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ABSTRACT: In this study, we fabricated poly(ethylene terephthalate) (PET)/clay, PET/poly(ethylene glycol-co-1,3/1,4-cyclohexanedime-
thanol terephthalate) (PETG), and PET/PETG/clay nanocomposite plates and biaxially stretched them into films by using a biaxial
film stretching machine. The tensile properties, cold crystallization behavior, optical properties, and gas and water vapor barrier prop-
erties of the resulting films were estimated. The biaxial stretching process improved the dispersion of clay platelets in both the PETG
and PET/PETG matrices, increased the aspect ratio of the platelets, and made the platelets more oriented. Thus, the tensile, optical,
and gas-barrier properties of the composite films were greatly enhanced. Moreover, strain-induced crystallization occurred in the

PET/PETG blend and in the amorphous PETG matrix. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42207.
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INTRODUCTION

Poly(ethylene terephthalate) (PET) is a commercially important
engineering polymer with good thermal and mechanical proper-
ties, low permeability, and good chemical resistance.'™ Tt is
widely used in textiles, bottle containers, food packaging, auto-
mobiles, and blood vessel tissue engineering.*”” As proposed,
the inclusion of organoclay into the PET matrix can substan-
tially reduce the oxygen transmission rate (OTR) and water
vapor transmission rate (WVTR) of the resulting PET/clay
nanocomposites.” However, PET/clay nanocomposites are gener-
ally opaque due to high crystallinity arisen by the inclusion of
clay, and under this condition the nanocomposites can no lon-
ger be used in food and beverage packaging. Poly(ethylene gly-
col-co—1,3/1,4-cyclohexanedimethanol terephthalate) (PETG) is
an amorphous thermoplastic of the commercial PET family,
with physical properties similar to PET.*'® Papadopoulou and
Kalfoglou reported that the PET/PETG blend has a single endo-
thermic peak in both T, (93.3°C) and T, (235.0°C) at a mixing
ratio of 50/50 under the second heating run, indicating that this
blend has good compatibility.'" In our previous study, we dem-
onstrated that the amorphous nature of PETG is unaffected by
including clay.” We fabricated PET/PETG/clay nanocomposites
and investigated the mechanical and barrier properties, optical
transparency, and crystallization kinetics of these composites.™

© 2015 Wiley Periodicals, Inc.
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Including 6 phr (parts per hundred of rubber or resin) of orga-
noclay into a PET matrix increases the crystallinity of PET/clay
by approximately 7%, compared with that of including
untreated PET. However, the half crystallization times for PET
and PET/clay are 4.36 and 2.10 min, respectively, when these
specimens are isothermally crystallized at 215°C. By contrast,
including PETG into the crystalline PET would dilute the crys-
tallinity of PET/clay composites. Incorporation clay into PET
diminishes the crystallinity of PET/clay composites. Incorporat-
ing clay into the PET matrix certainly increases the barrier
properties but also considerably decreases optical transparency.
Alternatively, PET/PETG/clay can improve its gas-barrier prop-
erties and simultaneously maintain its gas-barrier properties
and simultaneously maintained its transparency.’

As reported, the biaxial stretching process easily enhances the
physical properties of PET nanocomposites. The process also
increases the barrier properties, crystallinity, and thermal stabil-
ity of the nanocomposites.”'*™"* Biaxial stretching also improve
the physical and thermal properties of polymers other than
PET, such as polypropylene (PP), polystyrene (PS), and the bio-
degradable poly(lactic acid) (PLA). We previously fabricated
PLA films and investigated the effects of biaxial stretching on
thermal properties, crystallinity, shrinkage, and mechanical
properties on them. Our study showed that PLA shrinkage
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Table I. Effect of Stretch Ratio on the Tensile Properties of the Biaxially Stretched PET/Clay, PETG/Clay, and PET/PETG/Clay Nanocomposites

