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Summary: Polyethylene terephthalate (PET) was mixed by extrusion with clay
(montmorillonite) to produce nanocomposites. Additives (pentaerythrytol and
maleic anhydride) were added to induce compatibility between the particles and
the matrix. Thermal, mechanical and rheological properties of the nanocomposites
were evaluated. The nanocomposites with additives presented improved
mechanical strength. In shear, the viscoelastic properties decrease with rising
particle concentration and additives content. The resulting new materiales present
processing advantages and potential improvements in performance.

Introduction

Polymeric nanocomposites are a class of relatively new materials with ample potential
applications. Products with commercial applications appeared during the last decade!'), and
much industrial and academic interest have produced. Reports on the manufacture of

nanocomposites include those made with polyamides®?!, polyolefines®®, polystyrene and

[10-11] [16-18] [19-20]

polystyrene copolymers , ethylene vinyl alcohol™"™), acrylics , polyesters'

polycarbonate[zl'zzl, liquid crystalline polymersm‘m, fluoropolymers??%), thermoset resins
[33-38]

[30-

[40-41] [42]

32 polyurethanes , ethylene-propylene oxide?, vinyl carbazole

[43]

, polydiacetylene
and polyimides'™, among others.

Generally, polymer nanocomposites can be obtained through two routes: the first one is the
polymerization of monomers in contact with the exfoliated clay, and the second one uses
existing transformation processes to produce nanocomposites, as for example, by a reactive
extrusion. There are, however, problems present due to the lack of affinity of the clay-
polymer system because of the hydrophilic character of the particles. It is then necessary to

treat the clay chemically to increase its affinity with the polymer matrix. This constitutes

another whole area of research in the nanocomposites production.
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The mixing of the nano-particle with the polymer requires an intercalation process of the
macromolecule into the clay galleries gap. This is a diffusion-controlled process which
requires long times of contact between the polymer and the clay under the pressure produced
inside the extruder. The intercalation process leads to the exfoliation of the clay. However,
low screw speeds and long residence times in the extruder may cause polymer degradation. To
avoid such problem that would enable the complete clay exfoliation, it would be necessary to
change the screw configuration or to consider the chemical modification of the clay.
Moreover, the clay exfoliation is not a sufficient condition to obtain optimum systems. The
problem of compatibility of the clay-polymer matrix is an outstanding one, and the

thermodynamic processes involved in the synthesis of these materials!**],

constitute areas
which are currently under investigation.

The macroscopic effects of the integration of nanoparticles to the polymer matrix are quite
remarkable. For example, the barrier properties of the new systems are enhanced, because the
diffusion of gas molecules through the material is largely retarded. A lower permeability of O,
is obtained without substantially modifying the production method of films, containers,
bottles, etc. Oxygen permeability decreases drastically with nanoparticle concentration.

In this work, the production process of a polymeric nanocomposite made of polyethylene
terephthalate (PET) and a commercial clay (montmorillonite) is described. The clay is
chemically modified with a quaternary ammonium salt, using maleic anhydride (MAH) and
pentaerythrytol (PENTA) as compatibilizing agents. Thermal, mechanical and rheological
properties of PET are substantially modified. In addition, the viscoelastic behavior of the new

systems is discussed.

Experimental Procedure

Materials

PET Eastapack 9921 from Eastman Chemical had a density of 1.40 g/cm® and melting point
of 269°C. A glass transition temperature (Tg) of 61.2°C was determined. MAH and PENTA
are analytic reagents from Aldrich with melting points of 55°C and 192.8°C, respectively.
These reagents were used as received. Thermal properties were determined by differential
scanning calorimetry (DSC) with a heating speed of 20°C/min under nitrogen atmosphere. No
additives to prevent oxidation were used in the formulations. Clay montmorillonite (Cloisite

15A) from Southern Clay Co., is a natural clay modified with a quaternary ammonium salt,

had a density of 1.66g/cm’ and a ionic interchange capacity of 125 meq/100g.



283

Equipment

Blends were made in a co-rotating twin-screw extruder (Werner & Pfleiderer ZSK30)
equipped with a volumetric band feeder under nitrogen atmosphere to prevent moisture
absorption. Moisture determinations were carried out in a Moisture Analyzer Omnimark
Mark2. Interlayer distance among clay platelets was determined in a Bruker-AXSD8-Advance
Diffractometer with a wavelength of CuKa = 1.5418 A at 35kv and 30 mA with scanning
speed of 1° 26/min. Bottles were made in an injection-stretch blow-molding machine AOKI
on one step with a temperature profile of 275°C at the feeder and 320°C at the injection
nozzle, with perform temperature of 112°C and blow mold temperature of 16°C.
Determination of the rheological properties was carried out in a TA-Instruments AR 1000-N

controlled stress rheometer with parallel plates of 25 mm diameter.

