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The polyethylene terephthalate/carbon nanotube (PET/CNT) nanocomposites were prepared by melt mixing using a twin screw
extruder. CNT content was varied up to 5wt. %. Morphology as well as dynamic mechanical, calorimetric, and rheological
properties of the PET/CNT nanocomposites was investigated. Morphological studies indicated that CNT bundles are regularly
distributed within the polymer matrix creating a connected network structure which significantly affects the nanocomposite
properties. Dynamic mechanical thermal analysis revealed increase in storage and loss modules of the investigated PET
nanocomposites by increasing the content of CNTs. Differential scanning calorimetry results demonstrated increase in
crystallinity of the investigated PET nanocomposites upon addition of the nanofiller. Rheological studies demonstrated that
CNT addition up to 5wt. % caused increment in complex viscosity and storage modulus. Rheological percolation threshold was
observed to be 0.83wt. % of CNT concentration, respectively.

1. Introduction

During the last decades, polymer nanocomposites have
attracted attention as a class of advanced composite materials
with a wide range of mechanical, electrical, and rheological
properties making them useful in multifunctional applica-
tions. Improvement of functional properties of polymer
nanocomposites is due to both intrinsic properties of nano-
scale fillers and desirable pattern of matrix-filler and filler-
filler interactions during the manufacturing stage.

Since their relatively recent discovery, carbon nanotubes
(CNTs) have found many useful applications due to their
unique intrinsic properties, including structural features like
high aspect ratio and flexibility, exceptionally high stiffness
and strength, and uncommon structure-dependent electrical
and thermal conductivity characteristics. Use of CNTs as
reinforcement for CNT-based polymer composites has
emerged in the past years due to their ability to simulta-
neously enhance mechanical, electrical, and thermal proper-
ties of polymer matrix. As described in previous works [1, 2],

CNTs dispersed in many thermoplastic polymer matrices are
capable of forming connected networks at low filler concen-
tration which is beneficial from the processing and cost per-
spective at the same time acquiring benefits of modified
physical properties.

One of the most versatile polymer matrices for CNT-
filled polymer nanocomposites is polyethylene terephthalate
(PET). PET is an engineering thermoplastic polymer that
exhibits excellent mechanical properties [3]. PET is supplied
in a variety of different forms, including fiber, film, and
granulate, used for manufacturing of neat or composite
products for global economics including textile, packaging,
electrical and electronics, automotive, and construction mar-
kets. PET nanocomposites have been developed by a broad
range of manufacturing routes. Consequently, PET has been
used as a substrate to create single- or multilayered nano-
structures using a variety of coating/deposition/layer trans-
fer techniques (e.g., R2R technique as demonstrated by
Abbel et al. [4]). Concomitant fiber-forming properties of
PET have been utilized to form nanocomposite fibers (e.g.,
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electrospinning [5]). Besides it, PET has been also used as a
matrix of bulk nanocomposites obtained by means of a
number of manufacturing techniques (e.g., in situ polymeri-
zation, solvent-based, solid-state, and thermoplastic process-
ing techniques [2]). In the latter case, melt processing of PET
with PET/CNT masterbatch offers an advantage of using a
simple and commercially attractive manufacturing method
that allows to achieve reasonable CNT dispersion in PET
matrix at low CNT concentrations.

