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ABSTRACT: Maleated polyethylene/silicate nanocom-
posite and maleated polyethylene/SiO, blown films were
prepared by melt extrusion. The silicate and SiO, signifi-
cantly affected the physical properties of the films. The
former films showed higher tensile strength than the latter
films. This high reinforcement effect seemed to be attribut-
able to the strong interaction between the matrix and silicate
as well as the uniform dispersion of silicate layers in the
polymer matrix. The addition of silicate beyond a certain
content gave a worse Elmendorf tear strength than SiO,. The
silicate did not increase the falling dart impact strength at

all. The worst Elmendorf strength apparently originated
from the orientation of anisotropic silicate rather than the
orientation of lamellae of the polymer matrix, and the sili-
cate made the films more brittle. The well-dispersed silicate
layers in the polymer matrix gave almost the same optical
properties as the pure polymer despite the increase in the
silicate content. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 89:
2131-2136, 2003
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INTRODUCTION

It is well established that the effective dispersion of
anisotropic particles with high aspect ratios, such as
short fibers, plates, and whiskers, within a continuous
polymer matrix, in combination with adequate inter-
facial adhesion between the filler and polymer, can
account for substantially improved reinforcement of
the polymer matrix.! Layered-silicate-based polymer
nanocomposites have attracted considerable techno-
logical and scientific interest in recent years®™ because
they have shown dramatic enhancements in the phys-
ical, thermal, and mechanical properties of polymers
even with a very low loading of silicate.” Pioneering
advances at Toyota during the early 1990s stimulated
the development of various polymer/organosilicate
nanocomposites with attractive improved property
profiles.®

In thermoplastic-based (intercalated or exfoliated)
nanocomposites, the ultimate strength that the mate-
rial can bear before the break may vary strongly, de-
pending on the nature of the interactions between the
matrix and filler. As far as polypropylene (PP)-based
nanocomposites are concerned,” very slight tensile
stress enhancements are measured. This behavior can
partially be explained by the lack of interfacial adhe-
sion between apolar PP and polar layered silicates.
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The addition of PP modified with maleic anhydride
(MA) to the PP matrix has, however, proven to be
favorable to the intercalation of the PP chains and
maintains the ultimate stress at an acceptable level.

Polyethylene is one of the most widely used poly-
olefin polymers. Because it does not include any polar
group in its backbone like PP, it is thought that the
homogeneous dispersion of the hydrophilic silicate
layers in polyethylene is not realized. In our previous
report, we noted that polyethylene grafted with MA
could exfoliate organically modified silicate layers.?
The dispersion mechanism is highly dependent on the
hydrophilicity of the polyethylene grafted with MA
and the hydrophobicity of the organically modified
silicate.

Most polyethylene is used in film applications.
Polyethylene films for packaging applications are
commonly made with a blown-film process.” Some
examples of packaging applications include food
packaging, trashcan liners, shrink films, stretch films,
and merchandise packaging. Packaging films are re-
quired to possess high clarity and high strength in
most applications. With such blown-film properties,
even though the incorporation of some fillers en-
hances the strength of the film, it has a worse effect on
the film clarity.

In this article, we report the mechanical and optical
properties of nanocomposite blown films. To achieve a
fundamental understanding of silicate or common
filler reinforcements, we compare the properties of
films made from different fillers, silicate and SiO,.
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EXPERIMENTAL
Materials

The materials used for the synthesis of the nanocom-
posites were modified montmorillonite (Closite 20A)
from Southern Clay Products and polyethylene mod-
ified with maleic anhydride (PEMA). The modified
silicate (20A; density = 1.75 g/cc) was ion-exchanged
with dimethyl dihydrogenated tallow ammonium
ions (the tallow was composed predominantly of oc-
tadecyl chains with smaller amounts of lower homo-
logues; the approximate composition was 65% Cgg,
30% Cy¢, and 5% Cy,). We prepared PEMA by melt
blending maleated polyethylene from Aldrich and
pure linear low-density polyethylene (LLDPE; Han
Wha Chemical Corp.) in a twin-screw extruder (Gott-
fert Corp.; screw diameter = 19 mm) at a constant
rotating speed of 30 rpm. The maleated polyethylene
from Aldrich was LLDPE (density = 0.930 g/cc)
grafted with 0.85 wt % MA, and it had a weight-
average molecular weight of 126,000 according to gel
permeation chromatography (GPC). The pure LLDPE
had a melt index of 1.0, a density of 0.920 g/cc, and a
weight-average molecular weight of 180,000 according
to GPC. As a conventional filler, SiO, (density = 2.59
g/cc, average particle size = 1.8 um) was purchased
from Fuji Sylysia. The density of the materials was
measured with a pycnometer (AccuPyc 1330, Micro-
meritics).