Results

Thermal Properties

Clay concentrations larger than 2 wt.% cause a decrease in the glass transition temperature
(Tg), and therefore only clay concentrations of 1% and 2% were considered. Raw materials
were previously mixed before placing them in the extruder feeder. Extruded threads were
cooled and cut into pellets of S mm length. Thermal properties of blends made with PET, clay,
MAH and PENTA are shown in figures (1) and (2). Crystallinity of the samples was

calculated using the relation %ocrystallinity = (AH . AH? )* 100 where AH! is the
theoretical melt enthalpy of the PET crystal (117.6 J/g) and AH,, is the sample enthalpy*’.

Concentrations of MAH and PENTA used were 0.12% and 0.03 %, respectively, for a clay
content of 1 wt%. They were increased to 0.24% and 0.06 %, respectively, for clay a content
of 2%. The large additive concentration systems include concentrations of 0.24% and 0.06 %
when the clay content is 1%, and 0.48% and 0.12 %, respectively, for a clay content of 2%.

Figure (1) shows that the crystallization temperature diminishes with clay concentration for
the system with no additives. As the clay-quaternary ammonium salt, MAH and PENTA are
added; the crystallization temperature (Tc) diminishes even more with clay concentration (the
melting temperature, Tm, remains practically constant). For the system with large MAH and
PENTA concentrations, the decrease in the crystallization temperature is much smaller than

that observed in the system with no additives and in the system with small concentrations of
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additives.
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Figure 1. Crystallization temperature as a function of clay concentration for the system
without additives (#), with MAH and PENTA (small concentrations) (M) and with MAH and
PENTA (large concentrations) (A)

As observed in figure (2), for increasing clay concentration larger crystallinity is attained,
since clay particles may act as nucleation agents. The system with large additive
concentrations shows a remarkable increase of the crystallinity with clay concentration. In
addition, AHy, increases with clay content, suggesting that a large amount of energy is
necessary to melt the crystals.

When nanocomposites are produced by polymerization in sity, it was found!"” that Tc and Tm
decrease slightly as a function of clay concentration (5%), but the melting enthalpy decreases
with clay concentration. These discrepancies arise because the different production

procedures.

Clay Exfoliation

The clay interlayer distance (d,,;, referred to the plane 001) was determined by X-rays

diffraction. The diffraction area is located at low angles, such as 20 (the diffraction position)

is smaller than 10°, which corresponds to an interlayer distance > 8.84 A (according to the
Bragg equation: 2d,, Sin@ = 1). ). is the wavelength of radiation (1.5418 A). The clay has

an interlayer distance equal to 31.5 A. All nanocomposites analyzed present similar values,

which means that none of the samples reached a complete clay exfoliation. It was concluded
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that it is necessary to use different screw configurations to produce exfoliation.
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Figure 2. Crystallinity versus clay concentration for the three systems shown in figure (1)
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Figure 3. Tension strength as a function of clay concentration, for same systems shown in
figure (1). Temperature of the test is 270°C
Tensile Mechanical Properties

Tensile mechanical properties were performed on specimens cut from bottles made by the

injection-stretch blow-molding process. PET was crystallized during 48 hours at 130°C
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previously to processing, to avoid possible jamming in the machine due to the amorphous
content of the material. The bottles produced from PET-clay are transparent with slight
coloring (white to brown). It is necessary to mention that the mechanical properties were
measured on systems with the same thermomechanical history, and therefore they have similar

degrees of degradation due to processing.
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Figure 4. Variation of the Young modulus with clay concentration for same systems of
previous figures. T =270°C

In general, it is observed that mechanical properties of nanocomposites are largely improved
when the clay particles are totally exfoliated and good phase affinity is attained. The
mechanism by which these improvements are obtained considers the absorption of
macromolecular layers on the clay platelet surface. As a consequence, the diffusion of
molecules is impeded and retarded, and hence the material acquires additional crystallinity.
This effect produces increases in the material strength and modulus.

However, it is not necessary to obtain a complete exfoliation of the particles, since non-
exfoliated nanocomposites may present improvements in mechanical properties as well. For
instance, in this study, complete clay exfoliation was not attained, but the compatibility and
particle dispersion reached through the action of the additives lead to an increase in the

mechanical properties, up to 30% and 32% in strength and modulus, respectively (see figures
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3 and 4). In figure (3), the tension strength presents a maximum in PET with 1% clay
concentration, in systems with no additives or with small additive concentration. For larger
additives concentration, there is a continuous rise in the strength up to 2 % clay content. A
similar increase in the Young's modulus is also obtained in the system with the larger additive
concentration, as shown in figure (4). The mechanism by which this improvement has been
reached is not completely clear, because the lack of understanding on the compatibilizers

(additives) action, and so additional work is necessary.

