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ABSTRACT: The effect of multiwall carbon nanotubes (MWNT) concentration and cooling rate on the morphological, structural and
electrical properties of non-isothermally crystallized Poly(ethylene naphthalate) nanocomposites (PEN/MWNT) was studied. PEN/
MWNT nanocomposites containing 1 and 2 wt % of nanotubes were prepared by melt blending in a mini twin screw extruder.
Nanocomposite samples with different degree of crystallinity (X.) were obtained via non-isothermally crystallization at cooling rates
of 2, 10, 20, and 300°C min~ . In this study it was demonstrated that carbon nanotubes and cooling rate strongly influence morpho-
logical and structural characteristics of PEN. Calorimetric results showed that the peak crystallization temperature (7,.) of PEN nano-
composites was increased ~9° through heterogeneous nucleation with respect to pure PEN. X-ray diffraction revealed that carbon
nanotubes modify the crystalline structure of PEN favoring the formation of f-crystals, and this effect increases with the nanotubes
content. On the basis of X-ray scattering analysis, the variation of lamellar thickness revealed that nanotubes promote the formation
of lamellar crystals with average thickness of 20 nm at different cooling rates. These structural and morphological changes play an
important role on the electrical properties of nanocomposites. It was found that higher concentration of nanotubes and crystallinity
promotes electrical conductivity of nanocomposites in the order of semiconductors (until 1 X 10°* S cm™") as well as permittivity
of 20 at different tested frequencies. This may due to the interconnected networks of nanotubes throughout the crystalline structure
formed in PEN nanocomposites. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41765.
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INTRODUCTION due to its unusual properties and high aspect ratio.”® The
. . o combination of nanotubes with conventional semi crystalline
Polymer composites have been widely used in high performance . ] . L

thermoplastic polymers may provide attractive possibilities to
improve the mechanical and electrical properties of these poly-
mers.””"" However, as have been reported by other authors'*™"
these properties may depend on the processing conditions and

the end morphology which results from the crystallization pro-

applications for automotive and aerospace industry due to the
superior properties resulting from the combination of polymers
with fillers, such as elastic modulus, tensile strength, flame
resistance, electrical and thermal conductivity, etc.'™ The recent

introduction of nanofillers has attracted a great deal of interest . . . .
cess. For practical purposes non-isothermally crystallization, is

because of remarkable improvements in the mechanical, flame . .
often used as for cooling in industry to create plastic parts.

resistance, and electrical properties at lower filler loadings.
Among various nanofillers, carbon nanotubes (CNTs) are now  Therefore, the crystallization behavior for the development of
regarded as promising reinforcement in polymer composites ~carbon nanotubes-reinforced polymer nanocomposites should

This article was published online on 15 Dec 2014. An error was subsequently identified. This notice is included in the online and
print versions to indicate that both have been corrected 29 Dec 2014.
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be analyzed to realize the full potential of nanotubes for high
performance application.

Poly(ethylene naphthalate) (PEN) is an aromatic polyester that has
been used in industry for a wide range of applications, including
food packaging materials, fibers, magnetic recording tapes, and
flexible printed circuits.'"® In general terms, PEN exhibits
enhanced mechanical, thermal, gas barrier and chemical resistance
properties compared to poly(ethylene terephthalate) PET and pol-
y(butylene terephthalate) (PBT).* It has been reported that nano-
tubes promote the crystallization and the mechanical
reinforcement of PEN, as well as the improvement of thermal and
electrical properties at low nanotube content.*’™ The enhance-
ment of these properties not only for PEN but also for a wide
variety of semi crystalline polymers gives a guideline for the devel-
opment of high performance nanotubes based nanocomposites.

Herein, the effect of nanotube concentration and cooling rate on
the morphological, structural and electrical properties of non-
isothermally crystallized PEN-multiwall carbon nanotubes nano-
composites is studied. It has been reported that carbon nanotubes
are good nucleating agents for PEN throughout self-assembly
nucleation®® which make it easier to control the morphology and
electrical properties of nanocomposites for their possible applica-
tion in charge dissipative materials for sensitive items.