For measuring the content of MA grafted onto LLDPE,
the samples obtained after melt blending were dis-
solved in xylene at a concentration of 2 wt %. This
solution was mixed with acetone, and the precipitate
was filtered and dried again in a vacuum oven at 60°C
for 24 h. The percentage of MA grafted onto LLDPE
was determined by elemental analysis.”

Preparation of the composites and films

We prepared resins for nanocomposite and conven-
tional composite films with a twin extruder. These
resins for films were made from the melt blending of
PEMA, LLDPE, and a proper amount of silicate or
Si0, in a twin-screw extruder (Gottfert Corp.; screw
diameter = 19 mm) at a constant rotating speed of 30
rpm and with a barrel (length/diameter = 25) tem-
perature profile of 150-200°C. These mixtures were
premixed in a Henschel mixer before they were fed
into the twin extruder.

The films were prepared with tubular blown LLDPE
film equipment at a 2.0 blowup ratio. The equipment
had a screw with a 40-mm diameter, a length/diam-
eter ratio of 24, and a 75-mm spiral die with a die gap
of 2 mm. The film thickness was controlled to be 30
um. The processing temperature was kept at 170-
190°C, and the flow rate was 12 kg/h.
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Figure 1 XRD patterns of the PEMA/20A films and pure
silicate (20A): (a) 0.5, (b) 1.0, and (c) 1.5 vol % 20A.

Measurements

X-ray diffraction (XRD) was used to observe the dis-
persability of the silicate in composites. XRD measure-
ments were carried out on a Rigaku X-ray generator
(Cu Ka radiation with A = 0.15406 nm) at room tem-
perature. The diffractograms were scanned in a 26
range of 1.2-10° at a rate of 2°/min.

The mechanical tensile properties of the films were
measured according to ASTM D 882 with an Instron
4204. The crosshead speed was 500 mm/min. The dart
drop impact resistance was measured according to
ASTM D 1709 (method A). The Elmendorf tear
strength was determined according to ASTM D 1922.
The X-ray two-dimensional patterns were obtained
with a Simens GADDS (general area detection diffrac-
tion system) two-dimensional detector. The distance
from the sample to the detector was 120 mm. The haze
for optical properties was determined according to
ASTM D 1003.

RESULTS AND DISCUSSION

Preparation of the nanocomposite films by
blowing extrusion

The MA grafting level of polyethylene is important to
the morphology of polyethylene/silicate nanocom-
posites. We prepared PEMA by the melt blending of
85 wt % pure LLDPE with 15 wt % maleated polyeth-
ylene. The grafted levels of MA in PEMA, as measured
by elemental analysis, were 0.12 wt %.° The 20A and
SiO, contents in the films were controlled to be 0.5, 1.0,
and 1.5 vol %. The films with 20A and SiO, were
denoted PEMA /20A and PEMA/SIO,, respectively.
Figure 1 portrays the XRD patterns of the blown
films with 20A. The original basal reflection peak of
20A in films with 0.5 and 1.0 vol % 20A disappeared.
This fact reveals that the silicates were exfoliated and
well dispersed in the film matrix. However, in the film
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Figure 2 Young’'s modulus of the films at a 500 mm/min
extension rate: (a) MD and (b) TD.

with 1.5 vol % 20A, a weak peak was found at a lower
angle than for silicate 20A. This indicates that the
silicates were partly intercalated by PEMA, but most
of them were well dispersed in the film matrix.®

