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ABSTRACT: Two ethylene-vinyl acetate (EVA) resins
with 19% (EVA19) and 28% (EVA28) of vinyl groups were
used as compatibilizers for nanocomposites of high-den-
sity polyethylene (HDPE) and nanoclays. Two nanoclays
were also used, one with a nonpolar surfactant (C15A)
and another with a polar surfactant (C30B). The HDPE/
EVA19/C15A formed an intercalated structure, while the
HDPE/EVA28/C30B had surfactant loss. Blown films of
these compositions were produced. A two-phase morphol-
ogy made of HDPE and EVA/nanoclay particles was
observed, which was responsible for the increase in water
vapor and oxygen permeability rates of the films. The elas-
tic modulus E along the transverse direction of the films

was higher than along the machine direction due to pre-
served orientation given by the spiral die; the lamellae ori-
entation was measured by small-angle X-rays diffraction.
The highest E was observed in the HDPE/EVA19/C15A
film due to stronger interactions. The long period of the
HDPE lamellas was not affected by the presence of the
EVA and nanoclay. A model was proposed to explain the
improvement in elastic modulus due to the processing
conditions and components’ interactions. © 2010 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 118: 3340-3350, 2010
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INTRODUCTION

The film blowing process is one of the most impor-
tant techniques to produce flexible packing from
polyolefins like low density polyethylene (LDPE),
high-density polyethylene (HDPE), and linear low
density polyethylene (LLDPE) among others. The
final properties of the blown films depend on mor-
phology which is influenced by the processing con-
ditions. However, sometimes the control of the proc-
essing conditions is not enough to optimize the
morphology that would give the best mechanical
and transport properties and thus, extrusion of
blown films with multiple layers and reinforcing fill-
ers are used to improve those properties.

In recent years, the use of nanoparticles as rein-
forcing fillers in polymers has considerably grown,
because the addition of a very small amount of these
particles to the polymer can increase substantially its
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mechanical and transport properties, especially in
polyolefins." The improvement, in the case of la-
mellar nanoclays, is accomplished when the clay is
exfoliated or intercalated and well distributed
through the polymer matrix.*> Clays can be effi-
ciently exfoliated in polar polymers when the correct
processing conditions are used®’; however, when
the polymer is a polyolefin, usually the attainment
of exfoliated structures is more complicated due to
the polyolefin’s hydrophobic character and to the
lack of interactions with the hydrophilic surface of
the clay. Therefore, treatment of the clay’s galleries
must be done; it is usually made with organic modi-
fiers (surfactants), which can have polar or nonpolar
groups. Even so, in some cases, when the final inter-
actions between the polyolefin and the organoclay
are weak or scarce, a compatibilizer needs to be
used. This compatibilizer usually is a copolymer
with a nonpolar backbone and a grafted polar mono-
mer, for example, like the standard polyethylene or
polypropylene grafted with maleic anhydride
(PEgMA or PPgMA, respectively) or polyethylene
grafted with acrylic acid (PEgAA).*'! Other copoly-
mer, ethylene-vinyl acetate (EVA) can also be used
as compatibilizer. EVA is a random copolymer, in
which the amount of vinyl acetate (VA) groups can
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EFFECT OF EVA ON HDPE/CLAY NANOCOMPOSITES

vary, changing its polarity; the presence of these po-
lar groups makes this copolymer more compatible
with organic modified clays than polyethylene.'*'¢
Studies'’~'” have shown that the addition of EVA in
nanocomposites of LDPE and HDPE with organo-
clays improved the polymer intercalation into the
clay’s platelets; however, the efficiency of the com-
patibilization was dependent of the EVA amount
and the VA content.

The processing parameters of the film blowing
process have also influence on the final properties of
the films of nanocomposites. Recent work from our
lab' showed that films of intercalated nanocompo-
sites of HDPE/PEgMA /clay that were produced
with high elongation rate during the film blowing
process had higher elastic modulus and lower water
vapor permeability rates than films blown at a low
elongation rate, due to the clay and macromolecules
orientation during the blowing. The relationship
between processing conditions, morphology, and
properties (mechanical, thermal, permeability) in
pol eth%llene nanocomposites have been stud-
ied****! and in general, it is observed that the
improvement on the nanocomposites properties is
dependent of the intercalation/exfoliation level, ori-
entation of clay platelets and the degree of their
dispersion.

