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Abstract

Crystallization behavior of melt-blended polypropylene (PP)/single wall carbon nanotube (SWNT) composites has been studied using
optical microscopy and differential scanning calorimetry. Polypropylene containing 0.8 wt% SWNT exhibits faster crystallization rate as
compared to pure polypropylene. PP/SWNT fibers have been spun using typical polypropylene melt spinning conditions. The PP crystallite
orientation and the SWNT alignment in the fibers have been studied using X-ray diffraction and polarized Raman spectroscopy, respectively.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polypropylene mechanical properties are generally
modified by melt mixing with particulate (talc, mica, clay)
[1-4] and fibrous (glass, jute, aramid, and carbon fibers)
fillers [5—9] as well as by melt blending with other polymers
[10—13]. Reinforcement at nanoscale to improve mechan-
ical and other properties including changes in polymer
crystallization behavior is being attempted [14-20].
Addition of nanostructured polyhedral silsesquioxane
(POSS) [16], vapor grown carbon nanofibers [17], as well
as montmorillonite clay [19] increased the crystallization
rate of polypropylene. Single wall carbon nanotubes
(SWNTs) due to their high tensile strength and modulus
[21-23] are excellent candidates for nano-reinforcement of
a variety of polymer matrices. Examples of mechanical
property improvements using nano-reinforcement include
polypropylene/carbon nanofiber [18], pitch/SWNT [24],
PMMA/SWNT [25] and PBO/SWNT fibers [26]. Here we
report the crystallization behavior of PP in the presence of
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SWNTs, as well as the alignment of SWNT in the
polypropylene matrix.

2. Experimental

Amoco polypropylene powder (#107200) with a melt
flow index (MFI) of 17 and purified SWNTs obtained from
Rice University’s HiPco™ process were used in this study
[27,28]. Polypropylene with 1 wt% SWNT was mixed in a
Haake rheomix 600 mixer at 240 °C at 50 rpm for 30 min. A
control polypropylene sample without nanotube was also
processed in the Haake mixer under the same conditions.
Both the PP/SWNT composite as well as pure PP melts were
filtered by passing through a 300, 250, 120 and 80 mesh
stainless steel filter assembly at 240 °C. After filtration, the
SWNT content in polypropylene was reduced to 0.8 wt% as
determined from thermogravimetric analysis (TGA), which
was carried out on a TA instruments’ TGA 2950 at 10 °C/
min under nitrogen. The SWNT weight reduction represents
filtration of larger SWNT agglomerates. PP and PP/SWNT
crystallization was observed using Leitz polarizing micro-
scope equipped with a hot stage. Samples were allowed to
cool down to room temperature after holding them at 240 °C
for 5 min. For DSC study using TA Instruments’ DSC
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Fig. 1. Scanning electron micrograph of SWNT powder.

Q100, samples were heated at 10 °C/min to 240 °C and
cooled at the same rate. The first cooing and second heating
DSC traces were used for analysis. The crystallization
kinetics study using DSC, samples were quenched from
240 °C at 80 °C/min to the desired crystallization tempera-
ture, at which the heat flow for isothermal crystallization
was monitored.

The crystallization kinetics was studied using the Avrami
equation [29]:

In{ —In[l = X(+,7)]} =Ink(T)+nlnt

where X(#,T) is the crystalline fraction of the material at
time, ¢, with respect to the total crystallinity at infinite time
at isothermal crystallization temperature (7); n and k are the
Avrami crystallization parameters. Half crystallization time,
t1/2, Was obtained from the equation #,, = [In 2/k]"".

PP as well as PP/SWNT fibers were melt-spun at 240 °C
using a spinning unit manufactured by Bradford University
Ltd, UK. The fibers were subsequently drawn to the
maximum achievable draw ratio of 4.5 at 130 °C. The
polarized Raman spectra were collected in the back
scattering geometry using a Holoprobe Research 785
Raman Microscope made by Kaiser Optical System Inc.,
using 785 nm wavelength laser. Measurements were made
when fiber was at 0°, 5°, 15°, 30°, 45°, 60°, 75°, and 90° to the
polarization direction of the excitation laser source. At each

Fig. 2. Optical micrograph (without cross-polars) of polypropylene/SWNT
composite containing 0.8 wt% SWNTs.

angle, both the VV and VH spectra were collected. In the
VV configuration, the polarizer and the analyzer are parallel
to each other; and in the VH configuration, the polarizer and
the analyzer are perpendicular to each other. Fiber tensile
properties were measured using Instron tensile tester at
2.54 cm gauge length at a strain rate of 100% per minute. X-
Ray diffraction studies were carried out using the synchro-
tron source at Brookhaven National Laboratory (X-ray
wavelength, 0.1542 nm).

