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Abstract

Poly(ethylene terephthalate-co-ethylene naphthalate) (PETN) nanocomposites containing two different organoclays, Cloisite 20A and
30B, were prepared by melt intercalation using an extruder. The organoclays was treated with epoxy monomer to further improve the polar
interactions with PETN matrix. The morphological, thermal-mechanical, mechanical and gas barrier characteristics of the nanocomposites
were evaluated using several characterization tools. It is found that the Cloisite 30B had better interactions with PETN and was more
uniformly dispersed within PETN than Cloisite 20A. Epoxy treatment of Cloisite 30B organoclay resulted in improvements in d-spacing
between silicate layers, thermo-mechanical and tensile properties, as well as thermal stability, processing and gas barrier characteristics of
the PETN/30B nanocomposites. These results suggest that the epoxy acted as the compatibilizer as well as the chain extender, improving the
chemical interactions between PETN and organoclay, while discouraging the macromolecular mobility of polymer chains in the vicinity clay

particles. The implications and the mechanisms behind these observations are discussed.

© 2005 Elsevier Ltd. All rights reserved.

Keywords: Poly(ethylene terephthalate-co-ethylene naphthalate); Organoclay; Nanocomposite

1. Introduction

Polymer layered silicate composites have attracted a
great deal of attention both from industry and academia,
because these nanocomposites exhibit markedly improved
properties when compared with pure polymers or conven-
tional microcomposites. Numerous studies have demon-
strated that addition of only a few wt% of layered silicate
can lead to wide array of property enhancements of
polymers, e.g. increased stiffness and strength [1-4],
improved solvent and UV resistance [5,6], enhanced
moisture and gas barrier properties [7-10], and superior
flame retardancy [11,12].

Several methods have been successfully employed to
produce polymer nanocomposites reinforced with organo-
clays, i.e. intercalation of polymer from solution [13-15], in
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situ intercalative polymerization and melt intercalation [16—
18]. Direct melt intercalation has been recognized as a
promising approach in recent years because its great
advantages over the other manufacturing methods: this
method is environmentally benign due to the absence of
organic solvents, and is compatible with many current
industrial processes, such as extrusion and injection
moulding processes [19,20].

Poly(ethylene terephthalate) (PET), a polymer with low
cost, high mechanical performance and chemical resistance,
has found a variety of applications such as fibers, bottles,
films, and engineering plastics for automobiles and
electronics [21]. Nanocomposites, based on PET and
nylon, have been utilized as a single-layer container, as
the barrier layer in a multi-layer container, or as a coating
to the preformed PET film or bottles. A primary objective of
the development of PET-clay nanocomposites was to
improve the gas barrier property that is required for
beverage and food packaging. The morphological, physical,
thermal and mechanical properties of the PET-clay
nanocomposites have been extensively investigated and
well documented [22-32]. The melt-intercalation technique
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was used to fabricate the nanocomposites [29-32], and
significant improvements in mechanical properties com-
pared to neat PET were reported. However, the low melting
viscosity and the narrow processing window frequently
experienced during the melt-intercalation of PET made it
rather difficult to process, compared to other thermoplastics.
A systematic increase in melt viscosity of PET was reported
[29,32] with increasing clay concentration, indicating
further thermal degradation. PET nanocomposites were
prepared by melt compounding PET with organically
modified MMT (treated with 1,2-dimethyl-3-N-hexadecyl
imidazolium, a modifier with high thermal stability) under
various blending conditions [31]. The composites showed a
high degree of clay dispersion and exfoliation. Alternative
mixing conditions, longer residence times and higher screw
speeds resulted in poor quality nanocomposites.

This paper forms a larger project on the development of
polymer—organoclay nanocomposites that possess much
improved moisture/gas barrier characteristics, as well as
antimicrobial capabilities for food and beverage packaging
materials. In this study, poly(ethylene terephthalate-co-
ethylene naphthalate) (PETN) nanocomposites containing
two different kinds of commercial organoclay were
successfully produced based on the melt intercalation
technique. An epoxy monomer was added to further
improve the polar interactions between the organoclay and
the matrix, which in turn enhance the thermal stability of the
composites. The morphological, thermal, mechanical and
gas barrier properties of the nanocomposites were measured
based on several characterization tools.

