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In this work, syndiotactic polypropylene/multiwalled carbon nanotubes (MWCNT)
nanocomposites, in various concentrations, were produced using melt mixing. The influ-
ence of the addition of MWCNT on the morphology, crystalline form, and the thermal and
electrical properties of the polymer matrix was studied. To that aim, scanning electron
microscopy, Raman spectroscopy, X-ray diffraction, differential scanning calorimetry,
and dielectric relaxation spectroscopy were employed. Significant alterations of both
the crystallization behavior and the thermal properties of the matrix were found on
addition of the carbon nanotubes: conversion of the disordered crystalline form I to the
ordered one, increase of the crystallization temperature and the degree of crystallinity,
and decrease of the glass transition temperature and the heat capacity jump. Finally,
the electrical percolation threshold was found between 2.5-3.0 wt.% MWCNT. For
comparison purposes, the results of the system studied here are also correlated with the
findings from a previous work on the isotactic polypropylene/MWCNT system.

Keywords carbon nanotubes, electrical properties, morphology, nanocomposites, syn-
diotactic polypropylene, thermal properties

Introduction

Among a wide variety of commercially important polymers, polypropylene currently has
the highest growth rate. The most common commercial form is isotactic polypropylene
(iPP), while syndiotactic polypropylene (sPP) is not so widely used. Its lower melting
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point, lower degree of crystallinity, and relatively slow crystallization rate are some of the
reasons for that. On the other hand, because of its relatively low degree of crystallinity and
small crystal size, sPP has a higher clarity and is more ductile, at room temperature, with a
greater impact strength when compared with iPP.['>l However, the necessity of improving
the sPP properties is crucial in order to widen the range of its commercial applications.

Polymer properties are remarkably improved by the addition of carbon nanotubes
(CNT) when compared with virgin polymers. Since their discovery by Iijima in 1991,1%!
CNT have been used in many technological applications. Their very appealing physical
and mechanical properties, such as high elastic modulus, as well as remarkable thermal
and electrical conductivity made them ideal inclusions by industry in high-performance
polymers.[*! Especially, their high electrical conductivity, in combination with their very
high aspect ratio (length to diameter ratio >1000), enables the preparation of conducting
composites at very low filler contents, suitable for numerous applications such as electro-
magnetic interference shielding, electrostatic dissipation, gas sensors, etc."!

Several methods have been developed for the incorporation of CNT in a polymer
matrix.*-%! The melt mixing technique was used in our study, taking into account the
simplicity and the low cost of the method. Additionally, this technique is free of solvents,
the required equipment is already available in the plastic industry and permits recycling of
the preconsumer scrap.

Despite the large number of available articles referred to iPP/CNT systems,!”!?! the
influence of the addition of CNT on the physical properties of sPP matrix is not so well
studied. In this article, the morphological and thermal properties of sPP/multiwalled carbon
nanotubes (MWCNT) nanocomposites are investigated by employing various techniques
(scanning electron microscopy, X-ray diffraction, Raman spectroscopy, differential scan-
ning calorimetry). Special attention is paid to the changes induced by the presence of CNT
on the crystallization behavior and the thermal transitions of the sPP matrix. The transition
from the insulating to the conducting phase at a certain amount of CNT (the so-called
percolation threshold) is also investigated by employing dielectric relaxation spectroscopy.
The results are correlated with those of our previous work in iPP/MWCNT composites!?!
and interesting relationships are found.

Experimental Part

Materials

sPP, in pellet form, was obtained from Sigma-Aldrich (melt flow index: 4.5 g/10 min,
M, : 54,000, My: 127,000). MWCNT were purchased from Nanothinx S.A. The nanotubes
were produced by the chemical vapor deposition method (purity >95%, average diameter
10-30 nm, average length ~10 pm).