EXPERIMENTAL

Materials

Poly(ethylene naphthalate) homopolymer TEONEX® TN8085S
with M,,= 28,737 g gmol ™' from Teijin Chemicals was used.
Multiwall carbon nanotubes from Nanostructured and Amor-
phous Materials were used as supplied. The approximate diame-
ter of nanotubes was in the range of 30-50 nm with an aspect
ratio of 300—400 and >95% of purity.

Nanocomposites Preparation

PEN and nanotubes were dried in a vacuum oven at 80°C over-
night before preparing the nanocomposites. PEN was mixed
with two different MWNT weight contents 1 and 2 wt %. The
nanocomposites were obtained in a laboratory mini-extruder
model LME-120 (Polymer Test) at 300°C. To reach a better dis-
persion of nanotubes, samples were passed three times through
the extruder at 300°C and 30 rpm.

After melt compounding, disc shape samples were molded in a
stainless steel mold with dimensions of 8 mm in diameter and
1.5-mm thick. The molded samples were first placed in a hot stage
(Mettler, model FP 82 HT) at 300°C for 3 min, to eliminate any
previous thermo-mechanical history. After that, the samples were
cooled down at different cooling rates: 2, 10, 20, and 300°C
min~'. These samples were used for further characterization
through X-rays, microscopy, resistivity and capacitance analysis.

Characterization

Crystallization behavior of PEN/MWNT nanocomposites was
studied in a Perkin Elmer differential scanning calorimeter
(DSC) over the temperature range of 30-300°C under a nitro-
gen atmosphere. Samples were heated to 300°C at 10°C min ™'
and held there for 3 min to erase any previous thermal history
and then cooled down to 30°C at different cooling rates: 2, 10,
20, and 300°C min ™.
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Figure 1. Non-isothermal crystallization curves of (a) pure PEN, (b)
PEN/MENT (99/1) and (c¢) PEN/MWNT (98/2) at different various cool-
ing rates 2, 10, and 20°C min~ L.

Simultaneous wide angle X-ray diffraction (WAXD) and small
angle X-ray scattering measurements (SAXS) of pure polymer
and nanocomposites were measured at room temperature using
X-ray scattering equipment SAXSess mc” from Anton Paar.

To determine the dispersion of carbon nanotubes in the poly-
mer matrix, nanocomposites were analyzed in a field emission
scanning microscope  (FE-SEM), JEOL model
JSM7401F with a voltage of 15 kV. Samples of nanocomposites
were cryogenically fractured and coated with Au-Pd.

electron

The volume electrical resistivity was measured by using a digital
amplifier, a high voltage amplifier and a charge variable gain
amplifier. Each measurement was taken in quadruplicate and
the average is reported as result. The resistivity test was
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Table I. DSC Results for PEN and PEN/MWNT Nanocomposites Samples
Obtained from Cooling Traces at Different Cooling Rates

Cooling rate
Sample (°C min~?1) T.(C)  AH.(Jg™)
PEN 20 210 n.c.
10 218 n.c.
2 230 6.3
PEN/MWNT (99/1) 20 211 27.5
10 223 34.5
2 238 50.1
PEN/MWNT (98/2) 20 217 33.8
10 227 471
2 241 60.2

n.c.: Not calculated.

measured in two points following the Cabot EO43 procedure
based on ASTM D4496.%

Dielectric properties were measured with a capacitance analyzer
at ambient temperature at frequencies of 0.1, 1, 10, and
100 kHz. Again, each measurement was taken in quadruplicate
and the average is reported as result. The capacitance was deter-
mined by the parallel plate method according to ASTM D150
normativity.?’

RESULTS AND DISCUSSION

Thermal Behavior

Figure 1 shows DSC cooling scans of pure PEN and PEN/MWNT
nanocomposites at 2, 10, and 20°C min~ !, as a function of
MWNT content and the results are summarized in Table I.

