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SYNOPSIS

Three linear low density polyethylene (LLDPE) resins of similar melt index and density
were synthesized with different comonomers in the Unipol pilot-plant scale reactor. The
molecular structure, blown film morphology, and film strength properties of the resins
have been comprehensively characterized. The film dart drop impact strength of the
LLDPEs increases in the order of ethylene/1-butene, ethylene/1-octene, and ethylene/
1-hexene copolymers; whereas the Elmendorf tear strength of them increases in the order
of ethylene/1-butene, ethylené/1-hexene, and ethylene/1-octene copolymers. The me-
chanical properties seem to be highly associated with the length and distribution of short
chain branches and, consequently, the lamellar thickness distribution of the resins.
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INTRODUCTION

Linear low density polyethylene (LLDPE) is a co-
polymer of ethylene and alpha olefin, such as 1-
butene, 1-hexene, and 1-octene. The presence of
small amounts of an alpha olefin introduces short
chain branches on the polymer backbone. The
major commercial use of LLDPEs is in blown film
applications, and the mechanical properties of
LLDPE films are generally known to be influenced
by molecular structural parameters such as mo-
lecular weight, molecular weight distribution, and
the type, amount, and distribution of short chain
branches. In addition, the morphological features
such as preferred orientation, stacked lamellar
crystalline morphology, the degree of crystallinity,
surface roughness, and intercrystalline connec-
tivity, which are very sensitive to the processing
conditions and molecular structure, are known to
have a major effect on the mechanical properties
of blown LLDPE films.}"®

The molecular weight and molecular weight
distribution are usually fixed within a limited
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range for a specific application. Short chain
branching is critical in affecting the morphology
and, consequently, the solid-state properties of
blown LLDPE films. Hence, a broad range of
properties of blown LLDPE films can be obtained
by simply varying branching characteristics. It is
well known in the industry that the ethylene/1-
octene LLDPEs have slightly better impact and
tear strength compared to the ethylene/1-hexene
LLDPESs, which in turn are more superior to the
ethylene/1-butene LLDPEs of similar melt index
and density. Nevertheless, relatively little has
been reported on the details of the underlying me-
chanics for this phenomenon.

In this study, the three LLDPEs of similar melt
index and density were synthesized with 1-butene,
1-hexene, and 1-octene as a comonomer in the
Unipol pilot-plant scale reactor. The molecular
structure, blown film morphology, and film dart
drop impact and Elmendorf tear strengths of the
resins have been comprehensively characterized.
It is the purpose of this work to present some ob-
servations that may shed light on understanding
of the origins of the differences in the mechanical
properties of the three LLDPEs with different co-
monomer lengths.
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EXPERIMENTAL

Materials

The three LLDPES, labeled B, H, and O, used are
listed in Table I. They were made by the copoly-
merization of the desired alpha olefin with ethylene
in the Unipol pilot-plant scale reactor with the Zie-
gler-Natta catalyst. The melt indices and densities
of all the samples are essentially comparable, ca.
0.95 g/10 min and 0.918 g/cm?®, respectively. The
resins B, H, and O, contained 1-butene, 1-hexene,
and 1-octene as a comonomer, respectively.

Characterization of Molecular Structure

High-temperature gel permeation chromatography
(GPC) was carried out on a Waters 150CV instru-
ment to determine the molecular weight distribu-
tions of the LLDPEs. 1,24 trichlorobenzene, con-
taining 0.025% (w/v) Santanox R antioxidant, was
used as the solvent. The operating temperature, flow
rate, and injection volume were 145°C, 1 mL/min,
and 250 uL,, respectively. Characteristics of the col-
umns were calibrated using National Bureau of
Standards SRM 1476 polyethylene and narrow
polystyrene standards.

The copolymer compositions of the LLDPEs were
determined by *C NMR spectroscopy. The *C
NMR spectra were recorded on a Bruker AMX 500
NMR spectrometer. The pulse angle, delay time, and
scan number were 45°, 9.18 s, and 3000, respectively.
Sample measurements were taken at 120°C. About
15% (w/v) of the sample solution in a mixed solvent
of 80% (v/v) 1,2,4 trichlorobenzene and 20% (v/v)

perdeuteriobenzene was measured. The observed
chemical shifts were referenced to an internal hex-
amethylene disiloxane (HMDS) standard and cor-
rected to tetramethylsilane (TMS) by adding
2.03 ppm.