3. Results and discussion

The individual SWNT diameter determined from Raman
spectroscopy was in the 0.77—1.16 nm range. The individ-
ual nanotubes rope into bundles or fibrils, which have an
average rope/fibril diameter of about 40 nm as seen by SEM
(Fig. 1). TGA (not shown) of this purified SWNT powder in
air showed 7 wt% residue above 800 °C and is a result of the
catalytic impurity remaining after purification. Catalytic
impurity in the as produced HiPco™ SWNTs is typically
above 20 wt%. Using the continuous purification process,
HiPco™ SWNTs with purity greater than 99% have been
obtained [26].

The optical micrograph of the PP/SWNT composite in the
melt state (Fig. 2) shows significant nanotube aggregates.

Fig. 3. Optical micrographs (with cross-polars) of (a) polypropylene and (b) PP/SWNT composite containing 0.8 wt% SWNTs.
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Fig. 4. TGA plots of (a) PP and (b) PP/SWNT composite in nitrogen at a
heating rate of 10 °C/min.

Crystallization behavior as observed from optical
microscopy is shown in Fig. 3. The spherulite size in
polypropylene is much larger than in PP/SWNT, suggesting
that nanotube ropes or nanotube aggregates act as nucleating
sites for polypropylene crystallization. However, the issue
of the development of transcrystallinity has not been
addressed in this study. The residual weight (0.8%) in the
TGA study of PP/SWNT composite in Fig. 4 above 500 °C
represents the weight of the SWNT. DSC scans in Fig. 5
show that when cooled at 10 °C/min, polypropylene
crystallized at 114.5 °C, while crystallization in PP/SWNT
occurred at 125.8 °C. In addition, both the melting and
crystallization peaks in PP/SWNT composite are narrower
than in pure polypropylene. For example, the full width at
half maximum for PP and PP/SWNT crystallization peaks
are 5.7 and 4.4 °C, respectively. Narrower crystallization
and melting peak would suggest a narrower crystallite size
distribution in the PP/SWNT composite as compared to pure
polypropylene. A narrower melting peak was also observed
in the PET/nanocarbon fiber composite as compared to pure
PET [30]. Higher thermal conductivity of the carbon

4

Heat Flow (J/g)

b

P
2 ‘ - ‘ .

100 110 120 130 140 150 160 170
Temperature (°C)

Fig. 5. DSC cooling (first cycle) and heating (second cycle) curves for (a)
PP and (b) PP/SWNT composite containing 0.8 wt% SWNTs.
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Fig. 6. Crystallization half time (#;,) of (a) polypropylene and (b)
PP/SWNT (99.2/0.8) as a function of crystallization temperature.

nanotubes as compared to that of the polymer, at least in
part may be responsible for the sharper crystallization and
melting peaks, as heat will be more evenly distributed in the
samples containing the carbon nanotubes.

Polypropylene in the B-crystal form melts at lower
temperature than the a-crystals [31]. A peak at about 165 °C
in Fig. 5(b) is attributed to the melting of a-crystals in PP/
SWNT and the appearance of broad peak in the 145-160 °C
temperature range can be due to the melting of B-crystals, or
smaller or imperfect a-crystals. However, as discussed later,
X-ray diffraction of the PP/SWNT fiber does not show the
presence of (3-crystals. Enthalpy of melting for PP and PP/
SWNT composites from the second heating curves was 93
and 100 J/g, respectively.

The half crystallization time as a function of isothermal
crystallization temperature is given in Fig. 6 and the
isothermal crystallization parameters (n and k) determined
by the Avrami equation are given in Table 1. A value close
to 3 for the Avrami exponent implies a three-dimensional
heterogeneous crystal growth and is practically unchanged
with the addition of SWNTs. The addition of 0.8 wt%
SWNT increases the crystallization rate by as much as an
order of magnitude or higher and is attributed to enhanced
nucleation, resulting from the presence of SWNTs.

SWNTs show resonance-enhanced Raman scattering
effect when a visible or near infrared laser is used as the
excitation source [32—-34] and polypropylene as well as
most other polymers do not show such a resonance effect.
Therefore, the Raman spectroscopy is an ideal characteriz-
ation technique for the orientation study of SWNT [25,35].

Table 1
Isothermal crystallization parameters for PP and PP/SWNT composite

Sample 125°C 130 °C

n K@Y n K™
PP 3.4 1.8%x 1078 2.8 2x1078
PP/SWNT 3.5 42x107° 3.4 27%107°
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Fig. 7. Tangential mode Raman spectra of PP/SWNT composite fiber (draw
ratio = 4.5) under VV configuration. From top to bottom, the angle
between fiber axis and polarization direction of polarizer is 0°, 5°, 15°, 30°,
45°, 60°, 75°, and 90°.

