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SYNOPSIS

The blown films of high-density polyethylenes with unimodal and bimodal molecular weight
distribution were prepared under several processing conditions, and their morphologies
were extensively characterized. The high molecular weight tail (MW > ~ 10°) of the mo-
lecular weight distribution seems to play a critical role on the morphology of blown high-
density polyethylene films irrespective of the molecular weight distribution mode of the
resins. As the content of high molecular weight species increased, the tendency for high
stress-crystallization increased and the network structure of lamellar stacks was better
developed. The intercrystalline connectivity along the normal direction of lamellar stacks
was higher than that along the transverse direction of lamellar stacks. © 1996 John Wiley &

Sons, Inc.

INTRODUCTION

Blown high-density polyethylene (HDPE) film is
one of the most widely used polymeric materials.
The bulk property of blown HDPE film is usually
determined by the morphology such as crystallinity,
stacked lamellar crystalline morphology, intercrys-
talline connectivity, and preferred orientation. For
these reasons, the morphological characterization
of blown HDPE films is of considerable interest both
from the standpoint of scientific curiosity and com-
mercial significance. Many efforts have been per-
formed to understand the morphology .of blown
HDPE films and to interrelate the morphology with
the bulk properties of the blown films.'~%¢

The morphology of blown HDPE films generally
depends on the overall processing parameters such
as extrusion temperature, draw ratio (DR), blow-up
ratio (BUR), and frost-line height (FLH) as well as
on the molecular structural parameters such as mo-
lecular weight and branching. Pearson® and Pearson
and Petrie?® attempted at first to determine the fac-
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tors relevant to the blowing process from a theoret-
ical viewpoint. Later, several authors reported theo-
retical and experimental investigations considering
the kinematics, dynamics, heat transfer, and bubble
stability in the tubular blown-film process.*”® How-
ever, in spite of the importance, only few studies
concerning the influence of molecular structure on
the morphology of blown HDPE films have been
made.

In the 1980s, new HDPE film resins with a bi-
modal molecular weight distribution (bimodal
HDPE) were developed and have gained an increas-
ing share of the marketplace.?*° Bimodal HDPE
resin has greatly improved properties, especially the
film dart drop impact strength compared to conven-
tional unimodal molecular weight distribution
HDPE (unimodal HDPE) resin of similar melt index
and density. This implies that the morphology of
the blown bimodal HDPE film is different from that
of the blown unimodal HDPE film. Therefore, thor-
ough morphological investigation of these two types
of HDPE films prepared under the same processing
conditions can help in understanding the effect of
molecular structure on the morphology of blown
HDPE films. In this article, the blown films of the
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HDPE resins with unimodal and bimodal molecular
weight distribution were prepared using a commer-
cial tubular blown film extruder, and the morpho-
logical features of these films were extensively in-
vestigated.

EXPERIMENTAL

Materials

Four commercial HDPEs, labeled BH, UH, BM, and
UM, were used in this study. The melt index, density,
average molecular weight, polydispersity, average
short-chain branching content, and branch type of the
resins are summarized in Table I. The molecular
weight distributions of the polymers are shown in Fig-
ure 1. The BH and BM resins have a bimodal molec-
ular weight distribution (MWD), while the UH and
UM resins have a unimodal MWD.

Blown Film Preparation

Films were prepared using a 40 mm Yoo Jin Engi-
neering tubular blown HDPE film equipment. It
consists of a full flight screw with an L/D of 25 to
1, a 50 mm spiral die with a die gap of 1 mm, an
internal bubble stabilizer, an air ring, nip rolls, and
a take-up device. In this study, the extrusion motor
speed was fixed at 1050 rpm, and the extrusion tem-
perature was fixed at 165, 180, 190, 200, and 200°C
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Figure1l Gel permeation chromatograms of the HDPE
resins.

for cylinder zones 1, 2, and 3, head, and die, respec-
tively. Processing conditions were chosen to obtain
films that were approximately 20 um in thickness
for measurements of the mechanical properties of
the films. For the BH and UH resins, three films
were blown from each resin under the three sets of
processing parameters: DR, BUR, and FLH. Blow-
ing condition 1 is a commercially typical one. For

