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Abstract This work investigates the effects of clay chem-
istry and concentration on the morphology and rheology
of polyethylene terephthalate (PET)/clay nanocomposites.
The complex viscosity of the PET nanocomposites exhib-
ited a more solid-like behavior, in contrast to the matrix
that had a frequency-independent viscosity. In addition, at
high frequencies where the behavior of the matrix should
be dominant, a lower complex viscosity of the nanocompos-
ites was observed due to PET degradation in the presence
of the organoclays. The high-frequency data were used to
estimate the matrix degradation using the Maron–Pierce
equation. The apparent molecular weight of the PET matrix
was found to decrease from 65 kg/mol for the neat PET
to 30 kg/mol for a PET nanocomposite containing 8 wt%
Cloisite® 30B. The apparent yield stress in the nanocom-
posites was determined using the Herschel–Bulkley model.
Yield stress increased with the level of exfoliation and clay
concentration, from ∼0 to 166 Pa when the clay concentra-
tion increased from 2 to 8 wt%.
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Introduction

Polymer/layered silicate nanocomposites have attracted
remarkable scientific and technological interests due to sig-
nificant improvement of material properties, at low clay
loadings, in comparison with unfilled polymers or common
micro composites. These notable changes include enhance-
ments in mechanical properties, thermal stability, barrier,
and flame-retardant properties (Gupta et al. 2009; Ray and
Okamoto 2003).

To prepare polymer/layered silicate nanocomposites,
three main approaches consist of solution blending, in situ
polymerization, and melt blending. Melt blending is an
environmental friendly method because there is no need
for organic solvents. Besides, low cost and common indus-
trial processing techniques such as extrusion can be used
for the preparation of nanocomposites from a wide range
of thermoplastic polymers. In addition, the high shear force
in polymer processing equipments facilitates the dispersion
of the nanoparticles in the molten polymer matrix. There-
fore, melt blending is industrially a more viable method in
comparison to other approaches (Pavlidou and Papaspyrides
2008; Ray and Okamoto 2003).

Wide-angle X-ray diffraction (WAXD), scanning electron
microscopy (SEM), and transmission electron microscopy
(TEM) are the most common techniques to characterize
the nanocomposite morphology. WAXD is a convenient and
rapid method to determine the gallery spacing of silicate
layers for both pristine clays and organically modified clays
and when polymer chains penetrate into the galleries. How-
ever, little information about the distribution of the silicate
layers can be obtained by this method. On the other hand,
although TEM provides direct visual information about the
distribution of the silicate layers, it is a time-consuming
and expensive technique which covers only a very small
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portion of the sample, with the possibility of microscale
inhomogeneity. SEM is used to characterize the particle dis-
tribution at the micrometer scale and to assess the presence
of large aggregates. In conjunction with the aforemen-
tioned techniques, rheology is employed as an indirect tool
for the microstructure characterization of nanocomposites.
The advantage of rheological methods is that they probe
the bulk of nanocomposite materials on a significant vol-
ume of sample tested, which increases the reliability of
the data. In addition, measurements are performed in the
melt state, which can provide valuable information about
the processability of the nanocomposites. Furthermore, the
interactions between the nanoparticles and the matrix can
also be detected and quantified. Finally, detailed informa-
tion about molecular level changes in the structure (e.g.,
oxidation, degradation, cross-linking, etc.) can be obtained
by employing rheometry (Pogodina et al. 2008; Galindo-
Rosales et al. 2011; Bhattacharya et al. 2007; Gupta et al.
2009; Vermant et al. 2007).

A large number of rheological studies have been carried
out to assess the state of clay dispersion in polymer matri-
ces, especially thermoplastics (Nazockdast et al. 2008; Wu
et al. 2005; Vermant et al. 2007; Eslami et al. 2010; Wang
et al. 2011; Aubry et al. 2005; Manitiu et al. 2009; Ayyer
and Leonov 2004; Gahleitner et al. 2006; Lim and Park
2001; Mobuchon et al. 2007, 2009a, b). Large increases in
viscoelastic properties, storage modulus, and complex vis-
cosity, as well as a slower relaxation and a transition from
liquid-like to solid-like behavior are the most significant
findings of these studies. The appearance of a solid-like
terminal plateau in the storage modulus of nanocompos-
ites has been commonly attributed to the formation of a
space-filling percolated network of individual clay platelets
and/or intercalated tactoids acting like a weak solid (Pujari
et al. 2011; Utracki and Lyngaae-Jorgensen 2002; Solomon
et al. 2001; Ren et al. 2000; Ray and Bousmina 2005).
Therefore, by destroying this interconnected network of
clay particles (for example by pre-shearing), a remarkable
reduction of viscoelastic properties is expected. Orientation
of clay particles in the shear direction and a transition from
solid-like behavior to liquid-like behavior has been observed
by many researchers (Nazockdast et al. 2008; Wu et al.
2005; Dykes et al. 2012; Solomon et al. 2001). The pres-
ence of a percolation network is also inferred by the stress
response upon start-up of steady shear. The stress overshoot
observed in transient rheological response of nanocompos-
ites depends on rest time duration and applied shear rate,
and is attributed to both interaction between nanoparticles
and the viscoelastic properties of the polymer matrix.

Polyethylene terephthalate (PET) is a semi-crystalline
thermoplastic polymer widely used in soft drink bottles as
well as both food and nonfood containers. PET is nontoxic

and shows high dimensional stability, high transparency,
and good mechanical and thermal properties. Barrier prop-
erties of PET to oxygen should, however, be improved for
some applications like packaging of oxygen-sensitive bev-
erages such as soft drinks and beer. Incorporation of silicate
nanolayers into a PET matrix has been shown to enhance the
barrier properties of PET (Ghanbari et al. 2012; Ghasemi
et al. 2011a, 2012; Xu et al. 2011; Frounchi and Dourbash
2009; Soon et al. 2009).