From these studies, it can be concluded that both,
EVA and PEgMA can be used as compatibility
agents between polyethylenes and nanoclays. How-
ever, EVA not being a grafted or block copolymer,
probably will have a lower efficiency as a compati-
bility agent than the PEgMA; on the other hand,
EVA has a much lower cost than PEgMA. Thus, the
objective of this work was to study the effect of the
addition of EVA as a compatibility agent on the me-
chanical and barrier properties, long period, and
lamellae orientation of blown films of HDPE/clay
nanocomposites.
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EXPERIMENTAL
Materials

The same resin used in our earlier work" was chosen
as polymer matrix; it was a HDPE (film blowing
grade) of weight average molecular weight (M) of
420,907 g/mol and molecular weight distribution of
20.89; its other properties are listed in Table 1. The
supplier added an antioxidant to avoid extensive
thermal degradation. To study the influence of the
VA content on compatibilization, two types of EVA
resins (EVA19 and EVA28) were used; according to
the supplier, the EVA19 had 19% of VA groups
while the EVA28 had 28% of VA groups. The prop-
erties of the EVA resins are also listed in Table I

To study the influence of the polarity of the nano-
clay’s surfactants on the exfoliation/intercalation
levels, two types of montmorillonite clays were also
used; one was treated with a nonpolar surfactant
(C15A) and the other one with a polar surfactant
(C30B). The properties of both nanoclays are also
given in Table I while the chemical structures of the
surfactants (quaternary alkyl ammonium salts) are
shown in Figure 1.

Thermal stability of the nanoclays

The thermal stability of the nanoclays was studied
by high resolution thermogravimetrical analysis
(TGA) using an equipment from TA Instruments,
model HiRes TGA 2950, at a heating rate of 20°C/
min, from room temperature up to 500°C, under N,
flux.

Extrusion of the nanocomposites

The nanocomposites were produced by corotational
twin-screw extrusion, using an extruder from
Werner Pfleider, model ZSK 30, with diameter of 30

TABLE I
Properties of the HDPE, EVA Resins, and Nanoclays

HDPE EVA 19 EVA 28 C15A C30B
Trade name HF0150 Evateno 8019-PE Elvax 250 Cloisite® 15A Cloisite® 30B
Supplier Braskem Braskem Dupont Southern Clay Southern Clay
Density (g/cm?®) 0.948° 0.940° 0.921° 0.30° 0.36°
MFI (g/10min) 10.0° 8.0 25.0¢ - -
%VA® - 19 28 - -
Melting Point (°C)* 128 57/86 50/72 - -
Gallery Distance (nm)® - - - 3.15 1.85
Surfactant concentration (meq/100g clay)® - - - 125 90

* ASTM D-1505.

® According to the supplier.

¢ ASTM D-1238 (190°C/21.6 Kg).
4 ASTM D-1238 (190°C/2.16 Kg).
¢ According to the supplier.

f As measured by differential scanning calorimetry, in a TA instruments, model QS100, 10°C/min.
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Figure 1 Chemical structures of the nanoclay’s surfac-
tants: (a) C15A; (b) C30B; HT = alkyl group with ~ 65%
Clg, ~ 30% C16, and ~ 5% C14.22

mm and length of 1070 mm; the screws’ profile was
similar to the one used in our earlier work," highly
dispersive with transport, kneading, and turbine ele-
ments, as shown in Figure 2.

The nanocomposites of HDPE/EVA /nanoclay
were obtained in two steps: (1) extrusion of an
EVA /nanoclay masterbatch and (2) dilution of the
masterbatch in HDPE, also by extrusion. The master-
batches had final concentration of EVA /nanoclay of
75/25 wt % and were extruded at a flow rate of 2.5
kg/h, velocity of 120 rpm (which resulted in an av-
erage residence time of approximately 100 s) and
temperatures between 110 and 140°C. The nanocom-
posites had a final concentration of HDPE/EVA/
nanoclay of 80/15/5 wt % and were extruded at the
same flow rate and velocity as the masterbatches,
but at temperatures between 215 and 225°C.