Properties of melt processed PET nanocomposites with
carbonaceous nanofillers are found to greatly depend on
the various structural factors such as nanofiller type as
reported by Xin et al. [6], functionalization as demon-
strated by Yesil and Bayram [7], and especially dispersion
degree within the polymer matrix as shown by Alig et al.
[8] and Du et al. [9]. Thus, Rodríguez-Uicab et al. [10]
investigated the influence of tailoring of a melt processing
method for PET/CNT nanocomposite manufacturing by
combining direct extrusion either with premelt compound-
ing or ultrasound-assisted solvent-based premanufacturing
approach. It was concluded that mixing the CNT by melt
compounding before extruding yields better dispersion of
the MWCNTs within the PET matrix, while the processing
method assisted by a solvent resulted in matrix plasticiza-
tion [10]. Although generally virgin PET has been consid-
ered a matrix for bulk nanocomposites with carbonaceous
fillers, in some cases, recycled PET has been also used.
Thus, Chowreddy et al. [11] have used the masterbatch
approach to obtain recycled PET nanocomposites with
improved processability and performance. Due to improved
dispersion of carbonaceous nanofillers within the PET matrix,
increment of mechanical, barrier, electrical, and other exploi-
tation properties can be achieved at lower nanofiller content
in comparison to traditional microcomposites thus contribut-
ing to cost reduction. By considering that commercially the
main aim is reduction of the effective CNT content, the con-
centration of carbonaceous nanofillers within melt-processed
PET matrix composites usually is not higher than 10wt. %.
At the moment, in the published investigations, the effects of
CNT addition on the structure as well as electrical, mechani-
cal, and thermal properties of melt compounded PET nano-
composites have been mainly revealed. For an example,
Rodríguez-Uicab et al. [10] have demonstrated that a CNT
filler acts as a nucleating agent within the PET matrix; how-
ever, the authors have not observed any considerable shift in
glass transition temperature, which could denote the stiffening
effect of polymer macromolecules by CNT. Although, Chow-
reddy et al. [11] have observed certain increase of glass transi-
tion temperature of the PET nanocomposite with CNT; the
increment was rather small. Disregarding this small influence,
many authors, including [7, 10, 12, 13], have observed
improvement in mechanical properties, mainly modulus of
elasticity and strength, along with increasing CNT content
within the PET matrix. A positive effect of CNT addition has
been observed also with respect to increased thermal stability
of PET/CNT nanocomposites, as demonstrated by Alsham-
mari and Wilkinson, for an example [13]. Considerable
improvement has been observed also in electrical conductivity
with increasing CNT content within the PET matrix. Thus,

several author groups have stated values of electrical percola-
tion threshold as low as 0.05–0.33wt. % [13, 14]. In spite of
these positive effects, addition of a CNT filler to the PET
matrix usually has resulted in decreased flexibility and limited
processability of the nanocomposites. With respect to limited
processability, rheological percolation threshold can be stated.
As demonstrated by a number of authors, rheological percola-
tion threshold may be lower than electrical percolation thresh-
old due to the fact that a less dense CNT network is required to
sufficiently impede chain mobility related to the rheological
percolation threshold [15]. By considering these results,
melt-manufactured PET nanocomposites have a potential to
be applied as extruded, injection-molded, or compression-
molded products in smart applications simultaneously requir-
ing highmechanical resistance, thermal stability, and electrical
conductivity. In this aspect, thermoelectric performance of
composite materials has become increasingly attractive, espe-
cially in the light of increased energy demand, on the one
hand, and reduced availability on energy supply due to dimin-
ishing amount of fossil resources, on the other hand. There are
almost no investigations with respect to thermoelectric char-
acterization of melt-manufactured PET nanocomposites with
CNT. In our recent manuscript [16], we have demonstrated
that addition of CNTs to the PET matrix via melt extrusion
allows to obtain materials with a certain thermoelectric effect.
Consequently, in this research, the idea on manufacturing of
thermoelectric materials based on PET/CNT nanocomposites
is extended by paying greater attention to rheological property
characterization of the nanocomposites in conjunction with
assessment of structural, mechanical, and electrical properties.

Particularly, in this study, attention was paid to describe
simultaneous influence of CNTs on morphological, calori-
metric, mechanical, dielectric, and rheological properties of
the said nanocomposites. Conventional melt processing by
using a twin screw extruder was applied to dilute commercial
PET/CNT masterbatch with the PET matrix. The following
measurement techniques were used to reveal the influence
of CNT nanofiller on the performance of PET matrix nano-
composites: dynamic mechanical thermal analysis was per-
formed to study the mechanical behavior over a broad
temperature range, oscillatory rheometry measurements
were applied to investigate rheological properties over a
broad angular frequency range, broadband dielectric spec-
troscopy analysis was performed to reveal the dielectric
behavior over a broad frequency range, scanning electron
microscopy was used to reveal morphological characteristics,
and differential scanning calorimetry analysis was used to
determine the crystallization behavior.

2. Materials and Methods

2.1. Materials. As a matrix material, PET Lighter C93, sup-
plied from Equipolymers, was used. The density of PET
was 1.342 g/cm3; melt flow index at 260°C and 2.16 kg was
36.5 g/10min; tensile strength was 24MPa, and tensile mod-
ulus was 2300MPa. As a filler material, commercial
PET/CNT masterbatch from Hyperion Catalysis Interna-
tional was used. The masterbatch consisted of 15wt. %
FIBRIL multiwalled CNT dispersion in PET, and its melting
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temperature was 250°C. The average outer diameter of
FIBRIL CNTs is approximately 10 nm and has an average
length over 10μm.