Several studies have been performed on PET/organoclay
nanocomposites. It was observed that introducing a PET-
ionomer as an exfoliating agent, which has a higher polarity
than PET, improved the dispersion of clay particles and
increased the viscoelastic properties of the nanocompos-
ites (Ghanbari et al. 2012; Xu et al. 2011). In another
study, it was demonstrated that contrary to thermally stable
phosphonium and imidazolium modified clays, ammonium-
modified Cloisite® 30B (C30B) exhibited good dispersion
and distribution within a PET matrix (Ghasemi et al. 2011b).
The incorporation of 3 wt% of C30B into PET led to a 27 %
reduction in oxygen permeability (Ghasemi et al. 2011a).
Sanchez-Solis et al. (2004) observed that the incorporation
of 3 wt% silicate nanolayers in a PET matrix resulted in a
45 % enhancement of the Young’s modulus.

Although several studies have been devoted to poly-
mer/clay nanocomposites, the rheological behavior of
PET/clay nanocomposites is not fully understood. For
example, it has been observed that the incorporation of
2 wt% Nanomer® I.28E (N28E) and C30B in the PET
matrix reduces the complex viscosity (Ghanbari et al.
2012; Xu et al. 2011). Scaffaro et al. (2011) prepared
PET nanocomposites containing C30B and Cloisite® 15A
(C15A) using a twin-screw extruder. They observed that the
complex viscosity of the nanocomposites containing 3, 5,
and 10 wt% of the organoclays was smaller than that of
the neat PET at high frequencies. More severe degradation
was observed for the nanocomposites containing C30B than
those containing C15A.

In the present work, various clay particles (from unmod-
ified synthetic clay to commercially available organoclays)
at different concentrations (from 0 to 8 wt%) were used to
study the effect of surfactant and clay concentration on the
rheological properties of PET nanocomposites. In addition,
by changing the twin-screw configuration, the effect of pro-
cessing was also examined. To our knowledge, there is no
work addressing the effects of these parameters on both the
rheology and morphology of PET nanocomposites in order
to have a more in-depth comprehension. Particular empha-
sis is placed on studying the yield stress of the solid-like
network induced by the presence of the clay particles at clay
concentrations higher than the percolation threshold. High-
frequency data are used to estimate the thermal degradation
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Table 1 Characteristics of the
clay particles Organoclay Organic modifier d-spacing Organic δ of organic

(nm) modifier modifiera,b

(wt%) (J1/2.cm−3/2)

C30B Methyl, tallow, bis-2-hydroxyethyl, 1.85 29 21.5

quaternary ammonium

C25A Dimethyl, dehydrogenated tallow, 1.86 31 17.2

2-ethylhexyl quaternary ammonium

N28E Octadecyl ammonium 2.4 33 16.0

C15A Dimethyl, dehydrogenated tallow, 3.15 40 16.9

quaternary ammonium

SM100 none 0.96 0 –

aδ is the solubility parameter
calculated based on the Fedors
group contribution method (Van
Krevelen and Te Nijenhuis
2009)
bExperimental value of δ for
PET is between 19.9 and 21.9
(Van Krevelen and Te Nijenhuis
2009)

of the PET matrix and analyze the influence of clay con-
tent on a more solid basis. Rheological properties are also
correlated with morphological observations.

Experimental

Materials

The polyethylene terephthalate used in this study, PET
9921, is a commercial product of Eastman Chemical Com-
pany with intrinsic viscosity of 0.8 dL/g and a melting
point of 243 ◦C. The following natural organoclays have
been used: C30B, C15A, and Cloisite® 25A (C25A) from
Southern Clay Products Inc., and N28E from Nanocor
Inc. Unmodified synthetic clay Somasif® ME100 (SM100)
from CBC Co. Ltd was also utilized. The chemical com-
position of the organic modifiers (when applicable), the

interlayer spacing of the clays, and the solubility parame-
ter of the organic modifiers are summarized in Table 1. The
content of organic modifier presents in the various organ-
oclays was determined by thermogravimetric analysis (TGA
Q500, TA Instruments). For these tests, samples of 10 mg
were heated from room temperature to 800 ◦C with a heat-
ing rate of 10 ◦C/min under an air atmosphere. In Table 1
it is observed that the organoclays d-spacing is correlated
with the organic modifier content.

Melt compounding

The PET and clay particles were vacuum dried at 90 ◦C
for 24 h before extrusion. A corotating twin-screw Leistritz
extruder (screw diameter = 18 mm and L/D = 40) was
used to prepare samples containing 0–8 wt% of clay par-
ticles. Figure 1 depicts two different screw configurations
(screw configuration #1 (SC1) and screw configuration #2

Fig. 1 Screw configurations
SC1 and SC2
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(SC2)) which were used in this study. Both screw geome-
tries have the same conveying and pressuring elements,
followed by the first mixing zone with 30◦, 60◦, and 90◦
elliptical kneading elements 4 mm thick. The second and
third mixing zones, with 30◦ and 60◦ elliptical elements,
respectively, are also the same for both screw configura-
tions. The only difference is that SC2 has a fourth mixing
zone with 30◦ and 60◦ elliptical elements and a reverse ele-
ment located between the third and the fourth mixing zones.
It was observed that residence time at 200 rpm increases
from 51 s for SC1 to 90 s for SC2. The residence times were
estimated, 15 min after starting the extrusion, by adding a
colored resin while feeding the neat PET. The measured
torque value of the second screw was about 8 % larger than
the first one for nanocomposites containing 8 wt% C30B.

The extrusion conditions were the same for both screw
configurations. Melt blending was performed at a screw
speed of 200 rpm and feeding rate of 2 kg/h. The tempera-
ture profile from the feed to the die was set between 240 and
265 ◦C. To cool the extrudate, a bath containing a mixture
of water and ice was used. The extruded samples were gran-
ulated and vacuum dried at 90 ◦C for 24 h. Compression
molding was subsequently performed to obtain disk-shape
samples of approximately 2-mm thick and 25 mm in diame-
ter by employing a Carver® laboratory press (model 3912)
at 265 ◦C for 9 min at a pressure of 20 MPa and under
a blanket of nitrogen, followed by quenching in another
Carver® laboratory press (model 30–12 H) for 5 min. The
disk-shape samples were vacuum-dried at 90 ◦C for 24 h
before being subjected to rheological testing.