Films blowing

Blown films of HDPE and HDPE/EVA/clay nano-
composites were produced using a film blowing ex-
truder from Miotto. The screw had a diameter D =
25 mm, length L = 750 mm, and angle 6 = 17.7°.
The spiral die had an external diameter D, = 80
mm, internal diameter D; = 78.4 mm, and extended
length L,, = 640 mm. All the films were blown at
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the same conditions: screw rotation N = 80 rpm and
nip rolls velocity V,, = 1 m/min. The extrusion tem-
peratures were set between 200 and 225°C. The take-
up ratio (TUR =V,/V,, where V, is the extrusion
rate) was 4, while the blow up ratio (BUR = R¢/Ry,
where Ry is the final film radius and R; is the die ra-
dius) was 1. V, was calculated from the mass rate
Q=p-V./A; where p is the polymer density and
A, the transversal area of the spiral die. Q was the
mass of blown film collected after 1 min of blowing.
The blown films had an average thickness of 200 =
15 um and average diameter of 80 * 4 mm.

Characterization of the nanocomposites and the
blown films

Rheological characterization

The complex viscosity n* () of the nanocomposites
was measured using a controlled stress rheometer
from Rheometric Scientific, model SR-5000, at 225°C,
with geometry of parallel plates, plates” diameter of
25 mm and gap between the plates of 1 mm, under
nitrogen atmosphere. The measurements were done
between 0.01 and 100 rad/s, in the linear viscoelastic
region.

Wide-angle X-ray diffraction

To analyze the exfoliation/intercalation level of the
nanocomposites, a diffractometer Rigaku Multiflex,
with CuK,, radiation (A = 1.54058 A), operating at 30
kV and 10 mA was used; the samples were scanned
between 0.8 and 10° at a rate of 1°/min.

Transmission electron microscopy

To analyze the dispersion and distribution levels of
the clay in the nanocomposites, samples were pre-
pared by cryo-ultra microtomy at —55°C using a
microtome from Leica, model Reichert Ultracut FC4;
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Figure 2 Profile of the twin-screw extruder used in this work."
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EFFECT OF EVA ON HDPE/CLAY NANOCOMPOSITES

the microtomed films were analyzed in a transmis-
sion electron microscope from Phillips, model CM
120, operating at 120KV. To distinguish the HDPE
from the EVA, the samples were stained with RuQ,,
during 2 h at 60°C.>**

Atomic force microscopy

The surface roughness of the blown films was meas-
ured by atomic force microscopy (AFM) using a
microscope from Veeco Digital Instruments, model
MMA FM-2, in the tapping mode, with an Si probe.
The scanning was made on 10 pm x 10 pm areas.
The average surface roughness (RMS) was calculated
using the Nanoscope Illa software from Veeco Digi-
tal Instruments.

Optical properties

The total haze of the films was measured in a Haze
Gard Plus equipment from BYK-Gardner, following
ASTM D-1003 standard procedure. Five samples of
each film were analyzed.

Mechanical properties

The tensile properties of the films in the machine
direction (MD) and transverse direction (TD) to the
MD were measured following ASTM D-882 standard
procedure in an Instron Tensile Testing machine,
model 5569, at room temperature. At least five meas-
urements of each sample were made. Strips of 25
mm width and 190 mm length were obtained using
film cutting equipment from Frank Prufgerate
GMBH.

