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ABSTRACT: The aim of this research is to develop nano-
composite polyethylene terephthalate-polyamide blends
(PET/MXD6 blends) with low oxygen permeability. Particu-
lar attention has been paid to the relation between barrier
properties and the processing route adopted and therefore
four different strategies were considered. Mechanical charac-
terization shows that clay may effectively act as reinforcing fil-
ler in PET/MXD6 blends. Morphological characterization
shows the strong effect of the processing strategy on clay dis-

persion and its distribution between the PET and polyamide
phases. Barrier properties of PET/MXD6 nanocomposite
blends are enhanced with respect to neat PET polymer as well
as PET/MXD6 blends. The significant effect of processing
techniques on barrier properties is also revealed. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 122: 3290-3297, 2011
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INTRODUCTION

Several strategies have been proposed to increase
the barrier properties of polyethylene terephthalate
(PET) to gases (mainly oxygen and carbon dioxide).
First, a multi-layer approach, where film of materials
with high barrier properties [like ethylene-vinyl alco-
hol (EVOH) copolymer and aromatic polyamides
(PA)] was used in layers with PET. With respect to
EVOH, aromatic polyamides retain high barrier
properties under conditions of high humidity,' mak-
ing them more suitable for beverage packaging
applications.”> The polyamide of interest is the poly-
m-xylylene adipamide (MXD6) which has barrier
properties an order of magnitude higher than the
PET ones."” The second approach proposed is based
on PET blending with high barrier constituent
(mainly aromatic polyamides), which shall be dis-
persed as domains oriented perpendicular to the
direction of gas flow thus increasing tortuosity of
the diffusion pathway.* The main problem related to
this approach is the nonperfect compatibility
between PET and PA, resulting in yellow color and
haziness, observed in oriented blend films and in
bottle walls.”

Besides multi-layer and blending approaches, a
more recent route to increase barrier properties is
introducing high shape ratio nanofillers into poly-
mer, most commonly organo-modified layered
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silicates (OMLS). If platelets are mainly oriented
perpendicular to the direction of gas flow, they
reduce the gas permeability of the material, due to
increased diffusion pathway tortuosity. Moreover,
polymer/OMLS nanocomposites exhibit enhanced
mechanical strength compared with neat polymers
because the dispersed clay layers provide reinforce-
ment in a polymer matrix.

Since it has been recognized that both PET-aro-
matic polyamides blends and PET-clay nanocompo-
sites have given good results in terms of barrier
properties, the aim of this research is to combine
these two approaches, thus developing a nanocom-
posite PET-polyamide blend with low oxygen per-
meability. Particular attention has been paid to the
relationship between barrier properties and the proc-
essing routes adopted.

EXPERIMENTAL
Raw materials

Matrix polymer is mainly polyethylene terephthalate
(PET 9921, i.e., PET copolymer with intrinsic viscos-
ity of 0.80 dL/g, Eastman Chemical Co. USA) and
the disperse polymeric phase is poly(m-xylene adip-
amide) (Nylon MXD6, Mitsubishi Gas Chemical Co.
Japan). A commercially available OMLS, i.e., Dellite
72T (D72T), which is a montmorillonite modified
with dimethyl dihydrogenated tallow ammonium,
provided by Laviosa Chimica Mineraria S.p.A.
(Italy) was used. To prevent polymer oxidation dur-
ing blending, 0.3 wt % of antioxidant (Irganox hp
2225, provided by BASF Germany) was also used.
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Preparation of nanocomposites

The polymeric matrix used in this study is a blend
of PET-MXD6, characterized by a weight ratio of 9 :
1, while clay content was fixed at 3.5 wt %. Gener-
ally speaking, clay content used in polymer nano-
composites rests between 1 and 5 wt %. According
to some of the first lab trials, we choose to fix the
clay content at 3.5 wt % because we noticed that 1
wt % was too low to give appreciable results while 5
wt % was too high, resulting in high brittleness.

An unfilled matrix (PET-MXD6 blend) as well as
PET-Dellite 72T nanocomposite was also prepared as
a reference material.

