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ABSTRACT: Poly(ethylene terephthalate) (PET) nanocom-
posites reinforced with multiwall carbon nanotubes (MWCNTs)
were prepared through melt compounding in a twin-screw
extruder. The presence of MWCNTs, which acted as good
nucleating agents, enhanced the crystallization of PET
through heterogeneous nucleation. The incorporation of a
small quantity of MWCNTs improved the thermal stability
of the PET/MWCNT nanocomposites. The mechanical prop-
erties of the PET/MWCNT nanocomposites increased with
even a small quantity of MWCNTs. There was a significant
dependence of the rheological properties of the PET/
MWCNT nanocomposites on the MWCNT content. The

MWCNT loading increased the shear-thinning nature of the
polymer-nanocomposite melt. The storage modulus and loss
modulus of the PET/MWCNT nanocomposites increased
with increasing frequency, and this increment effect was
more pronounced at lower frequencies. At higher MWCNT
contents, the dominant nanotube—nanotube interactions led
to the formation of interconnected or networklike structures
of MWCNTs in the PET/MWCNT nanocomposites. © 2006
Wiley Periodicals, Inc. ] Appl Polym Sci 103: 1450-1457, 2007
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INTRODUCTION

During the rapid advances in material science and
technology, extensive research has been conducted on
novel materials for various industrial applications. A
great number of attempts have been made to develop
high-performance polymer nanocomposites, using the
benefits of nanotechnology, including the incorpora-
tion of nanoreinforcements into polymer matrices.
Carbon nanotubes (CNTs) have attracted considerable
attention as novel nanoreinforcements for advanced
polymer nanocomposites in fields ranging from the
scientific to the industrial since Tijima’ first discovered
them in 1991. In general, CNTs consist of a concentric
cylinder of a single graphite layer or several graphite
layers with diameters of 1-100 nm and lengths of 0.1-
10 pm.? Fundamental research on CNTs has shown
that the elastic modulus of CNTs can exceed 1.0 TPa,
with tensile strengths in the range of 10-50 GPa,’ sug-
gesting potential applications as promising nanorein-
forcements in advanced polymer nanocomposites
because they exhibit remarkable physical characteris-
tics such as high aspect ratios, large surface areas, and
excellent mechanical properties.*
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DISCOVER SOMETHING GREAT

From an industrial perspective, the major chal-
lenges for high-performance polymer nanocomposites
are to fabricate polymer nanocomposites with low
costs and to facilitate large scale-up for commercial
applications. Currently, three processing techniques
are in common use for fabricating polymer nanocom-
posites: solution mixing, in situ polymerization, and
melt compounding.”® Among these processing tech-
niques, melt compounding has been accepted as a
simpler and more effective method than the other
processing techniques, particularly from an industrial
perspective, because this method makes it possible to
fabricate high-performance polymer nanocomposites
at low cost and to facilitate large scale-up for com-
mercial applications. Furthermore, the combination of
cheap thermoplastic polymers with a very small
quantity of expensive CNTs is of great interest, in that
this may provide attractive possibilities for improving
the mechanical properties of polymer nanocomposites
with low manufacturing costs.

However, because of their high cost and limited
availability, only a few practical applications for CNT-
based polymer nanocomposites in industrial fields
have been realized to date. In addition, although sev-
eral studies on CNT-filled polymer nanocomposites
have been performed, their potential applications as
nanoreinforcements have not been fully realized.” In
this study, poly(ethylene terephthalate) (PET) nano-
composites reinforced with multiwall carbon nano-
tubes (MWCNTs) were prepared through melt com-
pounding to fabricate high-performance polymer
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nanocomposites at a low cost. The effects of the
MWCNTs on the thermal, mechanical, and rheologi-
cal properties of the PET/MWCNT nanocomposites
are presented.