Small-angle X-ray scattering

To estimate the lamellae orientation of the films,
small-angle X-ray scattering (SAXS) measurements
were done at the D11A-SAXS line of the Brazilian
Synchrotron Light Laboratory (LNLS). The beam
energy was tuned to 8049.9 eV, with A = 1.7556 A.
The incident beam was collimated by a 3 x 1.6 mm
diffraction slit coupled with a 0.5 mm slit located
just before the detector. The beam was positioned
perpendicular to MD and TD. The SAXS scattering
data was collected in the form of a 2-D image. A ra-
dial average was then performed on the 2-D scatter-
ing pattern, which was a quantitative measure of the
intensity of X-ray scattering. From the radial average
plots, the Hermann'’s orientation factors (f) following
Prasad et al. procedure” were obtained using eq.

(1):

. 2 _
f:(3 coszd)) 1 1)
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in which ¢ is the angle between the reference axis
and the macromolecule chain axis (in HDPE, this lat-
ter axis is the c-axis of the orthorhombic unit cell).
The reference axis was MD. It is worthwhile to point
out that when f = 1, complete lamellae orientation
along MD will occur; when f = —0.5 perpendicular
to MD orientation will occur and when f = 0, ran-
dom orientation (isotropic sample) will occur.

The long period L (distance between the middle of
two polymeric lamellas), which defines the periodic-
ity of lamellar stacking was also measured. The ex-
perimental SAXS curves were corrected (elimination
of additional scattering caused by optical elements
in the X-rays path and corrections due to possible
inconsistencies in the electronic density within each
phase caused by temperature, using the Bonart
method); thus, standard light intensity (I..x) versus
scattering vector () curves were obtained. The first
peak of these curves represented the scattering pro-
duced by the crystalline lamellas with thickness L.
that were periodically separated by an amorphous
phase of thickness L,, corresponding to a two-phase
model (L = L. + L,). Therefore, L was calculated
from eq. (2):

L=2" )

*

in which g* is the maximum peak of the I..(9)-(4)
versus g curve.

Permeability rates

The water vapor permeability rate (WVPR) of the
films was measured in a Permatran equipment with
infrared sensor, Model W 3/31, from Mocon, follow-
ing ASTM F-1249-01 standard procedure at 38°C and
100% humidity. The water vapor permeability coeffi-
cient (WVPC) was calculated from eq. (3):

WVPR x e
WVPC = ——F— 3
Ps X RU1 ( )

in which e is the average thickness of the film, p; is
the vapor saturation pressure at the test temperature
(49.692 mmHg at 38°C), and RU; is the chamber rel-
ative humidity (100%).

The oxygen permeability rate (OPR) was meas-
ured by the coulometric method following ASTM D-
3985 standard procedure in an Oxtran equipment,
model ST, from Mocon, operating with pure and dry
oxygen at 23°C. The oxygen permeability coefficient
(OPC) was calculated from eq. (4):

OPC = OPl;XE (4)
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Figure 3 Thermogravimetric analyses of the nanoclays:
(a) C15A; (b) C30B. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

in which p is the oxygen partial pressure in the
chamber (1 atm). For these tests the films thickness
was measured with a micrometer of planar nib,
model 732, from STARRETT, with resolution of
0.001 mm.

RESULTS AND DISCUSSION
Characterization of the materials

The TGA of both nanoclays is shown in Figure 3; in
both samples, two peaks in the derivative of the TG
(DTG) curves are observed. The first peak is due to
water loss (1.056% in the C15A and 1.533% in the
C30B). The second peak is attributed to the loss of
surfactant and other organic impurities.”® The sur-
factant loss begun at 215°C in the C15A nanoclay,
whereas in the C30B nanoclay it begun at 188°C. As
described before, the masterbatches were extruded
between 110 and 140°C; therefore, it was assumed
that during the masterbatches’ extrusion no surfac-

Journal of Applied Polymer Science DOI 10.1002/app
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tant loss occurred. The nanocomposites were
extruded between 215 and 225°C, with a residence
time of 100 s. Under these last conditions, however,
surfactant loss could have occurred.

Characterization of the extruded samples

The complex viscosities of the materials are shown
in Figure 4; it can be observed that none of the mate-
rials had a Newtonian behavior at low shear rates;
instead, a pseudoplastic behavior is observed at all
shear rates. It is also observed that both nanocompo-
sites had lower viscosities than the pure HDPE, that
is, the EVA and nanoclay plasticized the HDPE.
Thus, it is expected that during the film blowing
process, lower mechanical energies will be spent
during the extrusion of the nanocomposites than
during the extrusion of the HDPE. The viscosity of
the EVA28 at 225°C was extremely low, out of the
rheometer’s sensitivity range and it was not
measured.