Materials Stretching ratio Modulus (MPa) Tensile strength (MPa) Elongation (%)
PET/clay (100/6) @ Unstretched 2770 32 11
1 3029 54 2.0
2 3779 61 28.0
3 3994 72 30.2
PETG/clay (100/6) @ Unstretched 2600 21 1.2
1 2836 38 1.9
2 3458 57 31.0
3 3656 65 39.0
PET/PETG/clay (50/50/6) @ Unstretched 2646 28 0.9
1 2997 52 2.4
2 3485 65 32.0
3 3858 68 34.1

2clay was mixed with different aspect ratio of Closite 15A and MPGN in 1 : 1 weight ratio.

decreased proportionally to the stretch rate and inversely pro-
portionally to the stretching temperature. Furthermore, the
mechanical properties of the PLA films increased considerably
after biaxial stretching."

Because of the improved mechanical and barrier properties
compared with those of PLA films, and the optical transmit-
tance of the PET/clay, PETG/clay, and PET/PETG/clay film
products, investigating the effects of biaxial stretching on these
properties proved compelling. The biaxially stretched films of
PET/clay, PETG/clay, and PET/PETG/clay were fabricated, and
the mechanical, optical, and barrier properties were determined
to estimate their performance.

EXPERIMENTAL

Materials

The PET polymer (SHINPET 5015W) was kindly supplied by
Shinkong Synthetic Fibers Co., Taiwan. PETG was prepared by
two-stage melt-polycondensation (esterification and polycon-
densation) in an autoclave reactor. The molar ratio of ethylene
glycol  (EG)/1,3/1,4-cyclohexanedimethanol  (1,3/1,4-CHDM)
was 70/30. The details of the synthesis can be found in our pre-
vious study.'® Cloisite 15A (aspect ratio: 75-100, quat concen-
tration: 125 mequic/100g, X-ray dyo;: 3.14 nm, density: 1.66 g/
cm®) was purchased from Southern Clay Products Inc. Cloisite
15A is a natural montmorillonite modified with dimethyl dihy-
drogenated tallow quaternary ammonium chloride. PGN (aspect
ratio: 300-500, quat concentration: 120 mequic/100g, density:
2.60 g/cm’) was purchased from NANOCOR Co. Modified
PGN (MPGN) is a natural montmorillonite modified with
dimethyl distearylammonium chloride (X-ray dgg;: 3.41 nm). It
is worth to claim that the organoclay used in this study was
obtained by mixing Cloisite 15A with MPGN in 1 : 1 weight
ratio.

Preparation of the Biaxially Stretched Films

The PET/clay, PETG/clay, and PET/PETG/clay nanocomposites
were carefully dried and then extruded at temperatures of 230—
260°C by a twin-screw (Werner and Pflederer, Model-ZSK 26
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MEGA compounder) using a screw speed of 500 rpm to form
flat sheets 20 cm wide and 0.53 mm thick. From the sheets,
117 mm X 117 mm plates were cut. The plates were inserted
into a biaxial film stretch machine (Bruckner, KARO IV) to
prepare the biaxially stretched films at 103°C. The biaxial
stretch ratios were 1-3 at stretch rate of 100%/sec.

Tensile Properties

Tensile strength, tensile modulus and elongation at break were
measured by a Universal Tensile Tester with a cross-head speed
of 25 mm min~' in compliance with the specifications of

ASTM D638.

Optical Properties

Total light permeation coefficient (T) were measured by a Haze/
Turbidimeter (Nippon Denshoku Industries, Japan, model No.
NDH 2000) according to the ISO 14782 methods.

Differential Scanning Calorimetry Analysis

Differential scanning calorimetry analysis (DSC) was performed
using a TA apparatus (model No. Q2000). The weights of speci-
mens used in the DSC scan are 4-5 mg. The test was first
heated from 30 to 300°C at a heating rate of 5°C min ™'
nitrogen atmosphere.

under

X-ray Measurements

X-ray diffraction (XRD) measurements were conducted on a Rigaku
D/Max RC X-ray diffractometer using CuK,, radiation (4 = 1.5418
A) at 40 kV and 100 mA with a scanning rate of 2° min ™.

