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ABSTRACT: We performed small-angle neutron and X-ray scattering (SANS and SAXS) measurements on an
elongated blend of low molecular weight deuterated polyethylene (PE) and high molecular weight hydrogenated
one (97.2/2.8) in a very wide range of scattering vector of 10-4—3 A1 to elucidate hierarchic structure of

the so-called shish-kebab. Comparing the SANS and SAXS data, we found that the hydrogenated high molecular
weight PE formed a large and long object aligned along the elongation direction. The SANS data were analyzed
in terms of the multicoreshell cylinder model, and we found that the long oriented structure had radius of
~1 um and length of~12 um and included about three extended chain crystals with radius4sf A. We

believe that this oriented long object with a relatively low aspect ratio of about 12:1, which is called the row
structure in this paper, is a precursor formed from deformation of network of high molecular weight components
due to entanglements.

1. Introduction study the shish-kebab structure in a wide spatial range simul-
Polymer materials are crystallized under many kinds of flows t@neously; in addition, the kebabs are overlapped on the shish,
during their processing such as fiber spinning, injection molding, S© that it is not easy to distinguish the shish from the kebabs.
and extrusion, and the crystallization kinetics and the final In @ previous paper, we performed depolarized light
morphology dominate their macroscopic properties. In flow Scattering (DPLS) experiments on a blend of low molecular
crystallization processes the so-called shish-kebab structure igveight PE (LMW PE) and a small amount of ultrahigh
often observed in the morphology, which consists of a long Molecular weight PE (HMW PE) to study effects of the high
central core (shish) surrounded by lamellar crystals (kebabs).molecular weight component on shish-kebab formation and
It is believed that the shish-kebab structure is the origin of the found that HMW PE enhanced the formation of shish-kebab
ultrahigh strength and modulus of fibers, so extensive studies above a certain critical concentration, which was about 3 times
have been performed to elucidate the morphology and thelarger than the overlap concentration. Furthermore, we studied
processes of formatiolil” Such shish-kebab structure in  an elongated PE blend of deuterated low molecular weight PE
polyethylene (PE) was observed by Keller et al. using transmis- (L(MW-d-PE, 97.2 wt %) and hydrogenated HMW PE (HMW-
sion electron microscope (TEM§; 2L showing shish of~100 h-PE, 2.8 wt %) by small-angle neutron and small-angle X-ray
A in diameter and several micrometers in length. It is believed scattering (SANS and SAXS) to confirm that the shishlike
that the shish is an extended chain crystal and the kebab is aStructure is formed from the HMW component. The results are
folded chain lamella crystal. On the other hand, long oriented feproduced in Figure 1.
objects with diameters of several micrometers aligned along the In the SANS data in Figure 1a we clearly see the streaklike
flow direction are often observed in some polyniéfsusing scattering normal to the elongation direction in addition to the
an optical microscope (OM). This long object is apparently two-spot pattern along the elongation direction. The former and
similar to the shish structure, which is called the row structure the latter correspond to the shishlike structure (or the row
in this paper, but the spatial scale is very different. It may include Structure) and the kebab structure (or the kebab spacing). On
the kebab inside judging from the spatial scale. These observa-the other hand, we only see the two-spot pattern along the
tions suggest that the shish-kebab has hierarchic structure in glongation direction in the SAXS result (Figure 1b), corre-
wide spatial scale. However, few works dealt with the hierarchic sponding to the kebab structure. This result directly tells us that
structure of the shish-kebab. One of the reasons is difficulty to the shishlike structure or the row structure is formed from the
HMW component. Conventional SANS machines can access a
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Small-angle and wide-angle X-ray scattering (SAXS and WAXS)
measurements were performed using three spectrometers. WAXS
measurements were carried out using a X-ray generator DX-GE-
2P (JEOL) with a 2D imaging plate (IP) detector. TQerange
covered in the WAXS measurement was k510°1—3.1 AL
SAXS measurements were carried out using an apparatus installed
at the beamline BL45X®& in the SR facility, SPring-8, in
Nishiharima. A CCD camera (C4880: Hamamatsu Photonics K.K.)
with an image intensifier was used as a detector system for the