Nanocomposites were prepared by melt com-
pounding using a corotating, intermeshing twin
screw extruder (Collin Teach-line zk25t) with screw
diameter (D) of 25 mm and L/D of 30, adopting
four different processing routes. A twin screw coro-
tating extruder was chosen because a generally
higher intercalation/exfoliation degree is obtained
using twin screws as opposed to a single screw ex-
truder, due to an insufficient amount of shear and
the shorter residence time in a single screw ex-
truder.” Moreover, reprocessing (as in our case) with
a single screw extruder, can result in re-agglomera-
tion of the silicate layers that instead should be
avoided.?

Before processing, to avoid polymer hydrolysis,
PET, MXD6 and clay were dried at 80°C for 48 h in
vacuo."”

Using melt blending techniques to prepare nano-
composite blends, two general approaches are feasi-
ble: a one-step process, in which the polymers and
clay are dry-premixed or fed separately to the ex-
truder in the correct proportions, and a two-step
process, where the final nanocomposite blend is
obtained by the dilution of a concentrate master-
batch. Considering that the clay has higher affinity
with aromatic polyamides than polyethylenetereph-
thalate,'® four different processing strategies have
been studied with the aim to create a structure as
homogeneous as possible, in which domains of ny-
lon and nanofillers in PET were equally distributed,
to maximize the barrier effect.

The four processing strategies used to prepare
nanocomposites are the following.

1. In the first step MXD6 and clay were mixed by
melt blending. During a second extrusion step,
that material was diluted with PET to get the
desired composition (Method 1).

2. in the first step a PET-clay nanocomposite was
extruded and then MXD6 was added in a sec-
ond step (Method 2).

3. Nanocomposites were obtained by a one-step
method, i.e., they were prepared by melt mix-

ing of PET/MXD6/clay in the right propor-
tions with a single extrusion step (Method 3).

4. Matrix blend was prepared by melt compound-
ing PET and MXD6; after that, clay was added
in a second extrusion step (Method 4).

During the first extrusion step of Method 1, 2, and
4, the temperature profile of the extruder chamber,
from hopper to die, was 210-250-250-250-245°C and
a screw speed of 35 rpm was used. During the sec-
ond extrusion steps of those methods and also for
the single step procedure (Method 3), a profile of
210-260-260-260-255°C and screw speed of 100 rpm
was imposed. Extruder temperatures were set low
enough to limit acetaldehyde generation and allow
high shear stress generation; temperatures may not
be too low to prevent excessive melt viscosity.
Degassing at —0.4 bar in the middle of chamber was
used to remove vapor and other gases.

After every extrusion, all materials were dried at
160°C for 4 h under 4 kg/h air flow before further
processing or characterization.

Henceforth, samples will be identified by M1, M2,
M3, and M4 according to the method number (from
1 to 4) used for their preparation.

NANOCOMPOSITES CHARACTERIZATION
Mechanical tests

The specimens for mechanical characterization were
injection molded. Tensile properties were measured
using a dynamometer (Galdabini, mod. Sun 2500);
the tests were carried out according to ASTM D-638.
The flexural modulus was determined using the
same dynamometer with a three-point loading test,
according to ASTM D-790. For each sample, the val-
ues reported are the mean of five measurements;
also the standard deviations are provided in the
graphs.

Differential scanning calorimetry

The analysis of the crystallinity was carried out by
means of differential scanning calorimetry (DSC)
using TA Instruments DSC Q200. The specimens
were placed in sealed aluminum cups and then
cyclically heated and cooled from 40 to 280°C, using
a heating rate of 10°C/min and a cooling rate of
5°C/min. The heat of crystallization of the samples
was measured after melting the specimen to delete
the thermal and mechanical history.

Dynamic mechanical analysis (DMA)

A dynamic mechanical analyzer (DMA, TA Instru-
ments model 2980) was used to assess the dynamic
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Figure 1 Tensile modulus of all materials prepared.

mechanical performance of the composites prepared:
the analyses were carried out by oscillating the sam-
ples in the single-cantilever mode (flexural method)
at a frequency of 1 Hz, amplitude of 15 um, and
heating rate of 5°C/min between —50 and 150°C.
The specimens were obtained by means of injection
molding in a rectangular geometry.