In Refs. [25,35], the orientation of SWNT was treated as if
they were distributed around the fiber axis in a 2D plane.
While 3D distribution depicts fiber cylindrical symmetry
more accurately [36,37], for simplicity, we have also used
2D distribution approximation to study the orientation of
SWNTs in PP/SWNT composite fibers. Fig. 7 shows the
tangential mode Raman spectra (1500—1700 cm™ ') of the
SWNT/PP composite fiber with a draw ratio of 4.5 at VV
configuration, where the Raman scattering intensity mono-
tonically decreases with increasing the angle between the
fiber axis and the polarization direction of the polarizer.
Using the height of 1592 cm ™' peak and based on the
Gaussian distribution, Herman’s orientation factors' of
SWNT in PP/SWNT composite fibers were 0.81 and 0.95
for the as spun and the drawn fiber (draw ratio 4.5),
respectively. Herman’s orientation factor was also calcu-
lated using Lorentzian distribution, and the corresponding
orientation factor values for the as spun and drawn fibers
were 0.72 and 0.92, respectively. The orientation factor
calculated from Lorentzian intensity distribution is lower
than that calculated from Gaussian function and the
difference between them diminishes with increasing
SWNT orientation. This is due to the fact that the Lorentzian
function is more weighted on the tail than the Gaussian
function. A mixed Lorentzian and Gaussian function may be
a better distribution function for the orientation of SWNT in
SWNT/PP composite fiber. A detailed SWNT orientation
study in fibers will be published elsewhere [38].

Fig. 8 shows 1D integrated X-ray diffraction intensity
profile of the drawn SWNT/PP fiber of 4.5 draw ratio, which
is extracted from its 2D wide angle X-ray image shown in
the inset of Fig. 8. The integrated X-ray diffraction intensity
of SWNT/PP shows the typical a-form PP crystals and

! Herman’s orientation factor (f) is given by f = (3(cos?6) — 1)/2, where
0 is the angle between the orienting entity and the fiber axis.
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Fig. 8. Integrated wide angle X-ray diffraction intensity of PP/SWNT
composite fiber (draw ratio = 4.5). Inset: 2D X-ray image for the same
sample.

exhibited complete absence of the B-crystal form, which
shows [39] two strong peaks at 26 of 16.2° and 21.2°. While
certain nucleating agents can promote 3-crystal formation
in polypropylene [39], this study shows only the a-crystal
formation in PP/SWNT composite. In addition, the diffrac-
tion of SWNT bundles, which posses a 2D hexagonal lattice
structure [40,41], was also not observed.

From the X-ray diffraction of drawn SWNT/PP fiber, the
Herman’s orientation factors for (040) and (110) PP planes
were calculated to be —0.40 and — 0.45, respectively. The
Herman’s orientation factor for the (001) plane determined
using the Wilchinsky equation [42] is 0.86. Compared to the
Herman’s orientation factor of SWNT (0.92 for the
Lorentzian distribution and 0.95 for Gaussian distribution)
in SWNT/PP fiber of same draw ratio, PP shows somewhat
lower orientation. This is expected to be a result of higher
PP chain flexibility as compared to SWNT.

For effective reinforcement, good nanotube dispersion is
necessary. Data in Table 2 show that the fiber mechanical
properties are mostly unaffected with the presence of
SWNTs. Micrometer size single wall nanotube (SWNT)
aggregates (Fig. 2) in PP/SWNT composite did not
negatively affect the mechanical properties. This would
suggest that such large nanotube aggregates either did not
act as stress concentrators, or if they did act as stress
concentrator, their effect was nullified by those nanotubes or
nanotube ropes that may be well dispersed, providing
effective reinforcement. When carbon nanotubes are well
dispersed in polymer matrix, improvements in mechanical

Table 2
Mechanical properties of PP and PP/SWNT composite fibers of 4.5 draw
ratio

Fiber Diameter Tensile strength Modulus  Elongation to break
(GPa) (GPa) (%)
PP 30x2 043 x0.1 42*+12 36=x15

PP/SWNT 28 +2 042 *0.1 40*+1.0 27%8
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properties are observed. Examples include 50% increase in
PP fiber modulus with the addition of 5 wt% carbon
nanofibers [18], and 60% increase in PBO fiber tensile
strength with the addition of 10 wt% SWNT [26]. It is noted
that improved tensile strength PBO/SWNT fibers were
obtained when SWNT with >99% purity were used. Fibers
processed with high catalytic impurity resulted in lower
tensile strength [43]. With good SWNT dispersion and
purity, similar tensile strength improvements in PP and
other polymers can be expected. Current efforts are aimed at
improving nanotube dispersion in polypropylene and other
polymer matrix systems.

4. Conclusions

Purified HiPco SWNTs exhibit poor dispersion when
melt blended with PP. SWNT, even with poor dispersion act
as nucleating agent for PP crystallization, and WAXD
studies show no evidence of polypropylene B-crystal
formation. WAXD and Raman spectroscopy studies show
that in the drawn PP/SWNT composite fiber, SWNTs have
higher orientation than PP.
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