Tensile properties of the films

The effects of the contents of 20A and SiO, on the
tensile properties of the films were investigated. Fig-
ure 2 shows Young’s modulus in the machine direc-
tion (MD) and transverse direction (TD) for the films.
The modulus in both the MD and TD increased rap-
idly with the 20A contents increasing from 0.5 to 1.5
vol %. The PEMA/SiO, films increased less than the
films with 20A. This means that the addition of the
silicate filler increased the stiffness of the films more.
The tensile strength at break of the films is shown in
Figure 3. Just as for the modulus, the PEMA /20A films
depicted increased tensile strength at break in the MD
[Fig. 3(a)], but the strength was constant in the TD up
to 1 vol %, and decreased strength was displayed
beyond the higher concentration of 20A [Fig. 3(b)]. It
seems that the addition of silicate beyond a certain
content could not increase the tensile strength of
PEMA /20A more. It is relevant to the orientation of
the silicate layers, not the intercalated state. This is
discussed later. PEMA/SiO, films had a lower
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strength at break than pure PEMA and PEMA/20A
films at the same filler contents. Besides, PEMA /20A
films displayed a higher elongation at break than
PEMA/SiO, films at all filler contents, as shown in
Figure 4. Because the inorganic filler particles were
rigid, they could not be deformed by external stress in
the specimens but acted only as stress concentrators
during deformation processes. PEMA/SiO, had a
steeper decrease in the elongation at break than
PEMA/20A. This sharp decrease suggests that the
SiO, particles had weak interactions with PEMA be-
cause they were dispersed poorly and were large. On
the basis of these results, it can be summarized that the
nanocomposite films could attain superior perfor-
mance over their counterpart conventional films be-
cause of the strong interactions between the matrix
and silicate, the nanoscale size of silicate, and the
uniform dispersion of silicate layers in the PEMA
matrix.

Tear properties of the films

The Elmendorf tear test is a measure of resistance to
the propagation of a tear, which is initiated with a
preintroduced slit in a specimen. Figure 5 provides the
Elmendorf tear strength of the films. For all of the
films, the Elmendorf strength in the TD exceeds that in
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Figure 3 Tensile strength at break of the films with the
filler contents: (a) MD and (b) TD.
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Figure 4 Elongation at break of the films with the filler
contents: (a) MD and (b) TD.

the MD. The Elmendorf tear behavior was highly in-
fluenced by the orientation distribution of the lamellar
stacks with respect to the tearing direction. The pref-
erential orientation of the lamellar stacks parallel to
the MD was responsible for the low tear strength in
the MD and the imbalance between the MD and TD
tear strengths of the blown films. As the polymer
molecules exited the film die, the extensional forces
applied tended to orient them along the stresses. The
relaxation of the extended conformation of these poly-
mer chains simultaneously competed with their orien-
tation before the crystallization process. Conse-
quently, at high MD extension rates, a greater number
of molecules were oriented along the MD before the
onset of crystallization. When a film was blown at a
low MD extension rate, it tended to offer greater re-
sistance to tear propagation along the MD."" Figure 5
shows that the PEMA /20A films had higher TD tear
strengths than PEMA /SiO, at all filler contents. How-
ever, the former gave a lower MD strength than the
latter at 1.5 vol % filler contents. It seems that the
silicate might have given a more oriented pattern of
blown films than general fillers when the filler con-
tents reached beyond certain contents.

In this study, all the films were prepared under the
same processing conditions, including the blowup ra-
tio and extrusion rate. Figure 6 portrays three diffrac-
tion patterns for films with 1.5 vol % fillers in three
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directions: through, edge, and end. Through is the
direction normal to the film surface. The edge and end
directions are parallel to the film thickness direction
and film rolling direction, respectively. In the through
patterns, the reflections (Debye-Scherer rings) from
the (110) and (200) crystal planes are evident. The
intensity of the (200) reflection is concentrated along
the meridian plane for all three films. Furthermore, the
intensity of the (110) reflection has a maximum away
from the equatorial plane. These observations indicate
preferential orientation of the a axis along the film MD
in these films. The through pattern of PEMA /20A did
not show any reflection near the beam stopper like
other films. However, in the edge and end patterns of
PEMA /20A, strong and anisotropic intensity peaks,
which correspond to the (001) reflection of montmo-
rillonite'>'?, can be seen on the equator near the beam
stopper. This reflects the strong orientation of sili-
cate.'*

From these results, it seems that the decreasing
Elmendorf tear strength of PEMA/20A films in the
MD beyond certain contents of 20A originated from
the orientation of anisotropic silicate to the MD rather
than the orientation of lamellae of PEMA.