The nanocomposites were prepared by melt mixing. The mixing was done in a corotat-
ing, conical, twin-screw microextruder/compounder (ThermoHaake MiniLab™) at 180°C
for over 30 min and at a mixing speed of 200 r min~! in N, atmosphere. Slabs with a
thickness of 0.5 mm were prepared by compression molding of the mixed composites using
a custom hydraulic press at 15 MPa for 5 min initially and at 30 MPa for additional 5 min,
while the temperature was kept at 170°C. Then, the temperature was lowered from 170°C
to 30°C under ambient conditions. The final obtained concentration of MWCNT in the
prepared nanocomposites varied from 0.5 to 5.0 wt.%.
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Experimental Techniques

The morphology of sSPPMWCNT composites was observed using scanning electron mi-
croscopy (SEM) (FE Inspect SEM, Philips) operating with an acceleration voltage of 20 k'V.
SEM samples were cryofractured in liquid nitrogen and their fractured surface was sputtered
with gold before taking the images to prevent charging.

Differential scanning calorimetry (DSC) measurements were carried out in the tem-
perature range from —70°C to 180°C using a PerkinElmer Pyris 6 apparatus. A cooling
rate of 10 K min~' and a heating rate of 10 K min~' were used. The weight of the samples
varied from 4 to 6 mg. It is noted that both sPP and its composite samples containing
various MWCNT amounts were first heated from room temperature (30°C) to 180°C and
held there for 5 min (first heating), in order to remove any previous thermal history. All
measurements were carried out in nitrogen atmosphere.

X-ray diffraction (XRD) patterns were taken on a Siemens D500 diffractometer, using
CuKo radiation of a wavelength of A = 0.154 nm. Measurements were performed over the
range 26 from 5° to 55°, at steps of 0.04° and counting time of 5 s.

Raman spectra were recorded on a Perkin—Elmer GX Fourier Transform spectrometer.
A diode-pumped Nd: YAG laser exciting at 1064 nm was used. The scattered radiation was
collected at an angle of 180° to the incident beam. Spectra were recorded at a laser power
of 30 mW at the sample with a resolution of 4 cm~' and an interval of 2 cm~!. In order to
obtain a good signal to noise ratio, 1000 scans were coadded for the spectra. The Raman
spectra were taken in the spectral region 100-3500 cm™'.

The electrical and dielectric properties of the prepared materials were studied by
employing dielectric relaxation spectroscopy (DRS). In this technique, the sample is placed
between the plates of a capacitor, an alternate voltage is applied, and the response of the
system is studied. By measuring the complex impedance (Z* = Z' — iZ"’) of the circuit, the
complex permittivity (¢* = &’ — ig’’) can be obtained from the following equation:[!*

1

8*(0))=m,

1)
where w is the angular frequency (w = 27 f) of the applied electric field and C the equivalent
capacitance of the free space. The complex permittivity is the most common formalism to
describe the electrical and dielectric relaxation phenomena. The frequency-dependent ac
conductivity (real part, o) is then obtained from the following equation:'3!

o'(0) = goe"(v), 2

where £y = 8.85 x 10712 F m~! is the permittivity of free space.

DRS measurements were carried out at room temperature in the frequency range
of 1072-10° Hz by means of a Novocontrol Alpha analyzer. Further details about the
experimental apparatus can be found in.['#!

Results and Discussion

Morphological Characterization

Figure 1 shows typical SEM images, in two magnification levels for the nanocomposite
containing 5.0 wt.% MWCNT [Figs. 1(b) and 1(c)] and a neat sPP film for comparison
purposes [Fig. 1(a)]. The micrographs show that MWCNT, which are observed as white
spots, are uniformly dispersed in the polymer matrix even for the highest loading of
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(a)

Figure 1. SEM micrographs for (a) the pure sPP matrix and (b and c) the nanocomposite containing
5 wt.% MWCNT, in two magnification levels.

5.0 wt.%. Some small agglomerates that can be detected are also uniformly dispersed in
the sPP matrix (see the larger-scale images). The homogenous dispersion of the fillers is a
crucial parameter affecting all the physical properties (thermal, electrical, mechanical, etc.)
of the nanocomposites.

Crystallization and Thermal Transitions

sPP can form four different crystalline and one mesomorphic forms. The crystallite forms I
and II exhibit helical conformation, whereas the form III adopts the trans-planar conforma-
tion and can be obtained upon quenching or stretching ([15] and references therein). Form
I1I can be transformed to form IV upon exposure to organic solvents.!'! The main interest
here is to look for any effects of the MWCNT addition on the crystallization behavior and
on the thermal transitions of the sPP matrix. To that aim, XRD and DSC measurements
were employed.