Deflection temperature under load

Analysis of the deflection temperature under load
(DTUL) is standardized by ASTM D-648 and repre-
sents a method of assessment of the softening temper-
ature of a material. Samples with a rectangular sec-
tion were analyzed in the three point bending mode
in the DMA analyzer. The samples were subjected to
a constant bending load of 0.455 MPa and simultane-
ously their temperature was increased by 2°C/min.
The DTUL is the temperature at which a deflection of
0.25 mm is observed. The analyses were performed
with the DMA (TA instruments) 2980.

X-ray diffraction

The degree of intercalation and exfoliation of the
clay were monitored by X-ray diffraction (Philips
model X’PERT PRO). The XRD analyses were car-
ried out in reflectance mode with Cu anode material
(K,1 = 1.54056 nm, K, = 1.54439 nm). The diffracto-
grams were scanned in a 20 range from 1.50 to
12.50° at scan rate of 0.02°/s, 40V generator voltage.

Interplane distances d are calculated using Bragg’s
Law:

A = 2dsend

where the wavelength A is 1,541837 A

Transmission electron microscopy (TEM)

The level of dispersion was investigated also by
high magnification transmission electron microscopy
(TEM, Philips model EM 208) using an acceleration
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voltage of 100 kV. Samples for TEM analyses were
cut from ultra-thin specimens using a Leica Ultracut
UCT ultramicrotome.

Oxygen gas permeability test

The barrier effect, due to layered silicates, was inves-
tigated by a permeability tester (Extrasolution, Mul-
tiPerm), testing 50 cm”® quenched thin films under
11.2 mL/min oxygen gas flow, at 22°C and 50% rela-
tive humidity according to ASTM F 2622. The values
reported are the mean of three measurements and
standard deviations are provided in the graphs.

RESULTS AND DISCUSSION
Mechanical tests

Figure 1 shows tensile modulus for all the samples
prepared. MXD6 is characterized by a higher tensile
modulus (about 4.7 GPa) than neat PET, thus a small
increase (considering the low amount of MXD6
used, about 10 wt %) of such property might be
expected for PET/MXD6 blends. Otherwise, when
PET and MXD6 are blended, a little decrease of ten-
sile modulus with respect to neat PET is observed,
owing probably to the partial immiscibility between
two polymers. PET/D72T nanocomposites show no
increase of tensile modulus with respect to pure PET
due probably to the poor clay dispersion obtained
by single-step processing. Contrarily, PET/MXD6/
D72T nanocomposites show an increase with respect
to the corresponding unfilled matrix for every proc-
essing method used. Tensile modulus of PET/MXD6
nanocomposites blends are similar, or in some cases
even better, than that of neat PET.

Better results were obtained using Method 2 (M2
sample ) and 4 (M4 sample). This means that, using
suitable processing conditions, the clay may effectively
act as reinforcing filler in such materials, thus limiting
negative effects on mechanical properties of PET/
MXD6 blends. Figure 2 shows maximum tensile

70

58 61

— 59
g 60 87 (3 S& 55
=3 50 -
2
2 a0+
w
E 30
£
g 20
[v]
2 10 4
0 - . ; .
& & & O e e
& &

Figure 2 Average values of maximum tensile stress of all
materials.
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Figure 3 Flexural modulus of all materials.

stresses of all materials. No significant differences can
be observed for all the materials tested. Figure 3 shows
flexural modulus of all materials with trends similar to
that of tensile modulus. The blending of MXD6 with
PET leads to a decrease of flexural modulus, but this
drawback may be overcome by adding clay. No strong
effects due to processing methods used can be inferred
from the data obtained, although slightly better results
are obtained for Method 2 and 4.