The dart drop impact strength of all the films is
given in Figure 7. The dart drop impact strength of the

1604 (a)

150+
PEMA/20A

140

1304 PEMA/SIO,

120 4

Elmendorf Tear Strength (g, MD)

0.0 ' 0.5 ' 1.0 1.5
Vol%

750

(b) PEMA/20A

700+

650

6004 PEMA/SIO,

Elmendorf Tear Strength (g, TD)

T T T T

0.0 0.5 1.0 1.5
Vol%

Figure 5 Elmendorf tear strength of the films with the filler
contents: (a) MD and (b) TD.
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Figure 6 XRD patterns of the films with 1.5 vol % filler contents.

films significantly depended on the overall blowing
conditions, including the blowup ratio and MD exten-
sion rate. The imbalance of orientation between the
MD and TD was responsible for the low dart impact
strength. Even though the PEMA /20A films showed
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Figure 7 Dart impact strength of the films with the filler

contents.

better Elmendorf strength and elongation at break in
both the MD and TD than PEMA/SiO, until 1 vol %
filler, they had worse properties than PEMA/SiO,
films. It seems that the silicate improved the stiffness
of the films more than SiO,, but it did not increase the
instant impact strength, including the falling dart
strength. In other words, PEMA /20A was more brittle
than PEMA/SiO,, like a solid. In our previous re-
ports,'*'> nanocomposite with high aspect ratios of
silicate showed a solidlike rheological behavior be-
yond certain contents in the matrix.

Optical properties of the films

Figure 8 displays the haze properties of all the films. It
is evident that departures from perfect transparency
were due to light scattering by the samples, which
degraded the information carried by the directly
transmitted beam. The forward scattered flux may be
subdivided into two ranges of scattering angles: from
0 to 5° and from 5 to 90°. Haze is defined as the
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Figure 8 Haze variation of the films with the filler contents.

fraction of the transmitted light that deviates from the
directly transmitted beam by more than 5°.'® PEMA/
SiO, had a monotonic increase in the haze value with
an increasing loading of 5iO,. On the contrary, silicate
gave almost the same value despite the increasing
content of silicate. It is believed that the 20A inclusion
did not adversely influence the LLDPE film optics
because of its dispersion on the order of the wave-
length of visible light. However, the general filler,
Si0,, greatly influenced the optics because of its dis-
persion over the order of the wavelength of visible
light.

CONCLUSIONS

Nanocomposite PEMA /20A blown films revealed the
exfoliated state and intercalated state according to the
content of silicate. The film properties of PEMA /20A
and PEMA/SIO, were compared. PEMA/20A
showed higher modulus, tensile strength, and elonga-
tion properties than PEMA /SiO,. This high strength
seems to be due to the strong interaction between the
matrix and silicate and the nanoscale size of silicate, as
well as the uniform dispersion of silicate layers in the
PEMA matrix.
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PEMA/20A gave a higher TD Elmendorf tear
strength but a lower MD strength at 1.5 vol % filler
contents than PEMA /SiO,. This was caused by the
orientation of anisotropic silicate to the MD rather
than the orientation of lamellae of PEMA. As for the
dart impact strength, the PEMA/20A films showed
worse properties than PEMA /SiO, films. It seems that
silicate led to more brittle properties than SiO,. Silicate
did not hurt the optical properties despite an increas-
ing content of silicate, whereas the SiO, filler led to
worse optical properties with the filler contents. This
indicates that silicate was well dispersed at the molec-
ular level in the film matrix.
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