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1. Introduction

Poly(ethylene terephthalate) (PET) is one of aromatic polyesters, widely used polyester resin
in conventional industry because of its good mechanical properties, low cost, high transpar-
ency, high processability, and moderate recyclability. Thus, PET holds a potential for indus-
trial application, including industrial fibers, films, bottles, and engineering plastics [1-3]. In
this regard, much research has been extensively performed to develop commercial applica-
tion of aromatic polyesters or its composites, such a high performance polymer [4-11]. Al-
though promising, however, insufficient mechanical properties and thermal stability of PET
have hindered its practical application in a broad range of industry. From both an economic
and industrial perspective, the major challenges for high performance polymer nanocompo-
sites are to fabricate the polymer nanocomposites with low costs and to facilitate large scale-
up for commercial applications.

Carbon nanotubes (CNTs), which were discovered by Iijima [12], have attracted a great deal
of scientific interest as advanced materials for next generation. The CNT consisting of con-
centric cylinder of graphite layers is a new form of carbon and can be classified into three
types [12-14]: single-walled CNT (SWCNT), double-walled CNT (DWCNT), and multi-wal-
led CNT (MWCNT). SWCNT consists of a single layer of carbon atoms through the thick-
ness of the cylindrical wall with the diameters of 1.0~1.4 nm, two such concentric cylinders
forms DWCNT, and MWCNT consists of several layers of coaxial carbon tubes, the diame-
ters of which range from 10 to 50 nm with the length of more than 10 pm [12-14]. The graph-
ite nature of the nanotube lattice results in a fiber with high strength, stiffness, and
conductivity, and higher aspect ratio represented by very small diameter and long length
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makes it possible for CNTs to be ideal nanoreinforcing fillers in advanced polymer nano-
composites [15]. Both theoretical and experimental approaches suggest the exceptional me-
chanical properties of CNTs ~100 times higher than the strongest steel at a fraction of the
weight [16-19]: The Young’s modulus, strength, and toughness of SWCNT shows 0.32~1.47
TPa of Young’s modulus, 10~52 GPa of strength, and ~770 J/g of toughness, respectively [18].
For MWCNT, the values of strength, Young’s modulus, and toughness were found to be
11-63 GPa, 0.27-0.95 TPa, and ~1240 J/g, respectively [19]. In addition, CNTs exhibit excellent
electrical properties and electric current carrying capacity ~1000 times higher than copper
wires [20]. In general, MWCNTs show inferior mechanical performance as compared to
SWCNTs. However, MWCNTs have a cost advantage, in that they can be produced in much
larger quantities at lower cost compared with the SWNT. In addition, MWCNTs are usually
individual, longer, and more rigid than SWCNTs. Because of their remarkable physical
properties such as high aspect ratio and excellent mechanical strength, MWCNTs are re-
garded as prospective reinforcing fillers in high performance polymer nanocomposites. For
these reasons, extensive research and development have been directed towards the potential
applications of CNTs for novel composite materials in a wide range of industrial fields. The
fundamental research progressed to date on applications of CNTs also suggests that CNTs
can be utilized as promising reinforcements in new kinds of polymer nanocomposites with
remarkable physical/chemical characteristics [14].

During the rapid advancement in the materials science and technology, much research has
extensively undertaken on high-performance polymer composites for targeted applications
in numerous industrial fields. Furthermore, a great number of efforts have been made to de-
velop high-performance polymer nanocomposites with the benefit of nanotechnology
[21-25]. Polymer nanocomposites, which is a new class of polymeric materials based on the
reinforcement of polymers using nanofillers, have attracted a great deal of interest in fields
ranging from basic science to the industrial applications because it is possible to remarkably
improve the physical properties of composite materials at lower filler loading [21-25]. These
attempts include studies of the polymer composites with the introduction of nanoreinforc-
ing fillers such as CNT, carbon nanofibers, inorganic nanoparticles, and polymer nanoparti-
cles into the polymer matrix [21-25, 35-48]. In particular, excellent mechanical strength,
thermal conductivity, and electrical properties of CNT have created a high level of activity
in materials research and development for potential applications such as fuel cell, hydrogen
storage, field emission display, chemical or biological sensor, and advanced polymer nano-
composites [26-34]. This feature has motivated a number of attempts to fabricate CNT/poly-
mer nanocomposites in the development of high-performance composite materials. In this
regard, much research and development have been performed to date for achieving the
practical realization of excellent properties of CNT for advanced polymer nanocomposites in
a broad range of industrial applications. However, because of their high cost and limited
availability, only a few practical applications in industrial field such as electronic and elec-
tric appliances have been realized to date. In addition, potential applications as nanofillers
have not been fully realized, despite extensive studies on CNT-filled polymer nanocompo-
sites. Therefore, the fabrication of the polymer nanocomposites reinforced with various
nanofillers is believed to a key technology on advanced composites for next generation.
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For the fabrication of the CNT/polymer nanocomposites, major goal realize the potential ap-
plications of CNT as effective nanoreinforcements, leading to high performance polymer
nanocomposites, are uniform dispersion of CNT in the polymer matrix and good interfacial
adhesion between CNT and polymer matrix [49]. The functionalization of CNT, which can
be considered as an effective method to achieve the homogeneous dispersion of CNT in the
polymer matrix and its compatibility with a polymer, can lead to the enhancement of inter-
facial adhesion between CNT and polymer matrix, thereby improving the overall properties
of the CNT/polymer nanocomposites [50-53]. Currently, four processing techniques are in
common use to fabricate the CNT/polymer nanocomposites in situ polymerization, direct
mixing, solution method, and melt compounding. Of these processing techniques, melt com-
pounding has been accepted as the simplest and the most effective method from an industri-
al perspective because this process makes it possible to fabricate high performance polymer
nanocomposites at low process cost, and facilitates commercial scale-up. Furthermore, the
combination of a very small quantity of expensive CNT with conventional cheap thermo-
plastic polymers may provide attractive possibilities for improving the physical properties
of polymer nanocomposites using a simple and cost-effective method [35-48].