Figure 2 shows XRD patterns for the pure sPP matrix and its nanocomposites. All
the examined samples contain the characteristic diffraction peaks of the most usual form I
of sPP at 260 = 12.3°, 15.9°, 20.5°, and 24.7, which correspond to the (200), (010), (210)
and (400) reflections planes, respectively.l'®! Furthermore, the peak at 20 = 15.9° is not
symmetric, showing a shoulder at 26 = 17°, typical of the frans-planar mesophase. It has

sPP/MWCNT 5.0 wt.%

SPP/MWCNT 3.0 wt.%

sPP/MWCNT 1.0 wt.%

Intensity (arbitary units)

sPP/MWCNT 0.5 wt.%

T T T LR e R NN TR SN (PR B
5 10 15 20 25 30 35 40 45 50
20 (degrees)

Figure 2. XRD patterns for the pure sPP and the nanocomposites, as indicated on the plot.
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sPP/IMWCNT 3.0 wt.%
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Figure 3. Crystallization thermograms for pure sPP and the nanocomposites, as indicated on the
plot (cooling rate: 10 K min~").

been shown that the frans-planar mesophase can be formed by quenching the sample from
the melt to 0°C and holding it at that temperature for a long time.!'”! This phase is stable
up to 80°C, whereas at 90°C, it is almost completely transformed into the more stable form
L") However, our results show that this mesophase can be also formed by cooling down
the molten sample from 170°C to 30°C at a low rate (without any quenching procedure).
Another interesting point is that, while in the pure sPP the diffraction peak at 260 = 18.9°,
which corresponds to the (211) plane of form I, is absent, in the nanocomposites, this peak
is present and its intensity increases as the amount of MWCNT increases. The absence of
this diffraction peak in the pure sPP indicates the existence of the disordered modification
of the form L.I'%1°1 On the contrary, the addition of the nanotubes promotes the formation
of the most stable form I [the (211) peak being clearly present]. It is noted that further
analysis of the XRD spectra to obtain further information about the crystal size was not
examined as the complex XRD patterns introduce high errors during the analysis. Only the
(200) diffraction peak was possible to be accurately analyzed, with the results showing no
significant changes to the crystal size due to MWCNT addition (the width varied between
128 and 136A).

Figure 3 shows DSC thermograms during cooling for the pure sPP matrix and
sPP/MWCNT nanocomposites (cooling rate: 10 K min~"). The observed exothermic peaks
are attributed to the crystallization of the sPP matrix. The addition of the MWCNT causes
a large initial increase of the crystallization temperature (T.) (from 65.4°C to 91.6°C on
addition of 0.5 wt.%) and then a gradual shift to higher temperatures (up to 100.6°C for
the highest amount of MWCNT), indicating the action of CNT as nucleating agents (Table
1). This behavior has been reported previously in the literature for iPP1>*2!l and other
semicrystalline matrixes, such as polyamide,?>! polystyrene,/?®! and so on. It is noted
that the nucleation ability of CNT usually leads to an increase in crystallization temperature
by about 10°C upon addition to the polymeric matrices (see [24] and references therein).
Here this increase is significantly higher, denoting a stronger nucleating action of CNT
in the crystallization of sPP compared with iPP and other polymer matrices. It is also
interesting to note that, in contrast to DSC findings in iPP/MWCNT and PA6/MWCNT
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Table 1
Melting temperature (T,,), heat of fusion (AH,,), heat of fusion normalized to the polymer
mass (AHp,*), degree of crystallinity (X.), and crystallization temperature (T ;) for the pure
sPP matrix and sSPP/MWCNT nanocomposites. The errors in temperatures are estimated to
=+ 0.5°C, whereas errors in enthalpies and in degree of crystallinity are in the order of 5%

Melting
AH,, AH,, Xe Crystallization
Sample Tm(°C) dgh *dgh @ T.(°C)
sPP 112.4 and 126.4 35.5 35.5 194 65.4
sPP/0.5 wt.% MWCNT 123.5 36.7 36.9 20.2 91.6
sPP/1.0 wt.% MWCNT  124.2 40.4 40.8 22.3 94.3
sPP/3.0 wt.% MWCNT 125.6 41.4 42.7 23.3 97.9
sPP/5.0 wt.% MWCNT  125.8 37.0 38.9 21.3 100.6

systems, where a second crystallization peak appeared on the addition of CNT (owing to
trans-crystallinity),['>?%! this behavior is absent here.