Figure 5 shows the diffractograms of both sys-
tems, while Table II shows the distance between clay
lamellas, calculated from these diffractograms. The
results indicated that an intercalated structure in the
nanocomposite HDPE/EVA19/C15A was predomi-
nant; however, in the nanocomposite HDPE/
EVA28/C30B, a decrease in the galleries’ distance
was observed, which could be due to surfactant loss.
In a previous work in our labs,”” however, the
EVA28/C30B nanocomposite showed an exfoliated
structure after mixing in a torque rheometer; thus,
probably the high deformation rates and tempera-
tures of the twin-screw extruder accelerated the deg-
radation of the C30B surfactant.
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Figure 4 Complex viscosity n* of the polymers, at 225°C.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 5 WAXD curves of the (a) HDPE/EVA19/C15A
system — (i) C15A, (ii) Masterbatch EVA19/C15A, (iii)
Nano HDPE/EVA19/C15A, (iv) Film HDPE/EVA19/
C15A - and (b) HDPE/EVA28/C30B system — (i) C30B, (ii)
Masterbatch EVA28/C30B, (iii) Nano HDPE/EVA28/
C30B, (iv) Film HDPE/EVA28/C30B.

Figure 6(a) shows a Transmission electron micros-
copy (TEM) micrograph of the extruded HDPE/
EVA19/C15A nanocomposite; the dark areas repre-
sent the EVA phase after staining with RuO,. The
C15A clay is predominantly inside the EVA phase.
Figure 6(b) shows an enlargement of an EVA parti-
cle; clay’s lamellas are observed inside the EVA
phase and at the interface HDPE/EVA. To analyze
the clay’s dispersion level, samples without RuO,
staining were also analyzed and are shown in Figure
6(c); a good distribution of the clay’s tactoids thru
the HDPE/EVA matrix is observed, confirming the
rheological results.

Figure 7(a) shows a micrograph of the extruded
HDPE/EVA28/C30B system; again, clay’s tactoids
inside the EVA phase are observed.

Films blowing and characterization

During the film blowing process the torque devel-
oped during the extrusion of the HDPE film was

3345

90% of the maximum torque, while the torques
developed during the extrusion of the HDPE/
EVA19/C15A and HDPE/EVA28/C30B nanocompo-
sites were 60 and 50% of the maximum torque,
respectively, confirming the decrease in mechanical
energy predicted by the results of complex viscosity.

Wide-angle X-ray diffraction (WAXD) diffracto-
grams of the blown films are also shown in Figure 5.
The clay’s intercalated structure of the HDPE/
EVA19/C15A nanocomposite and the clay’s struc-
ture of the HDPE/EVA28/C30B system were pre-
served after film blowing. Figures 6(d) and 7(b)
show TEM micrographs of the blown films of both
systems, respectively; both systems had highly ori-
ented EVA/clay particles along MD.

Figure 8 shows AFM micrographs of the blown
films while Table III shows the average roughness.
A decrease of 55 and 32% in the average roughness
of the blown films of the C15A and C30B nanocom-
posites, respectively, compared with the pure HDPE
film was observed. The decrease in surface rough-
ness can be correlated to the decrease in surface
haze, and consequently to the decrease in total
haze.?®*®! The total haze of each film is shown in Ta-
ble III. The total haze has two components: internal
(bulk) and surface haze. The internal haze is de-
pendent mostly on the crystals sizes and morpholo-
gies, whereas the surface haze is mostly dependent
on the surface roughness. In the case of blown films,
generally, the surface haze is the major component;
Wilkes and coworkers”™?' and Bretas and co-
workers®*?® have found, for example, that the sur-
face haze in blown films usually represents 60-80%
of the total haze. Thus, it can be observed that the
total haze of the nanocomposites’ films decreased as
their surface roughness decreased.

