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Abstract

The composites (iPP/CNTs) made of isotactic polypropylene (iPP) and multi-wall carbon nanotubes (CNTs) were prepared by solution
blending. To improve compatibility between CNTs and iPP and to enhance dispersion of CNTs in iPP matrix, CNTs were chemically modified
by grafting alkyl chains. The chemically modified CNTs had about 6 wt% grafted alkyl chains. Rheological measurements indicated that CNTs
caused gelation in iPP/CNTs due to CNT network formation and the critical gelation CNT concentration was about 7.4 wt%, which was con-
sidered to be high due to the low CNT aspect ratio in this study. Crystallization behaviors of iPP/CNTs were studied by using optical microscopy
(OM) and differential scanning calorimetry (DSC). Radial growth rates of spherulites during isothermal crystallization of iPP/CNTs with CNT
concentrations less than 2.0 wt% measured by using OM showed decreasing trends with increasing CNT concentration. Avrami analysis of the
exothermic heat flow curves during isothermal crystallization of iPP/CNTs measured by DSC indicated that crystallization rates were accelerated
when CNT concentrations were lower than the critical gelation concentration, because CNTs mainly functioned as nucleating agents for crys-
tallization, while crystallization rates did not change obviously when CNT concentrations were higher than the critical gelation concentration,
because CNT network could form and mainly functioned to provide restriction to mobility and diffusion of iPP chains to crystal growth fronts.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Isotactic polypropylene (iPP) is one of the most important
commodity polymers. It is extensively used in industry to man-
ufacture bottles, films, fibers, etc. However, the application of
iPP has been limited by its tendency to brittleness at low
temperatures. Therefore, a great deal of effort has been made
to modify its mechanical properties such as blending iPP
with inorganic fillers [1]. Several studies have been devoted
to the uses of carbon nanotubes (CNTs) as fillers to improve
performances of iPP or to achieve new properties of the com-
posites, because of high aspect ratios, unusual mechanical and
electronic properties of CNTs [2—4]. Because crystallization
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behavior would have a huge influence on mechanical proper-
ties of the filled iPP, several groups reported crystallization
behaviors of iPP in the presence of CNTs [5—10]. Most of
these studies focused on changes of iPP crystal forms [5,6]
or nucleating ability of CNTs for iPP crystallization [7].

One recent study shows that combination of the extended
shape, rigidity and deformability of CNTs allows CNTs to
be well dispersed in polymer matrix in the form of disordered
‘jammed’ network structures at above a critical CNT concen-
tration [2]. We predict that this CNT network can affect iPP
crystallization in certain ways. Thus, iPP crystallization
behaviors may be much different between those prior to and
beyond CNT network formation. In fact, there have been
several evidences in literatures to support this prediction. Hag-
genmueller et al. studied crystallization kinetics of polyethyl-
ene (PE) in the presence of single-wall carbon nanotube
(SWNT) [11]. They found that addition of 1 wt% SWNT
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reduced the half crystallization time (¢,,) to 7% of t,,, of neat
PE at 122 °C, while additions from 1 wt% to 10 wt% SWNT
provided only modest additional decreases of t;,,. We consider
that 10 wt% SWNT is sufficient for PE/SWNT to form gela-
tion due to the SWNT network according to the SWNT aspect
ratio in their study and the SWNT network may affect PE
crystallization behaviors. Li et al. studied crystallization kinet-
ics of poly(hexamethylene adipamide) (nylon 66) in the pres-
ence of multi-wall carbon nanotubes (CNTs) [12]. They
observed that crystallization rate of nylon 66 during isothermal
crystallization measured by DSC increased at first and then de-
creased with increasing CNT content. They suggested that the
effect of CNTs on nylon 66 crystallization was twofold: CNTs
provided heterogeneous nucleation sites for crystallization
while CNT network hindered formation of large-size crystals.
At low CNT contents, CNT surface initiated nylon 66 crystal-
lization and the confinement effect was not significant. As the
CNT content increased, although more CNTs could provide
nucleation surface, the formed robust CNT network imposed
a much more significant confinement effect on mobility of
nylon 66 chains. This confinement effect overcame the nucle-
ation effect and slowed down the overall crystallization kinet-
ics [12]. Though the effects of CNT network on crystallization
of semicrystalline polymers have been proposed, direct evi-
dences are still missing. In the study reported here, we firstly
determined the critical gelation CNT concentration for iPP/
CNTs by using rheological methods, and then we further
investigated the effects of CNT network on iPP crystallization
behaviors in the composites.

