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ABSTRACT: The effects of the incorporation of single-
walled carbon nanotubes (SWNTs) on the physical and me-
chanical properties of thermoplastic elastomers based on
blends of isotactic polypropylene (iPP) and ethylene—pro-
pylene—diene rubber (EPDM) are described. A marked de-
crease of the half-time of PP-EPDM crystallization and a
sensible increase of the overall crystallization rate were ob-
served in the presence of SWNTs. These results confirmed
the expected nucleant effect of nanotubes on the crystalliza-
tion of polypropylene. This effect was not linearly depen-
dent on the SWNTs’ content, showing a saturation of the
nucleant effect at high nanotube concentrations. Dynamic
mechanical analysis results showed a significant and contro-
versial change of the mechanical behavior of the PP-EPDM/
SWNT composites depending on the nanotube content. In

particular, the storage modulus increased at the lowest in-
corporation of SWNTs, whereas a further increase of nano-
tubes led to a reduction of the storage modulus with respect
to the pristine polymer matrix. Raman spectroscopy and
scanning electron microscopy were successfully applied to
demonstrate that in the composite films, the changes in the
crystallization kinetics and mechanical properties could be
explained in terms of the changes of the distance between
nanotubes in bundles after a different intercalation of the
polymer matrix. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci
89: 26572663, 2003
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INTRODUCTION

The discovery of carbon nanotubes (CNTs) and carbon
nanostructured materials has inspired scientists for a
range of potential applications.'”* More specifically,
the use of carbon nanotubes in polymer/carbon nano-
tube composites has attracted wide attention.”® Car-
bon nanotubes have a unique atomic structure with a
very high aspect ratio, as directly measured by trans-
mission electron microscopy,” and extraordinary me-
chanical properties (strength and flexibility), making
them ideal reinforcing fibers in nanocomposites. In
this sense, it has been reported that the addition of
CNTs in different polymer matrices have effectively
enhanced the matrix properties.®”

Among the most versatile polymer matrices, poly-
olefins such as polypropylene (PP) are the most
widely used thermoplastics because of their well-bal-
anced physical and mechanical properties and their
easy processability at a relatively low cost that makes
them a versatile material.'"'* The toughening of PP
by rubbers, particularly ethylene-propylene copoly-
mers and terpolymers (EPM and EPDM, respectively),
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was found to be highly effective. These blends, com-
monly called thermoplastic elastomer polyolefins
(TPOs), are a class of materials that combine the good
processing characteristics of thermoplastics at ele-
vated temperatures'® with the physical properties of
conventional elastomers at service temperatures,'®'”
playing an increasingly important role in the polymer
industry. It is expected that the incorporation of rein-
forcing agents such as nanotubes will allow an im-
provement of some of the properties of these systems.

The main goal of this work was to analyze the
combined effects of single-walled carbon nanotubes
(SWNTs) on the morphology of PP-EPDM blends and
to evaluate the physical and mechanical properties by
varying the SWNT concentration. Thermal character-
ization was performed by means of differential scan-
ning calorimetry (DSC). The mechanical behavior of
the composites was studied using a dynamic mechan-
ical analyzer. Finally, the vibrational and structural
properties of the composites with several nanotube
concentrations were studied by Raman spectroscopy
and scanning electron microscopy.

EXPERIMENTAL

Commercially available grades of isotactic polypro-
pylene (iPP; melt flow index 2.9 dg/min at 190°C and
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5 kg; density 0.90 g/cm®), kindly supplied by Solvay
(Brussels, Belgium), and ethylene—propylene-diene
rubber (EPDM) with 5-ethylidene-2-norbornene (ENB)
as a termonomer (68% ethylene content, Mooney vis-
cosity 55, ML, g of 23 at 125°C, and density 0.86
g/cm®) supplied by Bayer (Germany) (trade name
Buna EP T 6470 P) were used in this work. SWNTs
were commercially obtained from CarboLex (Ken-
tucky). The material consisted of packed bundles of
SWNTs (12-20 A in diameter). There were approxi-
mately 30 nanotubes per bundle (with an average
bundle diameter of 100 A) with a length of several
micrometers.

To obtain the composite, 70 wt % PP and 30 wt %
EPDM were melt blended with the addition of several
nanotube concentrations specified as the wt % in the
polymer: 0.25, 0.5, 0.75, and 1%. Three samples for
each concentration were produced. The temperature
of the mixing system was estimated by a thermocou-
ple regulation to 190°C and the blending time was 10
min.