Transmission Electron Microscopic Analysis

Transmission electron micrographs (TEM) of PET/clay, PETG/
clay, and PET/PETG/clay nanocomposites were taken in a
HITACHI H7500 TEM with an acceleration voltage of 120 kV.
The specimens were prepared using an ultrathin microtome.
Thin sections of about 100 nm were cut with a diamond knife
at 30°C.

Oxygen and Water Vapor Transmission Measurement
The transmission rates (oxygen and water vapor) were meas-
ured by Mocon OX-TRAN Model 2/61 universal apparatus.
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OTR was according to ASTM D 3985, 40°C and 0% relative
humidity (RH). WVTR was according to ASTM F 1249, 40°C
and 100% RH. The specimen test area and thickness were
5 cm” and 0.6 mm, respectively, for all specimens.

POM Observations

A Nikon Optiphot-Pol universal stage polarizing optical micro-
scope (Tokyo, Japan) was used to observe the spherulite mor-
phologies of the PET/clay, PETG/clay, and PET/PETG/clay
under isothermal crystallization. A thin piece of sample was
sandwiched between two glass coverslips and placed on a digital
hot-stage under nitrogen atmosphere. The hot-stage was rapidly
heated to 300°C and held for 3 min to erase the thermal history
of specimens. Then, the PET/clay, PETG/clay, and PET/PETG/
clay melts were quenched to the predetermined crystallization
temperatures and kept at these temperatures for observations.

RESULTS AND DISCUSSION

Tensile Properties

To estimate the performance of the PET/clay, PETG/clay, and
PET/PETG/clay composites the tensile properties of the biaxially
stretched films prepared using these composites were deter-
mined (Table I). The content of organoclay in all three of the
nanocomposites was 6 phr, and the biaxial stretch ratios were
1-3 at a stretch rate of 100%/s at 103°C. The results in Table I
show that both the modulus and tensile strength of the PET/
clay, PETG/clay, and PET/PETG/clay nanocomposites increase
with increasing stretch ratios. We believe that a higher stretch
ratio brings the polymer molecules into tight proximity and
causes random molecules to become more uniformly oriented.

In our previous study, the stress and strain values of PLA films
increased considerably as a function of the stretch ratio."
Zhang et al. studied the biaxially stretched PS and proposed
that the tensile modulus, stress, and elongation at break of the
stretched PS specimens increased with increasing stretch ratio
along both machine and transverse directions. The tensile stress
increased from 20 MPa to 80 MPa (400% increase), and the
highest elongation at break increased from less than 1% to
4.5% (450% increase) as the stretch ratio ranged from 1 to 6.1
In our present study, the stress increments for the PET/clay,
PETG/clay, and PET/PETG/clay at the stretch ratio 3.0 are
125%, 210%, and 143%, respectively, compared to the
unstretched counterparts. As shown in Table I, the values of
elongation at break increase significantly and greatly from 1.1%
to 30.2% for PET/clay at the stretch ratio ranging from null to
3, and those are 1.2% to 39.0% and 0.9% to 34.1% for PETG/
clay and PET/PETG/clay, respectively.

Rajeev et al. investigated the effect of equistretching on the
exfoliation of nanoclays in a PET matrix, proposing that stretch-
ing not only improves the exfoliation as the concentration of
thinner tactoids in the matrix increases but also causes an
increase in the concentration of longer tactoids and tactoids
with higher aspect ratios. They postulated that the slippage of
the platelets during stretching might be responsible for such
increased exfoliation.'® In the present study, TEM showed that
the tactoids in the PET/PETG blend have higher aspect ratios
and orientation after biaxial stretching, as shown in Figure 1.
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Figure 1. TEM micrographs of (a) unstretched and (b) biaxially stretched
(3X) PET/PETG/clay nanocomposites.