Table I Characteristics of the HDPE Resins

Resin
Characteristics BH UH BM UM

Melt Index (g/10 min)

| 0.05 0.07 0.32 0.42

L, & 8.5 10.5 27.7 32.6
Density® (g/cm®) 0.9535 0.9532 0.9551 0.9535
M, 12,149 21,468 15,220 22,635
M, 363,889 331,655 235,422 219,449
M,/M, 30.0 15.5 15.5 9.7
Fraction (%)

MW > 6 X 10° 18.9 13.6 10.1 8.20

MW > 108 11.2 8.67 6.07 4.37
Comonomer type 1-Butene 1-Butene 1-Butene 1-Hexene
SCB content, CH, /1000 C 2.0 1.9 2.1 1.8

2 ASTM D 1238 (condition E).
5 ASTM D 1238 (condition F).
©ASTM D 1505.

¢ Short-chain branching.
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Table II Blowing Conditions of the Films

1719

Frost-line

2.5 13.8

UH-2

UH-3 2.5 14.8
BM-3 2.5 13.7
UM-3 2.5 14.4

54 22
25 23
25 24
25 23

blowing condition 2, the stretching along the ma-
chine direction (MD) was increased while the
stretching along the transverse direction (TD) was
decreased compared to those of blowing condition
1. Blowing condition 3 is very similar to blowing
condition 2 except for the lower FLH. In the case

MD{(a=0, B=90 or 270°)

ND{x=90°

TD(a=0, f=0 or 180%)

Normalized Intensity

of the BM and UM resins, it was impossible to pro-
duce proper films due to the lack of bubble stability
at blowing conditions 1 and 2, since the melt stability
under these processing conditions was poor. A de-
tailed summary of the films prepared is presented
in Table II.

MD(a=0, B=90 or 270°

Iy ND(o=90°%

TD(a=0, B=0 or 180%

M Y R
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Characterization of the Morphology of Films

The melting behavior of the films was analyzed by
differential scanning calorimetry (DSC) using a
DuPont Thermal Analyst 2100 Model at a heating
rate of 10°C/min in a nitrogen atmosphere. The
melting endotherms were recorded by heating the
samples from 30 to 160°C. The degree of crystallinity
from the calorimetric data was calculated using 69
cal/g for the completely crystalline polyethylene.®!

The preferred orientation of the films was deter-
mined using polarized infrared absorption and wide-
angle X-ray diffraction. The infrared dichroic mea-
surements were made on Bomem-MB-100 FTIR
spectrometer equipped with a Bio-Rad PT polarizer.
Pole figures of the diffraction planes for the films
were obtained using Rigaku D/MAX-III C(3 kW).
Detailed information on the pole figure measure-
ment procedure was presented -elsewhere.?>%
Twenty-five sheets of films were carefully stacked
to give a 500 um in total thickness approximately
and clamped so as to maintain their sample direc-
tions parallel. A specimen was cut from the original
stacks using a disk cutter with a diameter of 32 mm
and the edge of the disk specimen was glued with a
water-based glue. All the X-ray measurements were
performed using nickel-filtered CuKa radiation
produced at 40 kV and 45 mA. The Decker trans-
mission and Schulz reflection method were used for
low and high « angles, respectively. The connection
angle was 30°. Measurement conditions were as fol-
lows: « angle variation, 0-90°; 8 angle variation, 0-
360°; « and B angle step, 10°; 8 angle speed, 190°/
min; and ¥ oscillation, 10 mm. The mean-square
cosines of the angle between the crystallographic
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Figure4 The mean-square cosines of the angle between
the a-axis and the c-axis and the normal direction,
{cos*¢, npy and (cos®p, np), of the films against the content
of high molecular weight species > (MW > 10%) of the
resins.

axes and the sample reference directions, MD, TD,
and normal direction (ND), were calculated with in-
ternal software of the diffractometer. The intensity
data were corrected for background scattering and
absorption.