Thermal analysis measurements were performed
using a DSC Mettler Toledo (model 822) differential
scanning calorimeter. Crystallization tests were car-
ried out both in isothermal conditions at 132°C and in
dynamic conditions at a cooling rate of 10°C/min. For
the isothermal testing, samples of about 5 mg were
melted at 200°C for 10 min to eliminate any previous
thermal history in the material. Then, they were rap-
idly cooled to the crystallization temperature (T; in
our case, 132°C) and maintained at that temperature
for the period necessary to complete the crystallization
of the matrix. The heat evolved during the isothermal
crystallization (AH,) was recorded as a function of
time. The experiments were carried out in a nitrogen
atmosphere and after the isothermal crystallization
test, a dynamic scan at 10°C/min was performed to
check the presence of residual crystallinity. The degree
of crystallization curves were constructed by integrat-
ing the area under the exothermic peaks.

For dynamic DSC testing, samples of about 5 mg
were melted at 200°C for 10 min to eliminate any
thermal history in the material. To confirm the thermal
properties of the composites, at least three samples for
each concentration of SWNTs were prepared and
tested. Samples were subsequently cooled to 0°C at a
scan rate of 10°C/min. Subsequently, the melting tem-
peratures (T,,) of the blends were calculated as those
corresponding to the maximum of the endothermic
peak.

The dynamic mechanical properties of the compos-
ites were determined with a Metravib viscoelasticime-
ter (Mark 03 model). The nominal dimensions of the
specimen were 25 X 5 X 0.5 mm. Tests were carried
out in a torsion deformation mode at a frequency of 5
Hz and the temperature programs were run from —80
to 40°C under a sinusoidal strain, controlled at a heat-
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Figure 1 Isothermal crystallization curves of PP-EPDM/
SWNT composites at 132°C.

ing rate of 2°C/min in a flow of nitrogen. An oscillat-
ing dynamic strain of 0.15% was used. To validate the
experimental data reproducibility, three tests for each
sample were carried out.

Raman scattering spectra were recorded by a Jobin
Yvon micro-Raman LabRam system in a backscatter-
ing geometry. A 632.8-nm (1.96-eV) He-Ne laser was
used as the light source and optical filters adjusted the
power of the laser. By using a 100X objective lens, the
illuminated spot on the sample surface was focused to
about 2 um in diameter. The resolution of the Raman
spectra was better than 1 cm™'. Scanning electron
microscopy (SEM) studies were performed on a Phil-
ips XL30 ESSEM operated at 15 kV.

RESULTS AND DISCUSSION

To analyze the effects of the incorporation of SWNTs
on PP crystallization in the PP-EPDM blends, the
relative degree of crystallization curves as a function
of the time, obtained at 132°C, are represented in
Figure 1. It can be observed that the PP crystallization
rate increases when the SWNTs are added to the com-
posite, in other words, the SWINTs behave as an effec-
tive nucleant agent for PP. It is of interest to note that
this effect increases when increasing the SWNT con-
tent to reach a maximum for the composite with 0.5%
of SWNTs. Further SWNT percentages produce a neg-
ative effect, showing a decrease of the PP crystalliza-
tion rate, although they always remain above the cor-
responding values of the plain polymer. This behavior
is also clearly reflected in analysis of the half-time of
crystallization (7, ,,), reported in Table L. It is observed
that 7, ,, decreases when SWNTs are incorporated into
the nanocomposite, showing a minimum for the com-
posite containing 0.5% SWNTs.

This particular behavior could be explained through
the balance of the two opposite contributions. On the
one hand, the results obtained suggest an increase of
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TABLE 1
Crystallization Temperature (T,.), Melting Temperature (T,,), Crystallization Enthalpy (AH), and Crystallization Kinetic
Parameters of PP-EPDM and PP-EPDM/SWNT Composites

T. AH, X, T, K, TV, AH,

Composite (°C) J/g) (%) (°C) n (min™") (min) J/g)
PP-EPDM 118.1 —39.63 27.1 161.2 2.46 1.94 X 1072 4.28 —41.13
PP-EPDM-0.25% SWNT 121.7 —64.44 44.8 163.4 2.46 524 x 1072 2.82 —48.66
PP-EPDM-0.5% SWNT 122.2 —64.97 444 163.7 2.35 1.09 X 107! 2.21 —55.12
PP-EPDM-0.75% SWNT 121.7 —65.13 449 163.5 2.01 1.34 x 1071 2.33 —47.06
PP-EPDM-1% SWNT 121.7 —58.70 40.1 163.5 2.00 1.02 x 107! 2.58 —32.29

nucleation at the nanotubes-matrix interface with the
SWNTs content, whereas on the other hand, the same
SWNTs could be responsible for the impingement ef-
fect on spherulitic growth.