EXPERIMENTAL
Materials and preparation

The thermoplastic polymer was PET with an intrinsic
viscosity of 1.07 dL/g; it was supplied by Hyo Sung
Co. (Anyang, Korea). The nanotubes used as nano-
reinforcements were MWCNTs (purity > 95%) syn-
thesized through a thermal, chemical, vapor deposi-
tion process and purchased from Iljin Nanotechnology
Co. (Seoul, Korea). All materials were dried at 120°C
in vacuo for at least 24 h before use to minimize the
effect of moisture. The PET/MWCNT nanocomposites
were prepared through melt compounding with a
Haake rheometer (Haake Technik GmbH, Vreden,
Germany) equipped with a twin screw. The tempera-
tures of the heating zone, from the hopper to the die,
were set to 275, 285, 290, and 280°C, and the screw
speed was fixed at 20 rpm. For the fabrication of
the PET/MWCNT nanocomposites, the MWCNT con-
tents were specified as 0.5, 1.0, and 2.0 wt % in the
PET matrix.

Characterization

The morphology of the PET/MWCNT nanocompo-
sites was observed with a JEOL JSM-6300F scanning
electron microscope (Tokyo, Japan) and a JEOL
2000FX transmission electron microscope. The ther-
mal behavior of the PET/MWCNT nanocomposites
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was measured with a TA Instrument 2010 differential
scanning calorimeter (New Castle, DE) over the tem-
perature range of 30-295°C at a scanning rate of
10°C/min under nitrogen. The thermogravimetric
analysis (TGA) of the PET/MWCNT nanocomposites
was performed with a TA Instrument SDF-2960 ther-
mogravimetric analyzer under nitrogen over the tem-
perature range of 30-900°C at a heating rate of 10°C/
min. The mechanical properties of the PET/MWCNT
nanocomposites were measured at room temperature
with an Instron 4465 testing machine (Norwood, MA)
according to the procedures in the ASTM D 638 stand-
ard. The gauge length and crosshead speed were set
to 20 mm and 10 mm/min, respectively. The values of
the mechanical properties in this study represented an
average of the results for tensile tests of at least five
samples. The rheological properties of the PET/
MWCNT nanocomposites were measured at 270, 280,
and 290°C, which covered the temperature processing
window of polymer nanocomposites, with an ARES
rheometer (Rheometric Scientific, Inc., Epsom, Surrey,
UK). The dynamic shear measurements were per-
formed in the oscillation mode and with parallel-plate
geometry with a plate diameter of 25 mm and a plate-
gap setting of approximately 1 mm. The frequencies
were varied between 0.1 and 450 rad /s, and the strain
amplitude was applied to be within the linear visco-
elastic range.

RESULTS AND DISCUSSION

Scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) microphotographs of
the pristine MWCNTs used in this study are shown in
Figure 1. Nanotubes with hollow tubes in the center

(b)

Figure 1 (a) SEM and (b) TEM images of pristine MWCNT.
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TABLE 1
DSC Results for the PET/MWCNT Nanocomposites with
Respect to the MWCNT Content

T, T, T, AH, AT

Material CO*  CO* O (/g)° (O
PET 844 2554 1937 371 617
PET/MWCNT 0.5 840 2553 2139 403 414
PET/MWCNT 1.0 850 2556 2149 408 405
PET/MWCNT 2.0 849 2542 2166 417  37.6

? Obtained from DSC heating traces at a heating rate of
10°C/min.

P Obtained from DSC cooling traces at a cooling rate of
10°C/min.

AH. is heat of crystallization.

are typical features observed in multiwall nanotubes
that consist of several layers of coaxial CNTs. The
MWCNTs have a diameter of approximately 10-
40 nm and a length of several micrometers; this indi-
cates that their aspect ratio reaches higher than 1000.
In addition, the MWCNTs exhibit highly curved and
random coiled features, which can be attributed to
intrinsic van der Waals attractions between the indi-
vidual nanotubes.?

Results from differential scanning calorimetry (DSC)
thermograms of the PET/MWCNT nanocomposites
are shown in Table I. The incorporation of MWCNTs
into the PET matrix had little effect on the glass-transi-
tion temperature (T,) and melting temperature (T),) of
the PET/MWCNT nanocomposites. As the MWCNT
content increased, the crystallization temperature (T)
of the PET/MWCNT nanocomposites increased, this
effect being more significant at lower MWCNT con-
tents. MWCNTs promoted the formation of hetero-
geneous nuclei, with lower energy consumption
required to reach critical stability for crystal growth,’
resulting in an effective function as nucleating agents
in the PET/MWCNT nanocomposites. As shown in
Table I, the increase in T. of the PET/MWCNT nano-
composites with increasing MWCNT content, to-
gether with the fact that the degree of supercooling
(AT = T,, — T,) for crystallization decreased with
increasing MWCNT content, suggested that MWCNTs
could effectively act as nucleating agents in the