The crystalline morphology of the three reference
planes, the MD-TD, MD-ND, and TD-ND planes,
and the brittle fracture specimen of the films was
observed by a scanning electron microscope (SEM).
A Phillips SEM 535M was used. A cross section of

Table III Dichroic Ratios (MD/TD) of Crystallographic Axes

Dichroic Ratio (MD/TD)

a-Axis b-Axis c-Axis

Film Pole Figure® IR® Pole Figure IR Pole Figure IR

BH-1 1.125 1.105 0.380 0.463 1.305 1.318
BH-2 0.559 0.621 0.254 0.421 1.646 1.617
BH-3 1.035 0.978 0.234 0.454 1.456 1.444
UH-1 1.338 1.159 0.352 0.454 1.194 1.402
UH-2 0.544 0.667 0.332 0.478 1.597 1.707
UH-3 1.123 1.059 0.242 0.547 1.401 1.412
BM-3 1.436 1.369 0.216 0.479 1.290 1.422
BM-3 1.800 1.819 0.245 0.480 1.058 1.199

* {cos’¢;mp /{08’ b; D )-

® Avp/Arp.
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Figure 5 Scanning electron micrographs of the normal plane of the resin BH films (MD
4, TD —): (a) BH-1, 1000X; (b) BH-1, 20,000X; (c) BH-2, 1000X; (d) BH-2, 20,000X; (e)
BH-3, 1000X; (f) BH-3, 20,000X.
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(e) (£

Figure 6 Scanning electron micrographs of the normal plane of the resin UH films (MD
4, TD —): (a) UH-1, 1000X; (b) UH-1, 20,000X; (¢) UH-2, 1000X; (d) UH-2, 20,000X; (e)
UH-3, 1000X; (f) UH-3, 20,000X.



(c)

Figure 7 Scanning electron micrographs of the normal
plane of the resin BM and UM films (MD 4, TD —): (a)
BM-3, 1000X; (b) BM-3, 20,000%; (¢) UM-3, 5000X.

BLOWN HIGH-DENSITY POLYETHYLENE FILMS 1723

the films was prepared by cryo-ultramicrotoming
with a diamond knife at —130°C. The specimens
were etched with a 0.7 wt % solution of KMnO, in
a 2 :1 (v/v) mixture of concentrated sulfuric acid
and 98% phosphoric acid for 1 h at room tempera-
ture. The etched specimens were washed with a 2 :
7 mixture of concentrated sulfuric acid and water,
washed with water again, and freeze-dried. They
were mounted on SEM stubs with double-stick tape
and sputter-coated with gold. Accelerating voltage,
probe current, and tilt angle were 7 kV, 3 X 1071}
mA, and 30°, respectively.

The tie molecule density of the films along the
MD and TD was evaluated from brittle fracture
stress measurements proposed by Brown and
Ward.?® The brittle fracture stress of the films was
measured using an Instron testing machine equipped

(b)

Figure 8 Scanning electron micrographs of cross sec-
tions of the UH-1 film: (a) TD(4)-ND(—) plane; (b)
MD(4)-ND(—) plane.
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Figure 9 DSC melting endotherms of the films.

with modified grips. The ASTM D 1708 dog-bone-
type tensile specimens were cut out of the films and
gripped firmly by the jaws which were mounted in-
side the reservoir of liquid nitrogen. The specimens
were conditioned for 10 min and deformed at a
crosshead speed of 500 mm per min.

RESULTS AND DISCUSSION

Preferred Orientation

The development of molecular orientation in the
crystalline phase of blown HDPE film can be con-
veniently determined by investigating the alignment
of its unit cell. Figures 2 and 3 show the normalized
intensity profiles of the (200) and (020) poles, i.e.,
a- and b-axis distribution, as a function of the « and
B angles. In these figures, the relationship between
the o and § angles and the sample reference direc-
tions (MD, TD, and ND) is also illustrated. The
major tick mark of the abscissa indicates the « angle
variations with a stepwise increment of 10°, and the
minor tick mark indicates the § angle variations
from O to 350° at a given « angle.

For the BH-1 film prepared from the high mo-
lecular weight (HMW) bimodal BH resin at blowing
condition 1, as the a angle increases at 8 = 90 or
270°, the intensity of the (200) pole increases very
slowly up to a = 40° and then steeply increases and
shows a maximum at o« = 70°. With a further in-
crease in «a angle, there is a slight decrease in inten-
sity. The intensity variation of the (200) pole with
the 8 angle is very small in the range of o = 0-40°.
However, at a higher « angle, the intensity of the

TD deformation

BH-1 BH-2 BH-3 UH-1 UH-2 UH-3 BM-3 UM-3

Figure 10 Photograph of the brittle fracture specimens of the films.
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Table IV Brittle Fracture Stress and Calculated Tie Molecule Density of the Films

Tie Molecule Density® (Fraction)