2.2. Preparation of the PET/CNT Nanocomposites. The
PET/CNT nanocomposites were obtained by using corotat-
ing twin screw extruder PRISM TSE 16 TC; PET/CNT mas-
terbatch was diluted with PET to obtain the nanocomposites
with various CNT weight contents not exceeding 5wt. %.
Prior to melt processing, the materials were dried at 170°C
for 4 h. The extruder barrel temperatures from the feeding
zone to the head zone were maintained between 240 and
270°C. The extruded material was cooled in a water bath
and granulated. To minimize the effects of flow orientation,
obtained PET/CNT nanocomposites were compression
molded into 1mm thick sheets by using hydraulic press
Carver CH 4386 at 270°C and 3MPa pressure. Samples
for further experiments were cut out from the compression-
molded sheets.

2.3. Characterization. Morphology of PET/CNT nanocom-
posites was observed by using scanning electron microscope
(SEM) Tescan Lyra3 XM operated at 15 kV accelerated volt-
age. The specimens were fractured in liquid nitrogen and
covered with a layer of gold.

Dynamic mechanical thermal properties of the obtained
PET/CNT nanocomposites were determined according to
EN ISO 6721–2 in tensile mode. Storage modulus (E′) and
loss modulus (E″) were measured by using dynamic mechan-
ical thermal analyzer Mettler Toledo DMA/SDTA861.
Experiments were performed in the temperature range from
+20°C to +150°C at 1Hz frequency.

Differential scanning calorimetry (DSC) measurements
were carried out by using Mettler Toledo DSC 1/200W
equipment. Experiments were performed in nitrogen atmo-
sphere within temperature scans from +25°C to +300°C at a
heating rate of 10°C/min.

Dielectric spectroscopy measurements were carried out
at room temperature by means of a Novocontrol Concept
50 Broadband Dielectric Spectroscopy analyzer. Dielectric

permittivity (ε′) was determined in a wide frequency range
from 10-2 to 107Hz.

Rheological measurements were performed by using
rotational rheometer REOLOGICA StressTech NOVA
equipped with 25mm parallel plate geometries. Gap width
was set to 1mm, and measurement temperature was 270°C.
The strain values were chosen in order to be within the linear
viscoelastic region. Complex viscosity (η∗) and storage mod-
ulus (G′) of the melt were measured in oscillatory mode over
the angular frequency range of 4 decades.

3. Results and Discussion

3.1. Morphological Characterization. A SEM image of raw
PET/CNTmasterbatch (Figure 1(a)) with 15wt. % CNT con-
tent reveals a structure with uneven CNT distribution in the
PET matrix although in situ polymerization method was
used for this masterbatch manufacturing. However, the mor-
phology of PET/CNT nanocomposite containing 5wt. % of
the nanofiller (Figure 1(b)) shows that CNTs can be homoge-
neously dispersed and distributed within the polymer matrix
without any signs of noticeable agglomeration by using melt
processing with a twin screw extruder where under the influ-
ence of shear forces during processing, CNTs are effectively
distributed in a whole polymer matrix volume. Greater mag-
nification (Figure 1(c)) shows uniform CNT dispersion in the
polymer matrix with distinctive CNT bundles with reason-
able adhesion between the polymer matrix and nanofiller.
These twisted CNT bundles provide reinforcement for the
polymer matrix which also plays an important role in dielec-
tric and rheological properties and such other properties as
electrical and thermal conductivity.

3.2. Dynamic Mechanical and Calorimetric Properties. Stor-
age modulus temperature relationships E′ðTÞ of PET/CNT
nanocomposites (Figure 2(a)) reveal a complex elasticity
behavior of the nanocomposites over the investigated tem-
perature range. Below the glass transition region, almost lin-
ear 1.2-fold increment of E′ is observed by increasing CNT
content up to 5wt. %, indicating a CNT reinforcing effect.
As expected, within the glass transition region, a rapid drop

(a) (b) (c)