Moreover, the XRD patterns on the unstretched and biaxially
stretched PET/clay, PETG/clay, and PET/PETG/clay composites
revealed increased concentrations with thinner and longer tac-
toids in the PET and PET/PETG matrices, as shown in Figure 2.
The diffraction peaks at 20=2.370° ~ 2.555° are the character-
istic diffraction of the (001) plane of Closite 15A clay. Appa-
rently, the diffraction intensities increased with increasing
stretching ratios, indicating that the slippage occurred within
the platelets of organoclay during the biaxially stretching pro-
cess, and that this slippage may induce the further exfoliation
of the organoclay. Our result is consistent with that of PET/clay
proposed by Rajeev et al. Because of the increases in the thinner
and higher aspect-ratio tactoids in the PET and PET/PETG mat-
rices, the values of elongation at break for the stretched PET/
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Figure 2. XRD patterns of biaxially stretched PET/clay, PETG/clay, and
PET/PETG/clay nanocomposites.
online issue, which is available at wileyonlinelibrary.com.]

[Color figure can be viewed in the

clay, PETG/clay,
improvement.

and PET/PETG/clay showed considerable

Regarding the modulus values in Table I, we found that the
increments of the PET/clay composite were 9.4%, 36.4%, and
44.1% for the 1 X 1, 2 X 2, and 3 X 3 biaxial stretch ratios,
respectively, compared with those of the unstretched counter-
part. Furthermore, the increments of the PETG/clay and PET/
PETG/clay composites were 9.1%, 33.0%, and 40.6%, and
13.3%, 31.7%, and 45.8%, respectively. We tentatively propose
that the tensile modulus of the stretched PET/clay, PETG/clay,
and PET/PETG/clay films increases linearly with the stretch
ratio. We believe that the higher the stretch ratio is, the more
tightly closed the polymer molecules become, which in turn
increases the stiffness of the molecules.

Regarding the tensile strength of the PET/clay, PETG/clay, and
PET/PETG/clay films, we found that the values of tensile
strength for these composites were more sensitive to the stretch
ratio than to the modulus increments. The tensile strength
increments of the PET/clay composite were 69%, 91%, and
125%; those of the PETG/clay composite were 81%, 171%, and
210%; and those of the PET/PETG/clay composite were 86%,
132%, and 143%, for the 1 X 1, 2 X 2, and 3 X 3 biaxial
stretch ratios, respectively.

Cold Crystallization Behavior

The three studied nanocomposites were heated from 30° to
300°C at a heating rate of 5°C min~' in a nitrogen atmosphere
by using a DSC (TA Q2000) instrument. Figure 3 shows the
cold crystallization DSC traces of these nanocomposites with 1
X 1,2 X 2, and 3 X 3 biaxial stretch ratios. The glass transi-
tion temperature, T, (first heating), melting temperature, T,,
(first heating), and cold crystallization temperature, T.. (first
heating) were estimated based on the maximum of the peaks.
The degree of crystallinity, X, was evaluated using the following
equation:
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x.= AHn—AHe 0 1)
‘ (1_fc)(AHm—crystal)

AH,, and AH, are the melting and cold crystallization enthal-
pies, respectively, and ¢, is the weight fraction of filler. A wholly
crystallized PET AH,,—crysial is assumed to be equal to 119.8 J/
g.'” As shown in Table I, the crystallinities of the PET/clay and
PET/PETG/clay nanocomposites are shown to have increased
with increasing stretch ratios. For specimens with a stretch ratio
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Figure 3. DSC traces of the (a) PET/clay, (b) PETG/clay and (c) PET/
PETG/clay at various stretched ratios. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Table II. Cold Crystallization Parameters of the Biaxially Stretched PET/Clay, PETG/Clay, and PET/PETG/Clay Nanocomposites

