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Abstract: Poly(ethylene 2,6-naphthalate)/multi-walled carbon nanotube (PEN/MWNT) nanocomposites are prepared by in
situ condensation polymerization in the presence of various acid-treated MWNT (a-MWNT) contents and their morphology,
rheological and mechanical properties are investigated as a function of the a-MWNT content. SEM image of a plasma-etched
nanocomposite exhibits that a-MWNTs are dispersed well in the PEN matrix by forming an interconnected network structure.
Accordingly, rheological properties such as complex viscosities and shear moduli of PEN/a-MWNT nanocomposites at the
terminal region of low frequency are much higher than those of pure PEN. Glass transition temperatures of nanocomposites
also increase with the increment of the a-MWNT content, which stems from the reduced chain mobility due to the specific
interaction between a-MWNTs and PEN matrix. Dynamic and tensile mechanical properties of nanocomposites are also higher
than those of pure PEN and they increase with the increment of the a-MWNT content. The highly improved mechanical
properties of PEN/a-MWNT nanocomposites are explained to originate from the interconnected network structure of a-
MWNTs in PEN matrix as well as the strong interfacial adhesion between a-MWNTs and PEN matrix.
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Introduction

Polymer nanocomposites including carbon nanotubes
(CNTs) have attracted great attention from industry and
academia as a new class of composite materials [1-9]. Since
CNTs with large surface area and high aspect ratio exhibit a
unique combination of mechanical, electrical, and thermal
properties, they are considered as ideal reinforcing nanomaterials
to improve or enhance the properties of conventional
polymers [10-13]. However, CNTs in the polymer matrix
have strong tendency to form aggregates due to the van der
Waals interaction between themselves, which eventually
leads to deterioration in composite properties [14]. For
achieving enhanced physical properties of polymer/CNT
nanocomposites, the dispersion of CNTs in the polymer
matrix as well as the strong interfacial adhesion between
CNTs and polymer matrix are critical factors to be controlled
[15-20].

There are three common processing methods to manufacture
polymer/CNT nanocomposites with high performances [21].
Solution mixing may be the most common method for
fabricating polymer nanocomposites because CNTs can be
efficiently de-aggregated and dispersed in a relevant solvent
by agitation or sonication before evaporating the solvent to
form a composite film [22]. By this method, high CNT
loading of up to 50 wt% and reasonably good dispersion can
be attained. Melt compounding uses high temperature and
high shear forces to disperse CNTs in a polymer matrix. It is
most effective method from industrial perspective [23,24].
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However, compared to the solution mixing, the melt
compounding is generally less effective at dispersion of
CNTs in the polymer matrix and also it is limited to lower
concentrations due to the high viscosities of the composites
at higher CNT loadings. Similar to the solution mixing, in
situ polymerization method can improve the initial dispersion
of CNTs in the liquid state of monomers and consequently in
the polymer composites. In addition, it is a very convenient
processing technique, which allows the preparation of
composites with high CNT loading and very good miscibility
with most polymer type.

Poly(ethylene 2,6-naphthalate) (PEN) as an engineering
thermoplastic possesses a higher end property spectrum in
particular with regards to mechanical performance, thermal
resistance, and barrier properties [25]. To further enhance
the physical properties and thus expand the applications,
PEN-based nanocomposites including nanofillers such as
clay, silica have been investigated extensively [26,27]. Kim
et al. have recently prepared PEN-based nanocomposites
including multi-walled carbon nanotubes (MWNT) via melt
compounding and investigated their crystallization behavior,
mechanical and rheological properties [28,29]. We have also
prepared nanocomposites based on PEN and acid-treated
MWNT (a-MWNT) via in situ condensation polymerization
and investigated the effect of a-MWNT on non-isothermal
crystallization kinetics of the nanocomposites [30,31]. As a
result, it was found that the crystallization rates of the
nanocomposite with very low a-MWNT content of 0.01 wt%
were much faster than that of pure PEN by two times due to
the efficient nucleation of a-MWNTs dispersed in the PEN
matrix [31].
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On continuing our effort to delve PEN/a-MWNT nano-
composites prepared by in situ condensation polymerization,
in this study, we have investigated rheological and mechanical
properties of the nanocomposites containing very low a-
MWNT contents (0.01, 0.05, and 0.10 wt%) by using scanning
electron microscope, rheometer, dynamic mechanical analyzer,
and universal tensile machine. The rheological and mechanical
properties of PEN/a-MWNT nanocomposites are analyzed
by correlating with the morphological features.