This chapter focused on the fabrication and characterization of PET/CNT nanocomposites.
The PET nanocomposites reinforced with a very small quantity of the modified CNT were
prepared by simple melt compounding using a twin-screw extruder to fabricate high-per-
formance polymer nanocomposites at low cost, and the resulting nanocomposites were
characterized by means of Fourier transform infrared (FT-IR) spectroscopy, thermogravi-
metric analysis (TGA), rheological measurement, transmission electron microscopy (TEM),
scanning electron microscopy (SEM), tensile testing, and differential scanning calorimetry
(DSC) to clarify the effects of modified CNT on the physical properties and non-isothermal
crystallization behavior of PET/CNT nanocomposites. This study demonstrates that the me-
chanical and rheological properties, thermal stability, and the non-isothermal crystallization
behavior of PET/CNT nanocomposites were strongly dependent on the dispersion of the
modified CNT in the PET matrix and the interfacial interactions between the modified CNT
and the PET matrix. This chapter also suggests a simple and cost-effective method that can
facilitate the industrial realization of CNT-reinforced PET nanocomposites with enhanced
physical properties.

2. Fabrication of PET/CNT Nanocomposites

2.1. General features

PET nanocomposites reinforced with a very small quantity of modified CNT were prepared
by melt compounding using a twin-screw extruder to create high performance polymer
nanocomposites at low manufacturing cost for practically possible application in a broad
range of industry. The introduction of carboxylic acid groups on the surfaces of the nano-
tube leads to the enhanced interactions between the nanotube and the polymer matrix
through hydrogen bonding formation. The thermal stability, mechanical, and rheological

99



100 Nanocomposites - New Trends and Developments

properties of the PET nanocomposites are strongly dependent on the interfacial interactions
between the PET and the modified CNT as well as the dispersion of the modified CNT in
the PET. The introduction of the nanotube can significantly influence the non-isothermal
crystallization behavior of the PET nanocomposites. This study demonstrates that a very
small quantity of the modified CNT can substantially improve the thermal stability and me-
chanical properties of the PET nanocomposites, depending on the dispersion of the modi-
fied CNT and the interfacial interactions between the polymer matrix and the modified
CNT. The key to improve the overall properties of PET nanocomposites depend on the opti-
mization of the unique geometry and dispersion state of CNT in PET nanocomposites. This
study also suggests a simple and cost-effective method that facilitates the industrial realiza-
tion of PET/CNT nanocomposites with enhanced physical properties.

2.2. PET nanocomposites containing modified CNT

Conventional thermoplastic polymer used was the PET with an intrinsic viscosity of 1.07
dl/g, supplied by Hyo Sung Corp., Korea. The nanotubes used are multiwalled CNT (degree
of purity > 95%) synthesized by a thermal chemical vapor deposition process, purchased
from Iljin Nanotech, Korea. According to the supplier, their length and diameter were 10-30
nm and 10-50 um, respectively, indicating that their aspect ratio reaches 1000.

The pristine CNT was added to the mixture of concentrated HNO; and H,SO, with a volu-
metric ratio of 1:3 and this mixture was sonicated at 80 °C for 4 h to create the carboxylic
acid groups on the nanotube surfaces [50]. After this chemical modification, the carboxylic
acid groups-induced CNT (c-CNT) is expected to enhance the chemical affinity of the nano-
tube with the PET as well as the dispersion of the nanotube in the PET matrix. All materials
were dried at 120 °C in vacuo for at least 24 h, before use to minimize the effect of moisture.
The PET nanocomposites were prepared by a melt compounding in a Haake rheometer
(Haake Technik GmbH, Germany) equipped with a twin-screw. The temperature of the
heating zone, from the hopper to the die, was set to 270, 280, 285, and 275 °C, and the screw
speed was fixed at 20 rpm for the fabrication of the PET nanocomposites, PET was melt
blended with the addition of CNT content, specified as 0.1, 0.5, and 1.0 wt% in the polymer
matrix, respectively. Upon completion of melt blending, the extruded strands were allowed
to cool in the water-bath, and then cut into pellets with constant diameter and length using a
rate-controlled PP1 pelletizer (Haake Technik GmbH, Germany)

Chemical structures of CNT and the PET nanocomposites were characterized by means of
FT-IR measurement using a Magma-IR 550 spectrometer (Nicolet) in the range of 400-4000
cm™. TGA of the PET nanocomposites was performed with a TA Instrument SDF-2960 TGA
over a temperature range of 30~800 °C at a heating rate of 10 °C/min under N,. Rheological
properties of the PET nanocomposites were performed on an ARES (Advanced Rheometer
Expanded System) rheometer (Rheometric Scientific) in oscillation mode with the parallel-
plate geometry using the plate diameter of 25 mm and the plate gap setting of 1 mm at 270,
280, and 290 °C, covering the temperature processing windows of the PET nanocomposites.
The frequency ranges were varied between 0.05 and 450 rad/s, and the strain amplitude was
applied to be within the linear viscoelastic ranges. Morphologies of CNT and the PET nano-
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composites were observed using a JEOL 2000FX TEM and a JEOL JSM-6300F SEM. Mechani-
cal properties of the PET nanocomposites were measured with an Instron 4465 testing
machine, according to the procedures in the ASTM D 638 standard. The gauge length and
crosshead speed were set to 20 mm and 10 mm/min, respectively. Thermal behavior of the
PET nanocomposites was measured with a TA Instrument 2010 DSC over a temperature
range of 30~295 °C at a scan rate of 10 °C/min under N,. Samples were heated to 295 °C at a
heating rate of 10 °C/min, held at 295 °C for 10 min to eliminate any previous thermal histo-
ry and then cooled to room temperature at a cooling rate of 10 °C/min. The non-isothermal
crystallization kinetics was investigated by cooling samples from 295 to 30 °C at constant
cooling rates of 2.5, 5, 10, 15, and 20 °C/min, respectively. The relative degree of crystallinity,
X(T), of the PET nanocomposites at various cooling rates can be calculated from the ratio of
the area of the exothermic peak up to temperature (T) divided by that of the total exotherms
of the crystallization