Preparative temperature rising elution fraction-
ation (preparative TREF) was performed to char-
acterize the short chain branching distributions of
the LLDPEs. Detailed information on preparative
TREF technique was described elsewhere.” The
LLDPE dissolved in BHT-antioxidant stabilized hot
xylene at a concentration of 0.015 g LLDPE/cm?
was crystallized from 132°C to room temperature at
arate of 1.2°C/h. The crystallized molecular species
on glass beads were dissolved by heating at a rate
of 10°C/h to the upper temperature of a desired
range. After equilibrium at this temperature for 30
min, the solution was eluted with new solvent pre-
heated to that temperature, and the eluted solution
was collected as a fraction. The elution temperature
ranges used in this study were as follows: below 55,
55-60, 60-65, 65-70, 70-75, 75-80, 80-85, 85-90, 90—
95, 95-100, and 100-105°C. The yield of fractions
eluted above 105°C was too poor to collect. The
fractions were precipitated with acetone, filtered,
washed with methanol, and then dried in vacuo at
50°C. The weights of the fractions were measured,
and the molecular structures of them were charac-
terized by the above procedures.

Blown Film Preparation

Films were prepared using a 40 mm Yoo Jin Engi-
neering tubular blown LLDPE film equipment under

Table I Characteristics of the LLDPE Resins

Characteristics Resin
B H (6]

Melt index® (g/10 min) 0.95 0.91 0.99
Density® (g/cm?) 0.918 0.918 0.919
M, 35982 32986 31680
M, 214538 215265 199129
M, /M, 6.0 6.5 6.3
Comonomer 1-butene 1-hexene 1l-octene
Mole fraction

Ethylene 0.9566 0.9627 0.9719

Comonomer 0.0434 0.0373 0.0281
Branch frequency (CH3/1000 C) 20.8 17.4 13.0
Monomer dispersity 86 92 95

2 ASTM D 1238 (condition E).
> ASTM D 1505.



EFFECT OF SHORT CHAIN BRANCHING ON LLDPE

a commercially typical processing condition. It con-
sists of a full flight screw with an L/D of 25to 1, a
50 mm spiral die with a die gap of 2.3 mm, an air
ring, nip rolls, and take-up device. The extrusion
motor speed was fixed at 810 rpm; and the extrusion
temperature was fixed at 160, 170, 180, 190, and
190°C for cylinder zones 1, 2, adapter, die 1, and die
2, respectively. The film thickness, blow-up ratio,
and frost-line height were ca. 30 um, 2.5 : 1, and 25
cm, respectively.

Characterization of the Morphology of Films

Pole figures of the crystallographic axes for the films
were obtained using Rigaku D/MAX-IIIC(3 kW).
Seventeen sheets of films were carefully stacked to
give approximately 500 um in total thickness. The
specimens were cut from the stacks using a disk cut-
ter with a diameter of 32 mm, and the edge of the
disk specimens were glued with a water-based glue.
All the X-ray measurements were performed using
nickel filtered CuKo radiation produced at 40 kV
and 45 mA. The Decker et al.® transmission and
Schulz? reflection methods were used for low and
high o angles, respectively. The connection angle
was 30°. Measuring conditions were as follows: «
angle variation, 0-90°; 8 angle variation, 0-360°; «
and 8 angle step, 10°; 8 angle speed, 190°/min; and
v oscillation, 10 mm. The intensity data were cor-
rected for background scattering and absorption.

The crystalline morphology of the films was ob-
served by a scanning electron microscope, Phillips
SEM 535M. The heptane-etched'® specimens were
sputter coated with approximately 100 A of gold.
Accelerating voltage, probe current, and tilt angle
were 7 kV, 3 X 107! mA, and 30°, respectively.

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

The lamellar thickness distribution was deter-
mined by analyzing the low-frequency Raman-active
longitudinal acoustic vibrational modes of the films.
The pole figure specimens were used again for the
Raman spectroscopical experiment. Raman spectra
were obtained using a Jovin-Yvon U1000 spectrom-
eter fitted with 1800 grooves/mm double holographic
gratings and PM tube (GaSe/Se doping) detector.
The 514.5 nm Ar*/Kr"' mixed laser line was used
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for excitation. Scan time and laser power were 0.5
cm /2 s and ca. 100 mW, respectively. Data were
recorded at a spectral resolution of ca. 4 cm ™ using
a slits 500-1000-1000-500 pum. The depolarizing
scrambler was used to minimize the effects of the
preferred chain orientation of the films.

