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Abstract: This study examined the thermal and mechanical properties of polypropylene filaments reinforced with multi-
walled carbon nanotubes (MWNTs). The MWNTs were functionalized with maleic anhydride polypropylene to increase the
interfacial interactions between the CNTs and polypropylene. PP/MWNT composites with different concentrations of
MWNTs were prepared by melt compounding using a twin screw extruder. The composites of the filament were then post
drawn and heat treated. Tensile tests showed increased strength with the addition of only 0.1 wt% while there were only slight
changes in elongation. The thermal properties were also slightly enhanced by the MWNTs.
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Introduction

Carbon nanotubes (CNTs) are graphitic sheets rolled into
seamless tubes (i.e., arrangements of carbon hexagons into
tube-like fullerenes). CNTs have diameters ranging from
approximately one nanometer to tens of nanometers and
lengths in the micrometer range. Theoretical predictions
have suggested carbon nanotubes to have remarkable mech-
anical properties with the Young’s modulus of individual
CNT in the order of TPa and a tensile strength as high as 200
GPa [1]. Due to these outstanding mechanical properties and
high aspect ratio, CNTs have been considered to be ideal
fillers in polymer composites [1-3]. However, most attempts
at finding applications have identified several technical
difficulties, such as poor dispersion and weak interfacial
bonding, which are essential for realizing the full potential
of nanotubes as reinforcing agents. One of the most efficient
ways of increasing the dispersibility is the chemical func-
tionalization of CNTs, which also enhances the interfacial
bonding between the nanotube and polymer interface. The
increased interfacial binding effectively transfers a load
from a polymer matrix to the CNTs. Therefore, it is essential
to functionalize the CNTs in order to exploit their merits in
polymer composites.

Until now, most functionalization on CNTs has been
achieved by introducing carboxylic acid groups (-COOH)
using nitric acid oxidation [4-7]. However, it is very difficult
to disperse CNTs grafted with carboxylic acid groups
(-COOH) into a non-polar matrix, such as polypropylene
(PP). The aim of this study was to disperse CNTs into PP,
and increase the interfacial bonding between the CNTs and
PP matrix. In addition, a fiber system was prepared with a
CNT/PP composite, and the mechanical and thermal properties
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of'the fiber system were examined at different CNT concent-
rations.

Experimental

Materials

Multiwalled carbon nanotubes with >95 % purity, a
diameter of 10-20nm and a length of 10-50 gm were
purchased from Iljin Nanotech Co., Korea. Maleic anhydride
polypropylene (MA-g-PP) and polypropylene were supplied
by Honam petrochemical Co., of Korea. The graft rate of
maleic anhydride (MAH) was approximately 5 wt %, and
the melt index (230 °C, 2.16 kg) of PP was 4.0 (model Y-
130).

Pre-treatment of the MWNTs

Figure 1 shows a schematic diagram of the overall experi-
mental procedure. The MWNTs were first oxidized to
achieve improved compatibility with MA-g-PP. The MA-g-
PP/MWNTs and neat MWNTs were mixed separately into a
PP matrix using a high shear force. The following show the
treatment conditions used in this study:

(1) Nitric acid treatment (MWNT-COOH): A 500 m/ flask
charged with 100 mg of neat MWNTs and 400 m/ of 7M
nitric acid was ultrasonicated for 2 hrs using a Sonics &
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Figure 1. Schematic diagram of the experimental scheme used in
this study.
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Figure 2. Schematic diagram of the interaction between the
MWNT-COOH and MA-g-PP.

Materials Inc. bath sonicator (20 kHz, 150 W). The mixture
was then stirred at 90 °C under reflux for 2 hrs. The solution
was cooled to room temperature, and diluted several times
with de-ionized water until the pH was approximately 7.
Finally the solution was then filtered through a 8 #m pore
cellulose filter paper, and dried for one week in a freeze
drier.

(i1) Functionalization of the MWNTs with MA-g-PP: The
acid treated MWNTs (MWNT-COOH) (0.05 g) were ultra-
sonicated in ethanol (500 m/) for 4 days. MA-g-PP (100 mg)
was dissolved and stirred for 1 hr in Xylene (100 m/) under
reflux. The MWNT suspension was dropped into the MA-g-
PP solution and stirred for 90 minutes. During this process,
the MWNT-COOH was expected to interact with the MA-g-
PP, as shown in Figure 2. Finally, the solvent of the mixture
was removed using a rotary evaporator to yield a gray
powder of G-MWNTs.

Preparation of PP/G-MWNTs Nanocomposite Filaments

Nanocomposites were created by dry blending PP powder
with a given ratio of G-MWNTs (0, 0.1, 0.5, 1.0 wt %). The
pre-blends were mixed mechanically using basic analytical
mill (IKA, A11) and fed into a twin screw extruder (Bautek,
BAI11, Korea) having a screw length to screw diameter (L/
D) of 40. The temperature profile, starting from the feeding
zone to the die, was 120 °C, 165 °C, 168 °C, 170 °C, 173 °C,
175 °C and its screw speed was 150 rpm. The extrudates of
the PP/MWNT filaments were wound onto a winding
apparatus at a rate of 30 rpm and postdrawn to a 6:1 draw
ratio at 95 °C using a drawing machine designed by Ajin
Machine Co., Korea. Subsequently, the drawn filaments
were annealed at 120 °C for 2 hrs.