2. Experimental
2.1. Materials and preparation of nanocomposites

A commercial grade PETN copolymer resin (Nopla-
ke831, supplied by Kolon Industries, Korea), composed of
92 mol% of ethylene terephthalate content, was used
throughout this work. Two modified montmorillonites
(supplied by Southern Clay Products, USA) were studied:
Cloisite 20A (MMT-Alk; modified by dimethyl 2-ethyl-
hexyl (hydrogenated tallowalkyl) ammonium cation) and
Cloisite 30B (MMT-(OH),; modified by methyl bis(2-
hydroxyethyl) (hydrogenated tallowalkyl) ammonium-
cation), which contained 26 and 21 wt% of organics,
respectively. The chemical structures of the organo-
modifiers are presented in Fig. 1. To further enhance the
polar interactions between the organoclay and the PETN
matrix, the organoclay surface was treated with a diepoxide,
a diglycidyl ether of bisphenol A (DGEBA) (Epon828,
supplied by Shell, Hong Kong Ltd.) with epoxy molar mass
of 184-190. The epoxy monomer was diluted with acetone
in the volume ratio of 1:10. The organoclay was first
suspended in water, and then a desired amount of epoxy-
acetone solution was purged into the mixture, followed by

cH, (|2H2(TH10H
| CH, — N*—HT
CHy— N*—HT o
rlrr CH,CH;OH

(a) (b)

Fig. 1. Chemical structures of organo-modifiers used in (a) Cloisite 20A and
(b) 30B clays. HT is hydrogenated tallow (~65% C18; ~30% C16; ~5%
Cl14).

mechanical stirring at 50 °C for 2 h. The mixture was dried
completely in an oven to evaporate the water and solvent.
The weight ratio of epoxy to PETN (0.75/100) in the
finished composite was calculated according to the
molecular weight of epoxy and carboxyl content of PETN
[33]. The composites were fabricated via melt intercalation.
The PETN pellets were dried in a vacuum oven at 80 °C for
at least 10 h before use. PETN was mixed with treated
organoclay in a twin screw extruder (Collin, Teach-line ZK
25T) at a rotor speed of 50 rpm, the temperature profiles of
the barrel were 210-230-250-230 °C from hopper to die.

2.2. Characterization of nanocomposites

The morphological, thermomechanical, rheological,
mechanical and gas barrier properties of nanocomposites
were characterized using various tools X-ray diffraction
(XRD) (Philips PW 1830, Cu K, radiation: 1.54056 A)
analysis was carried out to measure the d-spacing of dry clay
powder, premixed clay and the composites at a scanning rate
of 0.1°min from 2 to 10°. A bright field transmission
electron microscope (TEM, JEOL 2010) was used to
examine the sample cross sections at an acceleration voltage
of 120 kV. Ultrathin sections of nanocomposites (ca. 80 nm
thick) were prepared using a Leica Ultracut R ultra-
cryomicrotome.

Thermomechanical properties of nanocomposites were
characterized using a DSC-92 instrument (Setaram).
Samples of 10+ 1 mg were encapsulated in aluminum
pans and heated from 25 to 280 °C at a ramp rate of
10 °C/min, followed by holding at 280 °C for 3 min to
destroy the crystalline nuclei completely. The cooling traces
were recorded from 280 to 50 °C, and then the second
heating scan was recorded. The melting temperature was
taken from temperature corresponding to the peak value.
The thermal stability was evaluated using a thermo-
gravitational analyzer (TGA-7 by Perkin—Elmer) by heating
samples from room temperature up to 600 °C at a heating
rate of 20 °C/min under a nitrogen flow. Time dependence
of weight loss of PETN/clay composites was analyzed at
300 °C.

PETN plates of 1 mm in thickness were prepared by
compression moulding at 260 °C. The mould was quenched
using cold water, followed by annealing at 150 °C for 2 h.
The plates were cut into size 20 X4 mm? for the dynamic
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Fig. 2. Schematic of the experimental setup for measuring oxygen permeability of the film.

mechanical analysis (DMA). The storage modulus E’, loss
modulus E”, and loss tangent delta, tan 0, were determined
in the temperature range between 30 and 130 °C using a
dynamic mechanical analyzer (Perkin—-Elmer DMA-7e). All
measurements were carried out in a N, atmosphere at a
frequency of 1 Hz and a heating rate of 5 °C/min. The melt-
flow index (MFI) values of the nanocomposites were
obtained using a Modular Flow Index machine (CEAST
6542/020) according to the specification, ASTM D 1238, at
different temperatures. The rheological time tests were
performed on a theometer (Physica MC-200) with a parallel
plate of 25 mm in diameter. A constant strain oscillatory
shear mode was used for a small strain amplitude (yo=1%)
at 250 °C for 10 min to measure the complex viscosity of
samples.