The tie molecule densities of the films along the
MD and TD were evaluated from brittle fracture
stress measurements proposed by Brown and
Ward.!? The brittle fracture stresses of the films were
measured using an Instron Testing Machine
equipped with the modified grips. The ASTM D 1708
dogbone type tensile specimens were gripped firmly
by the jaws, which were mounted inside the reservoir
of liquid nitrogen. The specimens were conditioned
for 10 min and deformed at a crosshead speed of 500
mm/min.

Mechanical Testing

Dart drop impact strength was measured according
to ASTM D 1709 (method A). Elmendorf tear
strength was determined by ASTM D 1922 (rectan-
gular specimen).

RESULTS AND DISCUSSION

Molecular Characteristics

The molecular weight distributions of the three
LLDPEs are shown in Figure 1, and the average
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Figure 1 Gel permeation chromatograms of the LLDPE
resins.
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molecular weights and polydispersities of the resins
are summarized in Table I. The average molecular
weights and molecular weight distributions of all the
resins are comparable, although the resin O has a
slightly lower weight-average molecular weight than
the others.

The branching characteristics of the LLDPEs
were determined by *C NMR spectroscopy in the
conventional manner.'® The quantitative *C NMR
analysis of branching in polyethylene has been a
subject of much investigation due to the commercial
importance of this material.'*'® The assignments
are well-established at present for the products con-
taining less than 10 mol % of the comonomer. The
13C NMR results such as comonomer type, compo-
sition, branch frequency, and monomer dispersity
of the resins are also listed in Table I. The monomer
dispersity is the ratio of the sequence number to the
total comonomer content and represents the ten-
dency of the comonomer units to form contiguous
series.'*!* The LLDPEs B, H, and O contained 4.3
mol % 1-butene, 3.7 mol % 1-hexene, and 2.8 mol
% 1-octene, respectively. The branch frequency per
1000 carbon atoms and monomer dispersity are 20.8
and 86, respectively, for the resin B, 17.4 and 92 for
the resin H, and 13.0 and 95 for the resin O. The
monomer dispersities of all the resins are less than
those predicted for a Bernoullian distribution of the
same composition. This indicates that the LLDPEs
are intraheterogeneous. It is clear from the *C NMR
results that the longer branched LLDPE shows
lower average short chain branching content and
comonomer blockiness, although the densities of the
resins are very similar.

The separation of a polymer material into its
component molecular species constitutes the most
important step in any detailed polymer structure
study. Through subsequent analysis of the resultant
fractions one develops a knowledge of the nature of
the complex parent material. The LLDPE resins
were fractionated into eleven fractions via prepar-
ative TREF technique, and the detailed molecular
structures of the fractions have been characterized
using GPC and *C NMR spectroscopy.

The TREF distributions of the LLDPEs which
represent the relation between average elution tem-
perature, defined as the midpoint of the elution
temperature interval, and the weight percentage of
the fractions are shown in Figure 2. These materials
would be characterized by an extremely broad and
multimodal short chain branching distribution. This
was the characteristic of the conventional LLDPEs
presented previously.>!"2! The distribution of mo-
lecular species present in the LLDPEs could be sub-

divided into three components in the conventional
manner: (1) polyethylene with lower short chain
branching content, which corresponds to the frac-
tions eluted above 90°C, i.e., high density polyeth-
ylene (HDPE)-like component; (2) polyethylene
having branch frequency similar to that of the whole
polymer; and (3) polyethylene with much higher
short chain branching content eluted below 60°C.
For the resins B, H, and O, the amounts of the
HDPE-like component were 17.0, 28.1, and 31.3 wt
%; and those of the component with much higher
branching were 28.6, 28.9, and 30.2 wt %, respec-
tively. Several workers>!®?%?22 have introduced that
a homogeneity of the short chain branching distri-
bution can be quantified by the relative amount of
HDPE-like component or the sum of HDPE-like
and much higher branching components. According
to this idea, the interheterogeneity of short chain
branching of the LLDPEs in descending order is O
> H > B.

From the results of mass percentage, average
short chain branching content, and molecular weight
distribution of the fractions, the dependence of short
chain branching content on molecular weight for
the LLDPEs was calculated and is given in Figure
3. The short chain branching distribution of all the
resins with molecular weight does not seem to be
much different from each other.