Characterization

WAXD was used to obtain the basal distance of the clay
layers by employing a Bruker D8 Discover with Cu kα

radiation of wavelength λ = 1.5406 Å. The generator was
operated at 40 kV and 40 mA. The spectra were recorded
over a 2θ range of 0.8◦–10◦ using a scan rate of 0.6◦/min.

SEM observations were done to evaluate the microscale
distribution of the clay particles in the PET matrix using
a Field Emission Gun SEM, Hitachi S4700, operating at
2 kV. The specimens were prepared using an Ultracut FC
microtome (LEICA) with a diamond knife and then coated
with platinum. TEM images were obtained using a JEOL
JEM-2100 F microscope operating at 200 kV to assess the
quality of clay dispersion in the samples. For TEM imag-
ing, the samples were microtomed into ultrathin slices about
50–80-nm thick at a cryogenic temperature (i.e., −100 ◦C)
using the aforementioned microtome system.

Rheological measurements in oscillatory mode were per-
formed using a Bohlin Gemini rheometer, with a parallel

plate flow geometry (25 mm diameter, 1 mm gap). Time
and frequency sweeps in small-amplitude oscillatory shear
were carried out on the neat PET and PET-based nanocom-
posite samples at 265 ◦C under a nitrogen atmosphere to
avoid oxidative degradation. The time sweep test of each
sample was repeated twice, always with a fresh specimen,
at 0.628 rad/s over 900 s. The frequency sweep tests were
repeated four times for each sample, always using a fresh
specimen and carried out in the linear regime. Two speci-
mens were subjected to frequency sweep from low to high
frequency, and two more from high to low. Strain sweeps
were applied at a frequency of 6.28 rad/s and strain ampli-
tudes from 0.01 to 1. After adjusting the gap, the samples
were held in quiescent state for 3 min before starting the
rheological tests. This should allow orientation relaxation if
there was any induced by sample loading. We also verified
the effect of gap size on the viscoelastic properties of the
nanocomposites at the maximum clay loading of C30B (i.e.,
8 wt%). We observed that gap size had no significant effect
on the results.

Results and discussion

Morphology of nanocomposites prepared using SC1 XRD
patterns of PET nanocomposites with various C30B concen-
trations are shown in Fig. 2. The nanocomposite samples
are denoted with a nomenclature “PET/xy”, where x and y

denote concentration and type of clay particles, respectively.
The gallery spacing of C30B powder (d001 diffraction),
which is 1.85 nm, increases up to 3.4 nm (2θ ≈ 2.5◦)

Fig. 2 X-ray diffractograms of PET nanocomposites containing dif-
ferent weight fractions of C30B prepared by screw configuration #1
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after being melt blended with PET. The enhancement of
C30B basal spacing is due to the diffusion of the PET
chains into the interlayer spacing of the layered silicate.
Although the peak position of the XRD curves does not
change with clay concentration, the intensity of the peaks
increases monotonically with clay concentration, which is
a sign of more extensive domains of periodicity, (Delozier
et al. 2003; Bhattacharya et al. 2007). Note that the second
peaks observed at 2θ ≈ 5.2◦ may be attributed to the d002

diffraction and/or clay gallery collapse.
Figure 3 shows the SEM micrographs of PET nanocom-

posites containing 2, 4, 6, and 8 wt% of C30B prepared
using SC1. This figure illustrates the state of the clay par-
ticles distribution within the PET matrix and the efficiency
of SC1 in breaking down C30B aggregates. SEM results
also show large aggregates for the nanocomposites at high
clay loadings (Fig. 3b–d). It is obvious from the SEM
micrographs that the number of kneading elements and the
residence time in SC1 for compounding are not sufficient to
break down all the large aggregates.

Morphology of nanocomposites prepared using SC2

As the SC1 was not efficient for the compounding, addi-
tional kneading elements were employed in screw config-
uration #2 to increase the shear stresses. In addition, by
placing reverse conveying elements between the two last
kneading blocks, a longer residence time was achieved for
screw configuration #2 in comparison to screw configura-
tion #1 (90 vs. 51 s). Figure 4 presents the SEM micro-
graphs of PET nanocomposites containing 2 and 6 wt%
C30B prepared using screw configuration #2. The PET
nanocomposite containing 2 wt% C30B exhibits a homoge-
nous distribution of the clay particles all over the sample
(Fig. 4a). Using this screw configuration, even by incor-
porating 6 wt% C30B, no large aggregates are observed,
and the clay particles are well distributed within the PET
matrix (Fig. 4b). By comparing the morphologies of PET/6
C30B nanocomposites prepared using screw configurations
#1 and #2 (Figs. 3c and 4b, respectively), it is seen that
SC2 is more efficient than SC1 in breaking down the large

Fig. 3 SEM micrographs of a PET/2 C30B, b PET/4 C30B, c PET/6 C30B, and d PET/8 C30B nanocomposites prepared using screw
configuration #1
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Fig. 4 SEM micrographs of a PET/2 C30B and b PET/6 C30B nanocomposites prepared using screw configuration # 2

clay aggregates, as expected. Changing the screw configu-
ration did not have a pronounced effect on XRD patterns of
nanocomposites in terms of the peak position and shape of
the peak (data are not shown here). Based on the poor mor-
phology obtained using SC1, this screw configuration is not
discussed further, and all following results were obtained
with SC2.