Experimental

Materials

The pristine MWNT (diameter of 10~15 nm, length of
10~20 gz, and purity of ~95 wt%), which was manufactured
by CVD process, was supplied from Hanwha Nanotech Co.
(Republic of Korea). Dimethyl 2,6-naphthalene dicarboxylate
(NDC) and ethylene glycol (EG) as monomers for the PEN
synthesis were purchased from BP Co. and Samchun Chemical
Co., respectively. Titanium butoxide was used as the catalyst
for the condensation polymerization.

Preparation of PEN/a-MWNT Nanocomposites

The acid-treated MWNT (a-MWNT) was prepared as
follows. The pristine MWNT was added in a mixed solution
of sulfuric acid and nitric acid (3/1, v/v) and the solution was
refluxed at 140 °C for 20 min and cooled to room temperature.
The solution was diluted by adding excess deionized water
and then vacuum-filtered through PTFE membranes with
0.45 mm pores. The filtrate was washed with an excess of
distilled water until the pH reached 7. The filtrated solid of
a-MWNT was dried for 24 h at 80 °C under high vacuum.
The structural characteristics of a-MWNT were well
described in the previous report [30].

PEN/a-MWNT nanocomposites were prepared by in situ
condensation polymerization, which consists of two step
reactions of ester-interchange and polycondensation. The
first ester-interchange reaction between NDC and EG (1/1.8
by mole ratio) was carried out in a custom-designed reactor
at 210 °C, until the distillation of by-product (methanol) was
ceased. After the ester-interchange reaction, excess EG/a-
NWNT mixture, which was prepared by sonicating with a
horn-type sonicator (Sonic dismembrator Model 500, Fisher
Scientific Inc.), were added into the reactor. For the
polycondensation reaction, the reactor was then progressively
heated up to 280 °C and evacuated to low pressure below 1
mmHg. Excess EG was collected as the by-product during
the polycondensation reaction. Finally, the reaction product
was cooled into a water bath and then dried in a vacuum
oven at 100°C for 24 h. The a-MWNT contents were
controlled to be 0.01, 0.05, and 0.10 wt% in the final
product. For comparison, a pure PEN sample was also
prepared by the same procedure without introduction of a-
MWNT.
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For structural analyses and property measurements of
PEN/a-MWNT nanocomposites, amorphous films with 0.2
mm thickness were prepared by heating at 295 °C, applying
a pressure of 500 psi, quenching into ice water, and drying in
vacuum at 25 °C.

Characterization of PEN/a-MWNT Nanocomposites

The molecular weights of PEN homopolymer and
nanocomposites were evaluated by measuring the intrinsic
viscosities in phenol/TCE (6/4, w/w) solutions at 30 °C. In cases
of PEN/a-MWNT nanocomposites, all the composite samples
were dissolved in excess phenol/1,1,2,2-tetrachloroethane
and filtered through the PTFE membrane to remove a-
MWNTs from the PEN solution. The dissolution and
filtration process were repeated several times. The final PEN
solids were dried in vacuum at 100 °C for 24 h and then used
for their intrinsic viscosities.

Morphological features of PEN/a-MWNT nanocomposites
were characterized by using a cold-type FE-SEM (S4800,
HITACHI). To identify the dispersion state of a-MWNT in
the PEN matrix, nanocomposite films were etched with the
oxygen plasma at 40 W for 90 sec.

Rheological properties of the pure PEN and PEN/a-
MWNT nanocomposites in the melt-state were measured on
artheometer (ARES, TA Instrument Inc.) at 295 °C under the
parallel-plate geometry with the plate diameter of 25 mm
and the plate gap setting of 1 mm. Oscillatory shear
measurements were performed by applying time-dependent
strain, y(f)=sin(af), and measuring resultant shear stress,
o(t)=n(G'sin( wt)+G"cos(wr)], where, @, G, and G" are the
oscillation frequency of the rheometer, storage modulus, and
loss modulus, respectively. The frequency range was varied
between 0.03 and 400 rad/sec.

Dynamic thermal mechanical properties of PEN/a-MWNT
nanocomposites were measured with a dynamic mechanical
analyzer (DMA 7e, Perkin-Elmer). The sample dimensions
were controlled to be 12x12.5x1.5 mm. The measurements
were carried out under helium atmosphere from 30 to 180 °C
at a heating rate of 5°C/min. A dynamic force of 1000 mN
and a static force of 1100 mN were applied with a frequency
of 1 Hz.