TABLE II
Thermal Stability of the PET/MWCNT Nanocomposites
as a Function of the MWCNT Content

IDT  Tmae Teo  IPDT Wi

Material ¢C) (O  (C* Q) ()P
PET 3823 4319 4397 4719 57
PET/MWCNT 0.5 3835 4328 4411 4926 94
PET/MWCNT 1.0 3852  433.1 4419 5003 126
PET/MWCNT 2.0 3864 437.6 4462 5184 167

? Decomposition temperature at a 60% weight loss.
P Residual yield in TGA curves at 800°C.
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PET/MWCNT nanocomposites. Therefore, the incor-
poration of a very small quantity of MWCNTs could
effectively enhance the crystallization of the PET ma-
trix through heterogeneous nucleation.

Results from TGA thermograms of the PET/MWCNT
nanocomposites as a function of the MWCNT content
are shown in Table II. The thermal stability factors,
such as the initial thermal decomposition temperature
(IDT), thermal decomposition temperature at the max-
imum rate (Tmax), and integral procedure decomposi-
tion temperature (IPDT), are in common use to esti-
mate the thermal stability of a polymeric material."®
As the MWCNT content increased, the values of IDT,
Tmax, and IPDT as well as the residual yield of the
PET/MWCNT nanocomposites increased, and this
indicated the enhancement of the thermal stability of
the polymer nanocomposites by the incorporation of
MWCNTs. The improvement in the thermal stability
of the PET/MWCNT nanocomposites could be attrib-
uted to a physical barrier effect with the incorporation
of MWCNTs that prevented the diffusion of volatile,
decomposed products out of the polymer nanocom-
posites, leading to the retardation of the thermal
decomposition in the PET/MWCNT nanocomposites.
Kashiwagi and coworkers'' reported that CNT layers
exhibited a good barrier effect on the thermal degra-
dation process, and they could not only insulate poly-
mers but also reduce the weight-loss rate of thermal
degradation products, resulting in a significant im-
provement in the thermal stability of the polymer
nanocomposites. Thus, it could be deduced that a small
quantity of MWCNTSs was beneficial, in that they acted
as effective thermal-decomposition-resistant nano-
reinforcements in the PET matrix, improving the ther-
mal stability of the PET/MWCNT nanocomposites.

The variations of the tensile strength and tensile
modulus of the PET/MWCNT nanocomposites with
the MWCNT content are shown in Figure 2. There was
a significant dependence of the mechanical properties
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Figure 2 Effect of MWCNTs on the tensile strength and
tensile modulus of PET/MWCNT nanocomposites.
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of the PET/MWCNT nanocomposites on the MWCNT
content. The incorporation of MWCNTs increased the
tensile strength and tensile modulus of the PET/
MWCNT nanocomposites, this improvement being
more significant with lower MWCNT contents. Gorga
and coworkers'? reported an improvement in the me-
chanical properties via nanotube orientation by melt
drawing after melt compounding in a poly(methyl
methacrylate) matrix with low levels (~ 1 wt %) of
MWCNTs. The enhancement of the tensile strength
and modulus of the PET/MWCNT nanocomposites
could be attributed to the reinforcement effect of
MWCNTs with a high aspect ratio and their uniform
dispersion in the PET matrix. However, this improve-
ment in the mechanical properties of the PET/
MWCNT nanocomposites was not increased at higher
MWCNT contents, as expected, in comparison with
that at lower contents. This result may also be related
to the fact that CNTs have a tendency to bundle to-
gether and to form some agglomeration because of
intrinsic van der Waals attractions between the indi-
vidual nanotubes, preventing efficient load transfer to
the polymer matrix.>® SEM images of the fracture
surfaces for the PET/MWCNT nanocomposites are
shown in Figure 3. Some MWCNT bundles were
pulled out from the PET matrix, and this indicated
that some of the nanotube bundles were individually
dispersed in the polymer matrix. At lower MWCNT
contents, the PET/MWCNT nanocomposites exhib-
ited a relatively uniform dispersion of the MWCNTs
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in the PET matrix, in comparison with the nanocom-
posites with higher MWCNT contents. As shown in
Figure 3(b), less uniformly dispersed and highly
entangled MWCNTs could be observed in the poly-
mer nanocomposites with higher MWCNT contents.
In addition, MWCNTs were randomly oriented and
formed interconnecting structures in the polymer
nanocomposites. Nanotubes with a small size, high as-
pect ratio, and large surface area are often subjected to
self-agglomeration or bundle formation at higher con-
centrations and thus easily form interconnected or net-
worklike structures in the molten polymer matrix.>”*