Morphological Features

The molecular orientation imparted during blown
film preparation is known to have a profound effect
on the mechanical properties of LLDPEs. The de-
velopment of molecular orientation in the crystalline
phase of blown LLDPE film can be conveniently
determined by investigating the alignment of its unit
cell. Figures 4 and 5 show the normalized intensity
profiles of (200) and (020) poles, i.e., a- and b-axis
distributions, as a function of o and 8 angles. The
sample reference directions, machine direction
(MD), transverse direction (TD), and normal direc-
tion (ND), are noted in the figure captions. In these
figures, the major tick mark of the abscissa indicates
« angle variations from 0 to 90°, and the minor tick
mark indicates 3 angle variations from 0 to 350° at
a given « angle. There is no significant differences
in the intensity profiles of (200) and (020) poles be-
tween the three films. The a-axes are somewhat
preferentially oriented to the MD than to the TD
and ND. This indicates that the orientation occurred
under the low-stress crystallization proposed by
Maddams and Preedy.? The b-axes of the films are
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Figure 2 Short chain branching distributions of the
resins.

mostly perpendicular to the MD and have a pref-
erential orientation to the ND in the TD-ND plane.

The mean-square cosines of the angle, {cos™/; ),
between a crystallographic axis (i = a- and b-axis)
of orthorhombic crystallite of polyethylene and the
sample reference directions (j = ND, MD, TD) were
calculated by the well-known method®?; and the
mean-square cosines of the angle between c-axis and
the sample reference directions, <cos2\//c Jj»» were cal-
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Figure 3 Dependence of short chain branching content
on the molecular weight for the LLLDPE resins.
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culated from {cos®¥, ;) + {cos®¥s ;) + {cos®y. ;> = 1.
The dichroic ratios defined as {cos™y;; mp)/
{cos*y; ;_tp) were calculated from the mean-square
cosines. There is no significant differences in the
dichroic ratios of all the films, as shown in Table II.
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Table II Dichroic Ratios (MD/TD) of
Crystallographic Axes

Dichroic Ratio
(<COS2 ‘/’i,MD>/ <0032 \//i,TD>)

Film a-axis b-axis c-axis
B 1.49 0.31 1.07
H 1.52 0.34 1.06
O 1.49 0.29 1.09

The typical scanning electron micrographs of the
normal planes for the films are presented in Figure
6. The MD and TD are vertical and horizontal di-
rections of micrographs, respectively. Crystals ap-
peared as bright areas. The low magnification
(X2000) micrographs clearly reveal the surface mor-
phology, and the lamellar structures of the films are
well shown in the higher magnification (X20,000)
micrographs taken by zooming up around an area
in the micrographs of X2000 magnification. Firdaus
and Tong* have demonstrated that the melt fracture
has a strong influence on the blown film properties
of LLLDPE resin, and the poor mechanical properties
were obtained for rougher films produced at the same
extrusion. The difference in surface roughness of
the three LLDPE films is small, as revealed in Figure
6(a), (c), and (e). It is also found from these micro-
graphs that there is no evidence of the presence of
a dispersed second soft phase, which was extractable
with a weak solvent, in a hard semicrystalline ma-
trix. Mirabella et al.!° have suggested that this very
low crystalline second soft phase arises from the ex-
treme compositional heterogeneity of LLDPE res-
ins, performs a function similar to that of the rubber-
like second phase in other high impact resins, and
thus leads to the observed extraordinary fracture
toughness of LLDPE resins. The reason for the ab-
sence of the second phase of the blown films used
in this study can be primarily attributed to the faster
crystallization rate compared to that of the
compression-molded plaques which Mirabella et al.*
have investigated. Figures 6(b), (d), and (f) show the
lamellar structures of the B, H, and O films, re-
spectively. All the films reveal similar lateral extent
(length) and orientation distribution of the lamellae.
The lateral extent of lamellae, the contrast between
amorphous and crystalline regions, and the extents
of the crystallites of the films are more significantly
reduced than those of the blown HDPE films pre-
sented in the previous study.?’ This would be at-
tributed mainly to higher short chain branching
content of the LLDPEs compared to the HDPEs,