Tensile mechanical properties of nanocomposites were
measured with a universal tensile machine (Instron model
4467) with 30 N load cell. Measurements were performed at
a crosshead speed of 0.2 mm/min. Five measurements were
carried out for each sample and the resulting mechanical
data were averaged.

Results and Discussion

Morphology of PEN/a-MWNT Nanocomposites

As noted above, the main advantage of in situ polymerization
method is to disperse nanofillers effectively in the monomeric
liquids and consequently in the nanocomposite matrix.



Properties of PEN/MWNT Nanocomposites

Figure 1. Optical photograph of pristine and acid-modified
MWNT in ethylene glycol at 72 h after sonication; (A) pristine
MWNT and (B) a-MWNT.

Figure 2. FE-SEM image of the oxygen plasma-etched PEN/a-
MWNT nanocomposite film with 0.05 wt% a-MWNT content.

Figure 1 represents a optical photograph of pristine MWNT/
EG and a-MWNT/EG solutions, which exhibit the dispersion
state of pristine MWNT and a-MWNT in EG monomer. It
was observed that the pristine MWNT was precipitated in
EG (Figure 1(A)), whereas, a-MWNT was homogeneously
dispersed in EG (Figure 1(B)). It suggests that, for a-
MWNT/EG solution, there exists the specific interaction
between carboxyl acid groups of a-MWNTs and hydroxyl
groups of EG monomers.

Figure 2 shows a typical SEM image of oxygen plasma-
etched PEN/a-MWNT nanocomposite with 0.05 wt% a-
MWNT. Interestingly, a-MWNTs were found to be dispersed
homogeneously in the PEN matrix by forming percolated
network structure. This unique morphological feature is
expected to significantly affect on the rheological and
mechanical properties of PEN/a-MWNT nanocomposites, as
will be discussed in the following section.

Rheological Properties of PEN/a-MWNT Nanocomposites
The frequency-dependent complex viscosities, |7'| , of the
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Figure 3. Complex viscosities of the pure PEN and PEN/a-MWNT
nanocomposites as a function of frequency at 295 °C.

pure PEN and PEN/a-MWNT nanocomposites with various
a-MWNT contents are shown in Figure 3. At the terminal
region of low frequency, the complex viscosities of samples
increased with the increment of the a-MWNT content. Since
the pure PEN and PEN/a-MWNT nanocomposites were
synthesized independently, it is expected that rheological
properties of PEN/a-MWNT nanocomposites in the melt
state are strongly dependent on the a-MWNT content as well
as the molecular weight of PEN matrix. For relative
comparison of molecular weight among samples, intrinsic
viscosities of pure PEN and PEN/a-MWNT nanocomposites
were evaluated. As the result, the intrinsic viscosity of the
pure PEN was measured to be 0.44 d//g and the values of
PEN matrix samples of nanocomposites were to be in the
range of 0.43~0.46 d//g. This result demonstrates that the
effect of molecular weight on rheological properties of the
pure PEN and PEN/a-MWNT nanocomposites is negligible.
Compared with the pure PEN, the higher complex viscosities of
nanocomposites are believed to originate from the good
dispersion of a-MWNTs in the matrix as well as the strong
interfacial adhesion between a-MWNTs and PEN matrix. In
addition, it is expected that the higher complex viscosities of
PEN/a-MWNT nanocomposites with higher a-MWNT content
are owing to the strengthening of interconnected network
structures of a-MWNTs in the PEN matrix.

The complex viscosities of the pure PEN and PEN/a-
MWNT nanocomposites decreased with increasing the
frequency, which indicates the shear thinning as a typical
non-newtonian behavior, as can be seen in Figure 3. In
addition, at higher frequency, the complex viscosity difference
between the pure PEN and nanocomposites became smaller.
The stronger shear thinning behavior for the nanocomposite
with higher a-MWNT content is associated with the
orientation of a-MWNTs in the PEN matrix induced by the
shear force developed at higher frequency. To identify the
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influence of a-MWNT on the shear thinning of the pure PEN
and PEN/a-MWNT nanocomposites, the shear thinning
exponents (n) of all the samples were calculated by fitting a
straight line to the data at low frequency based on the power
law relationship of |5~ @". The resulting n values are
found to decrease with increasing the a-MWNT content in

Table 1. Shear thinning exponents of complex viscosities (|777),
power law indices of shear storage and loss moduli (G’ and G"),
and glass transition temperatures (7,) for pure PEN and PEN/a-
MWNT nanocomposites