At any cooling rate, the crystallization temperature (T,
increases as the carbon nanotubes content increases from 0 to 2
wt %, which is clearly due to the excellent nucleating effect of
the CNT, which enhance the crystallization through heterogene-
ous nucleation, as reported by other authors.’*****> However,
the slower the cooling rate, the more marked the nucleating
effect, and the higher the crystallization enthalpy, which is
assumed to be due to the larger time the sample is let to remain
within the range of crystallization temperatures.**>’

At the higher cooling rate of 20°C min~', the addition of 1 wt

% of CNT has a negligible effect on T, nonetheless, has a
marked effect on the enthalpy of crystallization, which means
that, even at these conditions, the CNT do still present a
marked nucleating effect on PEN. This nucleating effect may be
attributed to the favorable n—n interactions between PEN and
the CNT surface that make it possible.?’

Morphology

Crystalline Structure. To determine the effect of MWNT on the
crystalline structure of PEN WAXD analyses were performed.
The samples for pure PEN and PEN/MWNT nanocomposites
were that cooled at 2, 10, 20, and 300°C min~'. Figure 2 shows
WAXD patterns of PEN and nanocomposites, and their relative
crystallinity calculations (X,) are shown in Table II. X, was cal-
culated by the method established by Murthy and Minor.>
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Depending on crystallization conditions PEN generally crystal-
lize in three different crystalline forms o, f, and y.>'> In o-
crystals, the structure has extended chains with one chain per
unit cell and the crystallographic data, according to Mencik,”"
are: triclinic a = 6.51 A) b=15.75 A, c=13.2 10\, o = 81.33°%, fi=
144°, y= 100°, and density p= 1.407 g cm . Meanwhile, f5-
crystals have sinusoidal chains with four chains per unit cell
and the crystallographic data are: triclinic a=9.26 A, b= 15.59
A, c=1273 A, a= 121.6°, f= 95.57°, 7=122.52°.* The
crystallographic parameters for f[-crystals with monoclinic unit
cell were proposed by Liu et al>® where a=13.04 A, b=9.26
A, c=13 A, o= 131.47°, f= y=90°. In the same report the y-
form was found but their crystallographic parameters were not
reported. As observed in Figure 2, when pure PEN is cooled
down at 2°C min~' the signals characteristic of o-form
appeared, this is, extended chain crystals predominated. When
cooling rate increased the samples of pure PEN were amor-
phous [Figure 2(a)]. With the incorporation of MWNT even for
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Figure 2. WAXD patterns of pure PEN and nanocomposites crystallized at

different cooling rates.
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Table II. Relative Crystallinity (X,) Calculated from WAXD Patterns of
Pure PEN and PEN/MWNT Nanocomposites Crystallized at Different
Cooling Rates
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Table III. Maximum Scattering Vector (gmax) and Long Period or Perio-
dicity (L) of Pure PEN and PEN/MWNT Nanocomposites

Cooling rate

Sample (°C min~1) Qmayx (1/nm) L (nm)

PEN 300 n.c.
20 n.c.
10 n.c.
2 4.7
300 n.c.
20 34.7
10 5.2
2 38.1
300 n.c.
20 34.9
10 36.1
2 38.6

PEN/MWNT (99/1)

PEN/MWNT (98/2)

n.c. Not calculated.
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Figure 3. SAXS patterns of pure PEN and nanocomposites (a) experimen-
tal data and (b) Lorentz corrected plots.
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PEN 20 n.c. n.c.
10 n.c. n.c.
2 0.39 16.12

PEN/MWNT (99/1) 20 0.31 20.24
10 0.31 20.24
2 0.30 20.68

PEN/MWNT (98/2) 20 0.31 20.24
10 0.30 20.68
2 0.29 21.62

n.c. Not calculated.

samples cooled at the higher cooling rates additional peaks
appeared. The planes identified were 111, 020, 202, 242, and
occur when f-crystals are formed.”® Kim et al,” found similar
reflections in PEN/MWNT nanocomposites, where the influence
of MWNT on crystalline structure and mechanical properties of
PEN nanocomposites was studied. In our case, as the cooling
rate decreased the intensity of patterns in nanocomposites
became stronger indicating that large f§ crystals were developed.
These important changes associated with crystalline structure
and crystallinity may be attributed to the easily adsorption of
PEN chains on nanotubes by means of aromatic self-assembly
nucleation, as previously reported.”