0.05 A" SAXS measurements. In the measurement we covef@damnge
_— of 4 x 1032 x 10°* A-1. We also used U-SAXS machine with
Figure 1. 2D SANS (a) and SAXS (b) patterns of elongated PE blend Bonse-l-5|art type c;”:lmira (TRY-HV), which covere@aange of
of low molecular weight deuterated PE (LMW-d-PE) witlh, = 1x105-8x 102A™

200 000 and high molecular weight hydrogenated PE (HMW-h-PE) . .
with molecular weighM,, = 2 000 000. Weight fraction of HMW-h- 3. Results and Discussion

PE is 2.8%. One of the aims in this work is to see the row structure (or
the long oriented structure in micrometers) and the shish
structure (or the extended chain crystal) in a wi@eange to
determine the form factors. For this purpose we used hydrogen/
deuterium (H/D) labeling method in SANS. We briefly explain
the basic idea of the SANS measurements. We expect that the
row structure and/or the shish structure is mainly formed from
the HMW-h-PE in the blend’ It is well-known in SANS that

the scattering contrast between hydrogenated and deuterated PEs
is very large?® so that if the row structure and/or the shish
structure is formed from HMW-h-PE we could observe them
due to the high scattering contrast. On the other hand, in SAXS
the scattering contrast arises from the electron density difference,
which corresponds to the mass density difference in one-
component systems. Therefore, in the case that the row structure
with molecular weight,, = 2 000 000 and polydispersityl/Ms and/or the shish structure are formed from HMW-h-PE, we
=12, and the other is low molecular weight deuterated PE (LMW- expgct very Iarge.dlfference between'the SANS and SAXS
d-PE) withM,, = 200 000 andMl,/M, = 5, whereM,, andM,, are profiles. However, if the HMW-h-PE chains are homogeneously
the weight- and number-average molecular weights, respectively. distributed in the shish and the kebab structure, the SANS
The nominal melting temperatures of HMW-h-PE and LMW-d- intensity in the small-angle region arises from the density
PE determined by DSC measurements were 135 and@3# a fluctuations and the concentration fluctuations of HMW-h-PE
heating rate of 20°C/min. HMW-h-PE and LMW-d-PE were in the shish and in the kebab. The former and latter are similar
dissolved in xylene with antioxidant regent (2¢tbutyl-p-cresole)  to those observed in the SAXS and to those in semidilute
to form a homogeneous solution at 13C under a nitrogen  polymer solutions, respectively, and the latter are not so large
3}{225222iekezgfngﬂ?ée:;ﬁ;gr? gtf '1_13'\&\/\{0?1'35 ﬁc\’,vmagoqnueengc‘?’zzz'g compared with the former. Hence, in this case, we expect that
e - X ’ the scattering patterns are almost identical in both the SANS
into ice/water to precipitate as a gel, filtered from xylene, and and SAXS. Therefore, we can see whether or not the row

washed with methanol several times. The gel was vacuum-dried at . . .
70 °C for 2 days and then hot-pressed at P&for 5 min and structure and/or the shish structure is mainly formed from the

quenched rapidly to ice/water to obtain a fita®.5 mm thick. Strips ~~ HMW-h-PE by comparing the SANS data to the SAXS data.
of the blend film were elongated about 6 times at a rate of 30 s On the basis of this idea, we have performed SANS measure-
at 133°C and quenched to ice/water. These elongated strips werements on the blend of HMW-h-PE/LMW-d-PE (2.8/97.2). As
aligned on the cell window. shown in Figure 1, the streaklike scattering normal to the
Small-angle neutron scattering (SANS) measurements were elongation direction is observed only in the SANS data. This
performed using three spectrometers. One is the F-SANS spec-regyjt directly shows that the row structure and/or the shish
trometer at JRR-3 reactor in Tokai with recently developed neutron ¢, ture is mainly formed from the HMW-h-PE although the
focusing lenses made of MgRvith diameter 30 mm, curvature Q range is not enough to estimate the form factor of the row

radius 25 mm, and thickness 10.5 mm. Using F-SANS, we can truct In order t luate the f fact h tended
perform two-dimensional measurements in a very Qw= 4z structure. In order to evaluate the torm tactor, we have exiende
the Q range in this work.