since branches disrupt chain regularity and thus in-
terrupt the crystallization process. This feature is
consistent with the previously cited observations in
the compression-molded plaques? and the oriented
thin films.? The normals of the lamellae are ran-
domly oriented in the plane of the LLDPE films.
Contrary to the blown HDPE films, it is very difficult
to evaluate the organization of lamellar stacks from
the images of the normal plane of the LLDPE films
since the boundary between lamellar stacks are not
well defined. Thus, we observed the detailed mor-
phology of the dart drop impact failure regions using
scanning electron microscopy (SEM) to investigate
the superstructure. Figure 7 shows the images of the
dart drop impact failure regions of the films. The
morphologies of the underformed regions of the B
and H films are shown at the right sides of the mi-
crographs presented in Figure 7(a) and (b), respec-
tively. The left side of the micrograph given in Figure
7(c) reveals the morphology of the undeformed re-
gion of the O film. These micrographs clearly show
the organization of the lamellar stacks of the
LLDPE films. The normals of the lamellar stacks
of all the films have a higher preferential orien-
tation to the MD. These micrographs also reveal
the deformation behavior of the films resulting
from impact of a free-falling dart. The lamellar
stacks are separated and then rotated perpendic-
ular to the failure boundary line, as shown at the
left sides of the Figure 7(a) and (b) and at the
right side of the Figure 7(c). The fragmentation
of lamellar stacks and the axial deformation of
the reoriented lamellar stacks were also found in
these micrographs.

The melting behavior of the films was studied
with a differential scanning calorimeter. The melt-
ing endotherms of the films are given in Figure 8.
There is no significant difference in the degree of
crystallinity (38-39%). However, the melting be-
haviors are very different among the films, sug-
gesting differences in crystal size distributions. The
peak melting temperature of the films increases
when the comonomer length increases in the order
of the 1-butene, 1-hexene, and 1-octene; while the
distribution of endotherms for them becomes more
heterogeneous, as can be shown by the idea on the
homogeneity of short chain branching distribution
proposed by several workers.5182%2223 This would
be associated primarily with the short chain
branching distributions of the LLDPEs, as shown
in Figure 2. In order to compare more directly the
lamellar thickness distributions, we have investi-
gated the low-frequency Raman-active longitudinal
acoustic vibrational modes of the films. The ob-
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Figure 6 Scanning electron micrographs of the normal plane of the films (MD 4,
TD —): (a) B, X2000; (b) B, X20,000; (c) H, X2000; (d) H, X20,000; (e) O, X2000; and (f)

0, X20,000.

served Raman spectra, not corrected for the fre-
quency and temperature due to the lower intensity,
are shown in Figure 9. The apparent peak frequen-
cies are indicated by arrows. The observed inten-
sities of the films are spread out over a larger fre-
quency range, and some merging of them with
background is ailso found. This represents the broad

complex lamellar thickness distribution, as was al-
ready indicated by Voight-Martin and Mandel-
kern.®® Although this complex distribution makes
the quantitative resolution difficult, the difference
in the lamellar thickness distribution of the films
postulated from the DSC melting endotherms is
partially supported.
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(b)

(c)

Figure 7 Scanning electron micrographs of the dart
drop impact failure region of the films (MD 4, TD —): (a)
B, X2500; (b) H, X625; and (c) O, X1250.

The brittle fracture tensile stress of the films was
measured to evaluate the relative tie molecule den-
sity of the films.!? The brittle fracture stress and
calculated tie molecule density of the films are listed
in Table III. Their differences among the films are
imperceptible. For all the films, the intercrystalline
connectivity along the MD is higher than that along
the TD due to the higher preferential orientation of
the lamellar stacks to the MD.

Mechanical Properties

The dart drop impact strength data on all the films
are given in Table IV. The dart drop impact strength
of the LLDPE films decreases in the order of H, O,
and B. This trend is different from the well-known
fact in the industry that for the commercial
LLDPEs, the impact strength decreases in the order
of ethylene/1-octene, ethylene/1-hexene, and eth-
ylene/1-butene LLDPEs. The most common expla-
nation of the superior properties of a longer
branched LLDPE is that a longer short chain branch
is more excluded from the crystal lamellae, and the
chains then reside in the amorphous and interfacial
regions, thus favoring the formation of tie mole-
cules.?*?13132 However, considering the results of this
study, this premise is not sound in interpreting the
differences in dart drop impact strengths of the B,
H, and O films. The differences in dart drop impact
strengths of the three films also cannot be explained
in terms of the second soft phase. Furthermore, they
cannot be explained by the differences in the surface
roughness and the preferred orientations of the

Heat Flow(W/g)

T T T B T T T T
0 20 40 60 80 100 120 140 160
Temperature(°C)

Figure 8 DSC melting endotherms of the films.
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Figure 9 Low-frequency Raman spectra of the films.