Materials Stretching ratio Crystal sp heat (J/g) Melt sp heat (J/g) Xc (%) T (°C) Tm (C)
PET/clay (100/6)
Unstretched 29.59 63.45 29.96 67 256
1 21.76 61.80 35.43 68 256
2 15.89 58.26 37.49 74 256
3 14.60 60.15 40.31 73 257
PETG/clay (100/6) Unstretched - - - 69 -
1 2.03 5.92 3.44 73 189
2 8.09 17.02 7.90 73 191
3 10.05 20.67 9.40 75 190
PET/PETG/clay (50/50/6) Unstretched 28.15 48.44 17.95 67 250
1 23.92 47.90 21.22 71 250
2 16.92 42.88 22.97 73 250
8 16.11 42.58 23.42 73 251

of 3 X 3, the crystallinity of PET/clay increased from 29.96% to
40.31% (increment 10.35%) for the unstretched specimen, and
that of the PET/PETG/clay increased from 17.95% to 23.42%

Figure 4. The spherulite morphologies of (a) PET/clay and (b) PET/
PETG/clay at 225 and 205°C, respectively, for 60 s. The circled in the pic-
tures are the spherulite morphology of PET polymer. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(increment 5.47%) for the unstretched specimen. As stated pre-
viously, the stretching process makes the tactoids smaller and
increases the aspect ratio.'® Based on this finding, the specific
area of the organoclay becomes larger during the stretching pro-
cess, thereby increasing the possibility of heterogeneous nuclea-
tion. The strain-induced crystallization might increase the
crystallinities of the PET/clay and PET/PETG/clay composites.
Ajji et al. found that drawing on amorphous PET film at 80°C
increases the orientation and crystallinity of the amorphous
PET.*® However, including amorphous PETG considerably
retards the crystallization process. The crystallinity of the PET/
PETG/clay composite is much lower than that of PET/clay. In
Figure 4(a), the characteristic Maltese-cross pattern of the PET
spherulites is obvious and widespread in the PET/clay compos-
ite, but this pattern is absent from the PET/PETG/clay compos-
ite [Figure 4(b)] because of the inclusion of amorphous PETG.
In our previous study on the isothermal crystallization behavior
of the PET/PETG/clay nanocomposite, we proposed that includ-
ing amorphous PETG substantially decreases the crystallinity of
the crystallizable PET units of PET. Morphologically, including
amorphous PETG drives the crystallites of the PET matrix from
a spherulite to the two-dimensional and disc-like morphology
of the PET/PETG blended matrix.”

Notably, strain-induced crystallization occurred in the amor-
phous PETG/clay nanocomposite, as shown in Figure 3(b) and
Table II. The crystallinity of the unstretched PETG/clay was nil,
but the crystallinities of the 1 X 1, 2 X 2, 3 X 3 specimens
were 3.44%, 7.90%, and 9.40%, respectively. In Figure 3(b), the
cold crystallization DSC traces of the biaxially stretched PETG/
clay specimens appear to exhibit weakly exothermic cold-
crystallization peaks. The DSC baseline for the unstretched
PETG/clay specimen [Figure 3(b)] shows an unperturbed trace.
However, the baselines for the biaxially stretched PETG/clay
specimens exhibit the perturbations between 95°C and 195°C,
consisting of weak exothermic and apparent endothermic peaks.
Kattan ef al. also observed strain-induced crystallization in uni-
axially drawn PETG plates, and found that the crystallinity of
the PETG copolymer with a uniaxially drawn ratio of 6.4
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Table III. Effect of Stretch Ratio on the Optical Properties of the Biaxially Stretched PET/Clay, PETG/Clay, and PET/PETG/Clay Nanocomposites