Effect of clay concentration on the rheological properties
of PET nanocomposites

Oscillatory time sweep tests were performed to examine
if the neat PET and its corresponding nanocomposites had
time-dependent rheological properties due to thermal degra-
dation and/or possible chemical reactions between PET and
the clay organo-modifiers. The complex viscosity and stor-
age modulus of the neat PET and PET nanocomposites
containing 2–8 wt% C30B are shown as functions of time
in Fig. 5a, b, respectively (note that by complex viscos-
ity, we mean the modulus of the complex viscosity in the
whole text). As stated before, the time sweeps were repeated
twice for each sample, always with a fresh specimen, and
the results are shown in Fig. 5 in the form of filled and
unfilled symbols. These tests confirmed that for all samples,
a period of up to 10 min resulted in less than 10 % changes
in the viscoelastic properties. The complex viscosity of the
PET nanocomposite containing 2 wt% C30B is observed to
be lower than that of the neat PET. This is attributed to the
severe degradation of the PET matrix in the presence of the
organoclay. This aspect is discussed in more details below.
A lower complex viscosity for PET nanocomposites con-
taining 2 wt% of N28E and C30B in comparison to the same
neat PET has been reported before (Ghanbari et al. 2012;
Xu et al. 2011). For the nanocomposites containing 4, 6, and
8 wt%, the linear viscoelastic properties increase markedly
with clay loading. For example, the PET/8 C30B sample is
more than 20 times more viscous than the neat PET.

Fig. 5 Complex viscosity (a) and storage modulus (b) as functions of
time for the neat PET and PET/C30B nanocomposites
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Fig. 6 Complex viscosity (a) and storage modulus (b) of PET/C30B
nanocomposites (frequency sweep tests). Numbers in the text boxes
represent the η* and G′ slopes at low frequencies

The complex viscosity and storage modulus as functions
of frequency for the neat PET and PET-based nanocompos-
ites with various C30B loadings are presented in Fig. 6a,
b, respectively. While the neat PET displays a pseudo-
Newtonian behavior, the nanocomposites exhibit a marked
solid-like behavior (Fig. 6a), which becomes stronger with
C30B concentration. Except for the sample containing
2 wt% C30B, the complex viscosity of PET increases with
clay concentration at low frequencies. It seems that the
incorporation of a small amount of C30B (2 wt%) lowers
considerably the complex viscosity of the PET matrix. This
behavior has been reported previously (Ghanbari et al. 2012;
Wang et al. 2011). At low clay concentration, particle–
particle interactions are not pronounced, and the viscosity
of PET nanocomposites is governed by the host polymer
matrix. It has been well documented that the presence of
organoclays leads to a severe chain scission of a PET matrix
(Davis et al. 2002; Todorov and Viana 2007; Stoeffler et al.
2008; Litchfield et al. 2010). At high frequencies, where the
behavior of the matrix is dominant, all PET nanocompos-

ites show a smaller viscosity than that of the neat polymer,
which again can be attributed to the degradation induced by
the presence of the organoclay.

One approach to determine the apparent viscosity of the
degraded matrix in the nanocomposites is to use the Maron–
Pierce empirical model:

η∗

η∗
M

=
(

1 − ϕ

ϕm

)−2

(1)

where η* and η∗
M are the complex viscosity of the nanocom-

posite and the matrix, respectively, ϕ is the volume fraction
of the clay, and ϕm is the maximum packing volume fraction
which is set here as ϕm = 3.55

p
, where p is the clay aspect

ratio (Sun et al. 2009; Wan et al. 2012). The aspect ratio of
the clay particles was determined by the method described
by Ghasemi et al. (2012). In that method, TEM images are
used to determine the length-to-thickness ratio of clay par-
ticles. For overlapped tactoids, the average thickness and
overall length were used, while an end-to-end vector was
considered for length of curved tactoids. A value of 46 was
obtained for the average aspect ratio of the silicate particles
in the PET matrix. Ghasemi et al. (2012) and Fornes and
Paul (2003) reported values of 47 and 57, respectively, for
the aspect ratio of C30B layered silicates in nanocomposites
prepared by melt blending.

The matrix apparent viscosity, η∗
M(100 rad/s), is evaluated

at 100 rad/s where the contribution of the matrix should be
dominant, using the Maron–Pierce empirical model (Eq. 1).
The calculated apparent matrix viscosity is presented in
Table 2 for the neat PET and PET-based nanocomposites.
From the apparent matrix viscosity, it is possible to estimate
an apparent matrix molecular weight in order to quantify the
degradation induced by the presence of the organoclay. To
this end, the classical relationship between the zero-shear

Table 2 Apparent complex (≈ zero-shear) viscosity and apparent
molecular weight for the neat PET and the PET matrix in nanocom-
posites calculated from Eqs. 1 and 2, respectively

Sample Matrix apparent Matrix apparent

complex viscosity molecular

at 100 rad/s weight (kg/mol)

Neat PET 440 65.0∗

PET/2 C30B 174 49.5

PET/4 C30B 98 41.8

PET/6 C30B 51.9 34.7

PET/8 C30B 30.9 29.8

PET/6 C15A 57 35.6

PET/6 N28E 64.6 37.0

PET/6 C25A 91.6 41.0

∗This value is reported based on the works of Fox et al. (1997) and
Champagne et al. (1999) using the same grade of PET
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viscosity, η0, and the weight average molecular weight, Mw,
has been used, assuming a pseudo-Newtonian behavior for
the PET matrix:

η∗
M(100 rad/s) ≈ η0 = kM3.4

w (2)

where k is taken as 3.02 × 10−4 (Pa.s.mol3.4/kg3.4) by
considering the neat PET molecular weight and complex
viscosity. The apparent matrix molecular weight is reported
in Table 2 for the neat PET and PET-based nanocompos-
ites. Both the zero-shear viscosity and molecular weight of
the PET matrix for PET/C30B nanocomposites are found to
strongly decrease with clay concentration, and this behavior
is attributed to the severe degradation (i.e., chain scission) of
the PET matrix in the presence of the organoclay. It explains
the lower complex viscosity for the nanocomposites at high
frequencies observed in Fig. 6a, in comparison to the neat
sample. The results for the apparent matrix viscosity and
apparent matrix molecular weight of PET nanocompos-
ites containing 6 wt% C15A, C25A, and N28E reported in
Table 2 will be discussed later.

