow

direction in the early stage as seen in the lowest row in

Fig. 2. The streak-like scattering means that long scattering

objects are aligned along the flow direction, which must be a

shish structure or a precursor of the shish-structure. At the

moment it is not easy to mention if the streak-like scattering is
crystallization process at 129 8C after pulse shear with shear rates _g of 1, 8 and



Fig. 3. (a), (c) Typical 2D DPLS patterns, and (b), (d) the definitions of the degree of anisotropy Rani (ZQt/Qs) corresponding to (a) and (c), respectively.

Fig. 4. Shear rate dependence of the degree of anisotropy Rani for the matrix PE

(LMW PE) at various shear strains 3 from 800 to 19,200%.
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caused by the shish or the precursor, and hence termed the

shish-like structure in this paper hereafter. Further annealing,

the isotropic scattering emerges and covers the anisotropic

scattering. In order to evaluate the anisotropy of the 2D

scattering pattern quantitatively we have defined a measure for

the anisotropy. A typical 2D anisotropic scattering pattern is

shown in Fig. 3(a) and the scattering intensities normal and

parallel to the flow direction are plotted against Q in Fig. 3(b),

respectively. The scattering intensities are very weak in the

high Q range while they begin to increase at a certain onset Q

values in the low Q range, depending on the scattering

direction. We have defined a ratio of the onset Q value normal

to the flow direction to the parallel one (ZQt/Qs) as a

measure of anisotropy, and termed the degree of anisotropy

Rani in this paper. The degree of anisotropy Rani is time-

dependent: it has a maximum in the early stage and decreases

with annealing time. We have employed the maximum value of

Rani for the discussion of the degree of anisotropy in this paper.

The maximum value of the degree of anisotropy Rani is

plotted as a function of shear rate at various shear strains in

Fig. 4 for the matrix PE. In the low shear rate region, the value

of Rani is unity, meaning that the scattering is isotropic, and

begins to increase at a critical shear rate _g, which depends on

the shear strain. For example, the degree of anisotropy Rani is

unity below the shear rate of 6 sK1 and begins to increase at

around 6 sK1 for the shear strain 3 of 3200%. On the basis of

the results, we adopted such shear condition for the

experiments of the PE blend that the matrix PE does not

show anisotropic scattering pattern. If we observe anisotropic

scattering pattern in the PE blend during the crystallization we

can directly attribute to effects of the HMW PE.
Fig. 5 shows the time evolution of 2D DPLS patterns of the

matrix PE and the PE blend including 3 wt% HMW one during

the crystallization process after pulse shear at 129 8C. The

shear rate _g and the shear strain 3 are 4 sK1 and 1600%,

respectively. In the case of the matrix PE 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 very sharp streak-like scattering

normal to the flow direction, which appears at around 30 s after

the pulse shear, corresponding to the shish-like structure. At

about 80 s in the late stage, isotropic scattering appears to cover

the anisotropic one. The onset time of the isotropic component

in the 3% blend is very close to that in the matrix PE,



Fig. 5. Time evolution of 2D DPLS patters for the matrix PE (LMW PE) and the PE blend including 3 wt% HMW PE during the crystallization process at 129 8C

after pulse shear. The shear rate _g and the strain were 3 4 sK1 and 1600%, respectively.
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suggesting that the isotropic scattering in the blend is coming

from the matrix PE. On the other hand, it is evident that the

streak-like scattering is due to the HMW PE because the matrix

PE does not show any anisotropic scattering under this shear

condition. From these observations, we can directly conclude

that the HMW component enhances the formation of the shish-

like structure.

In the next step, we have examined effects of concentration

of the HMW PE CHMPE on the degree of anisotropy. Fig. 6

shows the 2D scattering 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 were 4 sK1 and 3200%,

respectively. Anisotropic scattering patterns were not observed

when the concentration CHMPE of the HMW PE was less than

0.5 wt%. At around CHMPEZ0.5 wt%, very weak anisotropic

scattering was observed at 68 s after the pulse shear as seen in

Fig. 6 and the 2D scattering intensity increases in the

anisotropy with the concentration CHMPE, suggesting that

there is a threshold concentration C�
ani for the anisotropic

scattering at around CHMPEZ0.5 wt%. This will be discussed
Fig. 6. 2D DPLS patters of the PE blends with various concentrations of the HMWPE

were 3 4 sK1 and 1600%, respectively.
quantitatively later. It should be noted that we showed 2D

patterns at 68 s after the pulse shear in Fig. 6 because the

anisotropy was the highest at around this time at any

concentrations above CHMPEZ0.5 wt%. After the onset of

the anisotropic scattering, the isotropic scattering appears at

around 80 s after the pulse shear and covers the anisotropic

scattering. It is interesting to point out that the onset time of the

isotropic scattering, which must come from the LMW PE, is

almost independent of the concentration below CHMPEZ
0.5 wt%, suggesting that the HMW PE hardly affects the

crystallization process of the LMW PE below around CHMPEZ
0.5 wt%. On the other hand, the isotropic scattering slightly

increases in intensity and the onset time becomes shorter with

increasing the concentration CHMPE above CHMPEZ0.5 wt%.