Rheological Properties

As in the mechanical properties, the rheological properties were measured on systems with the
same thermorheological history, so the measurements shown correspond to systems with same
degradation due to processing. The viscosity variation with shear rate for processed PET, PET
with clay and PET with clay plus additives is shown in figure (5). In addition, in figure (6) the

zero shear-rate viscosity for the seven systems of figure (5) is plotted with clay concentration.
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Figure 5. The shear viscosity is plotted versus shear rate for various systems: ¢ processed

PET, V 1% clay without additives, [] 1% clay with MAH and PENTA, ¢ 1% clay with high
MAH and PENTA contents,O 2% clay without additives, @ 2% clay with MAH and

PENTA,+ 2% clay with high MAH and PENTA contents. T = 270°C

The basic behavior shows a near-linear decrease of the zero shear-rate viscosity with clay
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concentration. The viscosity lowers to values less than a half of the PET viscosity for 2% clay
content. Additives promote an even lower viscosity at high clay contents, but they do not have
any substantial effect at low clay contents.

As is well known in injection processes, smaller viscosities of the polymer in the melt state
results in better filling of the mold cavities. On the other hand, in extrusion processes, the loss
of melt strength caused by lower viscosity, requires that the material should be processed at
lower temperatures to preserve consistency and to avoid sagging, which means smaller

thermal degradation.
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Figure 6. Zero shear-rate viscosity versus clay concentration. Symbols are the same as in
figure 1

The reduction of the complex viscosity with clay concentration and the effect of the additives
on the viscosity follow the same tendency to that observed in the shear viscosity, as shown in
figure (7). However, there are substantial differences for shear rates higher than 10 s,
specially when the clay content is 2%. Comparison of figures (5) and (7) illustrates that for
high clay contents, particle alignment with the flow induce the shear thinning observed in the
high shear rate region. On the other hand, at low shear rates particles are not aligned and a
region of shear thickening is observed in the system with 2% clay content without additives.
The shear thickening effect decreases with addition of additives, which clearly reflects the
consequences of increased compatibility of the particles with the matrix. The onset point for

shear-thinning, which is closely related to the relaxation time in shear, is shifted to lower



289

deformation rates with respect to those of the complex viscosity. This indicates that as the
clay content increases, the shear viscosity is governed by a relaxation time which is larger than
that which governs the complex viscosity. This increase in the characteristic time of the
system is ascribed to the effect of the particles on the flow, and this effect is larger with

increasing compatibility caused by rising additive concentration.
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Figure 7. The complex viscosity is plotted versus angular frequency for the seven systems
shown in figure 5. T =270°C

To assess the effect of increasing clay and compatibilizing agent concentration on the linear
viscoelastic properties of the systems, the elastic modulus (G’) is shown as a function of
frequency (figure 8) and also as a function of clay concentration (figure 9) at a fixed
frequency (100 s™) . Temperature of the tests was set at 270°C.

The variation of the elastic modulus with frequency indicates that for large frequencies, the
overall effect of the addition of clay is similar to that observed in the shear viscosity, i.e., a
continuous decrease of the viscoelastic properties with clay concentration. The decrease is
larger when additives are added. On the other hand, at low frequencies the modulus does not
approach a slope of two, and hence additional relaxation modes exist besides the main

relaxation mechanism. The effect of high additive contents is more evident at low frequencies,
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where the systems depict higher modulus. In this case compatibility is reflected in the

widening of the relaxation spectrum of the polymer due to the presence of the particles.
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Figure 8. Storage modulus versus angular frequency for the seven systems indicated in figure
(5). T=270°C

€000

T e

n
o
o
o

STORAGE MODULUS (Pa)
)
=]
)

1000 -~ mmmmmmmmmmmm o — oS

CLAY CONCENTRATION (%)

Figure 9. Storage modulus versus clay concentration. Symbols are the same as in figure 1
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Discussion and Conclusions

The addition of clay nanoparticles to polyethylene terephthalate (PET) to produce a
nanocomposite, affects the thermal properties of PET, such as the crystallization temperature.
The additives used here (MAH and PENTA) produce an increased crystallinity with higher
modulus and material strength. These nanocomposites present smaller shear viscosity and
lower magnitudes of the linear viscoelastic properties than those of PET. The viscoelastic
properties are affected strongly by the interaction between polymer and clay particles, due to
increasing polarity.

Observation of the results of the mechanical and rheological properties of the systems
analyzed in this study, it is remarkable that while in simple shear and oscillatory flow the
rheological properties show a substantial decrease with increasing particle concentration (in
the systems with large additives concentration), in extensional flow the mechanical properties
and materials strength increase. This effect reflects, on the one hand, a diminishing particle-
matrix interaction as the clay concentrations rises. On the other hand, the compatibility of the
particles with the matrix induced by the additives and the increase in crystallinity, leads to
materials with increasing strength and modulus as the clay concentration rises.

These results show the advantages of nanocomposites in the processing operations and final
properties of these new materials. When polymeric nanocomposites are undergoing a
deformation by shear in the processing operation, the modified rheological behavior due to the
presence of the particles induce better surface properties with smaller shrinkages when the
polymer solidifies inside the mold (in injection-molding) or outside the die (in extrusion).
These results show potential advantages in processing and performance of these new

materials.
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