The effect of C30B content on the storage modulus of
the PET nanocomposites can be observed in Fig. 6b. The
storage modulus increased significantly with C30B concen-
tration at low frequencies. With increasing clay loading,
the dependence of storage modulus on frequency decreases
(slope of G′ vs. ω at low frequencies reported in text boxes),
and at high clay concentrations (6 and 8 wt%), the storage
modulus is nearly independent of frequency at low fre-
quencies. This pseudo-solid-like behavior is attributed to
the formation of a space-filling interconnected network of
clay particles. This percolated three-dimensional network
acts like a weak solid and causes significant enhancement
of the storage modulus, as well as the emergence of a low-
frequency plateau (Mobuchon et al. 2007; Aubry et al. 2005;
Eslami et al. 2010; Solomon et al. 2001; Vermant et al.
2007; Wu et al. 2005; Mobuchon et al. 2009a; Pujari et al.
2011). Although the incorporation of 2 wt% C30B in the
PET matrix enhances the low frequency storage modulus, a
sharp increment is seen when the clay concentration reaches
4 wt%, implying the formation of a percolated network.

Figure 7 shows the reduced viscosity and reduced storage
modulus of the neat PET and PET nanocomposites con-
taining 2–8 wt% C30B as functions of angular frequency.
The reduced viscosity (Fig. 7a) is obtained by taking the
ratio of the magnitude of the complex viscosity of the var-
ious samples to the matrix apparent viscosity estimated at
100 rad/s (Table 2). It is observed that the reduced viscosity
increases with clay content on the whole frequency range.
Hence, the normalization allows removing thermal degrada-
tion effects to highlight the clay contribution. The reduced
viscosity of the PET nanocomposites exhibits a very strong
solid-like behavior at high clay loadings with a slope on the

Fig. 7 Reduced viscosity (a) and reduced storage modulus (b) of the
neat PET and PET/C30B nanocomposites as functions of clay loading
and frequency.

log–log plots approaching −1. The reduced storage modu-
lus (Fig. 7b) is obtained by taking the ratio of the magnitude
of the storage modulus of the various samples to the matrix
apparent viscosity estimated at 100 rad/s (Table 2) and the
frequency equal to 100 rad/s. It also increases with clay con-
centration and exhibits a low frequency plateau at high clay
loadings. It is noteworthy to mention that the reduced stor-
age modulus of the neat PET does not exceed the reduced
storage modulus of PET nanocomposites at high frequen-
cies, as previously seen in Fig. 6a when thermal degradation
effects are not accounted for.

Figure 8 reports plots of the elastic modulus vs. the loss
modulus for the neat PET and the PET nanocomposites
containing 2–8 wt% C30B and prepared using screw config-
urations #1 and #2. First, we note that the screw geometry
had little effect on the neat PET and that data of the neat PET
processed with screw configuration #2 are slightly shifted
down, suggesting possibly more degradation of the PET
with that geometry. However, the differences are within the
experimental error. PET nanocomposites containing 2, 4,
and 6 wt% C30B and prepared using screw configuration
#2 exhibit larger values of the elastic modulus in compari-
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Fig. 8 Storage modulus vs. loss
modulus for the neat PET and
the PET/C30B nanocomposites
prepared using screw
configurations #1 (SC1) and #2
(SC2)
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son to those prepared using screw configuration #1. These
observations suggest that a better dispersion of C30B par-
ticles is obtained by employing screw configuration #2, in
good agreement with SEM micrographs of Figs. 3 and 4.
The data for the PET/8 C30B nanocomposites prepared by
screw configurations #1 and #2 are, however, very simi-
lar. It seems that when the clay concentration is very high,
even the more severe screw geometry cannot help breaking
down the large aggregates and disperse further the nanopar-
ticles. Consequently, morphologies similar to that presented
in Fig. 3d are expected for PET/8C30B nanocomposites pre-
pared using screw configuration #2. This may be attributed
to the lack of sufficient space for the dispersion of clay
particles, as the C30B volume fraction is equal to 0.046,
which is close to the maximum packing volume fraction
(ϕm = 3.55/p = 0.077). Hence, some clay tactoids may
remain undelaminated. Therefore, we may expect a lower
level of exfoliation and higher number of clay aggregates at
increasing clay concentration, which will be proven later in
this study using image analysis. At high clay loadings, plots
of G’ vs. G′′ (Fig. 8) exhibit a pseudo-solid-like behav-
ior for both screw configurations, indicating the presence
of an interconnected network of individual clay platelets
and/or intercalated tactoids acting like a weak solid. The
differences between the elastic modulus of PET nanocom-
posites prepared using screw configurations #1 and #2 are
more pronounced at low values of the loss modulus (low
frequencies) where the effect of clay particles is more
pronounced.

As observed earlier in Fig. 7b, a significant increase
(almost four orders of magnitude with respect to the neat
PET) of the low frequency G’ of PET nanocomposites takes
place for the clay concentration of 4 wt%, and the rheo-
logical behavior changes from liquid- to solid-like. These
observations suggest that percolation must happen when the
C30B concentration increases from 2 to 4 wt%.

The value of the elastic modulus at low frequencies (ω =
0.3 rad/s) was used to determine the percolation threshold

for PET/C30B nanocomposites. The following percolation
model (Vermant et al. 2007; Khalkhal et al. 2011) was used:

G′ ∝ (ϕ − ϕper )
n (3)

where ϕper and n are the percolation threshold volume frac-
tion and a power-law exponent, respectively. The parameter
n is equal to 1.68 and 1.07 for screw configurations #1
and #2, respectively. The calculated percolation values (in
wt%) are 3.4 and 3.2 for PET/C30B nanocomposites pre-
pared using screw configuration 1 and 2, respectively, hence
between 2 and 4 wt% as suggested by Figs. 6b and 7b.
It seems that the screw configuration and residence time
does not impact much the value of the percolation threshold,
which is somehow surprising.