In Fig. 7, the degree of anisotropy Rani at 68 s after the pulse

shear is plotted against the concentration of the HMW PE

CHMPE for three shear conditions, under which the matrix PE

does not show the anisotropic scattering pattern. It is obvious

that the degree of anisotropy is almost unity below CHMPEZ
0.5–0.6 wt% while it abruptly increases above this
from 0 to 3 wt% at 68 and 98 s after pulse shear. The shear rate _g and the strain



Fig. 7. Degree of anisotropy Rani as a function of the concentration of HMW

PE. Shear rate _gZ4 sK1, shear strain 3Z1600, 3200 and 6400%.
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concentration, showing that there is a threshold for the

anisotropy at around C�
aniZ0:5–0:6 wt%. It should be noted

that the threshold is almost independent of the shear strain

although the degree of anisotropy increases with the shear

strain. This gives us a hint to consider the physical meaning of

the threshold for the anisotropy C�
ani.

We compare the threshold concentration C�
ani to the chain

overlap concentration C�
Rg

of the HMW PE. The overlap

concentration of polymer chains with radius of gyration Rg is

given by

C�
Rg

Z
Mw

ð4=3Þp R2
g

� �3=2
NA

(1)

where hR2
gi is the mean square radius of gyration of the polymer

chain, which is given by Eq. (2) under the Gaussian chain
Fig. 8. Schematic illustrations of the role of HMW PE in formation of shish-like str

CHMPE!C�
Rg
: HMWPE chains are isolated and slightly extended by the shear, (b) CH

as polymer network is deformed, (c) CHMPE[C�
Rg
: too many cross-linking points
approximation with molecular weight distribution UZMw/

MnK1 (Ref. [38])

hR2
giZ

bLð2UC1Þ

3ðUC1Þ
(2)

where b and L are the persistence length and the contour length.

Taking the literature data ½hR2
gi=Mw�

1=2Z0:46 [35], we have

calculated the overlap concentration C�
Rg

to be 0.178 g/cm3 or

0.209 wt%, which is smaller than the threshold concentration.

The ratio of the threshold concentration to the overlap

concentration C�
ani=C

�
Rg

is 2.5–3. This strongly suggests that

entanglements of the HMW PE are very important for the

formation of the shish-like structure. This agrees qualitatively

with the finding of Kornfield et al. [32] that the role of the long

chain in the shear-induced crystallization is cooperative rather

than a single chain event. Note that the threshold in their

experiment is slightly lower than the present one. We used PEs

with rather broad molecular weight distributions, and it may

make the threshold apparently higher because entanglements

are more effective in higher molecular weight. This must be a

cause for the small quantitative disagreement. The present

result can be understood in the following picture. In order to

produce the shish-like structure polymer chains must be

extended due to the shear. Suppose that the HMW PE are

isolated in the blend, they are somewhat extended by the shear

flow, however, it does not lead to the anisotropic structure

formation as seen in Fig. 6. On the other hand, when the

concentration of HMW PE is above a threshold for

entanglements, the chains must be extended due to the

connectivity as polymer network is deformed. The threshold

for the anisotropy C�
ani must correspond to the concentration

above which entanglements work effectively. This is schema-

tically illustrated in Fig. 8(a) and (b). This picture reminds us
ucture. Thin and thick curves represent HMW and LMW PEs, respectively. (a)

MPEOC�
Rg
: HMWPE chains are entangled and extended due to the connectivity

(or entanglements) prevent extension of HMW PE chains.



Fig. 9. 2D SANS (a) and 2D SAXS (b) patterns from an elongated blend of

LMW deuterated PE and HMW hydrogenated PE (3 wt%).
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the gel-spinning technique [39–42] 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

extremely 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 shear flow that formation of the shish-like structure

is suppressed at a rather high concentration of the HMW PE

above C�
ani because the polymer chains cannot be extended due

the shear because of too many entanglements as illustrated in

Fig. 8(c).
3.2. SANS and SAXS measurements

The DPLS measurements indicated that the formation of

shish-like structure is enhanced by addition of the HMW

component. It is therefore, expected that the shish-like

structure is mainly formed from the HMW PE. However, it

has not been directly confirmed in the experiments. Further-

more, in small-angle X-ray scattering (SAXS) measurements

[12,43] the shish-like structure was not always observed even

though the shear condition was stronger than in the present
Fig. 10. Sector averaged SANS (a) and SAXS (b) intensities from an elongated ble

normal and parallel to the elongation.
experiment. When no shish-like structure is observed, many

interpretations are possible, e.g. the shish-like structure is once

formed but it disappears immediately after the formation; the

number of the shish is too little to be detected within sensitivity

of SAXS; the length of the shish is too long to be detected

within the SAXS resolution. In order to shed light on these

problems, we have performed SANS and SAXS measurements

on an elongated blend of HMW hydrogenated PE (3 wt%) with

MwZ2,000,000 and LMW deuterated PE with MwZ200,000.