The mechanical properties of nanocomposites, including
the tensile strength and Young’s modulus and elongation at
break (%), were determined in a tensile test. Rectangular-
shape tensile test specimens of 1 mm in thickness were
prepared by compression moulding according to the
specification, ASTM D882. The tensile tests were per-
formed at room temperature at a constant cross-head speed
of 2.5 mm/min on a universal testing machine (Instron
5567).

The gas transmission rates of neat PETN and various
PETN/clay nanocomposites were measured at room
temperature using a gas permeability tester (K-315N,
Rikaseiki, Japan). Fig. 2 shows the schematic of the
experimental setup. The sample films were prepared by
compression moulding of sheets of thickness approxi-
mately 150 um, followed by melt-quenching using cold
water. 100% pure oxygen was used for the test. The
instrument consists of a cell separated into two parts by
the membrane made of the sample film. Both parts of
the cell were first subjected to vacuum to about
0.050 mm Hg. Oxygen was subsequently introduced
into the upper part of the cell. The diffusion of oxygen
across the sample film thickness took place due to the
driving force resulting from the oxygen-pressure differ-
ence across it, and the gas contained in the lower part
of the cell was analyzed using a pressure sensor. The

gas permeability of films was characterized by the
permeation coefficient, p (cc(stp) cm/cm?-s-cm Hg):

P =par2 M

where L is the film thickness (in cm), ¢ is the time for
permeation (in s), A is the area of gas transmission (in
m?) and Q is the gas transmission rate (in cc(stp)/
m”h atm) measured by the instrument of film gas
permeability tester. Q is given by:

v 27 11
o=+ 20 2 2)

where V is the volume of the low pressure cell (in cm3),
0 is the temperature at the low pressure cell (in °C), P
is the pressure difference between the two sides of the
film before test (in mm Hg), and dt is the slope of the
pressure vs. measuring time curve at a steady transmit
state (in h).

a 20A

b 20A+epoxy

c PETN/20A

d PETN/20A+epoxy

Intensity

Fig. 3. XRD patterns of Cloisite 20A, epoxy premixed 20A and PETN/20A
nanocomposites.
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Table 1

Diffraction peak angle, 26, and the corresponding d-spacing dyg; for organoclay and PETN/4 wt% clay nanocomposites

Sample 20A 30B 20A +epoxy 30B +epoxy

20 (°) 3.65 4.85 32 2.8

dop; (nm) 242 1.82 2.83 3.15

Sample PETN/20A PETN/30B PETN/20A +epoxy PETN/30B +epoxy
20 (°) 2.8 2.6 2.6 2.35

doo1 (nm) 3.16 34 3.4 3.76

3. Results and discussion

3.1. Morphological structures of PETN/20A and PETN/30A
systems

The morphology of the nanocomposites was studied
using the XRD patterns and TEM observations The XRD
patterns of as-received organoclays, organoclay premixed
with epoxy and nanocomposites containing 4 wt% Cloisite
20A and 30B are presented in Figs. 3 and 4, respectively.
The diffraction peak angles, 26, and the corresponding
d-spacing dyg;, obtained from these figures are summarized
in Table 1. The primary silicate reflections at 26 =3.65° for
Cloisite 20A and at 260 =5.1° for Cloisite 30B corresponded
to dyo; spacings of 2.42 and 1.73 nm, respectively. After
premixing with epoxy, there were obvious shifts of the
diffraction peak to lower angles, indicating intercalation of
epoxy into the clay galleries. For the clay nanocomposites, a
broad peak in the small-angle region indicates the formation
of partially exfoliated/intercalated structures. However, the
PETN/Cloisite 20A hybrid showed a larger number of
organoclay agglomerates with an associated small increase
in d-spacing from 2.42 to 3.16 nm, indicating a negligible
improvement in intercalation. In contrast, a significant
improvement in dyo; spacing by 1.5 nm was noted for the
PETN/Cloisite 30B composite, as compared to the pristine
Cloisite 30B.