Measurements
FT-Raman spectroscopy (Bruker Equinox 55 FT-Raman
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Spectrometer) was used to characterize the chemical
modification of the functionalized MWNTs using an Ar"
incident laser with a wavelength of 514.5 nm and power of
36 uW. The infrared spectra were recorded on a Jasco FT/
IR-6300 in KBr tablets. In addition, thermogravimetric
analysis (Dupont Instruments TGA 2950 analyzer) was
carried out by ramping the temperature from 30 °C to 600 °C
at a heating rate of 10 °C/min under a nitrogen atmosphere.
For the differential scanning calorimeter study (Perkin Elmer
DSC-7), the samples were heated from 40 °C to 200 °C at
heating rate of 10 °C/min under a nitrogen atmosphere, held
at 200 °C for 5 min, then cooled to 80 °C at 10 °C/min.

A Hounsfield Universal Testing Machine (model H10k-S)
was used to examine the mechanical properties of the PP/G-
MWNT filaments using a load cell with a 50 kN capacity.
The gauge length between the jaws at the start of each test
was adjusted to 50 mm, and the measurements were carried
out at a crosshead speed of 50 mm/min. The average of at
least ten sample measurements was taken to represent each
data point.

Field emission scanning electron microscopy (FE-SEM,
JSM 6500F, Sirion 400, FEICOMPANY) operated at 15 kV
was used to observe the microscopic dispersion of the MWNTs
on a fractured surface of the nanocomposite filament as well
as the morphology of the functionalized MWNTs.

Results and Discussion

Characterization of Pre-treated MWNTs

Using the acid treatment, the neat MWNTs were function-
alized with carboxyl groups, which would contribute to the
enhanced dispersion of CNTs in the water or organic medium.
The oxidized MWNTs were ultrasonicated in ethanol before
being reacted with MA-g-PP. Figure 3 shows that the solution
containing the MWNT-COOH remained stable for more

(a) (b) (c)
Figure 3. Dissolution experiments on the nanotubes in ethanol and
ethanol/xylene. The neat MWNTs in ethanol (left) settled
immediately after sonication. The acid functionalized MWNTs in
ethanol (middle) and ethanol/xylene (right) did not show any
visible changes for more than 48 hours.
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Figure 4. SEM images of (a) neat MWNTs and (b) acid treated
MWNTs (x30,000).

than 48 hours. However, the neat MWNTSs ultrasonicated in
ethanol settled immediately, as shown in Figure 3(a). In
addition, the acid functionalized MWNTs remained well
dispersed in the mixed ethanol and xylene solution (5:1),
which was used as the solvent to react the MWNT-COOH
with MA-g-PP.

The morphology of MWNT-COOH was compared with
that of neat MWNTs to determine if the oxidized MWNTs
had been damaged. The FE-SEM images in Figure 4 show
that the two types of MWNTs were similar, which suggests
that the treatment did not damage the oxidized MWNTs.

FT-Raman spectra in Figure 5 shows two major peaks in
the high frequency range; the tangential mode or so-called
G-band at 1580 cm™ and the D-band at 1350 cm™', which
was assigned to carbonaceous compounds or defects in
CNTs. The ratio of the intensity of the D-band to G-band in
MWNT-COOH is widely accepted as evidence of sidewall
functionalization [8,9] because an increase in the number of
sp>-hybridized carbon atoms suggests that some species are
bonded covalently to the nanotube framework. In this treat-
ment condition, the ratio increased from 1.00 for the neat
MWNTs to 1.17 for the acid treated MWNTs.

The neat MA-g-PP spectrum (Figure 6) shows strong
absorbance for polymaleic anhydride (1784 cm™) and the
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Figure 5. FT-Raman spectra of (a) neat MWNTs and (b) acid
treated MWNTs obtained at 514.5 nm.
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Figure 6. FTIR spectra of MWNT/MA-g-PP and neat MA-g-PP.

carboxylic acid C=0 stretch (1715 cm™) with self-hydrogen-
bonded carboxyl groups (COOH) [10]. The absorbance of
the polymaleic anhydride stretch (1784 cm™ peak) was down
shifted in the MWNT/MA-g-PP and its relative intensity
was reduced. This was attributed to the formation of hydrogen
bonds between the polymaleic anhydride and MWNT-
COOH [11].