Figure 1: SEM images of PET/CNT masterbatch (a) and the nanocomposite with 5wt. % CNT content (b, c).
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of the modulus values for a neat PET matrix and the investi-
gated nanocomposites is observed by rising temperature;
however, a broader glass transition region is observed in the
case of the systems with CNTs, especially at the highest nano-
filler content, denoting that CNTs considerably affect the
glass transition behavior of the polymer. In the meantime,
evident increment in glass transition temperature (Tg) of
the investigated PET/CNT nanocomposite is observed by
increasing the nanofiller content. Although, immediately
above glass transition, a rapid drop of E′ has been observed,
considerable reinforcing effect of CNTs is maintained; at ca.
105°C, E′ is increased 8, 18, and more than 300 times by
increasing the nanofiller content to 1wt. %, 2wt. %, and
5wt. %, respectively. At higher temperatures above glass
transition of PET, a certain E′ increment occurs. Evidently,
this stiffness increase is associated with cold crystallization
phenomena in PET. Thus, for the neat polymer matrix or
at the CNT content in the nanocomposite below 2wt. %,
the rate of cooling during manufacturing is higher than the
rate of crystallization of PET macromolecules, leading to fro-
zen conformations, which are being able to add crystalliza-
tion if certain trigger temperature is achieved.

It is interesting to note that cold crystallization-initiated
stiffness increase is shifted towards the direction of lower
temperatures along with increasing CNT content; further-
more, the increment of E′ is decreased along with increas-
ing the concentration of CNTs. Thus, at the highest
nanofiller content above the Tg region, no modulus

increase is observed at all; E′ðTÞ relationship of PET +5%
CNT nanocomposite represents smooth inverse sigmoidal
mode with the modulus values greater than any other com-
position of the investigated nanocomposite. This is consis-
tent with the DSC data (Figure 3) demonstrating a
considerable decrement of cold crystallization peak area
from 21.59 J/g (neat PET) to 0.75 J/g (the PET nanocom-
posite with 5wt. % CNTs) and the corresponding decre-

ment of cold crystallization peak temperature from ca.
122°C to 108°C yielding to an increment of initial crystal-
linity of the nanocomposites from 13% (neat PET) to 31%
(the nanocomposite with 5wt. % CNTs).

Such a phenomenon could denote the fact that crystalli-
zation of the nanocomposites from the melt is promoted by
the presence of CNTs leading to higher initial crystallinity
of the nanocomposite. Consequently, during the heating
stage within the DSC experiment, the capacity of cold crystal-
lization, i.e., crystallization of the frozen macromolecular
conformations, decreases along with growing CNT content.
However, independently from the CNT content, cold
crystallization-induced modulus increase of the investigated
nanocomposites is not greater than 30-40MPa. Notwith-
standing the cold crystallization-caused modulus increase
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Figure 2: PET/CNT nanocomposite storage modulus E′ (a) and loss modulus E″ (b) depending on the temperature.
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above Tg of the investigated PET-based nanocomposites in
the measured temperature range depend on the CNT con-
tent, if in the case of the PET matrix, increased modulus
values are maintained over the whole temperature interval
investigated, then in the case of the PET nanocomposites,
modulus values are starting to decrease soon after reaching
maximum at ca. 120°C. The reason for such phenomena
could be lower interfacial adhesion in the systems with CNTs.

PET/CNT nanocomposite loss modulus E″ (Figure 2(b))
represents the damping behavior, which denotes the poly-
mer’s ability to disperse mechanical energy through inter-
nal molecular motion. Decreased E″ðTÞ peak height and
the respective peak area of the system with 5wt. % of
CNT (with respect to neat PET) around the glass transi-
tion region (60-90°C) indicate a lower damping behavior
of the nanocomposite due to reduced mobility of polymer
macromolecules, leading to certain increment of Tg of
PET. It is, however, interesting to note that at higher tem-
peratures, the behavior is reverse, i.e., better damping is
demonstrated by the nanocomposites, which could be
related to improved performance of the nanocomposites at
elevated temperatures. The observed increment in Tg due
to reduced macromolecular chain mobility correlates well
with increased E′ as demonstrated above.

3.3. Dielectric Properties. As a typical dielectric material, the
PET matrix shows frequency-independent experimentally
measured dielectric permittivity ε′ value of 2.6 (Figure 4).
However, for measured PET/CNT nanocomposites,
increased ε′ values are observed that occur due to interphase
polarization between conducting CNTs and insulating PET
matrix. The reason for this effect is the high conductivity dif-
ference between these two materials that determines when
current is flowing through the interphase; electric charges
are accumulating in the interphase resulting in significant

dielectric permittivity ε′ increase [17]. In the PET/CNT
nanocomposite case, this means that CNTs are separated
from each other with a thin dielectric PET layer; as a result,
between contiguous CNTs, parallel plate capacitors are
formed. By increasing the CNT concentration, the amount
of capacitors increases; however, at the same time, the dis-
tance between CNTs decreases as well, making more direct
contacts among the CNT filler particles leading to dielectric
permittivity ε′ increase. Additionally, by increasing CNT
content, at low frequencies, high dielectric losses caused by
conductivity characteristics gradually start to dominate and
dielectric permittivity ε′ could not be precisely measured
due to high dissipation of ε′ values.