2. Experimental section

2.1. Preparation and characterization of chemically
modified multi-wall carbon nanotubes

To enhance dispersion of CNTs in iPP, commercially avail-
able multi-wall CNTs (produced by chemical vapor deposition
(CVD) method, Shenzhen Nanotech Port Co., Ltd., China)
were chemically modified as follows. CNTs were purified
and converted into acid form [CNT(COOH),] via sonication
in 1/3 relative volume ratio of nitric acid/sulfuric acid mixture
at 40 °C. The resultant solid was washed with deionized water
until the pH value was 6 and then an excessive NaOH solution
was added until the pH value became 14, converting
CNT(COOH),, into sodium salt form [CNT(COONa),]. The
CNT(COONa),, nanotubes were recovered by centrifuging at
3000 rpm for 10 min, and then the resultant solid was washed
with deionized water until the pH value was 6. Cetyltrimethyl-
ammonium bromide (CTAB), C,3H;,;Br, CNT(COONa),, and
water were mixed and the suspension was continuously re-
fluxed under vigorous stirring for 12 h. When the stirring
was stopped, the suspension separated to form a clear, color-
less top solution with a black precipitate on the container
bottom. The precipitate was collected and placed in a Soxhlet
extractor. Deionized water (200 ml) was added to extract the
remained CTAB over a period of 24 h, followed by addition
of 200 ml chloroform to remove the remained C,gHs;Br for

another 24 h [13]. The solid material obtained from the Soxhlet
extractor was dissolved in chloroform at 1 wt%. The solution
was put in a sonication bath for 2 h and then was centrifuged
at 3000 rpm for 10 min. The upper solution was collected and
distilled to obtain the resultant solid material. Finally, the solid
material, alkyl-modified CNTs, CNT(COOC,sHs),,, was dried
under vacuum at room temperature for further use. Thermogra-
vimetric analysis (TGA) showed about 6 wt% grafted alkyl
chains on CNT(COOC,gHs7),, [13].

Structure and morphology of CNT(COOC,gHz;), were
characterized by using scanning electron microscopy (SEM,
Hitachi S-4300, made in Japan). A dilute solution of
CNT(COOC,gH37), in chloroform was dropped onto a clean
aluminum foil to form a thin film after chloroform evaporated,
and the thin film was subjected to SEM examination. Length
distribution of CNT(COOC,;gH37),, could be obtained from
SEM images, which was used to obtain the average aspect
ratio of CNT(COOC gH37),.

2.2. Preparation of iPPICNT composites

The iPP sample employed in this work was commercial
product of the Aldrich Chemical Company. The iPP sample
had mass average molecular weight, M,,, of 340,000 and num-
ber average molecular weight, M,,, of 97,000. iPP (3.4 g) was
added into 110 ml xylene in a flask. The flask under protection
of nitrogen atmosphere was put into an oil bath set at 130 °C.
When iPP was dissolved for 20 min, the oil bath temperature
was set to 120 °C. The iPP solution was continuously stirred
for 1 h before CNT(COOC;gH37), xylene suspension was
added in. The CNT(COOC,gH3;), xylene suspension with
CNT concentration of 0.25 wt% had been prepared with 2 h
sonication. A certain amount of CNT(COOC,gHs7), xylene
suspension was added into iPP solution to determine a suitable
mass ratio of CNT(COOC;gH37), to iPP. The mixture was
continuously stirred for another 1.5 h. Then the mixture was
deposited into a large quantity of methanol with a 1/7 volume
ratio of the former to the latter. The precipitate of iPP/
CNT(COOC,gH37),, composite was separated and washed
with methanol for three times, and then was put in ventilation
hood to let solvents evaporate for 48 h. The recovered compos-
ite was dried at 60 °C under vacuum for 3 days. By using the
above procedure, eight samples were prepared, which pos-
sessed CNT(COOC;gH37), concentrations of 0%, 0.2%,
0.5%, 1.0%, 2.0%, 3.8%, 7.4% and 9.1%, respectively.
CNT(COOC;gH37),, and iPP/CNT(COOC,gH3,), composites
are abbreviated as CNTs and iPP/CNTs, respectively, for
simplicity in this article.