Lamellar Structure. The structure of semicrystalline polymers
consists of lamellar crystals periodically ordered enclosed by
amorphous phases. Periodicity, known as long period (L), can
be calculated by substituting the value of the maximum peak
position of dispersion vector (gmax) in the eq. (1). Gmax IS
obtained from dispersion plot with the Lorentz correction.”®

2n
L=

(1)
Jmax
With the objective to analyze the influence of carbon nanotubes in
the periodicity of PEN SAXS studies were performed. Figure 3
shows experimental and Lorentz corrected SAXS patterns of nano-
composites PEN/MWNT and pure PEN cooled at 10°C min~ . It
is observed in [Figure 3(a)] that no peaks appeared in pure PEN
patterns. However, for PEN/MWNT nanocomposites the intensity
of experimental patterns [Figure 3(a)] increased. When observing
Lorentz corrected plots [Figure 3(b)] it is noticed that pure PEN
shows no scattering peaks which can be due to the presence of large
amorphous areas between crystalline lamellas. PEN nanocompo-
sites showed well defined peaks that may be attributed to the nucle-
ating activity of nanotubes promoting the formation of large
crystals. Periodicity values of pure PEN and nanocomposites
cooled at 2, 10, and 20°C min~ ' are shown in Table III. For pure
PEN it was not possible to calculate periodicity when samples were
cooled at 20 and 10°C min~"' due to the lack of scattering signals
but PEN cooled at 2°C min~ " had a periodicity of 16.2 nm. When
nanotubes were added to PEN, thickness of lamellar crystals
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Figure 4. FE-SEM images of the fractured surface of PEN/MWNT (98/2) nanocomposites crystallized at cooling rates of: (a), 300°C min ', (b) 20°C

min~, (¢) 10°C min~', and 2°C min~" (d).

increased up to 5 nm at the higher loading. This observation shows
that carbon nanotubes are effective nucleating agents and promotes
lamellar thickening for the growth of large crystals, at the concen-
tration of nanotubes studied. This may explain the change from o
to 8 crystals of PEN after incorporating 1 and 2 wt % of carbon
nanotubes. Logakis et al>’ reported for Nylon-6 nanocomposites
that at MWNT contents higher than 2 wt % the formation of large
and perfect crystallites are prevented due to limited space and
restrictions imposed to the motion of the polymer chains.

Dispersion of Carbon Nanotubes. To study the dispersion of
nanotubes in PEN the cryogenic fractured surfaces of nanocom-
posites were observed by FE-SEM. In Figure 4 FE-SEM images
of nanocomposites PEN/MWNT (98/2) cooled at different cool-
ing rates are shown. In all the cases a homogeneous dispersion
of nanotubes throughout PEN was observed.

It can be thought that all PEN/CNT samples containing 2 wt %
CNT had a similar distribution/dispersion degree, since they all were
prepared in the same way. Nonetheless, Figure 4 shows that after
heating up to 300°C and submitting these to four different cooling
rates, produces strikingly different apparent morphologies. In this
case, as the cooling rate slows down, PEN molecules have more time
to diffuse through nanotubes entanglements. This phenomenon
could explain the electrical properties of nanocomposites.

Electrical Behavior

Electrical Conductivity. The volume electrical conductivity of
nanocomposites crystallized at different cooling rates and con-
tents of nanotubes is shown in Figure 5. It can be observed that
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conductivity increased with the addition of CNT up to 1 X 10”7