In Fig. 4, melting thermograms (second heating) are presented for the sPP and its
nanocomposites at a heating rate of 10 K min~'. For the pure sPP, two main melting
peaks are observed, located at 112.4°C and 126.4°C. The lower temperature melting peak
corresponds to the melting of the primary crystallites formed, while the higher temperature
melting peak is a result of the melting of the crystallites recrystallized during the heating
scan.!!>?7] On the contrary, in the case of the nanocomposites only the high temperature
melting peak appears. This result suggests that the presence of the CNT promotes the
formation of better formed crystals, in agreement with the previously mentioned XRD
findings. Nevertheless, a shoulder in the high temperature side of the peak appears in

T

SPRMINCNT .0 w3

SPEMWCHT 3.0 W%, .

45 0 B5 60 65 O 7%
Temporature ['C)

| sPPMWCNT 5.0 wt.%

Heat Flow (arbitary units) Endo —

: T T T T T T T T T

-100 -50 0 50 100 150
Temperature (°C)

Figure 4. Melting thermograms for pure sPP and the nanocomposites, as indicated on the plot

(heating rate: 10 K min~"). In the inset, the first heating scan is presented (heating rate: 10 K min™"),

focused in the temperature region where the mesophase is observed.
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the nanocomposites (it is more prominent for the samples containing 0.5 and 1.0 wt.%
MWCNT), indicating a broader crystallite size distribution on addition of the nanotubes.
The degree of crystallinity was calculated from the melting thermograms by the fol-
lowing equation:
AH,,

where AH,, is the measured heat of fusion, AHy is the heat of fusion for 100% crystalline
sPP and ¢ is the weight fraction of MWCNT in the nanocomposites. AHy was taken equal
to 183 J g=!.181 The results listed in Table 1 show a slight increase of X by the addition of
the nanotubes. It is mentioned that these findings were consistent with the results obtained
by XRD. The latter are not shown here since it is more secure to base the calculations on
DSC measurements, as the analysis of XRD spectra, because of their complexity in the case
of polypropylene, contains several sources of error. Nevertheless, both techniques showed
the same tendency: increase of X, as the amount of MWCNT increases. It is noted that the
highest loaded sample, containing 5.0 wt.%, deviates from that behavior: although more
external nucleating sites are present, the high amount of MWCNT probably restricts the
motion (diffusion) of the polymeric chains during the crystallization process.

In the inset to Fig. 4 the thermograms of the first heating scan are also presented for
the sPP and its nanocomposites at a heating rate of 10 K min~". In all the samples a small
endotherm is observed, between 50°C and 70°C, because of the melting of the trans-planar
mesophase. The existence of this mesophase is in agreement with the aforementioned XRD
findings. This mesophase no longer exists during the second heating (thermograms in Fig.
4), as it was already transformed to form I during the first heating and did not reform during
cooling.

Finally, in the temperature region of —10°C to 10°C, a step in heat flow appears
(Fig. 4) indicating the glass transition of the amorphous sPP phase. The glass transition
temperature (T,) (calculated as the midpoint of the extrapolated heat capacities before and
after the glass transition), the glass transition width (ATg = Ty onset — Tg, end> Where Tg onset
and Tg eng are defined as the intersections between the extrapolated tangents before and
after the glass transition, respectively, and the extrapolated tangent at the inflection point),
the heat capacity jump at the glass transition (ACp) and the normalized heat capacity to the
mass of the amorphous polymer (AC,* = AC,/[(1 — ¢)(1 — X,)]) are listed in Table 2. The

Table 2
Glass transition temperature (Ty), glass transition width (AT,), heat capacity jump at the
glass transition (AC,), and normalized heat capacity (AC,*). The errors in temperatures
are estimated to =+ 0.5°C, whereas errors in heat capacities are in the order of 5%