crystallographic axes, lamellae, and lamellar stacks,
which are generally known to have a major effect
on the mechanical properties of blown LLDPE films.
As demonstrated in the previous section, these pa-
rameters are very similar among the B, H, and O
films. The dart drop impact failure of the films was
proceeded by initial separations and subsequent re-
orientations of lamellar stacks resulting in the many
microfibrils between intra- and interstacks and the
fragmentation of the lamellar stacks, as was referred
previously. This failure behavior is very similar to
the tensile deformation behavior of lamellar stacks
observed by Sherman.*®® The impact failure behavior
suggests that the dart drop impact strength of the
films would be correlated highly with the stability
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Table IV Mechanical Properties of the Films

Film B H 0

Dart drop impact

strength (g) 72 193 129
Elmendorf tear

strength (g)

MD 77 237 246
TD 557 922 1251
TD/MD 7.2 4.2 5.1

of the lamellar stacks and, thus, probably related to
the degree of internal crystallographic imperfection
and lamellar thickness distribution. Short chain
branches are known to be incorporated into a crystal
lattice for melt quenched polyethylene. The extent
of incorporation increases with increasing the degree
of branching and with decreasing the bulkiness of
branch.??!3* Therefore, the resin B is expected to
have more internal crystallographic imperfection
than the others and, thus, to produce the film with
lower impact strength. The lamellar thickness dis-
tribution was found to be the only morphological
parameter that is significantly different among the
B, H, and O films, which would be primarily asso-
ciated with the short chain branching distribution
of the LLDPEs. Lee et al.? have reported that the
development of a smaller and finer crystalline do-
main morphology appears to give a better impact
strength and more balanced tear strength properties
due to better distribution of stress. The smaller la-
mellae and more homogeneous lamellar thickness
distribution resulting from the narrower short chain
branching distribution would be responsible for the
higher impact strength of the H film compared to
the O film. Crotty and Firdaus® have also reported

Table III Brittle Fracture Stress and Calculated Tie Molecule Density of the Films

Tie Molecule Density (Fraction)®

Brittle Fracture 8 = 0.1, 8 = 0.1, 8 = 0.2, 8 = 0.2,

Film Stress (GPa) = 20 c =50 c =20 c =50
B MD 0.1359 0.0657 0.2053 0.0191 0.0890
TD 0.1142 0.0508 0.1682 0.0117 0.0704

H MD 0.1368 0.0663 0.2068 0.0195 0.0897
TD 0.1219 0.0561 0.1813 0.0143 0.0770

0] MD 0.1309 0.0623 0.1967 0.0174 0.0847
TD 0.1160 0.0521 0.1723 0.0123 0.0719

®* Tie molecule density,'? f; = (Cor — BEi.,)/8 (Er — Ei,), where C is the stress concentration, o is brittle fracture stress, 8 is the
constant of proportionality, and E;,, and E are the Young’s modulus for van der Waals’ bonds (8GPa) and tie molecule (300GPa),

respectively.
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that the super strength ethylene/1-hexene LLDPEs
which are characterized by the narrower short chain
branching distribution produced films with impact
and tear strengths significantly higher than the
conventional ethylene/1-hexene LLDPEs and even
higher than the ethylene/1-octene LLDPESs. Thus,
the apparent discrepancy in the film dart drop im-
pact strength of ethylene/1-hexene and ethylene/1-
octene LLDPESs between the conventional LLDPEs
and the LLDPEs used in this study can be primarily
attributed to the differences in short chain branching
distributions. On the other hand, the lamellae are
suspected to be too small to enhance the dart drop
impact resistance of the B film.

From the above morphological and microstruc-
tural considerations we have so far, it may be sug-
gested that the film dart drop impact strength of
the LLDPEs of similar melt index and density is
significantly dominated by the length and distri-
bution of short chain branches.

The Elmendorf tear strength values in the MD
and TD of the films are listed in Table IV. For all
the films, the TD Elmendorf tear strength exceeds
the MD Elmendorf tear strength due to the higher
preferential orientation of lamellar stacks to the
MD. A tear in the MD experiences less resistance
compared to the TD due to crystal cleavage and
lower concentration of tie molecules. The Elmendorf
tear strength increases in the order of B, H, and O.
The differences in the Elmendorf tear strengths
among the films appear to be associated with the
degree of internal crystallographic imperfection and
lamellar thickness of the films.

Support of this work by Hanwha Chemical Corporation
is gratefully acknowledged.
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