A kinetic analysis was performed by applying the
Avrami model to the results of the isothermal crystal-
lization processes, accordingly to the following equa-
tion:

X,(t) =1 — exp(—Kt")

where y, is the relative degree of crystallization, 7 is
the Avrami exponent, K, is the kinetic constant, and ¢
is the crystallization time. K and n values, calculated
by plotting log[—Ln(1 — x,)] versus log(t) (Fig. 2) are
reported in Table I. In all cases, fractional values of n
were obtained and can be explained in terms of a
partial overlapping of primary nucleation and crystal
growth. Following the evident parallelism of Avrami
plots, n values lie in a relatively narrow interval (2 <n
< 3) and are traditionally attributed to a heteroge-
neous nucleation, followed by diffusion-controlled
spherulitic crystalline growth. The values of the crys-
tallization kinetic constant K, confirm the inferred
conclusions from the analysis of 7, ,, values, that is,
that the PP crystallization rate is higher in the pres-
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Figure 2 Avrami plots of neat PP-EPDM and PP-EPDM/
SWNT composites.

ence of the SWNTs, showing a maximum for compos-
ites with a 0.5% SWNT content.

The effects of SWNTs on the crystallization of the
iPP in PP-EPDM blends were also analyzed in noniso-
thermal experiments. Figure 3 shows the relative de-
gree of crystallization computed by the integration of
the dynamic thermograms for all the studied compos-
ites. The observed dynamic crystallization behavior
confirms the results obtained in isothermal tests re-
garding the positive effect of SWINTs on the crystalli-
zation kinetics of PP. The average values of the abso-
lute degree of crystallization (X,), the crystallization
peak (T,), and the apparent melting temperatures of
the crystallized samples (T,,) are reported in Table L.
These results show that the crystallization tempera-
ture increases when SWNTs are incorporated into
polymer blends, an effect that is more evident for the
composite containing 0.5% SWNTs. No substantial
differences were observed on the melting temperature
of the PP.

Figure 4 shows the SEM images of neat PP-EPDM
and both 0.5 and 1% PP-EPDM/SWNT composites. In
the 0.5% concentration sample [Fig. 4(b)], we notice a
more uniform distribution of the bundles with a small
quantity of aggregates. For the concentration of 1%
[Fig. 4(c)], one can see an aggregate in which is ob-
served a large amount of SWNTs self-organized in
bundles.

exo
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Figure 3 Nonisothermal crystallization curves of PP-
EPDM and PP-EPDM/SWNT composites.
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Figure 4 SEM images of (a) neat PP, (b) 0.5%, (c) 1% PP-EPDM/SWNT composites, and (d) higher magnification on a 1%

PP-EPDM/SWNT composite showing SWNT bundles.

Figure 5 shows the storage moduli of the PP-EPDM
blend and its nanocomposites reinforced with SWNTs.
The storage modulus of PP-EPDM is increased by the
stiffening effect of the nanotubes, which is particularly
significant at a SWNT concentration of 0.5%, rather
than a nanotube concentration of 1% where the stor-
age modulus decreases, showing a lower value than
that measured for the pristine PP-EPDM polymer ma-
trix. In addition, the ratio of the modulus at 40°C to
that at —80°C is only 0.25 for PP-EPDM, but 0.32 for
the composite containing 0.5% nanotubes (Fig. 6), with
a sudden decrease upon an increase of nanotube con-
centration to 1%. These results can be explained by the
fact that because of the high surface area of carbon
nanotubes, when the concentration of SWNTs in the
nanocomposite is increased (1%), there is no available

polymer for intercalating into the bundles. As a con-
sequence, the interactions between the nanotubes are
higher, giving rise to the formation of aggregates re-
sponsible for the decrease of the mechanical proper-
ties. This behavior was recently reported and related
to the waviness of carbon nanotubes.'®

The tan 8 curves of the composites are reported in
Figure 7. The tan 8 peak moves to a slightly higher
temperature with increasing nanotube contents, show-
ing that the glass-transition temperature of the com-
posite is increased by the addition of nanotubes. In
other words, nanotubes hinder the segmental motion
of the PP-EPDM chains.