3. Influence of Modified CNT on PET Nanocomposites

3.1. CNT modification

The FT-IR spectra of CNT and the PET nanocomposites are shown in Figure 1. The charac-
teristic peaks observed at ~1580 cm™ was attributed to the IR-phonon mode of multi-walled
CNT [54]. The characteristic peaks observed at 1080, 1190, and 1720 cm™, respectively, for
the c-CNT were attributed to the stretching vibrations of the carboxylic acid groups [55].
This result demonstrates that carboxylic acid groups on the surface of the c-CNT were effec-
tively induced via chemical modification. After chemical modification, the c-CNT exhibits
less entangled structures as compared to pristine CNT showing some agglomerated struc-
tures, indicating that the dispersion of the c-CNT in the PET matrix will be more effective
than that of pristine CNT. Thus, it is expected that the functional groups effectively induced
on the surface of the nanotube via chemical modification are helpful for enhancing the inter-
actions between the polymer matrix and the nanotube.

As shown in Figure 1B, the PET nanocomposites exhibited similar absorption bands of pure
PET, which were observed at 1715 (C=0), 1454 (CH,), 1407 (aromatic ring), 1247 (C-O), 1101
(O=CH,), 1018 (aromatic ring), and 723 cm™ (CH), respectively [56]. However, the stretching
vibration peaks for the PET nanocomposites shifted from 1715, 1247, and 1101 to 1708, 1232,
and 1085 cm™, respectively, as compared to pure PET. This result indicated the existence of
some interactions between the c-CNT and the PET matrix through hydrogen bonding for-
mation, as shown in Figure 1C. Thus, it is expected that the enhanced interactions between
the c-CNT and the PET matrix can lead to the good interfacial adhesion between them, re-
sulting in the improvement in the overall mechanical properties of the PET nanocomposites
due to the nanoreinforcing effect of the c-CNT.
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Figure 1. FT-IR spectra of (A) CNT and (B) the PET nanocomposites (a: c-CNT; b: pristine CNT; c: PET; and d: the PET
nanocomposite containing 1.0 wt% of the c-CNT). The inset shows TEM images of the ¢- CNT after chemical modifica-
tion. (C) Schematic showing possible interactions between the c-CNT and the PET matrix through hydrogen bonding
formation. Reproduced with the permission from Ref. [46]. © 2010 Wiley Periodicals, Inc.
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3.2. Thermal stability and thermal decomposition kinetics

TGA thermograms of the PET nanocomposites are shown in Figure 2, and their results are
summarized in Table 1. The curve patterns of the PET nanocomposites are similar to that of
pure PET, indicating that the features of the weigh-loss for thermal decomposition of the
PET nanocomposites may mostly stem from PET matrix. As shown in Table 1, the thermal
decomposition temperatures, thermal stability factors, and residual yields of the PET nano-
composites increased with increasing the c-CNT content. The presence of the c-CNT can
lead to the stabilization of the PET matrix, and good interfacial adhesion between the c-CNT
and the PET may restrict the thermal motion of the PET molecules [57], resulting in the in-
creased thermal stability of the PET nanocomposites. Shaffer and Windle [58] suggested that
the thermal decomposition of CNT-filled polymer nanocomposites was retarded by high
protecting effect of CNT against the thermal decomposition. In the PET nanocomposites, the
effective function of the c-CNT as physical barriers to prevent the transport of volatile de-
composed products in the polymer nanocomposites during thermal decomposition resulted
in the enhanced thermal stability of the PET nanocomposites. Similar observation has been
also reported that thermal stability of poly(ethylene 2,6-naphthalte) (PEN)/CNT nanocom-
posites was improved by physical barrier effects of CNT layers acting as effective thermal

insulators in the PEN nanocomposites [40].
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Figure 2. TGA thermograms of the PET nanocomposites. The inset shows the first derivative curves corresponding to
TGA thermograms of the PET nanocomposite. Reproduced with the permission from Ref. [46]. © 2010 Wiley Periodi-
cals, Inc.

Materials T,%(°C) Tm 2 (°C) A K IPDT <(°C) W, 9(%)
PET 387.8 432.1 0.7558 1.2627 573.8 15.7
PET/c-CNT 0.1 398.8 4495 0.7803 1.2934 605.3 17.7
PET/c-CNT 0.5 402.7 4529 0.7887 1.3025 615.3 18.3
PET/c-CNT 1.0 411.4 460.2 0.8017 1.3274 636.9 19.8

Table 1. Table 1. Effect of the c-CNT on the thermal stability of the PET nanocomposites. [? Initial decomposition
temperatures at 2% of the weight-loss; ® Decomposition temperature at the maximum rate of the weight-loss;
Integral procedure decomposition temperatures, IPDT=AK(T ;- T ) + T, where A is the area ratio of total
experimental curve divided by total TGA curves; K is the coefficient of A; T, is the initial experimental temperature, and
T ;is the final experimental temperature [59]; ¢ Residual yield in TGA thermograms at 600 °C under N,].