As morphological results (XRD and TEM analyses)
will show different processing methods lead to dif-
ferent clay dispersion degrees, which are responsible
for the variations of mechanical properties observed.
It will be shown that the PET/D72T sample is char-
acterized by the poorest clay dispersion and thus no
enhancement of mechanical properties, with respect
to the neat PET matrix, can be expected. The other
nanocomposites show a better clay dispersion and
that is responsible for the slight improvement in me-
chanical properties of these nanocomposites, with
respect to the unfilled PET/MXD6 sample. More-
over, it will also be shown by TEM analyses that
processing methods affect the size of MXD6
domains, which influence the mechanical properties
of the blends, since it is known that the smaller the
domains the better the mechanical properties.'"

Differential scanning calorimetry

DSC thermograms of neat PET polymers and the
PET/MXD6 blend matrix are reported in Figure
4(a,b). It is known'? that PET and MXD6 are immis-
cible polymers, thus two different glass transition
temperatures (T,) are expected. However, as these
temperatures are very close to each other, they are
not distinguishable, so the matrix shows only one T,
as already reported in other works."”” A nucleating
effect of MXD6 can be observed, since crystallization
of PET takes place at higher temperatures (i.e., a
lower subcooling degree is required) and the crystal-
lization peak is sharper. No particular effect of
MXD6 was shown on the melting behavior of PET
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Figure 4 DSC thermograms of PET, MXD6 and PET/
MXD6 blend: (a) cooling rate 5°C/min, (b) heating rate
10°C/min.

polymer. The same effect was seen when D72T clay
was blended with PET: the clay acts as nucleating
agent, thus favoring crystallization, while no signifi-
cant difference was observed for the melting behav-
ior of neat PET or PET nanocomposite [Fig. 4(b)].

More details on DSC results for PET, MXDé6, PET/
MXD6 blend, and nanocomposites as well as nano-
composite blends are reported in Table 1.

TABLE 1
DSC Results of PET, MXD6, PET/MXD6 Blend, PET/
D72T and PET/MXD6/D72T Nanocomposites (Cooling
Rate 5°C/min, Heating Rate 10°C/min)

Sample T, Q) T.CC)  AH.(/g)  Tn(C)
PET 74 181 42 244
MXD6 77 158 53 237
PET/MXD6 74 197 49 245
PET/D72T 75 199 46 247
M1 71 196 46 246
M2 71 197 45 245
M3 73 195 42 246
M4 71 196 42 246

T, = glass transition temperature; T. = crystallization
temperature; AH, = total heat of crystallization; T,, = melt-
ing temperature.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Storage modulus at room temperature meas-
ured by DMA of all materials.

In accord with the results reported, favorable
effects on PET crystallization were seen also for PET
nanocomposites blends, since crystallization temper-
ature (T,) increases in the presence of clay and/or
MXD6. No important variations of glass and melting
temperature were observed for PET nanocomposites
and for PET/MXD6 nanocomposite, irrespective of
the processing method used.

Dynamic mechanical analysis (DMA)

Analyzing Figure 5, it is immediately clear that the
trend of storage modulus at room temperature in sin-
gle-cantilever mode is very similar to that already
reported for static flexural modulus. It is evident that
the presence of clay leads to an increase of storage mod-
ulus for both neat PET and PET/MXDé blends; better
results were obtained using processing Method 4.

Evaluations of glass transition temperature meas-
ured by peak of loss modulus in DMA analysis are
in agreement with the DSC results and no significant
variations were observed for both PET and PET/
MXD6 blend filled materials. Results of peak of loss
modulus for all the samples prepared are reported
in Figure 6.

Deflection temperature under load

The results of DTUL measurements are reported in
Figure 7. It can be clearly seen that no significant
differences arise due to the presence of clay.
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Figure 6 Glass transition temperature, evaluated by loss
modulus peak, for all samples prepared.
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X-ray diffraction

XRD analyses were carried out on neat polymers, fil-
ler, and nanocomposites to study the morphology
and quantify clay intercalation. Figure 8 shows XRD
spectra of neat PET and MXD6 polymers, PET/
MXDé6 blend, pure clay and nanocomposite blends.
It can be observed that the main diffraction peak of
clay (20 = 3.38°) shifts to lower angles for both PET
nanocomposite and nanocomposite blends, thus
showing clay intercalation; differences between proc-
essing routes are negligible. XRD spectra also show
small humps between 5 and 6°; these may be due to
second order basal reflection which is consistent
with a well ordered system of stacked clay layers'
and/or to tactoids, i.e., not intercalated clays, whose
presence is confirmed by TEM analysis.