sin 6/4, 26 being the scattering angle) range fromx110* to ) )
102 A-1. We also used SANSAJ at JRR-3 reactor in Tokai. In Figure 2a shows the F-SANS data iQaange down to 4«

the SANS-U measurements, the scattering veQtoras from 6x 10-3 A-1, which shows anisotropic scattering pattern as expected
103to 7 x 102 A-1. In addition, we used a time-of-flight (TOF)  from the SANS-U data (Figure 1a). After subtracting the
SANS spectrometer SWAN installed at a spallation pulse cold  background (the empty cell), the one-dimensional intensities
neutron source at KENS, Tsukuba, in order to extendirange have been calculated and plotted in Figure 3 in the parallel and
up to 3 A1, In this spectrometer we measure the scattering intensity normal directions, where the SANS-U data are also plotted in

as a function of neutron wavelengthas well as scattering angle the parallel and normal directions. Figure 2b shows the 2D

20. Hence, we can cover a very widgrange from 102 to 3 A1 ) . .

in the measurements. Combining all the data by three spectrometersSWAN (TOF-SANS machine) data in low af‘g'e counters for
we can cover @ range from~1 x 10~ to 3 A% in this study. heutron wavelengti = 11 A. Here we again observed the
This wide Q range is a distinct feature of this experiment. The Streaklike scattering in the direction normal to the elongation.

scattering data obtained in each spectrometer was correctedOne of the advantages in the SWAN measurements is to observe

according to the standard procedure in the corresponding facility scattering intensities from crystalline lattices in the Higrange,
but not converted to the absolute intensity. which mainly come from the kebab structure.

(a) SANS (b) SAXS

elongation

the micrometer scale. In this work we therefore performed
SANS measurements with a machine equipped with neutron
lenses to access a very la@vrange down to~1 x 1074 A1,

In addition, we performed SANS measurements using a time-
of-flight (TOF) SANS machine on a spallation cold neutron
source to cover @ range from 102 to 3 A~L. This measurement
gives us information on crystal lattice, too. In this paper we
will analyze the data in the wid€ range and discuss the
hierarchic structure of the shish-kebab.

2. Experimental Section

We used two kinds of polyethylene to prepare a blend. One is
high molecular weight hydrogenated polyethylene (HMW-h-PE)
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Figure 2. 2D SANS patterns of elongated PE blend of LMW-d-PE
and HMW-h-PE: (a) measured by F-SANS and (b) measured by
SWAN (TOF-SANS machine).
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Figure 4. 1D SANS difference intensities in the directions normal
3 and parallel to the elongation direction after subtraction of the
contributions of density fluctuations which were evaluated from SAXS
data. Thick solid lines (black) are the results of fit to multiceshell
cylinder model, and the chain line (purple) is a contribution of the core
] [or the shish (extended chain crystal)]. Thin solid line (green) is the
E result of fit to the cylinder model.

Intensity (a. u.)
=

E Here, pcp, pap, and pcy are the scattering length densities of
; d-PE in the crystalline region, d-PE in the amorphous region,

U e and h-PE in the crystalline region, respectively, &adQ) and
0.001 0.01 90-1 1 Piow(Q) are the structure factor due to the mass density
Q/ A’ fluctuations and the form factor of the row structure (or the
Figure 3. 1D SANS and SAXS profiles of elongated PE blend of row _structure including the shish). T_he former_correspo_nds to
LMW-d-and HMW-h-PE in the directions normal and parallel to the Fourier transform of the mass density correlation function. In
elongation direction. SAXS measurements h-PE and d-PE cannot be distinguished,
andlge{Q) can be observed in SAXS with different scattering
In the large scattering angle region in SWAN, we observed contrast, leading to eq 2.
a very strong Bragg intensity from the (110) plane in the normal
direction, but the (200) diffraction is not so different between [(Q) = Kl Q) + (oen — pcD)ZProw(Q) (2)
the normal and parallel directions, suggesting that the kebab
grows along theéb-axis although the data are not shown here. whereK is a ratio of contrast factor of neutron scattering to
After correcting the data for the background (the empty cell) X-ray scattering.
scattering, the counter efficiency, the wavelength distribution  In order to subtract the scattering contribution due to the mass
of incident neutron intensity, and the transmittance, we have density fluctuationsge{Q) in eq 2, we have carried out WAXS,
calculated 1D scattering intensities in the parallel and normal SAXS, and U-SAXS measurements on the same sample and
directions and plotted in Figure 3. The data were shifted by plotted in Figure 3 together with the neutron data. The X-ray
eye so as the data are smoothly connected. intensity was adjusted so that the intensity ratio of WAXS to
Data analysis is not straightforward in the measurements. As WANS is equal to the calculated one, and both of the intensities
mentioned above, the SANS contrast in the present sample arise§'® the same aQ = 0.4-0.6 A~* because the structure
from two causes: the scattering length density difference due fluctuations are very small at arour@ = 0.4-0.6 A12T1n
to the mass density difference and the scattering length the normal direction, the mtensny_dﬁerence between X-ray and
difference between H and D. We assume that the mass densitWeumﬂ is very large, especially in a ldrrange below about
correlation function and the H/D density correlation function O-1 A, confirming that the row structure and/or the shish
could be decoupled because the fraction of HMW-h-PE is very Structure is formed by the HMW-h-PE. On the other hand, in
small (2.8 wt %). Furthermore, we assume that the row structure ("€ parqllel direction, the Intensity difference is not very large,
and/or the shish structure is formed from HMW-h-PE, and the suggesting that the kebgb IS malnly formed fro.m the LMW-d-
other parts include only LMW-d-PE because the scattering PE f'a_lthough the small dlf_ferences in the intensity and the peak
contrast of the streaklike scattering in the SANS is very strong position of t_he_ long peT'Od mean that the s_mall amount of
compared with the contrast in the SAXS (see Figures 1 and 2). HMW-h-PE is included in the kebab. According to eq 2, we