3.3. Rheological properties

As shown in Figure 3A, the 11"l of the PET nanocomposites decreased with increasing fre-
quency, indicating that the PET nanocomposites exhibited a non-Newtonian behavior over
the whole frequency range measured. The shear thinning behavior of the PET nanocompo-
sites resulted from the random orientation of entangled molecular chains in the polymer
nanocomposites during the applied shear deformation. The 17| of the PET nanocomposites
increased with the c-CNT content, and this effect was more pronounced at low frequency
than at high frequency, indicating the formation of the interconnected or network-like struc-
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tures in the PET nanocomposites as a result of nanotube-nanotube and nanotube-polymer
interactions. In addition, the PET nanocomposites exhibited higher 7 *| values and more
distinct shear thinning behavior as compared to pure PET, suggesting that better dispersion
of the c-CNT or stronger interactions between the nanotubes and the polymer matrix [60].
The increase in the |1 "I of the PET nanocomposites with the introduction of the c-CNT was
closely related to the increase in the storage modulus of the PET nanocomposites, which will
be described in the following section. As shown in Figure 3B, the |71 ' of the PET nanocom-
posites decreased with increasing temperature. The temperature had little effect on the In "
of the PET nanocomposites at lower frequency, while at higher frequency, the rheological
properties of the PET nanocomposites were affected by the temperature, and the 17| values
of the PET nanocomposites decreased significantly with increasing temperature. This result
indicated the enhancement in the flow behavior of the PET nanocomposite melts with in-
creasing temperature.
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Figure 3. Complex viscosity of (A) the PET nanocomposites with the c-CNT content, and (B) the PET nanocomposites
containing 1.0 wt% of the c-CNT at different temperatures as a function of frequency. Reproduced with the permis-
sion from Ref. [46]. © 2010 Wiley Periodicals, Inc.

The storage modulus (G") and loss modulus (G”) of the PET nanocomposites as a function of
frequency are shown in Figure 4. The storage and loss moduli of the PET nanocomposites
increased with increasing frequency and c-CNT content and this effect was more pro-
nounced at low frequency than at high frequency. This feature may be explained by the fact
that the interactions between the nanotubes-nanotube and nanotube-polymer with the intro-
duction of the c-CNT can lead to the formation of interconnected or network-like structures
in the polymer nanocomposites [36, 53]. Furthermore, the values of G" and G” of the PET
nanocomposites were higher than those of pure PET over the whole frequency range meas-
ured, and this enhancing effect was more pronounced at low frequency than at high fre-
quency. The non-terminal behavior observed in the PET nanocomposites at low frequency,
which was similar to the relaxation behavior of typical filled-polymer composite system
[61], was related to the variation of the terminal slope of the flow curves based on the pow-
er-law equations: In 'l = w "and G’ = w ™ (where w is the frequency, n is the shear-thinning
exponent, and m is the relaxation exponent) [62]. The variations of the shear-thinning expo-
nent and relaxation exponent of the PET nanocomposites are shown in Figure 5. As com-
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pared to pure PET, the lower shear thinning exponent of the PET nanocomposites indicated
the significant dependence of shear-thinning behavior of the PET nanocomposites on the
presence of the c-CNT, resulting from the increased interfacial interactions between the c-
CNT and the PET as well as good dispersion of the c-CNT in the PET matrix. In addition,
the decrease in the relaxation exponent of the PET nanocomposite with increasing the c-
CNT content may be attributed to the formation of interconnected or network-like struc-
tures in the PET nanocomposites, resulting in the pseudo solid-like behavior of the PET
nanocomposites. Similar non-terminal low frequency rheological behavior has been ob-
served in ordered block copolymers, smectic liquid-crystalline small molecules, polymer/

silicate nanocomposites, and CNT/polycarbonate composites [63-66]
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Reproduced with the permission from Ref. [46[. © 2010 Wiley Periodicals, Inc.
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3.4. Morphology and mechanical properties

Pristine CNT typically tends to bundle together and to form some agglomeration due to the
intrinsic van der Waals attractions between the individual nanotubes in combination with
high aspect ratio and large surface area, making it difficult for CNT to disperse in the poly-
mer matrix. In this study, the chemical modification was performed to achieve the enhanced
adhesion between CNT and polymer matrix as well as good dispersion state of CNT. TEM
image of the PET nanocomposites containing 0.1 wt% of the c-CNT is shown in Figure 6A.
The c-CNT exhibited less entangled structures due to the functional groups formed on the
nanotube surfaces via chemical modification as compared to pristine CNT (refer Figure 1),
and the c-CNT was well dispersed in the PET matrix. SEM image of the fracture surfaces of
the PET nanocomposites containing 1.0 wt% of the c-CNT is shown in Figure 6B. It can be
observed that some nanotubes were broken with their two ends still embedded in the PET
matrix and other nanotubes were bridging the local microcracks, which may delay the fail-
ure of the polymer nanocomposites [67]. This result indicates good wetting and adhesion of
the c-CNT with the PET matrix. Similar observation has been reported that the presence of
fractured tubes, along with the matrix still adhered to the fractured tubes matrix in terms of
a crack interacting with the nanotube reinforcement could increased the elastic modulus and
ultimate strength of CNT/polystyrene composites [68]. In the PET nanocomposites, the c-
CNT stabilized their dispersion by good interactions with the PET matrix, resulting from the
interfacial interactions of the -COOH groups at the c-CNT and the C=O groups in the PET
macromolecular chains through hydrogen bonding formation due to the functional groups
onto the nanotube surfaces induced effectively via chemical modification as illustrated in
Figure 1C. This enhanced interfacial adhesion between the c-CNT and the PET matrix may
be considered as the evidence for efficient load transfer from the polymer matrix to the
nanotubes, thus leading to the nanoreinforcing effects of the c-CNT on the improvement in
the mechanical properties of the PET nanocomposites