A comparative study of the experimental results for
the PET/MWCNT nanocomposites with the values
calculated from theoretical models is shown in Figure
4. By assuming that the PET/MWCNT nanocompo-
sites are randomly oriented, discontinuous fiber lami-
nae, we can calculate the composite modulus (Ec)
with the modified Halpin-Tsai equation'>'*:

£ [ <3> (1 + 2(Imwent/ dMWCNT)TILVMWCNT>
c=1(2
8 1 —n Vmwent

5\ (1+ znTVMWCNT>:|
F(2) (FEEATMWENT ) e (1
<8> ( 1 — nrVmwent ver (1)
where

(Emwent/Eper) — 1
Emwent/Eper) + 2(Ilmwent /dvwenr)

nL:(

(b)

Figure 3 SEM images of the fracture surfaces of PET/MWCNT nanocomposites containing (a) 0.5 and (b) 2.0 wt %

MWCNT.
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Figure 4 Experimental composite modulus (Ec) of PET/
MWCNT nanocomposites and theoretical values calculated
from eq. (1) as a function of the MWCNT content.

and

(Emwent/Eper) — 1
(Emwent/Eper) + 2

Nr =

Epgr and Eywent represent the moduli of PET and
MWCNT, lywent/dmwenr is the ratio of the length to
the diameter for the nanotubes, and Vyswent is the
volume faction of the nanotubes in the nanocompo-
sites. To fit eq. (1) to the experimental results for the
PET/MWCNT nanocomposites, the weight fraction
was transformed to the volume faction with the den-
sities of PET (1.34 g/cm?) and perfectly graphitized
MWCNTs (2.16 g/ cm®).' The theoretical values of the
composite modulus were estimated under the
assumption of an aspect ratio of ~ 1000 and an
MWCNT modulus of ~ 450 GPa for the nanotubes.
The MWCNT modulus used in this study represents a
midrange value in the modulus ranges of nanotubes
previously measured.'* As shown in Figure 4, the
composite moduli of the PET/MWCNT nanocompo-
sites were much lower than the theoretical values cal-
culated with eq. (1), and the deviation from the theo-
retical values was larger with increasing MWCNT
content. For single-wall nanotubes (SWNTs) and poly-
propylene (PP) composite fibers, Sokolov et al."”
reported that the experimental value of the composite
modulus at a 1 wt % SWNT concentration was in
good agreement with the theoretical calculation,
whereas the negative deviation was greater with an
increasing SWNT concentration up to 5 wt %, and
they suggested that the large negative deviation could
be attributed to the poor distribution of SWNTs,
which became even more heterogeneous in the PP
matrix with increasing SWNT concentration. Gorga
and coworkers'” reported that adding a low level of
MWCNTs to PP improved the mechanical properties

Journal of Applied Polymer Science DOI 10.1002/app
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up to an optimal concentration (0.25 wt %), above
which nanotube aggregation led to a property de-
crease via stress concentration. Furthermore, accord-
ing to the rule of mixtures, the maximum modulus of
the PP/MWCNT composites should reach 2.2 GPa at
a loading of 0.25 wt % MWCNTs. However, because
of a less than optimal load transfer, the maximum
modulus was 1.3 GPa at a loading of 0.25 wt %
MWCNTs. They suggested that poor adhesion to the
matrix material and imperfections and defects in the
nanotube structure would also result in a reduced
composite modulus.'? For achieving a further en-
hancement of the mechanical properties of polymer
nanocomposites, our current research is aimed at im-
proving the dispersion of MWCNTs and the inter-
facial adhesion between the polymer matrix and
MWCNTs through chemical functionalization of the
nanotubes.