A rheological time test was performed to evaluate the

a 30B

b 30B+epoxy

c PETN/30B

d PETN/30B+epoxy

Intensity
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Fig. 4. XRD patterns of Cloisite 30B, epoxy premixed 30B and PETN/30B

nanocomposites.

effect of different clay modifiers on viscosity of PETN at
melting temperatures. The time dependence of complex
viscosity of the nanocomposites is presented in Fig. 5. For
the PETN/30B system, the complex viscosity value was
about 3 times that of the PETN/20A system. This result
along with the above d-spacing values indicate that the
interactions between the hydroxyl groups in the organic
modifier of Cloisite 30B and the carbonyl end groups in
PETN were more pronounced than those between the non-
polar group of the modifier in Cloisite 20A and PETN
molecules. Similar phenomena were also reported pre-
viously for a similar polyester/Cloisite30B system [34,35].
The incorporation of epoxy monomer into the PETN/clay
nanocomposites improved the nanostructures of the corre-
sponding hybrids, especially for the PETN/30B system. A
further increase in d-spacing and a decrease in the intensity
of diffraction peak were noted fro the XRD curves (Figs.
3(d) and 4(d)). An epoxy monomer was successfully added
to the PBT/30B system [35] as the compatibilizer in melt
processing to realize nanoscale dispersion, resulting in
acceleration of intercalation of the PBT chains into the
silicate galleries due to the miscibility between epoxy resin
and PBT. In the present study, epoxy was intercalated
between the silicate layers before melt-intercalation with
PETN. Within the time constraint of extrusion operations,
epoxide is a most suitable functionality to form covalent
bonds with the nucleophilic end groups present in

Temperature=250°C
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Fig. 5. Rheological time test curves for neat PETN, PETN/Cloisite 20A and
PETN/Cloisite 30B nanocompoistes at 250 °C.
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Fig. 6. Schematic presentation of intercalation of epoxy and PETN into Cloisite 30B interlayers.

polyesters. Such melt reactions between epoxide groups,
hydroxyl groups in Cloisite 30B modifier and the carboxyl
end groups of PETN were expected to take place,
introducing extensive intercalation and exfoliation of
Cloisite 30B. These reactions are schematically illustrated
in Fig. 6, where epoxy acts as the compatibilizer as well as
the chain extender. It is noted that the effect of epoxy on
exfoliation in the PETN/20A system was not as significant
as in the PETN/30B hybrid, a similar observation made
previously [35]. The difference between Cloisites 20A and
30B comes from the ammonium cations located in the
gallery of the silicate layers. With two bulky tallow groups,
the ammonium cations present in Cloisite 20A are
hydrophobic, while those in Cloisite 30B are more
hydrophilic with their two hydroxyethyl groups. Due to
the hydroxyl groups, the methyltallowbis (2-hydroxyethyl)
ammonium cations in the Cloisite 30B interlayer allowed
strong polar interactions with the carboxyl groups present in
PETN, favoring the intercalation of PETN chains and the
formation of PETN/Cloisite 30B nanocomposites. In
contrast, strong polar interactions were lacking between
the ammonium cations present in Cloisite 20A and the
PETN chains, discouraging the PETN intercalation. In
summary, Cloisite 30B is a more favorable choice for
fabricating PETN/clay nanocomposite than Cloisite 20A,
and a focused study was made on the PETN/30B system for
the rest of this paper.

The partially exfoliated/intercalated structure in the
PETN/30B system is further supported by TEM micro-
graphs presented in Fig. 7. Partially exfoliated/intercalated,
individual clay platelets and small stacks of intercalated
montmorillonites are randomly distributed in the PETN
matrix of the PETN/30B and PETN/30B/epoxy systems.
The absence of large aggregates in both the systems further

confirms the compatibility of Cloisite 30B organoclay with
PETN. The more uniform dispersion and higher degree of
intercalation/exfoliation of epoxy-treated Cloisite 30B than
the virgin Cloisite 30B also partly confirmed the chemical
interactions illustrated in Fig. 6.