The tensile stress—strain curves of the blown films
are shown in Figure 9. The calculated values of the
tensile elastic modulus E, yield stress c,, ultimate
stress o, ultimate strain g, and toughness, along
MD and TD of the blown films are shown in Table IV
and V, respectively.

Along MD, it is observed that the addition of the
EVA19 and the C15A nanoclay to the HDPE did not

TABLE 1I
Distance Between Clay Lamellas Calculated
from the Diffractograms

Material 20 (°) dgo1 (nm)
C15A 2.7 3.28
Masterbatch EVA19/C15A 24 3.70
Nano HDPE /EVA19/C15A 24 3.70
Film HDPE /EVA19/C15A 2.4 3.70
C30B 4.7 1.88
Masterbatch EVA28/C30B 6.2 1.43
Nano HDPE/EVA28/C30B 6.2 143
Film HDPE/EVA28/C30B 6.4 1.38
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Figure 6 TEM micrographs of the HDPE/EVA19/C15A nanocomposite. (a) Extruded nancomposite (stained); (b) Enlarg-
ment of an EVA particle from the extruded nanocomposite (stained); (c) Extruded nanocomposite (not stained); (d) Blown
film of the nanocomposite (stained). The circles highlight the EVA /nanoclays particles. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

change the elastic modulus of the blown films. How-
ever, the addition of the EVA28 and the C30B nano-
clay to the HDPE decreased this modulus. The yield
stress of both films of nanocomposites decreased,
while the ultimate stresses and strains were not
affected by the presence of the EVA and nanoclay.
The toughness of both films of nanocomposites

along MD also decreased. Along TD, the addition of
the EVA19 and the C15A clay to the HDPE slightly
increased the elastic modulus of the blown films,
while the addition of the EVA28 and the C30B clay
decreased this modulus. The yield stress of the
HDPE/EVA19/C15A blown film was higher than of
the pure HDPE film, whereas the HDPE/EVA28/

Figure 7 TEM micrographs of the HDPE/EVA28/C30B nanocomposite. (a) Extruded nanocomposite (stained); (b) Blown
film of the nanocomposite (stained). The circles highlight the EVA /nanoclays particles. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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(c)

Figure 8 AFM micrographs of blown films: (a) HDPE; (b) HDPE/EVA19/C15A nanocomposite; (c¢) HDPE/EVA28/C30B
nanocomposite. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

C30B had fragile fracture. The ultimate stresses and
strains of the HDPE/EVA19/C15A film were similar
to the HDPE film; however, the HDPE/EVA28/
C30B film had worse ultimate properties than the
HDPE. The toughness of the HDPE and HDPE/
EVA19/C15A films were similar.

The better results obtained with the HDPE/
EVA19/C15A nanocomposite than with the HDPE/
EVA28/C30B nanocomposite can be credited to the
stronger interactions between the HDPE, the EVA19
and the C15A nanoclay. The EVA19 was more com-
patible with the HDPE than the EVA28 due to its
lower amount of VA groups®>?%; on the other hand,
the C15A nanoclay interacted more with the HDPE
than the C30B nanoclay due to the nonpolarity of its
surfactant.

Jordan et al.* pointed out in their review of me-
chanical properties of nanocomposites, that the elas-
tic modulus is more dependent on the nanofiller’s

TABLE III
Average Surface Roughness (RMS), Total Haze,
Long Period (L) and Hermann’s Orientation factor (f)
of the Blown films

RMS Total L
Blown Film (nm) Haze (%)  (nm) f

HDPE 353 3 946 11 3028 027
HDPE/EVA19/C15A 161 =6 909 *02 3019 -0.35
HDPE/EVA28/C30B 241 =7 923 £0.1 30.18 —0.28
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Figure 9 Tensile stress—strain curves of the blown films:
(a) along MD; (b) along TD.
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TABLE IV
Tensile Mechanical Properties Along MD of the Blown Films
Blown Film E (MPa) G, (MPa) o (MPa) &p (%) Toughness (GPa)
HDPE 7764 * 335 289 = 0.8 No break® No break® (8.82 = 0.61) x 10?
HDPE/EVA19/C15A 778.2 * 37.5 205+ 1.0 No break® No break® (7.60 = 0.42) x 107
HDPE/EVA28/C30B 641.3 *+ 38.3 19.2 = 0.8 No break® No break® (6.61 = 0.29) x 10
@ up to 360% strain
TABLE V