Glass transition

Sample T,°C) AT,°C) AC,Jg'K™) ACrJg'K™
Spp -0.7 8.2 0.34 0.42
sPP/0.5 wt.% MWCNT ~ —1.9 6.9 0.31 0.39
sPP/1.0 wt.% MWCNT ~ —2.0 6.2 0.32 0.41
sPP/3.0 wt.% MWCNT ~ —2.4 6.2 0.28 0.37

sPP/5.0 wt.% MWCNT —-2.6 5.8 0.25 0.34
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Figure 5. High-frequency Raman spectra of MWCNT and sSPPMWCNT composites.

results show a slight decrease in the glass transition of the pure sPP matrix on addition of
MWCNT. Similar behavior has been already mentioned in other semicrystalline polymer
nanocomposites containing CNT?! and is explained by the free volume concept.[>>28! The
introduction of the CNT, by preventing the packing of the polymer chains, increases the
free volume of the system. In that way, the cooperative motion of the polymer chains (glass
transition) can be observed at a lower temperature. It is noted that an increase or even no
change of T, has also been reported in various polymeric matrices on addition of nanosized
particles.[?!

Additionally, the normalized heat capacity (AC,*) decreases in the nanocomposites,
indicating that a smaller fraction of the amorphous phase contributes to the glass transition.
This result can be interpreted in terms of a two-layer model in which one part of the
polymer is immobilized near the inclusions (an interfacial layer with partially or completely
suppressed mobility), because of strong polymer—filler interactions,’**3!! and only the rest
participates normally to the glass transition.[>>! Contrarily, in iPP/MWCNT composites, no
significant change in AC,* was observed. To that point it is interesting to take into account
the existence of a trans-crystallinity in the iPP/MWCNT system, as it was revealed by
DSC measurements.['?! It seems that this crystalline layer, which is developed around the
CNT walls, prohibits the interactions between the fillers and the amorphous phase, and
consequently all the amorphous phase participates in the glass transition.

Raman Spectroscopy

Raman characterization was applied to underline the effects of MWCNT on the polymer
matrix composites. Raman spectra of SPP/MWCNT composites typically show intense
peaks in the spectral ranges of 1100-1750 cm™! and 135-200 cm™~'. Figure 5 shows the
high-frequency Raman spectra of MWCNT and the various nanocomposites (0.5, 1.0, 3.0
and 5.0 wt.%). The Raman bands of the MWCNT are clearly identified, but the sPP ones
do not appear because of their low intensity. The spectra exhibit characteristic MWCNT
peaks at 1285 cm™' and 1595 cm™'. The first, assigned to the D band, derives from
disordered graphite structures, while the second one, assigned to the G band, is associated
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Intensity (arbitary units)

140 160 180 200
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Figure 6. Low-frequency Raman spectrum of sPP/0.5 wt.% MWCNT composite.

with tangential C&bond;C bond stretching motions that originate from the Esg mode at
1580 cm~! in graphite.!*?!

By increasing the nanotube concentration in the polymer matrix, the G band is upshifted
from 1587 cm™' (pure CNT) to 1604 cm™' (3.0 wt.%), as shown in Fig. 5. The shifting
of the band to higher frequencies can be attributed to the disentanglement of nanotubes
and subsequent dispersion in the sPP matrix as a consequence of polymer penetration into
the nanotubes bundles during the melt mixing process. The latter is expected to contribute
significantly to the influence of the crystallization, because of the increase of the formation
of nucleating agents that favor the crystallization process, as was already discussed. Only
the sample with the highest CNT content (5.0 wt.%) deviates from this behavior, and the
G band is downshifted to 1585 cm™' (Fig. 5). This is in agreement with the DSC results
where a decrease of crystallinity is observed. Similar upshifting of the G band has been
reported for SWCNT/ iPP?! and reinforced epoxy resins,'**! as well as for polyethylene
matrix.?4!

Using the peak height Raman intensities of the G and D bands in the equation
Ig/(Ig+Ip) x 100%, the degree of graphitization of CNT was found to be 45%.[3%!