500 nm

Figure 6. TEM image of (a) the PET nanocomposites containing 0.1 wt% of the ¢-CNT and (b) SEM image of the frac-
ture surfaces of the PET nanocomposites containing 1.0 wt% of the c-CNT. The arrows indicates that the nanotubes
were to be broken with their ends still embedded in the PET matrix or they were bridging the local micro-cracks in the
nanocomposites, suggesting good wetting with the matrix and enhanced adhesion between the nanotubes and the
matrix, thus being favorable to efficient load transfer form the polymer matrix to the nanotubes. Reproduced with the
permission from Ref. [46]. © 2010 Wiley Periodicals, Inc.



High Performance PET/Carbon Nanotube Nanocomposites: Preparation, Characterization, Properties and Applications
http://dx.doi.org/10.5772/50413

The mechanical properties of the PET nanocomposites with the c-CNT are shown in Figure
7A. The tensile strength (o) and tensile modulus (E) of the PET nanocomposites increased
significantly with increasing the c-CNT content due to the nanoreinforcing effect of the c-
CNT with high aspect ratio. As illustrated in Figure 1C, possible interactions between the
carboxylic acid groups of the c-CNT and the ester groups in PET macromolecular chains
through hydrogen bonding formation results in the enhanced interfacial adhesion between
them as well as good dispersion of the c-CNT in the PET matrix, thus being more favorable
to more effective load transfer from the polymer matrix to the nanotubes, and lead to the
substantial improvement in the mechanical properties of the PET nanocomposites. The elon-
gation at break (E ,) of the PET nanocomposites decreased with the introduction of CNT
(Table 2), which may be attributed to the increase in the stiffness of the PET nanocomposites
by the c-CNT and the micro-voids formed around the nanotube during the tensile testing
[40, 41]. However, the PET nanocomposites containing the c-CNT exhibited higher E , than
in the case of pristine CNT, resulting from the enhanced interfacial interactions between the
c-CNT and the PET as well as the good dispersion of the c-CNT in the PET matrix. Meng et
al. [69] reported that modified CNT/polyamide (PA) nanocomposites showed higher tensile
strength, tensile modulus, and elongation at break than those of pristine CNT/PA nanocom-

posites because of uniform dispersion and good interfacial adhesion in the modified
CNT/PA nanocomposites.
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Figure 7. A) Mechanical properties of the PET nanocomposites and (B) the reinforcing efficiency of pristine CNT and
the c-CNT on the mechanical properties of the PET nanocomposites containing 1.0 wt% of the CNT. Reinforcing effi-
ciency (%) =[(M.-M )/M ] x 100, where M . and M , represent the mechanical properties, such as tensile strength
and tensile modulus, of the PET nanocomposites and pure PET, respectively. Reproduced with the permission from
Ref. [46]. © 2010 Wiley Periodicals, Inc.

Materials o (MPa) E (GPa) E, (%)

PET 604+1.8 1.55+0.072 174+ 19
PET/c-CNT 1.0 77.8+3.2 1.82+0.028 96+ 12
PET/p-CNT 1.0 66.2+1.2 1.74+0.031 81+15

Table 2. Mechanical properties of the PET nanocomposites. [2 The p-CNT represents pristine CNT without chemical
modification].
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For characterizing the effect of the c-CNT on the mechanical properties of the PET nanocom-
posites, it is also very instructive to compare the reinforcing efficiency of the c-CNT for a
given content in the PET nanocomposites. The reinforcing efficiency is defined as the nor-
malized mechanical properties of the PET nanocomposites with respect to those of pure PET
as follows:

Reinforcing efficiency (%)

ZMxlOO

m

where M . and M , represent the mechanical properties, including tensile strength and ten-
sile modulus of PET nanocomposites and pure PET, respectively. As shown in Figure 7B, the
enhancing effect of the mechanical properties for the PET nanocomposites was more signifi-
cant in the PET nanocomposites containing the c-CNT than in the case of pristine CNT. This
result indicated that the introduction of the c-CNT into the PET matrix was more effective in
improving the mechanical properties of the PET nanocomposites as compared to pristine
CNT. The incorporation of the c-CNT into the PET matrix resulted in the increased interfa-
cial adhesion between the c-CNT and the PET matrix, thus being favorable to more efficient
load transfer form the polymer matrix to the nanotubes. Thus, the enhanced interfacial ad-
hesion between the c-CNT and the PET as well as good dispersion of the c-CNT result in the
improvement in the overall mechanical properties of the PET nanocomposites.