Under the assumptions the scattering intensity could be ap_h_ave _subtracted the_ X-ray sgattering intensity in .bOth. the
proximated by directions, and the difference intensities are plotted in Figure

4. In this procedure we have neglected the incoherent scattering
) ) contribution mainly from hydrogen atoms in HMW-h-PE
1(Q) = (Pcp — Pan) T4ed Q) T (Pch = Pep) Prow(Q) (1) because it is very small in the measurement.
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The difference intensities could be regarded as a form factor above about 0.02 A. Then we further assume that several
of the row structure (or the row structure including the shish) extended chain crystals (the shishs) are included in the large
in both the parallel and perpendicular directions. However, the shell cylinder. In the coreshell cylinder model the cross-term
subtraction does not work well in the long period region (0.01 between the core and the shell is negligible small because of
< Q/A-1 < 0.1) in the parallel direction because the scattering the small amount of HMW-h-PE. Hence, neglecting the cross-
contrast due to the density fluctuations in the kebab is very large terms between core and core and between core and shell in this
and a small amount of h-PE is included in the kebab. Therefore, model, the scattering intensity could be approximated by
we did not use the data in the long period region (0:0Q/A -1
< 0.1) in the parallel direction for further analyses to evaluate | ore-snef Q) = [VenerOspen — pD)F(QvRshelliH)]z +
the form factors of the row structure and/or the shish structure. 5