This experiment is on the basis of the following idea. From the

results of the DPLS measurements, we expect that the shish-

like structure is mainly formed from the HMW hydrogenated

PE. It is well known in SANS that scattering contrast between

hydrogenated and deterated PEs is very large [44], so that we

can observe the shish-like structure if it is formed from the

HMW hydrogenated PE due to the high scattering contrast. On

the other hand, in SAXS scattering contrast arises form

electron density difference, which corresponds to mass density

difference in one component systems. Therefore, we expect

very large difference between SANS and SAXS scattering

profiles. However, if the HMW hydorogenated PE chains are

homogeneously distributed in the shish and the kebab structure,

SANS scattering contrast in the small-angle region arises only

from the density difference similar to SAXS. In this case, we

expect that the scattering patterns are almost the same in both

of SANS and SAXS. Hence, we can see whether or not the

shish is mainly formed from the HMWPE by comparing SANS

data to SAXS data.

The observed 2D SANS pattern is shown in Fig. 9(a). Very

strong streak-like scattering intensity is observed along the

direction normal to the elongation in the low Q range,

suggesting that the shish structure is formed during the

elongation process. Two-spot scattering pattern is also

observed in the direction parallel to the elongation. This must

correspond to the spacing between the neighboring kebabs

(lamellar crystalline structure) periodically attached along the

shish. The scattering contrast seems very large in the streak-

like scattering compared to the two-spot scattering. In order to

see it quantitatively, the sector averaged scattering intensities
nd of LMW deuterated PE and HMW hydrogenated PE (3 wt%) in directions
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in azimuthal angle ranges between K58 and C5 and between

85 and 958 are plotted against Q in Fig. 10(a), where the

azimuthal angle of 08 corresponds to the elongational direction.

In the direction normal to the elongation the scattering intensity

has no peaks and is very strong in the low Q range below about

0.02 ÅK1. On the other hand, the intensity parallel to the

elongation shows a peak at aroundQZ0.025 ÅK1, correspond-

ing to the spacing between the neighboring kebabs. What we

have to emphasize here is that the intensity from the shish

below about 0.01 ÅK1 is much stronger than that from the

kebab, showing the high scattering contrast of the shish. This

implies that the shish structure is mainly formed from the

HMW hydrogenated PE and the kebab is formed from the

LMW deuterated PE.

Small-angle X-ray scattering (SAXS) measurements were

also performed on the same sample in the SR facility,

SPring-8 in Nishiharima, and the observed 2D scattering

pattern is shown in Fig. 9(b). In contrast to the SANS result,

the streak-like scattering due to the shish structure was not

observed although the two-spot pattern due to the spacing

between the kebabs was clearly observed in the direction

parallel to the elongation. The sector averaged SAXS

intensities are also shown in Fig. 10(b) in azimuthal angle

ranges between K58 and C5 and between 85 and 958. The

scattering intensity parallel to the elongation shows a peak

corresponding to the kebab spacing similar to the SANS

result. On the other hand, the intensity normal to the

elongation is very weak, particularly in the low Q range

below about 0.02 ÅK1 in contrast to the SANS data. As seen

in the SANS data the shish structure is certainly present in

the elongated blend, however, the shish structure is not

observed in the SAXS measurement. In combination of the

SANS and SAXS results, we can directly conclude that the

shish is mainly formed from the HMW component and the

number of shish is too little to be detected within the present

SAXS sensitivity.

4. Conclusion

We have studied the crystallization process of blends of

HMW polyethylene (PE) and LMW PE under shear flow using

DPLS with the pulse shear technique as a function of

concentration of HMW PE in a range of 0–3 wt%, focusing

on effects of the HMW PE on the shish-like structure

formation. It was found that the shish-like structure formation

is enhanced by the HMW component above a threshold

concentration C�
ani of the HMW PE. This threshold is

2.5–3 times larger than the chain overlap concentration C�
Rg
,

suggesting that entanglements of HMW PE chains play an

essential role for the formation of shish-like structure. On the

basis of the results, it was suggested that a gel-spinning-like

mechanism for the shish-like structure formation. The DPLS

results also suggest that the shish-like structure is formed from

the HMW component. In order to confirm it we performed the

small-angle neutron scattering (SANS) and X-ray scattering

(SAXS) measurements on the elongated blend of the HMW

hydrogenated PE (3 wt%) and LMW deuterated PE. In the
SANS streak-like scattering due to the shish structure was

clearly observed in the direction normal to the elongation

although it was absent in the SAXS. This is due to the high

neutron scattering contrast between the hydrogenated and

deuterated PE, confirming that the shish structure is mainly

formed from the HMW PE and the number of the shish is too

little to be detected within the present SAXS sensitivity.
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