The pseudo-solid-like behavior of the storage modulus
at low frequencies indicates the existence of a yield stress
for these systems. To observe this effect more clearly, we
plot the complex viscosity vs. complex modulus in Fig. 9
as a function of C30B concentration. A sharp increase of
the complex viscosity as the complex modulus decreases

Fig. 9 Complex viscosity vs. complex modulus for neat PET and
PET/C30B nanocomposites. Dashed lines are fits of Eq. 4 for clay
content above 2 wt%



68 Rheol Acta (2013) 52:59–74

Table 3 Herschel–Bulkley parameters for the PET nanocomposites

Sample σ0 = G∗
0 × γ 0 (Pa) k (Pa.sn) n

PET/4 C30B (SC2) 25.7 257 0.88

PET/6 C30B (SC2) 91.8 152 0.85

PET/8 C30B (SC2) 166 189 0.78

PET/6 C25A (SC2) 69.5 417 0.82

PET/6 C15A (SC2) 43.4 215 0.84

PET/6 N28E (SC2) 41.8 266 0.82

indicates the existence of an apparent yield stress. This rep-
resentation highlights clearly the presence of a yield stress
in the PET nanocomposites with clay concentration above
the percolation threshold of ∼3 wt%. The presence of an
apparent yield stress was also observed by other researchers
for various nanocomposite systems (Mitchell and Krish-
namoorti 2002; Abbasi et al. 2009; Mobuchon et al. 2007;
Galgali et al. 2001; Aubry et al. 2005).

To estimate the apparent yield stress, a modified
Herschel–Bulkley model is used as follows:

η∗ = G∗
0

ω
+ k

(
γ 0ω

)n−1
, (4)

where G∗
0 is the magnitude of the complex modulus (called

complex modulus for simplicity) at the lowest frequency,
γ 0 is the strain amplitude, k is a constant, and n is the flow
index which determine the behavior of the fluid.

It has been observed that yield stress, σ0 = G∗
0γ

0,
and n can be related to the microstructure of nanocom-
posites (Xia and Song 2006; Litchfield and Baird 2006).
A lower value of n means a higher shear-thinning behav-
ior, which corresponds to a stronger network. Therefore,
it is reasonable to expect a lower value of n when clay
concentration increases. Besides, stronger particle–particle
and/or polymer–particle interactions results in larger appar-
ent yield stresses (Litchfield and Baird 2006). Table 3 lists
the calculated Herschel–Bulkley parameters for the PET-
based nanocomposites, and the fits of Eq. 4 are shown by the
dashed lines in Fig. 9 for the PET/C30B nanocomposites.
The Herschel–Bulkley parameters for PET nanocomposites
containing 6 wt% C15A, C25A, and N28E will be dis-
cussed later. PET nanocomposites containing C30B exhibit
larger values of the yield stress at the same clay concen-
tration. This is indicative of the stronger affinity of C30B
for PET compared to the other clays. The parameter n

decreases slightly with clay content, implying the formation
of a stronger network at high clay loadings.

It has been reported that the limit of linearity, γ 0
c , of

filled systems is very sensitive to filler content (Yziquel
et al. 1999; Eslami et al. 2010; Aubry et al. 2005; Khalkhal
and Carreau 2011; Vermant et al. 2007). Figure 10 shows
the normalized storage modulus (i.e., G′/G′

0, where G′
0 is

Fig. 10 Normalized storage modulus vs. strain amplitude for the neat
PET and PET/C30B nanocomposites at 6.28 rad/s. The inset shows
the maximum strain amplitude for the linear viscoelastic behavior as a
function of the clay volume fraction

the storage modulus at the smallest strain) as a function of
strain, γ 0, for the neat PET and PET/C30B nanocompos-
ites at 6.28 rad/s. The dashed line indicates the transition
from the linear to nonlinear behavior, which is defined
as the threshold where the storage modulus decreases by
more than 10 % from its value at the smallest strain (i.e.,
G′/G′

0 < 0.9) (Khalkhal and Carreau 2011). Nonlinearity
appears at lower strain as the C30B concentration increases.
Clay particles are solid, so the straining motion is totally
concentrated in the polymer melt, which increases the effec-
tive deformation of the matrix and reduces the linearity limit
(Vermant et al. 2007). The inset in Fig. 10 illustrates the
maximum strain amplitude for the linear viscoelastic behav-
ior as a function of the clay volume fraction. It is observed
that critical strain displays a power-law dependency on the
volume fraction of C30B, which is approximated by the
following relation:

γ 0
c ∝ ϕ−2. (5)

The effect of clay chemistry on the morphology
and rheology of PET nanocomposites

The morphology of a polymer nanocomposite, which gov-
erns the final properties, is not only dependent on particle–
particle interactions but also on the degree of compatibility
between the polymer matrix and the organoclay that rules
polymer–particle interactions. Therefore, the existence of
strong interactions between silicate layers and a host poly-
mer matrix is essential to achieve desirable properties. In
this work, in addition to various organo-modified clays
(C30B, C15A, C25A, and N28E), the effect of a pristine
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Fig. 11 XRD patterns of PET nanocomposites containing 6 wt% clay
particles prepared using screw configuration #2

synthetic clay (i.e., SM100) is examined. PET nanocompos-
ites containing 6 wt% of different clays were prepared using
screw configuration #2, and their corresponding XRD pat-
terns are shown in Fig. 11. As expected, the PET chains are
not able to diffuse within the gallery spacing of SM100 lay-
ered silicate, and the gallery spacing remains the same as the
clay alone (Table 1). The largest increases of the basal spac-
ing, 1.55 and 1.44 nm, were obtained for C30B and C25A,
respectively. The gallery spacing of N28E and C15A shows
only 1.0 and 0.45 nm enhancement in their corresponding
PET nanocomposites. Therefore, higher viscoelastic proper-
ties are expected for PET nanocomposites containing C30B
and C25A, in comparison to those containing N28E or
C15A. It has been also shown by other researchers that the
higher surfactant content of C15A, which results in a high
initial gallery spacing, does not guarantee a higher inter-
calation in a polymer matrix (Hyun et al. 2001; Ray and
Bousmina 2005).

Figure 12 reports the complex viscosity and storage mod-
ulus of the neat PET and PET nanocomposites containing
6 wt% of C30B, C15A, C25A, and N28E prepared using
screw configuration #2. All PET nanocomposites exhibit
a solid-like behavior. These rheological observations are
in good agreement with the XRD results: the lower peaks
shown in Fig. 11 at 2θ = 2.5◦ suggest a better clay dis-
persion for C30B and C25A in comparison to N28E and
C15A, resulting in larger values for the complex viscosity
and storage modulus at low frequencies.