Materials Stretching ratio Thickness (mm) Total light transmittance (%) Haze (%)
PET Unstretched 0.53 79.3 5.5
1 0.15 88.2 47.2
2 0.07 88.8 44.3
3 0.05 89.6 43.6
PETG Unstretched 0.53 90.3 43.1
1 0.15 90.1 23.2
2 0.07 90.2 22.9
3 0.04 90.3 221
PET/PETG Unstretched 0.53 85.4 55.1
1 0.15 87.6 47.2
2 0.06 88.2 39.3
3 0.03 88.8 31.2
PET/clay (100/6) Unstretched 0.53 70.7 65.0
1 0.15 87.3 63.2
2 0.06 87.4 59.1
3 0.04 87.5 48.8
PETG/clay (100/6) Unstretched 0.53 77.3 51.3
1 0.15 84.4 32.3
2 0.08 86.3 31.7
3 0.03 87.1 30.5
PET/PETG/clay (50/50/6) Unstretched 0.53 76.7 63.9
1 0.15 86.4 58.2
2 0.05 88.6 50.1
3 0.02 89.7 41.3

reached as high as 18%.' The findings of the present study on
the strain-induced crystallization of PETG/clay are consistent
with those of Kattan et al.

As shown in Table II, the biaxial stretching process had little
effect on the first transition temperatures of the three composite
specimens. The melting temperatures for these specimens
remained relatively invariant. However, the second transition
temperature increased with increasing stretch ratios for all of
the PET/clay, PETG/clay, and PET/PETG/clay films. As men-
tioned, biaxial stretching induced increased concentrations of
thinner and longer tactoids in the PET and PET/PETG matrices;
this spreading of the hard segment of tactoids might cause the
PET/clay, PETG/clay, and PET/PETG/clay nanocomposites to
become more rigid than their unstretched counterparts.

Optical Properties

The PET/clay, PETG/clay, and PET/PETG/clay nanocomposites
were subjected to biaxial stretching in 1 X 1,2 X 2,and 3 X 3
ratios. The optical properties of these nanocomposites are listed in
Table III. The total light transmittance of the PET/clay composite
film with a 1 X1 stretch ratio is 87.3%, and that of the unstretched
PET/clay film is 70.7%. Increasing the stretch ratio further in
PET/clay nanocomposites had little effect on light transmittance.

As stated previously, the stretching process not only improves
the exfoliation as the concentration of thinner tactoids in the
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matrix increases but also causes an increase in the concentration
of longer tactoids and tactoids with higher aspect ratios. Rajeev
et al. found that the concentration of thinner platelets in the
thickness range 1-2 nm increased from 10% to 30%, and those
in the range 2-3 nm increased from 10% to 25% after equi-
stretching at a stretch ratio of 3. By contrast, platelets in the
thickness range 10-15 nm for the unstretched sheet were as
high as 21% compared with those for the stretched sheet
(6%)."® In the present study, the clay platelets in the
unstretched PET/PETG/clay film were largely within the range
20-45 nm, despite half of the platelets being dispersed in the
thickness range 20-40 nm after biaxial stretching (3 X 3). How-
ever, many platelets are dispersed more thinly and oriented with
long aspect ratios compared with those of unstretched PET/
PETG/clay film. The stretching process not only makes the films
(including PET/clay, PETG/clay, and PET/PETG/clay) thinner,
as shown in Table III, but also increases the possibilities of thin-
ner and longer platelets. Consequently, the domain sizes of clay
platelets in the PET and PET/PETG matrices become smaller.

The dispersion picture of clay platelets is schematized in
Scheme 1. The PET or PETG polymer chain was oriented and
aggregated to form the crystallites (circled domains in Scheme
1) after biaxial stretching, and the clay platelets decreased their
domain size and oriented towards the machine direction. As
shown in Table III, the total light transmittance of the PET/clay,

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42207
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Scheme 1. The schematic diagrams illustrating the transformation of the random coils into the oriented aggregations (circled) of molecular segments

due to biaxial stretching. The polymer chains are denoted by the solid lines, and the clay platelets in the polymer matrix are denoted by yellow plates.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

PETG/clay, and PET/PETG/clay nanocomposites increased with
increasing biaxial stretch ratios because of the effect of the
stretch ratio on the domain sizes, which are considerably
smaller than the wavelength of visible light thus causing the
clay platelets to become smaller and the nanocomposite films to
become thinner. The haze values for the PET/clay nanocompo-
sites also decreased with increasing biaxial stretch ratios because
of the smaller domain size of clay platelets in the PET matrix.