Tensile Mechanical Properties Along the TD of the Blown Films

Blown Film E (MPa) G, (MPa) oy (MPa) &p (%) Toughness (GPa)
HDPE 843.4 *= 33.0 145 + 0.6 No break?® No break?® (4.73 + 0.25) x 10°
HDPE/EVA19/C15A 847.4 = 32.3 181 = 1.1 No break?® No break® (4.77 = 0.30) x 10?
HDPE/EVA28/C30B 647.3 £ 219 No flow® 149 = 04 58 = 0.8 6.47 = 0.41

? Up to 360% strain.
b Fragile fracture.

characteristics (rigidity, particle size, and filler con-
centration) than on the interactions between the
polymer and the nanofiller. However, the yield and
ultimate properties are directly proportional to these
interactions; when these latter mechanical properties
are enhanced, strong interactions between the poly-
mer matrix and the filler can be expected.

The elastic modulus along TD of all the blown
films was also higher than the elastic modulus along
MD. Because the TUR = 4 and BUR = 1, a different
behavior was expected. To understand the mechani-
cal behavior of the blown films of nanocomposites,
the polymeric lamellae orientation and structural pe-
riodicity (long period) of the films were evaluated
by SAXS. The 2-D SAXS patterns of the blown films
are shown in Figure 10, while L and f values are
shown in Table III.

The lamellar long period was found to be inde-
pendent of the addition of EVA and nanoclay; that is,
both materials did not alter the HDPE lamellar thick-
ness and did not enter into its amorphous phase, as
confirmed by other works.*' This behavior can be
attributed to the very low crystallinity of EVA,* to

the low amount of EVA present in the nanocomposite
and to the poor interactions between HDPE and
EVA. Thus, it can be concluded that the measured f
values correspond only to the HDPE lamellae orienta-
tion. As it is observed from Table III, the HDPE
lamellas were preferentially oriented along TD, con-
firming the mechanical properties results. Because the
HDPE had a high viscosity and elasticity, probably
the imposed TUR was not high enough to align the
HDPE macromolecules along MD and they preserved
the orientation given by the extruder’s spiral die. The
EVA/nanoclays discrete particles, however, were
aligned along MD; however, because the EVA19/
C15A had stronger interactions with the HDPE than
the EVA28/C30B discrete particles, the net result was
an increase in the elastic modulus along TD due to
the impediment of the HDPE lamellas to orient along
MD given by the EVA19/C15A particles. A scheme
to explain this behavior is shown in Figure 11. In this
scheme, from our TEM and SAXS results, L ~ 30 nm,
the length of a nanoclay’s lamellas is approximately
200 nm and the EVA/clay discrete particles have
length of approximately 1000 nm.

T T r
i
T

3000 9000 15,800 2000

a) Intensity (a.u.) b)

Intensity (a.u.) C)

Intensity (a.u)

Figure 10 2-D SAXS patterns of blown films: (a) HDPE; (b) HDPE/EVA19/C15A nanocomposite; (c) HDPE/EVA28/
C30B nanocomposite. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 11 Scheme of the HDPE lamellae organization in
the pure HDPE and nanocomposites films (L ~ 30 nm,
length of a nanoclay’s lamellas ~ 200 nm and length of
EVA/clay discrete particles ~ 1000nm). [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Thus, it is concluded that the better mechanical
properties of the HDPE/EVA19/C15A film along
TD were due to a higher HDPE lamellae orientation
along TD and to a better interaction between the
HDPE, the EVA19 and the C15A nanoclay.