The solubility parameter, δ, of the different organoclay
surfactants was calculated based on the Fedors group contri-
bution method to evaluate the extent of compatibility of PET
with the various organoclays (Van Krevelen and te Nijen-
huis 2009). According to the solubility parameters presented
in Table 1, the order of favorable interactions between

PET and the organoclays is: C30B>C25A>C15A>N28E,
which is in good agreement with the rheological observa-
tions.

As mentioned earlier, the yield stress can be used to
quantify the solid-like character of nanocomposites. Larger
yield stress means better dispersion of clay particles in
nanocomposites at the same clay concentrations (Litchfield
and Baird 2006; Xia and Song 2006). The Herschel–Bulkley
parameters for PET nanocomposites containing 6 wt% of
different organoclays are reported in Table 3. Experimen-
tal data of the complex viscosity vs. complex modulus are
shown in Fig. 13, along with the fits of Eq. 4 (dashed
lines). The values of the apparent yield stress exhibit the
following order for PET nanocomposites containing the dif-
ferent organoclays: C30B>C25A>C15A>N28E, in good
agreement with the order of favorable interactions between
PET and the organoclays based on the solubility param-
eter. It is observed, however, that the parameter n of the
PET nanocomposites containing the various organoclays

Fig. 12 Complex viscosity (a) and storage modulus (b) for PET
nanocomposites containing 6 wt% organoclays prepared using screw
configuration #2 (SC2)
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Fig. 13 Complex viscosity vs. complex modulus for PET nanocom-
posites containing 6 wt% of various organoclays. Dashed lines are fits
of Eq. 4

is almost the same; hence, the behavior of the different
suspensions does not change much. The better morphol-
ogy and rheological properties obtained for nanocomposites
containing C30B are attributed to the favorable interac-
tions between carboxyl groups of the PET chains and
hydroxyl groups of the C30B organic modifier (Ghasemi
et al. 2011b).

As done above, the apparent viscosity and apparent
molecular weight of the degraded PET matrix in the
nanocomposites containing 6 wt% of different organoclays
are reported in Table 2. It is observed that the reduction
of the PET matrix apparent molecular weight and appar-
ent viscosity is dependent on the surfactant chemistry of the
organoclay (Table 1). The highest degradation occurs for the
matrix containing C30B, which can be attributed to the spe-
cific organic modifier of this organoclay. Previous studies
have shown that a better dispersion of organoclays increase
the exposure of silicate nanoplatelet surfaces to the polymer
matrix and results in a higher level of thermal degrada-
tion (Fornes et al. 2003). In addition, organoclays modified
with unsaturated tallow that contain double bonds in their
alkyl chain result in a greater degradation in comparison to
those modified with hydrogenated tallow (Yoon et al. 2003).
Surfactants with double bonds are prone to free radical
formation and induce more chain scission, as the free radi-
cals can attack polymer chains. It has also been shown that
organic modifiers possessing hydroxyl-ethyl groups lead to
more degradation than those having methyl groups (Fornes
et al. 2003; Yoon et al. 2003). As C30B has the highest level
of exfoliation in the PET matrix and its organic modifier
contains unsaturated tallow as well as hydroxyl-ethyl groups
(Table 1), a higher level of thermal degradation is expected
for PET nanocomposites containing this organoclay. This is
confirmed by the lowest apparent molecular weight reported

in Table 2 (34.7 kg/mol) for a 6 wt% clay content. The
amount of organic modifier used in the treatment of C15A
is larger than the cation exchange capacity of the pristine
montmorillonite (125 vs. 92.6 meq/100 g clay, an excess
of nearly 35 %). This excess gives rise to unbounded sur-
factant that may cause more degradation (Mittal 2011; Cui
et al. 2008). N28E has 25 % excess of the organic modi-
fier, while C25A bear an excess of only 2.6 %. The unbound
surfactant of C15A and N28E can result in a significant
degradation of the PET matrix, as confirmed by the low
apparent molecular weights of 35.6 and 37 kg/mol reported
in Table 2 for PET/6 C15A and PET/6N28E, respectively.
In contrast, C25A yields the lowest thermal degradation, as
confirmed by the largest apparent molecular weight reported
in Table 2 (41 kg/mol) for the nanocomposites containing
6 wt% C25A.

Figure 14 presents the reduced complex viscosity and
reduced storage modulus vs. frequency for the neat PET
and PET nanocomposites containing 6 wt% C30B, C15A,
C25A, and N28E prepared using screw configuration #2.
The reduced viscosity of all the PET nanocomposites is
now larger than that of the neat PET, even at 100 rad/s,

Fig. 14 Reduced viscosity (a) and reduced storage modulus (b) for
neat PET and PET nanocomposites containing 6 wt% C30B, C15A,
C25A, and N28E prepared using screw configuration #2
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and it shows a remarkable solid-like behavior. Hence, again
the normalization allows removing the effect of the PET
matrix thermal degradation. As expected, PET nanocom-
posites containing C30B and N28E exhibit the largest and
the smallest reduced complex viscosities, respectively. The
reduced storage modulus of PET nanocomposites contain-
ing 6 wt% of the different organoclays is larger than that of
the neat PET on the whole frequency range. The largest and
the smallest reduced storage modulus are exhibited by the
PET nanocomposites containing C30B and N28E, respec-
tively. It is of interest to look more closely at their respective
morphologies in order to correlate with the rheological
behavior.

SEM and TEM techniques were used to examine the state
of spatial distribution and dispersion of C30B and N28E
particles in the PET matrix. Figure 15 presents SEM micro-
graphs of PET nanocomposites containing 6 wt% C30B
and N28E prepared using screw configuration #2. There
are more empty spaces neighboring N28E particles than
C30B particles. It seems that PET nanocomposites contain-
ing C30B exhibit higher clay density than those containing
N28E. Based on the SEM observations, more particle–
particle and polymer–particle interactions are expected for
this nanocomposite, due to the higher clay density result-
ing from fewer aggregates. The interpretation of the SEM
micrographs is in good agreement with the XRD (Fig. 11)
and rheological results (Fig. 14).