Brittle Fracture

Stress (Gpa) B=01,¢c=20 3=0.1,c=50 B8=0.2,¢c=20 B8=0.2,¢c=50

Film MD TD MD TD MD TD MD TD MD TD

BH-1 0.1365 0.1185 0.066 0.054 0.206 0.176 0.019 0.013 0.090 0.074
BH-2 0.1685 0.1045 0.088 0.044 0.261 0.152 0.030 0.008 0.117 0.062
BH-3 0.1375 0.1115 0.067 0.049 0.208 0.164 0.020 0.011 0.090 0.068
UH-1 0.1265 0.1160 0.059 0.052 0.189 0.171 0.016 0.012 0.081 0.072
UH-2 0.1590 0.0970 0.082 0.039 0.245 0.139 0.027 0.006 0.109 0.056
UH-3 0.1305 0.1100 0.062 0.048 0.196 0.161 0.017 0.010 0.084 0.067
BM-3 0.1285 0.1155 0.061 0.052 0.193 0.170 0.017 0.012 0.083 0.072
UM-3 0.1215 0.1110 0.056 0.049 0.181 0.163 0.014 0.011 0.077 0.068

2 Tie molecule density (Ref. 34), f; = (Cop — BE,)/B(Er — Ei,), where C is the stress concentration; o, the brittle fracture stress;
3, the constant of proportionality, Ej, and Er, the Young’s modulus for van der Waals’ bonds (8 Gpa) and tie molecule (300 Gpa),

respectively.

(200) pole follows a periodic function with the max-
ima at 8 = 90 and 270° and the minima at 8 = 0
and 180°. These results represent that the a-axes
are preferentially oriented along the ND and that
the a-axes have a preferential orientation to the MD
than to the TD at a given tilt angle (90° — «) to the
ND. This indicates that the orientation occurred
under the high-stress crystallization proposed by
Maddams and Preedy.!® It is also found that the b-
axes of the BH-1 film are mostly perpendicular to
the MD and have a preferential orientation to the
ND in the ND-TD plane. From the preferred ori-
entation of the a-axes and b-axes of the BH-1 film
and the orthorhombic structure of polyethylene, it
seems that the c-axes of the film BH-1 are mostly
perpendicular to the ND and, thus, to the MD-TD
plane.

In the case of the BH-2 film, the a-axes and b-
axes are mostly perpendicular to the MD. It is cer-
tain that the orientation occurred under the very
high stress crystallization. This implies that the c-
axis of the BH-2 film seems to show a higher pref-
erential orientation along the MD compared to that
of the BH-1 film, i.e., the MD oriented lamellar stack
is dominant. The difference in the preferred orien-
tation between the BH-1 and BH-2 films is caused
by the differences in DR and BUR. For the BH-2
film, the stretching in the MD is increased and the
stretching in the TD is decreased compared to those
of the BH-1 film. Compared to the BH-2 film, the
BH-3 film has a weak tendency for high-stress crys-
tallization orientation. This is attributed to the lower
FLH of the BH-3 film, which was already explained
by Maddams and Preedy.'*!¢

For the films prepared from the HMW unimodal
UH resin, it is apparent that the dependency of the
preferred orientation on blowing conditions is sim-
ilar to that of the HMW bimodal BH resin. However,
the maximum of the intensity of the a-axes for the
HMW unimodal UH resin films is positioned at a
lower « angle than that of the corresponding HMW
bimodal BH resin films. This indicates that the pre-
ferred orientation of the bimodal BH resin films is
more dependent on the high-stress crystailization
than on that of the unimodal resin UH films.

In the case of the medium molecular weight
(MMW) bimodal resin BM-3 film and the unimodal
resin UM-3 film, the high-stress crystallization ori-
entation was considerably diminished compared to
the corresponding HMW resin BH-3 and UH-3
films. Especially, the UM-3 film has a great tendency
for low-stress crystallization orientation.