Shear  Power law Power law

Materials thinning  index for index for (Oé)
exponent G’ G"

PEN -0.11 1.30 0.84 118.3
PEN/MWNT 0.01 wt% -0.17 1.13 0.76 120.9
PEN/MWNT 0.05 wt% -0.28 0.97 0.61 122.0
PEN/MWNT 0.10 wt% -0.32 0.88 0.54 124.0
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Figure 4. Shear storage moduli (A) and shear loss moduli (B) of
pure PEN and PEN/a-MWNT nanocomposites as a function of
frequency at 295 °C.
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the nanocomposites, as summarized in Table 1. This result
indicates that the shear thinning behavior of PEN/a-MWNT
nanocomposites become intense with increasing the a-
MWNT content.

Shear storage modulus (G') and shear loss modulus (G")
of the pure PEN and PEN/a-MWNT nanocomposites as a
function of frequency are shown in Figure 4. As the
frequency and the a-MWNT content increased, both G’ and
G" increased. It has been known that, if polymer chains are
fully relaxed, they exhibit typical homopolymer-like terminal
behavior at low frequency, which can be expressed by the
power law relationship of G'~ @ and G"~@"' for linear
and monodisperse polymer melts. For the pure PEN, power
law indices of G'(®w) and G"(®) at low frequency were
evaluated to be 1.30 and 0.84, respectively. These low power
law indices of the pure PEN are probably due to the
polydispersity of PEN chains. In cases of PEN/a-MWNT
nanocomposites, frequency-dependent shear storage and
loss modulus curves were fitted by the equations of
G~ " and G"~ """, respectively. Power law
indices of G'(®w) and G"(w) for PEN/a-MWNT nano-
composites were lower than the values of the pure PEN and
decreased with increasing a-MWNT content in the
nanocomposites, as listed in Table 1. This result indicates
that the large-scale polymer relaxations in the nanocomposites
are significantly restrained due to the percolated network
structures of a-MWNT dispersed in the matrix.

Dynamic Mechanical Properties of PEN/a-MWNT
Nanocomposites

Dynamic storage modulus (£') and loss tangent (tan o) of
the pure PEN and PEN/a-MWNT nanocomposites were
examined as a function of temperature, as shown in Figure 5.
The dynamic storage moduli for all the samples were
relatively constant at the glassy state, decreased steeply at
the glass transition region, and increased again at the
rubbery state due to the cold-crystallization of PEN (Figure
5(A)). It was found that the storage moduli of PEN/a-
MWNT nanocomposites below glass transition temperatures
were far higher than those of the pure PEN, and they also
increased with the a-MWNT content. It is believed that the
improved dynamic mechanical properties for nanocomposites
below glass transition temperatures are induced by the
percolated network structure a-MWNTs in the PEN matrix
as well as the good interfacial interaction between a-MWNTs
and PEN matrix, which eventually leads to the effective
external stress transfer from PEN matrix to a-MWNTs.

In the loss tangent versus temperature plots in Figure 5(B),
the pure PEN and PEN/a-MWNT nanocomposites exhibit
two distinct peaks: the sharp peak at lower temperature is
associated with the glass transition temperature (7,) and the
shoulder peak at higher temperatures is related with the cold-
crystallization temperature (7;). The 7, of the pure PEN was
measured to be 118.32 °C. For PEN/a-MWNT nanocomposites,
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Figure 5. Storage moduli (A) and tan ¢ (B) of the pure PEN and
PEN/a-MWNT nanocomposites as a function of temperature.

the 7, values were found to increase slightly with the
increment of the a-MWNT content, as listed in Table 1. This
result is caused by the restricted mobility of PEN chains due
to the enhanced interfacial interactions between PEN matrix
and a-MWNTs and the interconnected network structure of
a-MWNTs in the matrix, which is intensified at higher a-
MWNT content. Consequently, it is concluded that a-MWNTs
incorporated into the PEN matrix reduce the chain mobility
of the PEN matrix and thus lead to an increase in the
dynamic storage modulus and glass transition temperature.