Variations of the complex viscosity (In*I) of the
PET/MWCNT nanocomposites with the MWCNT
content at 270°C as a function of the frequency are
shown in Figure 5(a). In*| of the PET/MWCNT
nanocomposites decreased with increasing frequency,
and this indicated non-Newtonian behavior. The
shear-thinning behavior observed in the PET/
MWCNT nanocomposites could be attributed to the
orientation of rigid molecular chains in the polymer
nanocomposites during the applied shear force. The
effect of MWCNTs on In*| of the PET/MWCNT
nanocomposites was more pronounced at a low fre-
quency than at a high frequency, and this effect was
reduced with increasing frequency because of the
strong shear-thinning behavior of the polymer nano-
composites with the addition of MWCNTs. In addi-
tion, In*l of the PET/MWCNT nanocomposites
increased with increasing MWCNT content, and this
could be attributed to the physical interactions
between the polymer and nanotubes and between the
nanotubes and nanotubes. This increment effect was
closely related to the large increase in the storage
modulus (G'), which is described in the following sec-
tion. As shown in Figure 5(b), In*l of the PET/
MWCNT 2.0 nanocomposite decreased with increas-
ing temperature. In a low-frequency region, the tem-
perature had little effect on In*| of the PET/MWCNT
nanocomposites. However, in a high-frequency
region, the rheological properties of PET/MWCNT
were affected by the temperature, and In*| signifi-
cantly decreased with increasing temperature.

The variations of G’ and the loss modulus (G”) of
MWCNT-reinforced PET nanocomposites at 270°C are
shown in Figure 6. G’ and G” of the PET/MWCNT
nanocomposites were higher than those of pure PET
and increased with increasing MWCNT content. In
addition, G’ and G” of the PET/MWCNT nanocompo-
sites increased with increasing frequency, this incre-
ment being more significant at a low frequency than
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nanocomposites at different temperatures as a function of the frequency (o).

at a high frequency. This phenomenon was similar to
the tendency observed in the variations of In*!| of the
PET/MWCNT nanocomposites with increasing MWCNT
content. As the MWCNT content increased, the physi-
cal interactions between the nanotubes could lead to
the formation of interconnected or networklike struc-
tures of the nanotubes in the polymer matrix.'® The
extent of the increase in G’ of the PET/MWCNT nano-
composites was higher than that of G” over the fre-
quency range studied, this effect being more pro-
nounced in a lower frequency region. These rheologi-
cal responses are similar to the relaxation behavior of
typical filled-polymer composite systems.'” To under-
stand the effect of MWCNTs on the rheological behav-
ior of the PET/MWCNT nanocomposites, it is instruc-
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Figure 6 Effect of MWCNTs on (a) G’
quency (o).

tive to characterize the variations of the slopes of the
plots of In*l and G’ versus the frequency for the
PET/MWCNT nanocomposites. The nonterminal
behavior observed in a low-frequency region in the
PET/MWCNT nanocomposites may be related to the
variation of the terminal slope of the flow curves,
such as the shear-thinning exponent in the plot of
Im*l versus the frequency and the relaxation expo-
nent in the plot of G’ versus the frequency.'® In the
case of an ideal Newtonian fluid, the shear-thinning
exponent approaches or equals zero, and the viscosity
is independent of the frequency, thereby exhibiting
terminal flow behavior, whereas in nanocomposites,
as the shear-thinning behavior develops, the shear-
thinning exponent increases with increasing filler
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and (b) G” of PET/MWCNT nanocomposites at 270°C as a function of the fre-
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Figure 7 Variation of the shear-thinning exponent and
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loading.'® The shear-thinning exponent and relaxation
exponent of the PET/MWCNT nanocomposites ob-
tained by the fitting of the experimental data in a low-
frequency region to power-law equations, such as |n*|
~ 0" (where o is the frequency and 7 is the shear-thin-
ning exponent) and G’ ~ ®" (Where o is the frequency
and 7 is the relaxation exponent),'® are shown in Fig-
ure 7. The shear-thinning exponent of the PET/
MWCNT nanocomposites decreased with increasing
MWCNT content, indicating the significant depend-
ence of the shear-thinning behavior of the polymer
nanocomposites on the MWCNT content. In addition,
the relaxation exponent of the PET/MWCNT nano-
composite decreased with increasing MWCNT con-
tent. This result can be explained by the fact that the
nanotube-nanotube interactions were more dominant
with increasing MWCNT content, leading to the for-
mation of interconnected structures of the nanotubes
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Figure 8 Plots of the phase angle versus |G*| for PET/
MWCNT nanocomposites measured at 270°C.
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in the polymer nanocomposites. The tendency to form
interconnected structures between the nanotubes in
these PET/MWCNT nanocomposite systems was
increased by the dominant nanotube-nanotube inter-
actions at higher contents, and the result of these
effects was the transition of the polymer-nanocompo-
site melt from a liquidlike state to a pseudo-solidlike
state, which was reflected in the changes in the values
of the shear-thinning exponent and relaxation expo-
nent.'® Plots of the phase angle versus the absolute
value of the complex modulus (IG*l), which are
known as van Gurp-Palmen plots,'” for the PET/
MWCNT nanocomposites at 270°C are shown in Fig-
ure 8. A significant change in the phase angle
occurred with the addition of MWCNTs. A decrease
in the phase angle with decreasing | G*| indicated an
increase in the elastic behavior. The PET/MWCNT
nanocomposites exhibited smaller phase angles at
lower |G*| values with increasing MWCNT content,
and this implied that the incorporation of MWCNTs
enhanced the elasticity of the PET/MWCNT nano-
composites.