Typical TEM bright field images of PET nanocomposites
containing 2 and 6 wt% C30B and those containing 6 wt%
N28E are shown in Fig. 16. Both individual platelets and
tactoids are seen in the images. It is not easy to differentiate
PET nanocomposites containing 2 and 6 wt% C30B based
on the high magnification of the TEM images. A better exfo-
liation of C30B in comparison to N28E in the corresponding
PET nanocomposites is obvious at both low and high mag-
nification TEM images. Again, TEM results are in good

agreement with XRD, SEM, and rheology results presented
before.

To quantify the degree of layer dispersion in the PET
nanocomposites, a technique based on free-path spacing dis-
tance introduced by Luo and Koo is used (2007, 2008).
In this method, the free-path distance between the platelets
is measured by drawing random lines (usually horizon-
tal and/or vertical) to intercept silicate layers in a TEM
image. After measuring the free-path distance between the
platelets, the dimensionless dispersion value, D0.1, is cal-
culated based on the distribution of the free-path spacing
distances between the clay layers according to the following
equation:

D0.1 = 1.1539 × 10−2 + 7.5933 × 10−2 (
μ
/
σ

)
+ 6.6838 × 10−4 (

μ
/
σ

)2 − 1.9169 × 10−4 (
μ
/
σ

)3

+ 3.9201 × 10−6 (
μ
/
σ

)4 (6)

where μ is the mean spacing between the clay layers, and σ

is the standard deviation.
A value below 4 % for D0.1 suggests an immiscible sys-

tem or microcomposite, and values over 8 % indicate an
exfoliated structure, while values between 4 and 8 % indi-
cate intercalation. For approximately 400 measurements for
each sample, performed on several TEM images, D0.1 val-
ues of 5.8, 5.5, and 4.3 % were obtained for PET/2 C30B,
PET/6 C30B, and PET/6 N28E nanocomposites, respec-
tively. We obtained a D0.1 value of 7.5 for a PET/2 wt%
C30B, but in drawn films prepared via a larger twin-screw
extruder (Ghanbari et al. 2012). The larger dispersion value
for PET/6 C30B in comparison to that of PET/6 N28E indi-
cates a higher level of intercalation, in agreement with the
XRD patterns and SEM micrographs. On the other hand,
a reduction of the D0.1 value with clay concentration indi-
cates that the level of clay exfoliation is less when the clay
loading increases.

Fig. 15 SEM micrographs of PET nanocomposites containing 6 wt% C30B and N28E prepared using screw configuration #2
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Fig. 16 TEM images of PET/2 C30B, PET/6 C30B, and PET/6 N28E nanocomposites prepared by screw configuration #2 at low and high
magnifications

To quantify the effect of clay chemistry and concentra-
tion on the morphology of PET nanocomposites, the number
of layers per clay particle was manually counted using the
TEM images. Figure 17 shows the number of platelets per
clay particle histograms for PET nanocomposites containing
2 and 6 wt% C30B and that for the nanocomposite con-
taining 6 wt% N28E. Around 400 particles were counted to
ensure statistical validity of the analysis. As expected, the
count for clay aggregates increases at higher clay loadings
by comparing the PET/2 C30B and PET/6 C30B nanocom-
posites. The count for single layers and double layer parti-
cles is also larger for PET/6 C30B in comparison to PET/6
N28E. On the other hand, the frequency of clay aggre-
gates (five or more layers) is higher for the nanocomposite
containing N28E. Favorable interactions between layered
silicates and the polymer matrix enhance diffusion of poly-
meric macromolecules into the gallery spacing of the clay
platelets and result in morphologies with higher level of
exfoliation. Among the organoclays studied in this work,
C30B is the only one that has hydroxyl groups. The highest
level of PET chains intercalation into the gallery spacing of
C30B in comparison to other organoclays, based on XRD
results, is attributed to the favorable interactions between
the carboxyl groups of the PET backbone and the hydroxyl
groups present in the organo-modifier of C30B. Hence, the
higher initial gallery spacing of N28E in comparison to that

of C30B (Table 1) does not help further intercalation of PET
macromolecules. Besides, the solubility parameter of PET
is closer to that of C30B in comparison to N28E, implying
that C30B is more miscible with PET.

Fig. 17 Number of platelets per particle histogram. The total number
of counted particles for each sample was around 400
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Conclusion

In this work, PET nanocomposites containing C30B, C15A,
C25A, N28E, and SM100 were prepared by melt com-
pounding using a twin-screw extruder. The effect of the
screw geometry, clay concentration, and surfactant chem-
istry of the organoclays on the morphology and rheology
of the PET nanocomposites were investigated using XRD,
SEM, TEM, and rheometry. The relationship between the
microstructure and rheological behavior of the nanocom-
posites was discussed. It is observed that increasing res-
idence time and employing more shearing elements help
breaking and dispersing clay tactoids and improve the vis-
coelastic properties. Although gallery spacing was found to be
independent of the silicate concentration, the count for exfo-
liated layers was higher for nanocomposites based on C30B
and decreased with clay concentration. The complex viscos-
ity of PET nanocomposites exhibits a solid-like behavior,
which becomes stronger with clay loading. The storage
modulus shows a pseudo-solid-like behavior at low frequen-
cies and high clay concentrations, due to the formation of a
percolated network. The apparent yield stress in nanocom-
posites has been determined using the Herschel–Bulkley
model, and it was shown to increase with clay concentra-
tion and level of exfoliation. Among the various organoclays
studied in this work, those being more intercalated with
the PET chains exhibited larger rheological properties. The
largest values of the complex viscosity and storage modulus
as well as the highest degree of intercalation were obtained
for C30B, which has the solubility parameter value closer to
that of PET. The degradation of PET chains in the nanocom-
posites due to the presence of organoclays led to a lower
complex viscosity for PET nanocomposites in comparison
to the neat sample at high frequencies. It was possible to
account for the degradation of the PET matrix by using
the Maron–Pierce equation for the high-frequency data. The
molecular weight of the PET matrix was found to decrease
from 65 kg/mol for the neat PET to 29.8 kg/mol for the PET
nanocomposite containing 8 wt% C30B.
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