Tensile Mechanical Properties of PEN/a-MWNT Nano-
composites

Figure 6 displays typical tensile stress-strain curves of the
pure PEN and PEN/a-MWNT nanocomposites with various
a-MWNT contents at 30°C. Tensile modulus and tensile
strength of the pure PEN was measured to be 0.83 GPa and
46.1 MPa, respectively. In cases of PEN/a-MWNT nano-
composites, tensile mechanical properties were found to be
significantly improved, compared to pure PEN, as summarized
in Table 2. For instance, the tensile modulus and tensile
strength of PEN/a-MWNT nanocomposite with 0.10 wt% a-
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Figure 6. Stress-strain curves of (a) pure PEN, (b) PEN/a-MWNT
0.01 wt%, (c) PEN/a-MWNT 0.05 wt%, and (d) PEN/a-MWNT
0.10 wt%.

Table 2. Tensile modulus and strength of pure PEN and PEN/a-
MWNT nanocomposites

Tensile modulus Tensile strength

Materials (GPa) (MPa)
PEN 0.83+0.09 46.1+£0.9
PEN/MWNT 0.01 wt% 0.97+0.12 48.4+4.6
PEN/MWNT 0.05 wt% 1.01+£0.13 50.2+2.8
PEN/MWNT 0.10 wt% 1.05+0.09 52.4+3.1

MWNT were evaluated to be 1.05 GPa and 52.4 MPa,
respectively. Similar to the dynamic mechanical properties,
these improved tensile mechanical properties for PEN/a-
MWNT nanocomposites were attributed to the strong
interfacial interaction between a-MWNTs and PEN matrix
as well as the good dispersion of a-MWNTs.

Based on the assumption that a-MWNTs are randomly
oriented in the PEN matrix and perfectly bonded with the
matrix, the modulus, Ecomposicc Of PEN/a-MWNT nano-
composites can be predicted by the following equation [21]

/
1+2 M) 7V vmwnt
MWNT

Ecom osite — (_
post 8 L= 1. Vywnr

(D) e 1)

L= nrVvwnr

(G-

E PEN

ML=

(EMWNT) +2 IMWNT
E PEN MWN
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Figure 7. Comparison of experimental tensile moduli of PEN/a-
MWNT nanocomposites with the theoretical values predicted from
the equation (1).

(E MWNT) _1

E PEN

(EM_WNT) o
EPEN

where, Eywnr and Eppy are the tensile moduli of MWNT
(~400 GPa) and pure PEN (~0.83 GPa), respectively. Jywns
dywnt and Py are the length (~15 gm), diameter (~12.5
nm), and volume fraction of MWNT, respectively. Vywnr
can be easily calculated from the weight fraction of MWNT,
MWNT density (1.8 g/cm’), and amorphous PEN density
(1.407 g/em®). Figure 7 shows the comparison of experimental
tensile moduli of PEN/a-MWNT nanocomposites with the
theoretical values predicted by the equation (1). Interestingly, it
was found that the experimental tensile moduli were far
higher than the theoretical values over the MWNT content
investigated in this study. The unexpectedly high tensile
moduli of PEN/a-MWNT nanocomposite are believed to
arise from the good interfacial adhesion between a-MWNTs
and PEN matrix as well as the dispersion state of a-MWNT
with interconnected network structure.

nr=

Conclusion

In this study, rheological and mechanical properties of
PEN/a-MWNT nanocomposites, which were prepared by in
situ condensation polymerization, were investigated as a
function of the a-MWNT content (0.01, 0.05 and 0.10 wt%).
It was observed that, unlike pristine MWNTs, a-MWNTs
were well dispersed in ethylene glycol without forming
aggregates or precipitates, suggesting that a-MWNTs could
interact strongly with PEM matrix. SEM image of plasma-
etched PEN/a-MWNT nanocomposite also demonstrated
that a-MWNTs were well dispersed in the PEN matrix by
exhibiting a unique interconnected or percolated network
structure. As the results, rtheological and mechanical properties
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of PEN/a-MWNT nanocomposites were found to be strongly
dependent on the a-MWNT content. The complex viscosities at
the terminal zone of low frequency were significantly
increased with increasing the a-MWNT content. The dynamic
and tensile mechanical data also showed that storage moduli,
T, values, tensile moduli, and tensile strengths of nanocomposites
increased with the increment of the a-MWNT content. For
instance, the tensile modulus and strength of PEN/a-MWNT
nanocomposite with a-MWNT content of 0.10 wt% were
increased by 22 and 13 %, respectively, compared with the
pure PEN. Overall, it was concluded that the highly
improved dynamic and tensile mechanical properties of
PEN/a-MWNT nanocomposites with very low a-MWNT
content are achieved by the percolated network structure a-
MWNTs in the PEN matrix as well as the good interfacial
adhesion between a-MWNT and PEN matrix.
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