Sem ' (1wt%)and 1 X 10 *Scem ! (2 wt %). Analyzing the
electrical conductivity of PEN/MWNT (98/2) nanocomposites
showed a slight decrease in conductivity as increased cooling
rate. This may be due to the less ordered structure of PEN mole-
cules in amorphous samples which prevent the free trajectory for
electron transfer. It may be suggested that the electrical conduc-
tivity mechanism in nanocomposites is given as a function of
cooling rate (crystallinity) and nanotubes content. At higher
nanotubes content the formation of interconnected networks
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Figure 5. Electrical conductivity of PEN/MWNT nanocomposites crystal-
lized at different cooling rates.
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Figure 6. Permittivity of PEN and PEN/MWNT nanocomposites crystallized at different cooling rates.

throughout the polymer matrix is promoted at low cooling rates
and electrical conductivity is improved. Based on the achieved con-
ductivities, these materials can be considered as semiconductors™
and are proposed for the manufacture of charge dissipation materi-
als for sensitive items according to the normativity of Electrostatic
Discharge Association (ESD) and the American National Standards
Institute in the ANSI/ESD $541-2008.* Our materials have new
competitive advantages with respect to those reported by different
authors for polymer-CNT systems with similar conductivities."**®
First, they were prepared by means of a simple melt compounding
methodology that prevents the use of intermediate compounding
steps or dangerous solvents. Second, the structural and integrity
damage of CNT is prevented due to they were not functionalized
by covalent methods. In this case, it was took advantage of the
chemical structure of PEN and its ability to easily crystallize by
means of aromatic self-assembly nucleation® which makes the
methodology a simple way for the fabrication of electrostatic dissi-
pation materials with controlled morphology.

Permittivity. It is well known that polymers are generally good
insulating materials due to their physical and chemical proper-
ties.* But, the inclusion of conductive fillers can modify the
dielectric properties of polymer composites. Permittivity or
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dielectric constants at different frequencies of PEN and PEN/
MWNT nanocomposites crystallized at different cooling rates
are shown in Figure 6. It is observed that the permittivity of
PEN increases with the content of MWNTs. The permittivity of
the pure PEN at different frequencies is found around 3, and in
nanocomposites with 1 and 2 wt % of nanotubes reaches an
average of 5 and 17 respectively, which is approximately two
and five times of the pure PEN. As observed in Figure 6 there
are important changes in dielectric behavior of nanocomposites
with 2 wt % when decreasing the cooling rate. For example, it
is observed that permittivity evaluated at 0.1 kHz of nanocom-
posites cooled at 2 and 10°C min~" is 30 for both cases, and 7
for the higher cooling rate (300°C min~'). These changes in the
dielectric constant can be also explained in terms of the struc-
ture of the nanocomposites where the ordered structures imply
a better distribution of the charges and higher dielectric con-
stant. At the same time there may be ordered percolation paths
as showed in the electrical conductivity results. Some authors
have reported that the increase in permittivity of conductive-
dielectric (conductive filler-dielectric polymer) nanocomposites
is directly associated to the percolation phenomena.***” How-
ever, to ensure if PEN nanocomposites serves as dual materials
it is necessary to perform a more complete analysis of their
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charge and discharge cycle as part of the next step of this
research.

CONCLUSIONS

PEN/MWNT nanocomposites were prepared by melt com-
pounding with contents of nanotubes of 1 and 2 wt % of
MWNT, and the effects of nanotubes concentration and cooling
rate on morphology, structure and electrical properties were
studied. The peak crystallization temperature, the crystalline
content and the lamellar thickness of PEN were significantly
improved with the introduction of nanotubes and decreasing
the cooling rate, and these enhancing effects were more pro-
nounced in nanocomposites with 2 wt % of CNT. The incorpo-
ration of more MWNTs facilitates to the formation of ff-crystals
in the PEN/MWNT nanocomposites. The dispersed CNTs
played an important role in improving the morphology of PEN/
MWNT nanocomposites by acting as effective nucleating agents
due to the favorable interactions between the surface of the
nanotubes and the naphthalene group of PEN chains. The
improvement in the electrical conductivity and permittivity of
PEN/MWNT nanocomposites was attributed to a combined
effect of crystalline morphology and nanotubes content. We
believe that our methodology developed for the preparation of
semiconductor nanocomposites has competitive advantages for
the fabrication of electrostatic dissipation materials with con-
trolled morphology.
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