3.2. Thermomechanical and flow properties

Fig. 8 shows the DSC cooling and second heating curves
of neat PETN and PETN/30B composites obtained at a
constant ramp rate of 10 °C/min. The thermal parameters
obtained from these curves, including melting point, T,
crystallization temperature, 7., and the enthalpy of crystal-
lization, AH., are summarized in Table 2. The DSC
thermogram (Fig. 8(b)) indicates that the melting
endotherms of the PETN/30B hybrids were virtually
unchanged from that of the neat PETN regardless of clay
content and the epoxy treatment. This observation may
suggest that the well-developed thick lamellae in the PETN
matrix remain largely unchanged even after incorporation of
organoclay. It is interesting to note that the incorporation of
organoclay into PETN resulted in a large increase in
crystalline temperature, 7., and normalized crystallization
heat, AH,. (Fig. 8(a)). This behavior was expected and is
associated with the strong heterogeneous nucleation effect

Table 2
Thermal transition parameters of neat PETN and PETN/4 wt% cloisite 30B
nanocomposites measured by DSC

Sample T. (°C) Tm (°C) AH. (J/g)
Neat PETN 161.4 240.1 10.24
PETN/30B 177.7 239.6 42.53
PETN/30B/ 171.3 239.5 40.05
epoxy
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Fig. 7. TEM micrographs of (a), (c) PETN/Cloisite 30B and (b), (d) PETN/Cloisite 30B/epoxy hybrid at different magnifications.

of the clay particles [22,24]. On the other hand, the PETN/
30B/epoxy system presented a lower 7, than the PETN/30B
composite, implying slower crystallization rate, which is
attributed to the epoxy acting as the compatibilizer and
chain extender between the clay and PETN matrix. The
longer PETN molecular chains and the stronger interactions
between the clay and PETN stemming from the epoxy
treatment restricted the movements of chain segments and
hindered the folding of molecular chains into lamella, thus
decelerating the rate of crystallization.

Storage modulus, E’, and loss modulus, E”, of neat PETN
and PETN/30B nanocomposites were obtained from the
dynamic mechanical analysis (Fig. 9). The storage modulus

was higher in the order of PETN/30B/epoxy hybrid, PETN/
30B composite and neat PETN over the entire temperature
range studied. The higher storage modulus for the
composite treated with epoxy than that without reflects
the higher mechanical stability of the former composite. The
glass transition temperatures, T,, determined from the
values corresponding to the loss modulus peaks exhibited
basically the same trend although the differences between
the different materials were marginal. A similar observation
was reported for the PETN/expandable fluorine mica
nanocomposites compatibilized by 10-[3,5-bis(methoxy-
carbonyl) phenoxy]decyltriphenylphosphonium bromide
(IP10TP) [36]. The reason was ascribed to an improved
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Fig. 8. Endotherms of PETN and PETN/Cloisite 30B hybrids measured by
DSC during (a) cooling and (b) the second heating at a constant rate of
10 °C/min.

interaction between the PETN and clay due to the bromide
and the constraint of PETN chain segment movements by
the exfoliated silicates in the composite.

In polymer matrix composites, the mechanical response
reflects molecular relaxation characteristics of the matrix,
but is also profoundly influenced by external factors arising,
for example, from the constraint of chain movement near
the rigid filler surface [37]. The increase in storage modulus
and T, due to clay particles could be attributed to the
hindrance of macromolecular mobility of polymer chains
caused by the well-dispersed Cloisite 30B silicate layers in
the PETN matrix, as proven in other thermoplastic polymer/
clay systems [34,38]. The more pronounced enhancement of
mechanical properties arising from the small amount of

epoxy addition was due both to the improved interaction
between the organoclay Cloisite 30B and PETN by the
epoxy compatibilizer and the chain extension effect of
epoxy in the PETN matrix discussed in the following
section.