As described in the previous section, G' and G” of
the PET/MWCNT nanocomposites were higher than
those of PET and increased with increasing MWCNT
content. Cole-Cole plots of the PET/MWCNT nano-
composites with the MWCNT content are shown in
Figure 9. The PET/MWCNT nanocomposites had
lower slopes with higher G’ values at a low G” value,
and this indicated that the PET/MWCNT nanocom-
posite systems were heterogeneous with the nano-
tube-nanotube interactions. However, in a higher fre-
quency region, the slopes of the Cole—Cole plots for
the PET/MWCNT nanocomposites increased and
approached a slope of approximately 2 or one similar
to that of PET. These results indicated that some inter-
connected or networklike structures that formed in
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Figure 9 Cole—Cole plots of PET/MWCNT nanocompo-
sites with the MWCNT content.
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the polymer nanocomposites because of the nano-
tube-nanotube interactions may have been broken by
a high shearing force, and the polymer nanocompo-
sites became an isotropic and homogeneous system
with the shear force.?® In addition, the slopes of the
plots of G’ and G” for the PET/MWCNT nanocompo-
sites decreased with increasing MWCNT content, and
this indicated that the addition of MWCNTs had a sig-
nificant effect on the microstructures of the PET/
MWCNT nanocomposites. Potschke et al.?! investi-
gated the rheological behavior of CNT/polycarbonate
composites prepared via melt blending in an extruder,
and they suggested that the shift and change in the
slope of the plots of G’ versus G” for CNT/poly-
carbonate composites indicated a significant change
in the microstructures of the polymer composites
with the addition of CNTs. For a detailed analy-
sis, our research currently in progress is aimed at
characterizing the microstructures of PET/MWCNT
nanocomposites with small-angle X-ray measure-
ments.

CONCLUSIONS

PET/MWCNT nanocomposites were prepared through
melt compounding in a twin-screw extruder, and the
effects of MWCNTs on the thermal, rheological, and
mechanical properties of the PET/MWCNT nanocom-
posites were investigated. The presence of MWCNTs,
which effectively acted as nucleating agents, enhanced
the crystallization of PET through heterogeneous
nucleation. The incorporation of a small quantity of
MWCNTs improved the mechanical properties of the
PET/MWCNT nanocomposites, and this was attrib-
uted to the reinforcement effect of MWCNTs with a
high aspect ratio and their uniform dispersion in the
PET matrix. There was a significant dependence of the
rheological behavior of the PET/MWCNT nanocom-
posites on the MWCNT content. As the MWCNT con-
tent increased, the nanotube-nanotube interactions
were more dominant, and some interconnected or net-
worklike structures formed in the PET/MWCNT
nanocomposites. The PET/MWCNT nanocomposites
exhibited smaller phase angles at lower |G*| values
with increasing MWCNT content, and this implied
that the elastic behavior of the PET/MWCNT nano-
composites was enhanced by the incorporation of
MWCNTs. The decrease in the slopes of the plots of G’
and G” for the PET/MWCNT nanocomposites with
increasing MWCNT content suggested that the micro-
structures of the PET/MWCNT nanocomposites was
affected by the addition of MWCNTs.
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