Raman characterization was also applied to high-
light the effects of SWNTs on the PP-EPDM matrix
composites. The Raman spectra recorded on the com-
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posites with several SWNT concentrations (0.25, 0.5,
0.75, and 1%) in the low-frequency segment (Fig. 8)
show a well-pronounced peak at around 100-200
cm ™. This band is attributed to the breathing mode
Ay, of nanotubes and its frequency depends on the
inverse diameter.'”° The spectra were then analyzed
quantitatively by searching the minimum number of
frequencies that fitted the different Raman bands
without fixing the position and the widths of the in-
dividual peaks. By using the fitting procedure ex-
plained above, three main features appear in the PP-
EPDM/SWNTs spectra at 145, 160, and 200 cm L
From Figure 9, it is clear that the aforementioned
peaks are upshifted when a low concentration of
nanotubes is introduced to the PP-EPDM. We notice
that the shift in frequency of the feature depends on
the nanotube diameter. The lower frequencies, which

correspond to the higher diameters, are more shifted
than the higher ones.

The observed changes of PP-EPDM crystallization
are certainly a result of microstructural changes in-
duced by the incorporation of SWNTs. Each peak from
the decomposition of the low-frequency bands can be
attributed to the nanotube bundle dimension. When
the nanotubes are incorporated into the polymer, the
low phonon band positions are shifted toward higher
frequencies (Fig. 9), especially the lower frequency
peaks; the observed shifts then can be explained by the
effects of intercalation of the polymer into bundles. In
fact, the polymer exerts a pressure on the individual
tubes, thus increasing the breathing mode frequencies.
Furthermore, in the low-concentration samples, the
quantity of PP-EPDM intercalated between the nano-
tubes could lead to an opening of the bundles, enhanc-
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Figure 5 Storage moduli of PP-EPDM and PP-EPDM/
SWNT composites.

ing the formation of nucleant agents to favor the crys-
tallization process.

Thus, the behavior of the features at 145 and 200
cm ™' shows two extreme situations. For low nanotube
concentrations, an intercalation of the polymer inside
SWNT bundles is allowed, leading to an increase in
nanotube dispersion. Thus, interactions between
nanotubes are low and the bundles can be desegre-
gated. At higher nanotube concentrations, the struc-
ture of the bundles seems unchanged and the quantity
of aggregates increases with an increase in nanotube
concentration, preventing further intercalation of the
polymer.

CONCLUSIONS

The physical and mechanical properties of single-
walled carbon nanotube reinforced ternary compos-
ites based on blends of polypropylene (PP) and ethyl-
ene—propylene—diene rubber (EPDM) were analyzed
in the present work. It was demonstrated how the
incorporation of SWNTs affects the crystalline behav-
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Figure 6 E’ (40°C)/E’ (—80°C) ratios of PP-EPDM and
PP-EPDM/SWNT composites.
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Figure 7 Tan 6 peaks of PP-EPDM and PP-EPDM/SWNT
composites.

ior and structure of the PP matrix and how this change
is very important to interpret the function of the nano-
tubes as a reinforcement in composite materials. In
particular, SWNTs accelerate the nucleation and crys-
tal growth mechanisms of PP, an effect that is more
appreciable at low nanotube contents (0.25%). This
effect is attributed to the intercalation of a high quan-

L PP-EPDM/SWNTs 0.25%

Intensity [arb. units]

Intensity [arb. units]

100 150 200 250 300
Wavenumber [cm’']

Figure 8 Low-frequency Raman spectra of SWNTs and
PP-EPDM/SWNT composites.
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Figure 9 Decomposition of the low frequency bands of
PP-EPDM/SWNT composites for several concentrations.

tity of polymer between SWNTs into bundles, leading
to a higher dispersion and offering a higher surface for
crystal nucleation. Dynamic mechanical analysis con-
firmed the reinforcing effects of the nanotubes for
these systems based on PP-EPDM blends. In fact, the
incorporation of low concentrations of SWNTs gives
rise to a more rigid material, which is reflected in a
marked increase of the storage modulus. This effect is
not noticeable at the highest nanotube content in the
blend. These results find an explanation in terms of
microstructural changes evidenced by Raman spec-
troscopy. The changes of the low-frequency Raman
bands demonstrate that, for the low nanotube concen-
tration, the polymer is intercalated between nanotubes
into bundles that can be disaggregated. On the other
hand, when the nanotube concentration is high, the
high quantity of nanotubes does not allow the inter-
calation of a high quantity of polymers between
SWNTs into bundles.
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