The thermal stability of PETN and PETN/30B compo-
sites were investigated by TGA and the original and
derivatives of the thermogravimetric curves are presented
in Fig. 10. The peak values of derivative curves correspond-
ing to the decomposition temperatures, Ty, are included in
the figure. The composite with 4 wt% Cloisite 30B
possessed higher thermal stability by 3 °C than the neat
PETN, while epoxy treatment of clay surface brought about
a remarkable 17.4 °C increase in T4. The improvement in
thermal stability is a direct reflection of excellent thermal
barrier effect of layered clay within the matrix [22,23,39].
The much higher T4 of the PETN/30B/epoxy system
suggests that the epoxy acted as strong chain extender
between the clay and PETN matrix. Thermal degradation
mechanisms of PET during melt processing involved
random alkyl-oxygen chain scission. Acetaldehyde, water,
carbon dioxide and carboxyl end groups are the main
products of thermal degradation of PET [40].

Not only was the increase in decomposition temperature,
but also a consistent viscosity at wider temperature range for
melt intercalation of PETN/30B nanocomposite was
realized by the epoxy treatment of organoclay. The melt
flow index (MFI) vs. temperature is plotted for the neat
PETN, PETN/30B and PETN/30B/epoxy systems in
Fig. 11. MFI is the output flow rate (in gram) of a polymer,
which occurs in 10 min through a standard die of
2.0955 mm in diameter and 8.0 mm in length when a
constant pressure is applied to a melt via a piston. A high
MFT is related to a low melt strength, which in turn reflects a
poor processability during extrusion. The melt strength of
PETN cannot be measured if its MFI is above 200 [41].
Poly(ethylene terephthalate) (PET) is relatively difficult to
process compared to other thermoplastics, such polystyrene,
polyethylene, polypropylene or polyvinyl chloride, because
of PET’s low melting viscosity when PET is processed via
extrusion or injection molding. Chain extension has been
extensively used to process resins with a low melt viscosity
and melt strength. One of the attractive ways of improving
melt strength of PET is to use the reactive chain extenders or
modifiers such as multifunctional epoxy or anhydride
compounds [41,42]. In this study, the MFI of the PETN/
30B system increased rapidly with temperature and
exceeded 210 at 255 °C; meanwhile the PETN/30B/epoxy
system showed MFI values consistently lower than 100 and
their melts could be extruded in the temperature range
between 245 and 265 °C, the so-called ‘process window’,
only 5 °C narrower than that of neat PETN. It was observed
that the PETN/30B mixture could not be extruded at
temperatures above 255 °C because of the low pressure at
die and the low viscosity of the melt. Epoxies have been
identified as one of the most suitable functionalities to
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Fig. 9. Temperature dependence of (a) storage modulus (E’) and loss modulus (E") for neat PETN and PETN/4 wt% Cloisite 30B nanocomposites.

interact with the nucleophilic end groups (viz. hydroxyl and
carboxyl) of PET within the residence time limits of
extruder reactor. After the epoxy treatment, the melt
viscosity increased significantly so that a steady flow was
achieved even at a temperature as high as 265 °C. In other
words, the epoxy treatment of organoclay gave rise to a
widened processing window for melt intercalation of the
nanocomposites.

3.3. Mechanical properties

The variation of tensile properties of PETN/30B
nanocomposites with organoclay contents are shown in

Fig. 12. The PETN/30B nanocomposites presented a higher
tensile strength and modulus with increasing clay content, at
the expense of reduced ductility. Filler particles are known
to reduce the molecular mobility of polymer chains,
producing a less flexible material with a higher tensile
strength and Young’s modulus [43]. With further increase in
organoclay content beyond 4 wt%, the tensile strength of
hybrids became a plateau value or even decreased. This
observation suggests that there is an optimal amount of
organoclay needed to achieve balanced property improve-
ments, while avoiding agglomeration of clay particles [23,
43.44]. The neat PETN was very ductile with an elongation
at break over 150%, and increasing the clay content was
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detrimental to ductility. The large reduction in ductility
especially at a high clay loading may also be associated with
the unexfoliated clay particles, which acted as stress raisers
in the matrix and caused premature failure.

Typical load—displacement curves of the PETN/30B
nanocomposites with and without epoxy are shown in
Fig. 13. The mechanical responses of the nanocomposite
with organoclays treated with epoxy, were better than those
of the PETN/30B composite at the same clay content. In
particular, over 40% recovery in ductility was the achieved
by treating the clay with epoxy. The PETN/30B composite
exhibited a brittle fracture behavior, while the PETN/30B/
epoxy system presented typical yielding curves indicating
plastic deformation during loading. These observations
suggest that the epoxy intercalated into the galleries and
present on the surface of organoclays may have acted as a

250

stress-relieving compliant medium, delaying the crack
propagation along the interface between the clay and
PETN matrix.