In the lowQ range between & 103 and 2x 102 A-1the NVeordPeore ~ Psnel F(Q.Reore H)]™ (4)
scattering intensity in the normal direction can be described by
a power law with an exponent ef3; 1(Q) ~ Q3, corresponding wheren is number of the core cylinders in a shell cylinder.
to the asymptotic behavior of scattering intensity from a cylinder The result of fit is shown by a thick solid line (black) in Figure
in the normal direction to the long axis, and hence we have 4 where the core (shish) contribution was also indicated by a
first employed a cylinder model. The form factor of an oriented chain line (purple). The result of it is very good, showing that
cylinder with a length of Bl and a radius oR has been reported  the present model, which is termed a multicesbell cylinder
by Shibayama et &8 According to the report, we have Mmodel, is appropriate to describe the row structure and the shish
calculated the form factor in the normal direction taking into structure. The evaluated radii of the shell and core~ate:m
account the distributions of the radifsand the polar angle and 45 A, respectively, and the number of the core cylinders is
of cylinder axis with respect to the elongation direction and about 3, giving a picture that the row structure with radius of
fitted to the observed scattering intensity after convoluting with ~1 um includes about three extended chain crystals (shish) with
the resolution functions of the spectrometers. We found that & diameter (a radius) of 90 A (45 A). This very small number
the R distribution was not negligible but the angular distribution ©of the shishs is one of the reasons why we did not observe the
was very small, and hence tledistribution was neglected in extended chain crystals in SAXS measurements. If we assume
the fits. The result of fit is shown by a thin line (green) in Figure that the three shish-kebab structures equally share the large
4, which is almost behind the data points (or a thick line) in bundle (or the row structure) with radius oflL um, the radius
the Q range below about 0.02&. This means that the cylinder ~ of the kebab would be about 5000 A. We estimated the
model can describe the row structure in the large scale abovediSpEl’SiOﬂS of the radius for the shell and the core, which were
about 300 A, and the evaluated radius wakum. This large about 30+ 5% and~5%, respectively. The latter is rather small,
radius certainly is not an extended chain crystal (shish) becauseshowing that the radius of the extended chain crystals is rather
it is large enough to include the kebab inside, but it is probably uniform.
the bundle of the shish-kebab’s. In tierange above about We also calculated the form factor in the parallel direction,
0.02 A1, on the other hand, the observed data in the normal but it was impossible to fit to the observed data in the present
direction show excess scattering intensity, suggesting some extrd2 range because the length of cylinder was too long. The ratio
structure which is not included in the cylinder model. As of scattering intensity in the parallel direction to the normal
mentioned in the Introduction, Keller and co-workéra! one is a function of the cylinder length in ti@range?® Hence,
reported the shish structure with a diameterdfo0 A, which fixing all the geometrical parameters in the multicoshell
may correspond to an extended chain crystal (the shish). Wecylinder model except for the length, we calculated the intensity
have assigned the excess scattering intensity above about 0.0 the parallel direction and fitted to the observed data to
A-1to the shish structure (the extended chain crystal). In order reproduce the ratio of the intensity in the parallel direction to
to describe this contribution, we employed a ceskell cylinder ~ the normal one. The result is shown by a thick solid line (black)
model2®in which the core and shell describe the extended chain in Figure 4, and the estimated length of the cylinder ®as
crystal (the shish) and the row structure on the micrometer scale,~12xm. This length is comparable to that of the shish observed

respective]y_ The Scattering intensity is given by by Keller and co-workers by TENE-2! The internal structure
of the row structure is schematically drawn in Figure 5, where
leore-cre Q) = [VererPana — Po)F(QRepH) + Vegre the size and amount of the kebabs are reduced and the

5 noncrystalline short chains are not shown to clarify the internal
(pcore_ psheIDF(Q’Rcore-H)] (3 structure.

In the previous experiments on crystallization of PE and
where F(Q,RH) is scattering amplitude of a cylinder with a isotactic polypropylene (iPP) after applying pulse sH&af;22
length of 2H and a radius oR, Vspel, Vcore Rshels @NdReore are we found that long oriented structure on the micrometer scale
the shell and core volumes and the shell and core radii, (which termed shishlike structure in the previous pal¥érs
respectively, antbsnel, pcore @ndpp are the scattering length  appeared in the very early stage of crystallization. Similar
densities of the shell, the core, and the d-PE matrix, respectively.shishlike structure was reported in some papers and assigned
In this calculation we assumegye= pcH, andpp was calculated  to a precursor of the shigh 124 We also found that the
assuming that the shell volume fraction was 0.3 and HMW-h- formation of the shishlike structure (or the precursor) was
PE was homogeneously distributed in the shell with the degree enhanced by addition of high molecular weight component
of crystallinity of 0.68 which were determined by the SAXS above a certain critical concentration, which was about 3 times
data.pp was calculated under an assumption that the matrix larger than the overlap concentration of the high molecular
consisted of only LMW-d-PE. According to eq 3, we calculated weight component’ This result suggests that entanglements of
the scattering intensity of the corshell cylinder model and  high molecular weight components play an important role for
fitted to the observed one in the normal direction. It was the shishlike structure (or the precursor) formation. We therefore
unfortunately found that the contribution of the core scattering proposed a gel-spinning-like formation mechanism for the
in this model was too small to reproduce the observed intensity shishlike structure (or the precursor) in the previous papier,
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2Reore = 9N of the shisfh-kebab structure (or the row struc_ture) with a ra_dius

of ~1 um includes about three extended chain crystals (shishs)
with a radius of~45 A. This small number of the extended
chain crystals is probably a reason why SAXS cannot detect
the shish structure. We believe that the row structure is formed
from the deformed oriented network of high molecular weight
chains due to entanglements, in which the extended chain
crystals may grow.
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