20 angles as well as interplanar distance of the sam-
ples prepared, calculated using Bragg’'s law, are
reported in Table II. The best results were obtained for
Method 1 (M1) sample which has a slightly higher
interplanar distance. Method 1 promotes probably a
selective dispersion in MXD6 phase (since the clay was
first dispersed in MXD6, and then PET was added after
that) which shows a higher affinity to clay than PET,
leading to an higher level of intercalation.
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Figure 8 XRD spectra of PET, MXD6, PET/MXD6 blend,
nanocomposite PET, nanocomposite blends and D72T clay.
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Figure 9 TEM image of PET/MXDeé.

Transmission electron microscopy (TEM)

TEM analyses can be used to evaluate nanocompo-
sites blends structure, showing phase separation of
matrix, clay dispersion, and clusters presence. TEM
image of PET/MXD6 matrix (Fig. 9) shows isolated
domains of MXD6 phase dispersed into PET phase.

Since both the dimensions and dispersion of these
domains as well as clay layers have a role to
improve barrier properties,* both those features have
been analyzed by TEM for all nanocomposite blends
prepared.

Generally, a preferential dispersion of clay into
MXD6 domains has been observed, in particular for
M1 materials. Figure 10 shows TEM image for PET
nanocomposites blend obtained by Method 1, ie.,
addition of PET to already mixed MXD6/clay mate-
rial. A preferential clay presence can be observed,
inside MXD6 domains instead of PET continuous
phase. The clay seems to be mainly intercalated
although some small tactoids can be seen at lower
magnification.

A comparison between processing routes can be
drawn analyzing Figures 10 and 11, where TEM
images of M2, M3, and M4 samples are reported.
Irrespective of the processing method used, it can be

TABLE II
Interplanar Distances of Nanocomposites Calculate
Using Brag Law from XRD Measurements

Sample Angle © [rad] Interplane distance d [A]
D72T clay 0.0295 26.11
PET/D72T 0.0250 30.89
M1 0.0229 33.63
M2 0.0234 3291
M3 0.0245 31.45
M4 0.0239 32.22

200 nm
N—"

Figure 10 TEM images of M1 nanocomposites at lower
(a) and higher (b) magnification.

noted that MXD6 domains in nanocomposites have
smaller dimensions than those of unfilled PET/
MXD6 blend. Moreover, as it was expected, the dis-
persion of clay is generally better for two-step proce-
dures (particularly the M2 method) with respect to
the single-step procedure (M3 method). In terms of
clay distribution, the best results have been obtained
using processing Method 2, i.e., first dispersing clay
in PET polymer and, after that, blending PET filled
polymer with MXD6. This may be due to the higher
affinity of clay toward MXD6: indeed, when clay is
dispersed first in MXD6 (Method 1), the diffusion of
clay towards PET phase during the second step of
melt blending is hindered by the low affinity of clay
towards PET itself. Contrarily, when clay is dis-
persed first in PET (Method 2), the subsequent diffu-
sion of clay toward MXD6 phase during the second
step of melt blending is favored by chemical affinity:
the thermodynamic driving force was indeed strong
enough to overcome the high viscosity of the PET
phase, thus recapturing part of the clay in MXD6
phase on melt-blending. Similar results were already
reported for nanocomposite blends comprising PET
or polyamides.””'® In Method 4, clay is added

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 11 TEM images of M2 (a), M3 (b), and M4 (c)
nanocomposites.

simultaneously to both PET and MXD6 phases dur-
ing the second step of melt blending (it is not pre-
dispersed in one single phase), thus a higher amount
of clay diffuses towards the PET phase with respect
to Method 1.
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Figure 12 Oxygen permeability constant for all samples.