3.4. Gas permeability characteristics

Amorphous films of PETN and PETN/30B nanocompo-
sites of the final film thickness of about 150 pm were
prepared by melt moulding followed by quenching Fig. 14
presents typical O, gas transmission curves for neat PETN
and PETN/30B nanocomposites. The permeation coeffi-
cients were calculated from the slopes of the steady state
portion of the curves according to Egs. (1) and (2), and are
plotted in Fig. 15. The PETN/2 wt% 30B nanocomposite
showed a remarkable 50% reduction in O, permeability,
compared to the neat PETN. This observation is ascribed to
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Fig. 11. Melt flow index as a function of temperature for PETN/Cloisite 30B and PETN/Cloisite 30B/epoxy nanocomposites. The arrows indicate the process

windows.
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Fig. 13. Tensile stress—strain curves for (a) PETN/4 wt% 30B and (b)
PETN/4 wt% 30B/epoxy nanocomposites.

the tortuous path for diffusing gas molecules, which were
created by the nano-scale silicate layers with a huge aspect
ratio (in the range of 300-600). Further increase in clay
loading above 4 wt% did not improve systematically the gas
permeation resistance. However, with the addition of epoxy,
a more than 88% reduction in gas permeability compared to
the neat PETN was achieved. This result suggests that the
uniform dispersion of organoclay particles and the
improved interactions along the organoclay—PETN matrix
interface benefited from the epoxy treatment also played an
important role in improving the gas barrier characteristics of
PETN/clay nanocomposites.

4. Conclusions

The morphological, thermo-mechanical, rheological,
tensile and gas barrier properties were studied of PETN
nanocomposites containing two different organoclays,
Cloisite 20A and 30B. The following can be highlighted
from the study.

(i) Although the inherent d-spacing between the silicate
layers of Cloisite 30A was narrower than Cloisite 20A
(1.73 vs. 2.42 nm), the PETN/30B system exhibited
more significant increase in d-spacing than the
PETN/20A system (with the final d-spacing of 3.15
vs. 2.83 nm) after melt mixing with PETN. Treatment
of the organoclays with epoxy monomer before mixing
with PETN further improved the intercalation/exfolia-
tion, especially of the PETN/30B system, suggesting
that the epoxy acted as the compatibilizer as well as the
chain extender.

(i) The addition of Cloisite 30B organoclays into PETN
resulted in an increase in crystalline temperature, 7.,
and normalized crystallization heat, AH,, as well as
in storage and loss moduli and glass transition
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Fig. 14. Plots of oxygen transmission rate for neat PETN and PETN/30B
nanocomposites.

temperature. Treatment of organoclay further
increased these properties, except T,.. All these changes
in thermo-mechanical properties reflect the hindrance
of macromolecular mobility of polymer chains caused
by the well-dispersed silicate layers within the matrix.

(iii) The epoxy treatment of clay surface resulted in a
remarkable 17.4 °C increase in decomposition tem-
perature as measured from TGA, reflecting the
ameliorating effect on thermal stability of the compo-
sites. The epoxy treatment also resulted in a significant
improvement in melt flow index of the PETN/30B/e-
poxy system even at a high temperature, giving rise to a
much wider process window of 245-265 °C than 245—
250 °C for the PETN/30B.

(iv) The organoclay reinforcement gave rise to a higher
tensile strength and modulus than the neat PETN, at the
expense of much reduced ductility. Epoxy treatment of
organoclay resulted in further, albeit marginal,
improvements of all three tensile properties, partly
confirming the improved interactions between func-
tional groups in epoxy, PETN matrix and organoclay
surface.
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Fig. 15. Permeation coefficient as a function of clay content for PETN/30B
nanocomposites.

(v) The gas permeability of PETN film decreased by 50%
with the addition of 2 wt% 30B organoclay, followed
by little changes with further increase in clay content.
Epoxy treatment of organoclay further improved the
gas barrier characteristics of the PETN/30B nanocom-
posites, suggesting the importance of uniform dis-
persion and chemical interactions of organoclay
particles in improving the gas barrier characteristics
of nanocomposites.
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