The mean-square cosines of the angle, <cosz¢iJ>,
between a crystallographic axis (i = a- and b-axes)
of the orthorhombic crystallites of polyethylene and
the sample reference directions (j = ND, MD, TD)
were calculated by the well-known method.?2**% The
mean-square cosines of the angle between the c-axis
and the sample reference directions, {€0s°¢, ), were
calculated from (cos’d, ;) + (cos’dy,) + {cos’p. ;>
= 1. IR dichroic ratios were also measured to obtain
the preferred orientation of each crystallographic
axis. The observed absorption bands are as follows:
CH, rocking mode doublet at 719/730 cm™!; CH,
bending mode doublet at 1462/1473 cm™}; CH, wag-
ging mode at 1175 cm™!; and CH, twisting mode at
1050 cm L. The transition moment direction is par-
allel to the a-axis for the peaks at 730 and 1473
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(b)

Figure 11 Scanning electron micrographs of the brittle
fracture specimens of the BH-2 film: (a) MD tensile de-
formation (MD 4, TD —); (b) TD tensile deformation
(TD 4, MD —).

cm™}, to the b-axis for the peaks at 719 and 1462
cm™}, and to the c-axis for the peaks at 1050 and
1175 ¢m™1.%¢ Data processing for the resolution of
the doublet peaks was carried out by the previous
method reported by Zerbi et al.*” and Kissin.®®
Dichroic ratios obtained by the pole figure mea-
surements are in good agreement with those of the
polarized IR spectroscopy measurements, as shown
in Table III. The effects of processing conditions
and resin types on the average orientation of crys-
tallographic axes for all the films are clearly shown
in Table III. From the level of molecular structure,
it is very important to examine the effect of resin
types on the preferred orientation of the crystallo-
graphic axes for the films. It is reasonable to expect
that the high molecular weight tail of the molecular

weight distribution is important, since it is respon-
sible for the formation of the small number of the
extended-chain core fibrils which subsequently act
as nuclei for the lamellar crystallization of the re-
mainder of the material. For the four films, BH-3,
UH-3, BM-3, and UM-3, the mean-square cosines
of the angle between the a- and c-axes and the ND
are plotted against the content of high molecular
weight components of which the molecular weights
are greater than 10° in Figure 4. This suggests that
the degree of stress may be determined mainly by
the high molecular weight content of the resins ir-
respective of the resin types.

Lamellae and Lamellar Stacks

The typical scanning electron micrographs of the
normal plane for the films are presented in Figures
5-7. The MD and TD are vertical and horizontal
directions of the micrographs, respectively. These
micrographs show morphological features that are
responsible for the observed differences in the pre-
vious pole figure patterns. The low magnification
(1000X) micrographs clearly reveal the superstruc-
ture, i.e., the organization of lamellar stacks, of the
films. The lamellar structure of the films is well
shown in the higher magnification (20,000X) micro-
graphs taken by zooming up around the well-devel-
oped lamellar stacks in the micrographs of 1000X
magnification.

The scanning electron micrographs for the three
films prepared from the HMW bimodal BH resin
are given in Figure 5. The BH-1 film has an obvious
stacked lamellar morphology, as shown in Figure
5(b). The lamellae are curved, well-defined, and or-

Figure 12 Scanning electron micrograph of the brittle
fracture specimen of the BH-2 film [tensile deformation
along 45° to the MD(\)].



(b)

Figure 13 Scanning electron micrographs of the brittle
fracture specimens of the UM-3 film: (a) MD tensile de-
formation (MD 4, TD —); (b) TD tensile deformation
(TD 4, MD —).

ganized to form lamellar stacks. The organization
of lamellar stacks is clearly shown in Figure 5(a).
The well-developed long lamellar stacks (network
lamellar stack) are curled and interconnected,
forming a network just like a fish net in the film.
These lamellar stacks are about 2 um wide and 5-
20 um long between intersections or junctions with
other stacks in the network. The normals of these
lamellar stacks are rather randomly distributed
along the film plane (the MD-TD plane). In the
interstices of the network, the lamellar stacks (in-
terstitial lamellar stack) with a narrower width are
developed, and their normals seem to be preferen-
tially oriented to the MD.