As opposed to dielectric permittivity, the increase in AC
conductivity σ′ by several orders of magnitude was described
in our previous work about PET/CNT nanocomposite
electrical properties [16], where EPT/CNT nanocomposites
with high CNT contents showed conductive behavior and
conductivity percolation threshold CNT concentration was
calculated at 0.98wt. %. The investigation of PET/CNT elec-
trical and thermal conductivity was important for the deter-
mination of thermoelectric parameters.

3.4. Rheological Properties. PET/CNT nanocomposites show
increase in complex viscosity η∗ (Figure 5), especially at
2wt. % and 5wt. % CNT concentrations in comparison with
the PETmatrix which refers to the formation of connected or
network structures as a result of CNT-CNT filler and CNT-
polymer interactions. Such nanocomposite behavior may
also be related to the existence of friction between anisotropic
CNTs due to their high l/d ratio. Therefore, the nanocompos-
ites showed a pronounced pseudoplastic fluid behavior even
at low angular frequency ω values. Approximation of the
viscosity curves of the investigated nanocomposites to the
viscosity curve of the polymer matrix at higher ω values indi-
cates that not only polymer intermolecular bonds collapse
and macromolecules deform in the direction of flow but also
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CNT and polymer macromolecule-created structures col-
lapse [18, 19].

Dependence of the PET/CNT nanocomposite storage
modulus (G′) on ω (Figure 6) shows that the PET matrix
possesses the strongest G′ dependence on ω, while the
PET/CNT nanocomposites G′ dependence on ω decreased.
A gradual decrease of the nanocomposite G′ðωÞ curve slope
by increasing the CNT content can be explained by the fact
similar to the change in η∗ when the CNT-CNT or CNT-
polymer interactions lead to the formation of connected or
network structures resulting in more pronounced pseudo-
plastic fluid-like behavior [20].

Similarly, as calculating the electrical percolation concen-
tration, in order to calculate the rheological percolation con-
centration, it is possible to apply the percolation power law
based on the variation of G′ modulus, since the G′ modulus
most clearly describes the rheological changes of nanocom-
posites depending on the CNT concentration [21]:

G′ ≈ G0′ φ − φc,G′
� �tG ′ , ð1Þ

where G′ is the composite storage modulus, G′0 is the CNT
storage modulus, φ is the CNT volume content, φc,G′ is the
CNT percolation volume content, and tG′ is the exponent
related to the system dimensionality.

PET/CNT nanocomposite (Figure 7) φc,G′ values were
obtained at 0.64 vol. % (0.83wt. %). Calculated PET/CNT
φc,G′ values are 0.18wt. % lower than electrical percolation
φc,G′ values as described in our previous work [16]. This is
related to different percolation mechanisms with respect to
interparticle distance within the composite. For electrical
percolation, sufficiently dense CNT network in a polymer
matrix is required (at least to ensure electrical charge transfer
via tunneling effect), but in the case of rheological percola-
tion, interaction is possible even at larger distances between
CNTs (i.e., in the range of radius of gyration of polymer mac-
romolecules). Consequently, η∗ and G′ increase is deter-

mined by the interaction of CNT-polymer in polymer melt,
by CNT interfering with macromolecule movement. The
obtained tG′ values generally depend on the filler l/d ratio
and angular frequency [22].

4. Conclusions

The CNT addition to PET affected dynamic mechanical
properties of the investigated nanocomposites by increasing
the storage modulus and glass transition temperature by hin-
dering PET macromolecular chain motions. CNTs also acted
as nucleating agents in PET by promoting crystallization of
the polymer matrix from the melt and consequently influenc-
ing mechanical properties. Non-Newtonian melt behavior of
the nanocomposites with increase of the nanofiller content in
the PET matrix indicates the presence of network structures
in the composite, developed at a certain nanofiller content.
When the content of nanotubes exceeded 0.83wt. %, rheo-
logical percolation threshold was observed, respectively. Pro-
nounced interphase polarization between the electrically
conductive CNTs and the nonconductive polymer matrix
was also observed.
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