Lin et al., used atomic force microscope (AFM) to characterize
the roughness of the surfaces of biaxially-oriented polypropylene
(BOPP) films, and they proposed that the large-scale roughness
surface caused primarily by the spherulites, which may be as
large as 200 um in PP films, and the spherulite boundaries. Sur-
face roughness on the submicron size scale, which may be
resulted from the lamellar or fibril structure, did not affect the
transparency.”> They also proposed that the large-scale rough-
ness has a considerable effect on the haze value of the BOPP
film. In the present study, the spherulite dimension for the
PET/clay film is approximately 5-8 um, much less than the
dimension of PP spherulites. Therefore, we think that the
increases of crystallinities in the biaxially stretched PET/clay,
PETG/clay, and PET/PETG/clay films should not play the major
role on the on values of total light transmittance and haze of
the films. The smaller domain size of clay platelets in the PET
or PET/PETG matrix and the much thinner films of the
stretched specimens should be responsible for the improvements
of total light transmittance and haze of the films.

Including amorphous PETG into the crystalline PET increased
the total light transmittance of the resulting PET/PETG/clay com-
posite. The value of light transmittance increased with increasing
stretch ratios, compared with the PET/clay composite, in which
the stretch ratio has little effect on light transmittance. As shown
in Table II, including amorphous PETG retards the crystallization
process and decreases the crystallinity of the PET polymer, result-
ing in improved light transmittance in the PET/PETG/clay nano-
composites subjected to a high ratio of biaxial stretching.

Water Vapor and Oxygen Barrier Properties

It was proposed that including nanofillers, particularly for the
clay platelets, can improve the gas-barrier properties of the
composites against oxygen and water vapor. In our previous
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study on the barrier properties of the unstretched PET/PETG/
clay nanocomposites, we found that the values of the OTR were
improved by approximately 38%, 13%, and 28% for the
organoclay-filled PET, PETG, and PET/PETG blends, respectively,

3.0-
(a) B PET
25 I PETG
a0 I PET/PETG
[ PET/clay (100/6)
2.04 [ PETG/clay (100/6)
[ PET/PETGIclay (50/50/6)

WVT (mm-gm/m*-day)

1 2
Stretch ratio

20
(b) I PET
[ PETG
I PET/PETG
154 [T PET/clay (100/6)
[ PETG/clay (100/6)

] PET/PETG/clay (50/50/6)

OT (m m-c.c.lmz-day)
S

(3,
1

04

1 2

Stretch ratio
Figure 5. Effect of stretch ratio on (a) WVTR and (b) OTR of the biax-
ially stretched PET/clay, PETG/clay, and PET/PETG/clay nanocomposites.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Scheme 2. Schematic representation of gas or water vapor molecules diffusing through the PET/PETG/clay nanocomposite (a) without biaxial stretching

and (b) with biaxial stretching.