Compared to the BH-1 film, the BH-2 film shows
the lamellar stacks to be highly ordered with their

BLOWN HIGH-DENSITY POLYETHYLENE FILMS 1727

normals along the MD and the overall lamellar or-
ganization to be more coherent, as shown in Figure
5(c) and (d). The structure of the BH-2 film seems
to be very similar to the shish-kebab morphology
reported by Keller et al.3%*° They demonstrated that
high molecular weight components contribute to the
formation of extended chain fibrils which constitute
the backbone of the shish kebabs in the melt spin-
ning of HDPE and pointed out that this feature is
general to the melt extrusion process. Figure 5(e)
and (f) shows that the normals of lamellar stacks of
the BH-3 film have a preferential orientation to the
MD, although the degree of the MD orientation is
lower than that of the BH-2 film. On the whole, the
above variations of the orientation of lamellar stacks
prepared from the BH resin with processing con-
ditions are in good agreement with the results re-
ported previously.2-24%6

In Figure 6, the scanning electron micrographs
for the three films prepared from the HMW uni-
modal UH resin are given. The UH-1 film also shows
the network structure which consists of the network
lamellar stacks and interstitial lamellar stacks [Fig.
6(a) and (b)]. However, compared to the BH-1 film,
the UH-1 film has a higher preferential orientation
of the network lamellar stacks along the MD. It is
apparent from Figure 6 that the dependency of the
structure of the films prepared from the HMW uni-
modal UH resin on blowing conditions is quite sim-
ilar to that of the HMW bimodal BH resin.

The scanning electron micrographs obtained for
the MMW resin films are given in Figure 7. For the
MMW bimodal resin BM-3 film, it is found that the
well-developed lamellar stacks are rather randomly
oriented compared to the HMW bimodal resin BH-
3 film. However, these are relatively short, curved,
and highly segmented. In addition, interconnections
between them are rare. The development of the net-
work structure is not clearly found for the MMW
unimodal resin UM-3 film. The UM-3 film has pri-
marily lamellar stacks oriented with their normals
parallel to the MD. It becomes thus quite evident
that the one-sided consideration either on the ori-
entation of crystallographic axis or lamellar stacks
is inadequate to characterize the morphology of the
blown HDPE films and to correlate the morphology
with mechanical properties.

Films were sectioned perpendicular to the MD
and TD and etched to examine the lamellar mor-
phology through the film thickness, i.e., the mor-
phology of the MD-ND and TD-ND planes. For all
the films, the morphology was very similar. The
typical scanning electron micrographs of the MD-



1728 KIM ET AL.

ND and TD-ND planes for the UH-1 film are pre-
sented in Figure 8. The sample directions are noted
in the figure caption. It is clear that lamellae did
preferentially grow along the TD and ND. This is
in agreement with the results of the pole figure anal-
ysis.

Crystallinity

The melting behavior of the films was studied with
a differential scanning calorimeter. There is no sig-
nificant differences in the degree of crystallinity (68
+ 3%) and peak melting temperature (129.8 + 0.7°C)
between all the films, as shown in Figure 9. This
feature is in good agreement with the results re-
ported previously.?®

Tie Molecules (Intercrystalline Connectivity)

The brittle fracture tensile stress of the films was
measured for the calculation of the tie molecule
density of the films according to the method pro-
posed by Brown and Ward.?* As shown in Figure 10,
the failure mode was found to be an instantaneous
brittle fracture. The brittle fracture stress and cal-
culated tie molecule density of the films are listed
in Table IV. The orientation of lamellar stacks is
well revealed in the scanning electron micrographs,
as shown in Figure 11. For the MD tensile defor-
mation, it is clear that fracture occurred along the
basal plane of lamellae, i.e., perpendicular to the la-
mellar stack axis, and it seems to include core fibrils,
as shown in Figure 11(a). However, for the TD ten-
sile deformation, fracture occurred along the lamel-
lar stack axis, i.e., between lamellar stacks. The
fracture stress of the TD tensile deformation is sig-
nificantly lower than that of the MD tensile defor-
mation, as shown in Table IV. When the tensile
stress is applied along 45° to the MD, the fracture
occurred along the MD, i.e., between lamellar stacks,
as shown in Figure 12. These fracture results clearly
indicate that the boundary between lamellar stacks
is weak. Another interesting feature is found from
the scanning electron micrographs shown in Figure
13: that the lamellae of the film UM-3 are more sep-
arated than are those of the other films and thin tie
fibrils are formed between lamellae [Fig. 13(a)]. This
implies that the lamellae of the UM-3 film are less
stable. It seems therefore that the most pertinent
feature of the crystalline microstructure of the blown
HDPE films is the organization of lamellae into
stacks, the orientation distribution of these lamellar
stacks, and the presence of the network structure.

Support of this work by Hanwha Chemical Corp. is grate-
fully acknowledged.
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