3.5. Non-isothermal crystallization behavior

The incorporation of the c-CNT had little effect on the melting temperatures of the PET
nanocomposites, whereas the glass transition temperature of the PET nanocomposites in-
creased with the introduction of the c-CNT, resulting from the hindrance of the segmental
motions of the PET macromolecular chains by the c-CNT. As shown in Figure 8A, the crys-
tallization temperatures of the PET nanocomposites significantly increased by incorporating
the c-CNT and this enhancing effect was more pronounced at lower content. This result in-
dicated the efficiency of the c-CNT as strong nucleating agents for the PET crystallization.
As the c-CNT content increased, the decrease in the AT for crystallization as well as the in-
crease in the T . of the PET nanocomposites (Table 3) suggested that a very small quantity
of the c-CNT acted as effective nucleating agents in PET, enhancing the crystallization of the
PET nanocomposites with the presence of the c-CNT. The non-isothermal crystallization
curves of the PET nanocomposites at various cooling rates are shown in Figure 8B. As the
cooling rate increased, the crystallization peak temperature range becomes broader and
shifts to lower temperatures, indicating that the lower the cooling rate, the earlier crystalli-
zation occurs. The PET nanocomposites exhibited higher peak temperature and lower over-
all crystallization time at a given cooling rate, as compared to pure PET. Homogeneous
nucleation started spontaneously below the melting temperature and required longer times,
whereas heterogeneous nuclei formed as soon as samples reached the crystallization tem-
perature [70]. As the crystallization of polymer nanocomposites proceeds through heteroge-
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neous nucleation, the introduction of the c-CNT increased the PET crystallization because of
high nucleation induced by the c-CNT. Similar observations have been reported that the
crystallization of CNT/polymer nanocomposites was accelerated by the presence of CNT
through heterogeneous nucleation [35, 38, 40-43].
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Figure 8. A) DSC cooling traces of the PET nanocomposites at a cooling rate of 10 °C/min and (B) the non-isothermal
crystallization curves of the PET nanocomposites containing 0.5 wt% of the ¢-CNT at various cooling rates. Repro-
duced with the permission from Ref. [46]. © 2010 Wiley Periodicals, Inc.

Materials T, (°C) T (°0) T.(°Q) AT=(°C)
PET 84.4 255.4 193.7 61.7
PET/c-CNT 0.1 90.4 2553 218.6 36.7
PET/c-CNT 0.5 91.3 255.2 219.0 36.2
PET/c-CNT 1.0 92.0 255.9 219.6 36.3

Table 3. Table 3. Thermal behaviour of PET nanocomposites [# The values obtained from the DSC heating traces at 10
°C/min; ® The crystallization temperatures measured from the DSC cooling traces at 10 °C/min; < The degree of
supercooling, AT=T - T

During the non-isothermal crystallization, the relative degree of crystallinity, X(T), with
temperature and time for the PET nanocomposites at various cooling rates are shown in Fig-
ure 9. The crystallization of the PET nanocomposites occurred at higher temperature and
over a longer time with decreasing cooling rate, suggesting that crystallization may be con-
trolled by nucleation [71]. As the cooling rate increased, the time for completing crystalliza-
tion was decreased and the X(T) values of the PET nanocomposites were higher than that of
pure PET. The variations of the crystallization peak temperature (T ,) and the crystallization
half-time (t (5) of the PET nanocomposites are shown in Figure 10. The T , of the PET nano-
composites were higher than that of pure PET at a given cooling rate, while the t ;5 were
lower than that of pure PET. This result suggested that the introduction of the c-CNT in-
creased the crystallization rate of the PET nanocomposites by its effective function as strong
nucleating agents for enhancing the PET crystallization. This enhancing effect of the crystal-
lization rate induced by the c-CNT may be attributed to the interactions between the carbox-
ylic acid groups on the surface of the c-CNT and the PET macromolecular chains as well as
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the physical adsorption of PET molecules onto the surface of the c-CNT, resulting in the en-
hancement of the crystallization rate of the PET nanocomposites. Similar observation has
been reported that the introduction of carboxylated CNT increased more efficiently the crys-
tallization rate of polyamide [72]

100 T ggm ™ 100 P e
Alz o, = o -
- ¢ e -4 o .
R *oho" T s o ;
£ " = “ s -
£ oo e o .
= A = ‘A
= 6 *" 0 3z o % e .
Z ewr b o
L ' S = oA .
“ @
2 g v % 4
T IEIPTRCT R S 2 e 0 * 25 Cimin
] . L] < L] .
2 5°C/min evho £ “t 0 5°Cimin
F w4 10Cmin .‘7v i o0l 9 o (] 410" Crmin
S 15 Clmin *a o > o u 15 "Clmin
& * 20 Clmin % n & ﬁ o . + 20 "Crmin
04 Arm | 0 up’ﬁi L] .
180 200 20 240 260 0 3 6 9 o152
Temperature ('C) Time (min)

Figure 9. Relative degree of crystallinity of the PET nanocomposites containing 0.5 wt% of the c-CNT with (A) the tem-
perature and (B) the time at various cooling rates. Reproduced with the permission from Ref. [46]. © 2010 Wiley Peri-
odicals, Inc.
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Figure 10. A) Crystallization temperatures (7.) and (B) crystallization half-time (t,5) of the PET nanocomposites as a
function of cooling rate during the non-isothermal crystallization. The crystallization half-time (ty5) can be defined as
the time taken to complete half of the non-isothermal crystallization process, i.e., the time required to attain a relative
degree of crystallinity of 50%. Reproduced with the permission from Ref. [46]. © 2010 Wiley Periodicals, Inc.