Summarizing, it seems that an important feature
in processing of polymer nanocomposites blends is
first dispersing clay in the low-affinity phase (i.e.,
the PET phase), since, in the second step, due to bet-
ter thermodynamic interactions, clay tends to diffuse
easily toward the higher affinity phase (i.e., MXD6).

Oxygen permeability test

The effect on barrier properties arising from PET/
MXD6 blending and PET/MXD6 nanocomposite

(a)

(b)

Figure 13 Sheets of PET/MXD6 (a) and M2 (b) samples
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.].
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development is evaluated by O, permeability tests.
Comparison of the effect of processing methods
have been carried out, as reported in Figure 12.

The oxygen permeability of PET film obtained here
is slightly lower than that of literature (e.g., 0.363" or
0.383"7 cm® cm m™? atm ™' day ). The data obtained
confirms the already well known improvement given
by blending of MXD6 to PET, owing to the high bar-
rier properties of MXD6 itself. The result obtained for
PET/MXD6 blend is similar or better to those
reported in the literature for unoriented film such as,
for example, 0.303" or 02957 cm® cm m™? atm™!
day ' for 90/10 PET/MXD6 blend.

Addition of clay to PET/MXD6 blend results in a
further reduction of the oxygen permeability con-
stant by about 10-20% (Fig. 12). Even if there are
only slight variations depending on the processing
method used, especially for the M1, M3, and M4
samples, some differences may be observed. Gener-
ally speaking, these variations are related to the dif-
ferent degrees of intercalation and distribution of the
clay in the polymeric matrix. When the clay is more
homogeneously distributed between the two poly-
meric phases and more intercalated, the oxygen per-
meability is lower. Indeed, the permeability constant
is the lowest for M2, owing probably to better dis-
persion of clay in the PET phase with respect to
other methods, thanks to the first step of mixing of
PET and filler. The single step method (Method 3)
gives a slightly higher permeability constant, prob-
ably owing to the predominant dispersion of clay in
the MXD6 phase and the lower intercalation degree
achieved. Method 4, due to the addition of the clay
to an already formed PET-MXD6 blend, allows the
dispersion of clay not only in MXD6 domains but
also in PET phase, resulting in slightly better barrier
properties than M3 sample. The dispersion of PET in
an already formed MXD6-clay blend (Method 1)
seems to give slightly worse results than M4, prob-
ably owing to the very low amount of clay in the
PET phase (as shown by TEM results); however, dif-
ferences between M1 and M4 are almost negligible.

Finally, regarding optical transparency, which is a
very important property for barrier application: all
filled samples show low yellowness, due to clay
impurities, although they are still transparent, as can
be confirmed analyzing Figure 13 showing PET/
MXDe6 [Fig. 13(a)] and the M2 sample [Fig. 13(b)].

CONCLUSIONS

PET/MXD6 nanocomposite blends with improved ox-
ygen barrier properties have been successfully devel-
oped. It was shown that the processing strategy deeply
influences morphological and barrier properties.
Mechanical characterization showed that, when
using a suitable processing method, the clay may

3297

effectively act as reinforcing filler in PET/MXD6
blends, thus limiting negative effects on the mechan-
ical properties of such blends.

Morphological characterization showed that the
processing method used influenced significantly the
clay dispersion in PET or MXD6 domains. A better
clay dispersion was obtained by first dispersing clay
in the low-affinity phase (i.e., the PET phase), and
then adding the high-affinity phase (i.e., MXD6)
since, clay tends to diffuse easily toward the higher
affinity phase, in the second step.

The barrier properties data obtained confirm the
already well known improvement given by blending
of MXD6 to PET, owing to the high barrier proper-
ties of MXD6 itself. Further introduction of 3.5 wt %
of clay results in a further reduction of the oxygen
permeability constant by about 10-20%. Since the
processing method affects clay distribution between
PET and MXD6 phases, also the barrier properties
show a dependency on the processing techniques
analyzed. Better barrier properties were obtained
using a two step procedure, when clay was first dis-
persed in the low-affinity PET phase and, then the
higher affinity MXD6 phase was blended.
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