Table VI shows the results of the permeability
rates of both systems. The van der Waals volumes of
oxygen and water are similar’>®; however, the trans-
port mechanisms of both penetrants in a flexible
polymer are different, mainly because of their differ-
ent polarity (which allows the formation of water
clusters, for example). Regarding the WVPR, it can
be observed that the blown film of the HDPE/
EVA19/C15A nanocomposite had an increase of
75% in the water vapor permeability rate compared
with the pure HDPE blown film, while the blown
film of the HDPE/EVA28/C30B nanocomposite had
an increase of 200%. As pointed out in our earlier
work,' the water molecules, being polar ones, will
form water clusters and will diffuse more easily thru
polar polymeric matrixes; because HDPE is a nonpo-
lar polymer, the water vapor permeability rate
through it will be low. However, when the EVA and
nanoclay are added to the HDPE, an increase in po-
larity and in the amount of defects due to the forma-
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tion of EVA/nanoclay discrete particles will occur
and the WVPR will increase. Thus, probably the
observed increase in WVPR in the blown films of
nanocomposites was the result of the main transport
controlling mechanism of the water clusters being
thru the EVA/nanoclay particles. The WVPR was
higher in the HDPE/EVA28/C30B blown film than
in the HDPE/EVA19/C15A film because the latter
one had a lower polarity than the first one, due to
the lowest amount of VA groups in the EVA19 and
to the nonpolarity of the C15A surfactant.

The oxygen permeability rates of the HDPE/
EVA19/C15A and of the HDPE/EVA28/C30B
blown films were 63 and 54% higher than of the
pure HDPE blown film, respectively. The transport
of oxygen (a nonpolar molecule) thru the pure
HDPE will be high; however, the addition of the
EVA and nanoclay to the HDPE will increase the po-
larity of the nanocomposite and, thus, a reduction in
OPR is expected. In the absence of oxygen clusters,
the volume of the oxygen molecule will be smaller
than the water clusters and therefore the main trans-
port controlling mechanism would be thru the
EVA /nanoclay-HDPE interfaces and EVA amor-
phous phase; because these interfaces were highly
defective, the OPR increased.

CONCLUSIONS

The twin screw mixing of HDPE and two different
nanoclays (C15A and C30B) using two different
EVA’s (EVA19 and EVA28) as compatibilizer agents
produced an intercalated structure in the HDPE/
EVA19/C15A nanocomposite while in the HDPE/
EVA28/C30B  nanocomposite  surfactant  loss
occurred. In both cases, however, the clay was inside
the EVA phase and at the interface HDPE/EVA,
forming a two-phase morphology (HDPE matrix and
EVA/nanoclay discrete particles). Blown films of
both nanocomposites were successfully obtained; the
EVA/clay discrete particles were found to be highly
oriented along the machine direction. A decrease of
the average roughness of the blown films, compared
with the pure HDPE film was also observed. The
tensile mechanical properties along TD of all the
samples was higher than along MD and all the

TABLE VI
Permeability Rates and Permeability Coefficients of the Blown Films
WVPC OPR OorC
WVPR (gH,0.um)/ [ML(CNTP)/ [ML(CNTP).um/
Blown Film (gHO/ m?.day)/um? m~.day.mmHg) (m?.day)]/pm? (m?%.day.atm)]
HDPE 0.004 = 0.001 5.8 1.1 £01 76.8
HDPE/EVA19/C15A 0.007 = 0.001 8.9 1.8 = 0.2 97.1
HDPE/EVA28/C30B 0.012 = 0.002 13.4 1.7 = 0.1 91.7

2 Normalized to the film thickness.
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mechanical properties along TD of the HDPE/
EVA19/C15A blown film were higher than of the
pure HDPE blown film. This behavior was credited
to the preserved orientation from the spiral die,
which oriented the HDPE lamellas along TD and to
the stronger interactions between the HDPE and the
EVA19 and C15A clay. The long period of the HDPE
lamellas, however, was not affected by the addition
of the EVA and nanoclay. Due to the formation of
the two-phase morphology, the water vapor and ox-
ygen permeability rates through the blown films of
nanocomposites were higher than thru the pure
HDPE blown film.
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