On the basis of the T , values obtained from the non-isothermal crystallization curves, the
fastest crystallization time (¢ ,,) at various cooling rates (1) can be determined and their re-
sults are summarized in Table 4. The tmax represents the time from the onset temperature
(T ) to the peak temperature (T ) of the crystallization and can be expressed by the relation-
ship of t .= (T - T )/a[73]. At a given cooling rate, the tmax values of the PET nanocom-
posites decreased with the introduction of the c-CNT. This result indicated that the
nucleation effect by the c-CNT was significant even with a very small quantity of the c-CNT,
providing possible evidence of the enhancement of the crystallization rate for the PET nano-
composites due to high nucleation induced by the c-CNT. In addition, the effect of the c-
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CNT on the non-isothermal crystallization rate of the PET nanocomposites was
characterized by means of the crystallization rate constant (CRC) suggested by Khanna [74].
The CRC can be calculated from the slope of the plots of the cooling rate versus the crystalli-
zation temperature plot, i.e., CRC = Aa/AT ., meaning that the larger the CRC, the faster the
crystallization rate. The CRC value of pure PET in this study was similar to those reported
by Khanna [74], who found the CRC values of PET in the range of 30~60/h, depending on
the molecular weight and the processing method. As shown in Figure 11A, the CRC values
of the PET nanocomposites significantly increased with the introduction of the c-CNT, indi-
cating the higher crystallization rate of the PET nanocomposites as compared to pure PET
because of high nucleation effect induced by the c-CNT. In addition, the CRC values of the
PET nanocomposites significantly increased with the addition of 0.1 wt% of the c-CNT, and
increased slightly with further addition of the c-CNT. This result revealed that the accelera-
tion of the non-isothermal crystallization for the PET nanocomposites was not directly pro-
portional to the increase in the c-CNT content and that the enhancement of the
crystallization rate of the PET nanocomposites induced by the c-CNT could not be described
by means of simple linear regression method, implying the complex mechanism of the non-
isothermal crystallization process in the presence of the c-CNT. The enhanced interfacial in-
teractions between the functional groups induced on the surface of the c-CNT and the PET
as well as the strong nucleation effect of the c-CNT could increase the crystallization rate of
the PET nanocomposites
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Figure 11. A) Crystallization rate constant (CRC) for the PET nanocomposites with the c-CNT content and (B) the modi-
fied Avrami plots of the PET nanocomposites containing 0.1 wt% of the c-CNT during the non-isothermal crystalliza-
tion. Reproduced with the permission from Ref. [46]. © 2010 Wiley Periodicals, Inc.

The modified Avrami equation [75, 76] is in common use to characterize the non-isothermal
crystallization kinetics, and can be expressed as:

1-X(t)=exp(-Z;t")

where X(t) is the relative degree of crystallinity; Z , is the crystallization rate parameter in-
volving the nucleation and growth rate parameters; t is the crystallization time, and # is the
Avrami constant depending on the type of nucleation and growth process. The kinetic pa-
rameters such as Z , and n explicit physical meanings for the isothermal crystallization,
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while in the non-isothermal crystallization their physical meaning does not have the same
significance due to constant changes in the temperature, influencing the nucleation and
crystal growth. On the basis of the non-isothermal character of the process suggested by Jez-
iorny [77], the rate parameter (Z ,) should be corrected by assuming the cooling rate to be
constant or approximately constant, according to the relationship of log Z . = log Z . /a
(where a is the cooling rate). The plots of log[-In{1 - X(t)}] versus log ¢ for the PET nanocom-
posites are shown in Figure 11B. The kinetic parameters such as n and Z , can be determined
from the slope and intercept of the plot of log[-In{1 - X(t)}] versus log t. The kinetic parame-
ters for the non-isothermal crystallization of the PET nanocomposites estimated from the ki-
netic data selected in the linear region are summarized in Table 4. The n values were in the
range of 3.21~3.56 for pure PET, whereas 4.14~6.29 for the PET nanocomposites, depending
on the cooling rate and the c-CNT content. The PET nanocomposites exhibited values of n
higher than 4, suggesting that the mechanism of the non-isothermal crystallization of the
PET nanocomposites was very complicated and the c-CNT significantly influenced the non-
isothermal crystallization behavior, leading to the fact that the incorporation of the c-CNT
into the PET matrix could change the non-isothermal crystallization of the PET nanocompo-
sites. As the cooling rate increased, the t 5 values decreased and the Z _ values increased for
the PET nanocomposites in comparison with pure PET. In addition, the PET nanocompo-
sites exhibited higher Z . and lower t ;5 values than those of pure PET at a given cooling
rate. This result revealed that the c-CNT dispersed in the PET matrix could induce heteroge-
neous nucleation and enhance the rate of the non-isothermal crystallization of the PET nano-
composites. The introduction of the c-CNT into the PET matrix can lead to faster
crystallization kinetics of the PET nanocomposites, and significantly influence the non-iso-
thermal crystallization process involving the nucleation and the crystal growth.

3.6. Nucleation activity and crystallization activation energy

The nucleation activity is a factor by which the work of three dimensional nucleation decreas-
es with the addition of a foreign substrate [78], the nucleation activity of different sub-
strates can be estimated from the relationship of log a = A - B/2.3AT , > (where a is the cooling
rate; A is a constant; AT , is the degree of supercooling, and B is parameter related to three
dimensional nucleation) [35, 40, 78]. The B values were obtained from the slope of the plot
of log a versus 1/T , * as shown in Figure 12A, and then the nucleation activity ((¢)) can be
calculated from the relationship of ¢ = B/B ° (where B ° and B " are the values of B for homo-
geneous and heterogeneous nucleation, respectively). The value of 0 implied strong nuclea-
tion activity and that of 1 implied inert nucleation activity. The calculated values in the PET
nanocomposites were found to be 0.227, 0.231, and 0.211, respectively. This result demon-
strates that a very small quantity of the c-CNT can act as excellent nucleating agents for the
PET nanocomposites during the non-isothermal crystallization, which was corresponded
well with the results for the non-isothermal crystallization kinetics of the PET nanocompo-
sites. The incorporated c-CNT in the PET matrix exhibits much higher nucleation activity
than any other nanoreinforcing filler reported to date, with even a very small quantity of
the c-CNT.
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Materials Cooling rate (°C/min) Z, N tmax (Min)
2.5 454 x 10-6 3.55 12.46
5 2.27 x 10-3 3.33 7.87
PET 10 5.70x 10-2 3.56 4.66
15 1.74 x10-1 3.37 3.50
20 2.99 x 10-1 3.21 2.73
2.5 2.01x10-2 5.09 10.02
5 2.27 x 10-1 493 5.76
PET/c-CNT 0.1 10 4.89 x 10-1 5.56 3.00
15 7.46 x 10-1 5.83 1.91
20 8.31x10-1 5.36 1.43
2.5 1.95x%x 10-2 5.02 9.86
5 2.14 x 10-1 414 5.70
PET/c-CNT 0.5 10 5.57 x 10-1 5.71 2.99
15 7.02 x 10-1 6.29 1.85
20 8.52 x 10-1 6.17 1.28
25 1.94 x 10-2 4.87 9.72
5 2.93 x 10-1 478 5.51
PET/c-CNT 1.0 10 6.01 x 10-1 5.89 2.96
15 8.05%x 10-1 459 1.87
20 9.09 x 10-1 5.13 1.30