The low-energy bands in Raman spectra are attributed to a radial breathing mode
(RBM) where all C atoms are subject to an in-phase radial displacement, associated with
a symmetric movement of all carbon atoms in the radial direction. The frequency of the
RBM mode is proportional to the inverse of the tube inner diameter (1/d) according to the
equation: wrpm = 223.5/d + 12.5, where wgrpym is given in centimeters inverse and d in
nanometers.3?!

A prominent RBM band at about 163 cm™! was recorded in the spectra of MWCNT
and in SPP/MWCNT composites. Band component analysis (Fig. 6) gave three main bands
at 159, 162, and 164 cm™!, which correspond to nanotubes with inner diameters 1.52, 1.49,
and 1.47 nm, respectively.

Electrical Properties

DRS was employed to study the electrical properties of the prepared nanocomposites.
Figure 7 shows ac conductivity (o) at room temperature as a function of frequency (f), for
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Figure 7. Conductivity (o) vs. frequency (f) at room temperature for the samples indicated on the
plot.

the pure sPP and the compositions indicated on the plot. For pure sPP and the nanocom-
posites containing 0.3, 0.5, 0.75, 1.0, and 2.5 wt.% MWCNT, ac conductivity increases
approximately linearly with the frequency in a logarithmic scale, exhibiting a typical ca-
pacitor behavior. Contrarily, for the nanocomposites containing 3.0 and 5.0 wt.% MWCNT,
a dc plateau, where conductivity is independent of frequency, appears below the critical
frequency f., indicating the transition from the insulating to the conducting phase [the so-
called percolation threshold (p.)]. Detailed description for the above mentioned behavior
(called universal dynamic response)®®37 is given in [14].

The percolation threshold, located between 2.5-3.0 wt.% MWCNT, is in the same
order with previous mentioned ones in SPPAMWCNT and iPP/MWCNT systems.!!1-1]
Significant lower values have been also reported in iPP/MWCNT systems by optimizing
both the melt flow index of the polypropylene used and the mixing conditions.!'?! The melt
flow index of the matrix, and consequently the viscosity of the melt, is one of the most
crucial parameters in order to obtain polymer nanocomposites with low p. values. The low
viscosity, on the one hand, facilitates the dispersion of the fillers and, on the other hand,
prevents the breakage of the nanotubes because of the high shear forces that are induced
during the mixing.

Conclusions

Nanocomposites of sPP containing multiwalled CNT were prepared using melt mixing.
SEM measurements revealed a homogeneous dispersion of MWCNT. DSC and XRD mea-
surements showed significant changes in the thermal transitions and crystallization of the
sPP matrix. Both pure sPP matrix and its nanocomposites were crystallized in the most
usual form I, showing also the frans-planar mesophase. The addition of CNT caused the
conversion from the disordered form I to the most stable modification of form I. This
result is particularly significant and should be further followed in the future by studying the
influence of this conversion on the mechanical properties of the nanocomposites. Further-
more, the action of MWCNT as external nucleating sites was verified by the sifting of the
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crystallization temperature to higher values. This sifting is more pronounced in the case
of sPP, indicating a stronger nucleating action of the nanotubes, comparing with previous
mentioned results in iPPP/MWCNT composites. As concerns the glass transition region, a
slight decrease of T, was recorded. Additionally, the heat capacity jump decreased upon
MWCNT incorporation. This behavior can be understood by adopting a two-layer model,
where one part of the polymer near the interface is partially or completely immobilized
and does not participate in the cooperative motion of the polymeric chains, giving rise to
the observed AC,* reduction. It is interesting to note that the above mentioned description
is not consistent with the findings in iPP/MWCNT composites, where AC,* remained
unaffected by the presence of the nanotubes, denoting weaker polymer—filler interactions.
Finally, the electrical properties of the nanocomposites were studied by employing DRS.
The percolation threshold was found between 2.5 and 3.0 wt.% MWCNT and satisfactory
levels of conductivity, as concerns potential applications (such as electromagnetic inter-
ference shielding and electrostatic dissipation), were obtained only at the highest loaded
sample (5.0 wt.% MWCNT).
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