compared with those of the unfilled counterparts.® In our pres-
ent study, on the biaxial stretching of PET/clay, PETG/clay, and
PET/PETG/clay, the stretching process considerably decreased
the OTR and water vapor transmission rate (WVTR) values of
the specimens, as shown in Figure 5. For the PET/clay composite,
the WVTR values were 1.28, 0.96, 0.90, and 0.87 mm-gm/mm®-
day for the stretch ratios of null, 1 X 1,2 X 2, and 3 X 3, respec-
tively. The biaxial stretch ratio of 3 X 3 improved the WVTR
performance of PET/clay composite by approximately 32% com-
pared with that of the unstretched PET/clay. Regarding the
PETG/clay and PET/PETG/clay nanocomposites, the biaxial
stretch ratio of 3 X 3 also improved their WVTR performance by
35%. The OTR values of the PET/clay, PETG/clay, and PET/
PETG/clay nanocomposites also decreased gradually with
increasing stretching ratios. For the PET/clay composite, the
OTR values were 5.71, 5.66, 4.98, and 4.68 mm-c.c./mm?-day for
the stretch ratios of null, 1 X 1, 2 X 2, and 3 X 3, respectively.
The biaxial stretch ratio of 3 X 3 improved the OTR perform-
ance of PET/clay composite by approximately 18% compared
with that of the unstretched PET/clay. Regarding the PETG/clay
and PET/PETG/clay nanocomposites, the biaxial stretch ratio of
3 X 3 also improved their OTR performance by 45% and 34%,
respectively. Notably, there were significant improvements in the
OTR values of the amorphous PETG-incorporated PETG/clay
and PET/PETG/clay after biaxial stretching of 3 X 3.

The incorporation of 6 phr clay into the PET, PETG, and PET/
PETG blend reduced the WVTR values by 21%, 12%, and 12%,
respectively, and the clay also reduced the OTR values of these
specimens by 20%, 7%, and 12%, respectively, as shown in Fig-
ure 1. Furthermore, biaxial stretching with stretch ratio of 3 X
3 reduced the WVTR values of PET, PETG, and PET/PETG by
32%, 35%, and 35%, respectively, and it also reduced the OTR
values of these specimens by 18%, 45%, and 34%, respectively.
As stated previously, biaxial stretch can increase the crystallinity
of the PETG/clay from null for the unstretched specimen to
9.40% for specimen of stretch ratio of 3 X 3. The strain-
induced crystallization in the PETG polymer might be responsi-
ble for the significant improvements of WVTR and OTR prop-
erties. However, incorporating PETG has slightly lower effect on
the WVTR performance of PET/PETG/clay nanocomposites as
compared to the OTR performance. Because both PET and
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PETG are hydrophobic polymers; hence, strain-induced crystal-
lization minimally changes the WVTR property.

As stated previously, the stretching process made the tactoids
smaller and with higher aspect ratios."® Based on this result, we
schematized the transmission path of gas or water vapor mole-
cules in the PET and PET/PETG matrices, as shown in Scheme 2.
In the PET/PETG/clay nanocomposite with smaller and higher
aspect-ratio tactoids (i.e., the biaxial stretched specimen), the
transmission path was more tortuous than in the unstretched
specimen. Accordingly, the highly tortuous transmission path sig-
nificantly improved the barrier properties of the PET/clay, PETG/
clay, and PET/PETG/clay nanocomposites.

CONCLUSION

The PET/clay, PETG/clay, and PET/PETG/clay films were sub-
jected to biaxial stretching with stretch ratios of 1 X 1, 2 X 2,
and 3 X 3. Tensile modulus and strength and elongation at
break of the biaxially stretched films increased with increasing
stretch ratios. The biaxial stretching process improved the dis-
persion of clay platelets in the PET, PETG, and PET/PETG mat-
rices, decreasing the domain size, increasing the aspect ratios of
the platelets, and making the platelets more oriented. The biax-
ial stretching process also triggered a strain-induced crystalliza-
tion, increasing the crystallinity of crystalline PET and inducing
an aggregation of the amorphous PETG molecules to crystallize.
The biaxial stretching process also improved the total light
transmittance and haze of the PET/clay, PETG/clay, and PET/
PETG/clay films. Similar to other nanocomposite materials,
PET/clay, PETG/clay, and PET/PETG/clay films improved the
barrier properties of gas and water vapor, and the values of
OTR and WVTR decreased with increasing stretch ratios.
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