Table 4. Kinetic parameters of PET nanocomposites during the non-isothermal crystallization
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Figure 12. Plots of log a versus of 1/AT , ?, for the PET nanocomposites. Using the slope of the plot of log a versus of
1/AT 2, the nucleation activity () can be calculated from the relationship of =B87/8°and (b) Plots of In(a/T , ?,) versus
1/T ,, for the PET nanocomposites. The slopes of the plots of In(a/T , ?,) versus 1/T ,, provide an estimate of the activa-
tion energy for non-isothermal crystallization of the PET nanocomposites. Reproduced with the permission from Ref.
[46]. © 2010 Wiley Periodicals, Inc.

The activation energy for the non-isothermal crystallization can be derived from the combi-
nation of the cooling rate and the crystallization peak temperature, suggested by Kissinger
[79]. The AE , values of the PET nanocomposites were obtained from the slope of the plot of
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In(a/T, ?) versus 1/T, as shown in Figure 12B. The calculated AE, values of the PET nanocom-
posites were found to be 231.1, 255.9, and 248.9 kJ/mol, respectively, and they were higher
than that of pure PET (AE , = 5.3 kJ/mol). This result indicated that the introduction of the c-
CNT probably reduced the transportation ability of polymer chains in the PET nanocompo-
sites during the non-isothermal crystallization [80], leading to the increase in the AE , values.
However, the addition of 1 wt% of the c-CNT induced more heterogeneous nucleation, and
could lead to the slight decrease in the AE, value of the PET nanocomposite during the non-
isothermal crystallization. Kim et al. [35, 40] studied the unique nucleation of multiwalled
CNT and PEN nanocomposites during the non-isothermal crystallization and they suggest-
ed that the introduced CNT could perform two functions in the PEN nanocomposites: CNT
acted as good nucleating agents, thus accelerating the non-isothermal crystallization of the
PEN nanocomposites, and CNT also adsorbed the PEN molecular segments and restricted
the movement of chain segments, thereby making crystallization difficult. Consequently, the
PEN molecular segments require more energy to rearrange, leading to the increase in the ac-
tivation energy for the non-isothermal crystallization

4. Summary and Outlook

This chapter describes the fabrication and characterization of poly(ethylene terephthalate)
(PET) nanocomposites containing modified carbon nanotube (CNT). The PET nanocompo-
sites reinforced with a very small quantity of the c-CNT were prepared by simple melt
blending in a twin-screw extruder to create high performance polymer nanocomposites for
practical applications in a broad range of industries. The carboxylic acid groups effectively
induced on the surfaces of the c-CNT via chemical modification can significantly influence
the mechanical and rheological properties, thermal stability, and non-isothermal crystalliza-
tion behavior of the PET nanocomposites. Morphological observation revealed that the c-
CNT was well dispersed in the PET matrix and enhanced the interfacial adhesion between
the nanotubes and the PET matrix. The enhancement of thermal stability of the PET nano-
composites resulted from the physical barrier effect of the c-CNT against the thermal de-
composition. The incorporation of the c-CNT into the PET matrix increased the shear
thinning nature of the PET nanocomposites, and the non-terminal behavior observed in the
PET nanocomposites was attributable to the nanotube-nanotube and nanotube-polymer in-
teractions. The improvement in the mechanical properties of PET nanocomposites with the
introduction of the c-CNT resulted from the enhanced interfacial interactions between the c-
CNT and the PET as well as good dispersion of the c-CNT in the PET matrix. The variations
of the nucleation activity and the crystallization activation energy of the PET nanocompo-
sites reflected the enhancement of crystallization of the PET nanocomposites effectively in-
duced by a very small quantity of the c-CNT. The incorporation of the c-CNT into the PET
matrix has a significant effect on the non-isothermal crystallization kinetics of the PET nano-
composites in that the c-CNT dispersed in the PET matrix can effectively act as strong nucle-
ating agents and lead to the enhanced crystallization of the PET nanocomposites through
heterogeneous nucleation. The uniform dispersion of modified CNT and strong interfacial
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adhesion or intimate contact between the nanotubes and the polymer matrix can lead to
more effect load transfer from the polymers to the nanotubes, resulting in the substantial en-
hancement of mechanical properties of PET/CNT nanocomposites even with a very small
quantity of modified CNT. Future development of PET/CNT nanocomposites for targeted
applications in a broad range of industry will be performed by balancing high performance
against multiple functionalities and manufacturing cost.
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