Dispersion of MWNTs in Polymer Composites

A homogeneous dispersion of MWNTs in the polymer
matrix is one of the most important properties for preparing
a composite with the required mechanical strength. In order
to observe the dispersion of MWNTs in the matrix, cross-
sections of the composites were prepared by fracturing the
MWNT/polypropylene composites in liquid nitrogen to
produce an intact fractured surface morphology. Figure 7
shows the resulting SEM images, where the left figure (a)
shows a fractured surface of the composite reinforced with
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Figure 7. Cross section SEM images of the composites fractured at
liquid nitrogen temperature for polypropylene composite containing
1.0wt% (a) neat MWNTs and (b) functionalized MWNTs
(x20,000). The circles in (a) show the nanotube aggregate.
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Figure 8. TGA curves of the PP/MWNT composites with different
MWNT contents under a nitrogen atmosphere.

neat MWNTs (1.0 wt %). The nanotubes existed in the form
of a highly entangled cluster. On the other hand, Figure 7(b)
shows a well dispersed fractured surface of the composite
reinforced with the functionalized MWNTs (1.0 wt %). This
suggests that functionalization contributes to the dispersion
of MWNTs in a polymer matrix.

Thermal Properties of the Composites

Figure 8 shows typical TGA curves of PP and PP/G-
MWNT composites with different MWNTs contents under
nitrogen atmosphere. The figure suggests that the MWNTs
improve the thermal stability of PP under a nitrogen environ-
ment, even though the relationship between the amount of
loaded MWNTs and the degradation temperature is unclear.
The increased thermal stability appears to be due to the
improved interaction between the MWNTs and PP and the
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Table 1. DSC Data of the neat PP and PP/MWNT composites

Peak meltin Crystalline  Enthal -
Sample temperatureg ter;yperature d g’ll))y Cryst?llmlty
0T, ot ag,
Neat PP 163.37 115.03 88.34 42.65
0.1% 163.10 117.80 92.01 44.43
0.5% 163.87 119.00 92.44 44.64
1.0 % 162.83 119.57 92.75 44.78
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Figure 9. DSC graph of the PP/MWNTs composites with different
MWNT concentrations; (a) heating results and (b) cooling results.

improved dispersion by the MA-g-PP/MWNTs [12]. According
to Marosfi et al. [12], improved interfacial interaction
increases the activation energy of degradation at interface
between the MWNTs and PP and retards the degradation at
the surface of the composite owing to the superior thermal
conductivity of the CNTs.

DSC measurements were performed to determine the
thermal properties of the PP/MWNT composites. The results
are shown in Table 1 and Figure 9. The results show that the
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heat of fusion of the PP with MWNTs is slightly higher than
that of the sample without the MWNTs. This suggests that
more ordered polymer packing was obtained for the PP/
MWNTs composites. This may be due to the presence of
MWNTs, which enhances the crystallization process. The
change in crystallinity due to the incorporation of MWNTs
(Table 1) supports this explanation, where the crystallinity
was calculated using a AHfO value of 207.1 J/g for 100 %
crystalline PP [13] and equation (1) (AH is the enthalpy
measured from the experiment). Indeed, crystallization in a
polymer involves primary nucleation and relatively rapid
spherulitic growth [14]. Therefore, the crystallization temperature
of PP/MWNTs is strongly affected by the incorporation of
MWNTs. Some inorganic fillers, such as glass fiber, clay,
carbon black, etc, incorporated into a polymer matrix act as
nucleation agents to accelerate crystallization. Therefore, the
crystallization behavior of a semi-crystalline polymer would
be affected by the MWNTSs. Table 1 shows that the crystalline
temperature increased by approximately 4.5 °C with 1.0 wt%
of the MWNTs compared with the neat PP.

Crystallinity (%) = % % 100 (1)
;

Mechanical Properties of the Composites

Tensile tests for a single filament were carried out using a
universal testing machine. Figure 10 shows the tensile
strength and breaking elongation for the PP/MWNT filaments
with different MWNT loadings. The results clearly show
that the tensile strength is increased by the presence of
MWNTs. However, the breaking elongation changed only
slightly after adding the MWNTs. The tensile strength
increased approximately 20 % at a 0.1 wt % MWNT loading,
which supports both good dispersion of the MWNTs and
effective load transfer from the polymer matrix to the
MWNTs. However, the strength did not increase further at
higher MWCNT concentrations. This is likely to be the
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Figure 10. Tensile strength (MPa) and elongation at break (%) of
the PP/MWNT filaments with different MWNT concentrations.
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result of a decrease in the dispersion of MWNTSs in the
polymer matrix with increasing MWNT concentration [15,
16]. These results are also in line with the increased
crystallinity of the PP/MWNT composites.

Conclusion

A method to make PP/MWNT composite using melt-
mixing was suggested. Multi-walled carbon nanotubes were
first functionalized to have carboxyl group, after then,
reacted with MA-g-PP in a xylene/ethanol solvent to make
them interact with the non-polar polymer of polypropylene.
The functionalized carbon nanotubes were melt-mixed with
PP using a twin screw extruder, post-drawn and annealed.
SEM and FT-IR analyses showed that the functionalized
MWNTs were well dispersed in the non-polar matrix due to
the hydrogen bonds between the polymaleic anhydride and
MWNT-COOH. The interfacial interaction played also
important role in improving the tensile strength of the PP/
MWNT composite, which increased at 0.1 wt % MWNT
loading by 20 %. In addition, thermal stability and crystallinity
were affected by the incorporation of MWNTs. These results
suggest that the melt mixing method is effective in preparing
PP/MWNT composite.
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