2.3. Determination of critical gelation CNT
concentration for iPP/CNTs by rheology

Disk-shaped samples of iPP/CNTs with 1 mm thickness
and 25 mm diameter for rheological measurements were
prepared by hot-pressing at 200 °C using stainless steel die.
A stress-controlled rheometer (AR2000, TA instrument Ltd.)
was applied to measure dynamic rheological properties of
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the samples at 200 °C. The measurements were performed un-
der nitrogen atmosphere in an oscillatory shear mode using
parallel-plate geometry (25 mm diameter) with 950 um gap
setting. The selected strain amplitude within a linear viscoelas-
tic range was 2%. The samples were allowed to equilibrate for
10 min prior to frequency sweep. Sweeping frequencies
covered a range from 100 rad/s to 0.1 rad/s.

2.4. Measurements of radial growth rates of spherulites
in iPP/CNTs by using optical microscopy

An optical microscope (Carl Zeiss JENA, made in Germany)
equipped with a CCD camera (HV1301UC, made by Daheng
Company in Beijing, China) was used to study morphology
and growth rates of spherulites of iPP/CNTs. Home-made
dual-temperature microscope hot-stage was used to control
temperature with temperature variations of +0.1 °C. Film
samples of iPP/CNTs with thicknesses of about 30 pm for
optical microscopic observation were prepared by hot-pressing
between cover glasses at 200 °C. For optical microscopic obser-
vation, the samples were first melted at 200 °C for 5 min to
remove thermal histories, and then were rapidly transferred to
different temperatures below the melting point of iPP for iso-
thermal crystallization. The selected isothermal crystallization
temperatures were between 136 °C and 144 °C. Note that for
the samples with CNT concentrations above 1.0 wt%, they
became too dark to be observed by using optical microscope
due to strong light absorption.

2.5. Measurements of isothermal crystallization kinetics
of iPPICNTs by using DSC

A Perkin—FElmer DSC-7 differential scanning calorimeter
was used to measure the overall isothermal crystallization
kinetics of iPP/CNTs. The calorimeter was calibrated by using
indium and zinc at a heating rate of 10 °C/min. Sample
weights were about 5 mg. Aluminum pans were used. The
samples were heated from 50 °C to 200 °C at a rate of
200 °C/min (the actual rate was about 197 °C/min) and held
for 5min to eliminate thermal histories, and then were
quenched at a rate of 200 °C/min (the actual rate was about
82 °C/min) to desired isothermal crystallization temperatures.
Heat flows during isothermal crystallization of iPP/CNTs at
different temperatures were recorded. Crystallization kinetics
of iPP/CNTs could be analyzed simply by using the Avrami
equation [14] as follows:

In[ —1In(1 —X())] =nln(¢) +1In(k) (1)

where X(,) was the relative crystallinity, n» was the Avrami ex-
ponent, k was the kinetic rate constant, and ¢ was the crystal-
lization time. Half crystallization time (¢;,), which could
represent the crystallization rate, was obtained by using the
following equation:

fy2 = [In(2/k)]"" (2)

3. Results and discussion

Previous report shows that when CNT concentration in
composites increases, carbon nanotube—polymer—carbon
nanotube interactions begin to dominate and eventually lead
to percolation and formation of an interconnected CNT net-
work [15]. CNT network formation can be reflected by a gela-
tion behavior of the composites from rheological viewpoint.
The critical gelation CNT concentration directly relates to
the CNT aspect ratio [16]. In order to estimate the CNT aspect
ratio in this study, SEM images were collected. A typical SEM
image of CNTs is shown in Fig. la. Length distribution of
CNTs obtained from the image analysis is shown in Fig. 1b.
The average length is about 564 nm. Since the diameters of
CNTs in the range from 10 nm to 20 nm are reported by the
producer, the average CNT aspect ratio in the range of 28—
56 can be estimated. In Ref. [2], the CNT aspect ratio was
in the range of 300—400, indicating that much longer CNTs
had been used in that study, and accordingly, the gelation
CNT concentration as low as about 1% volume fraction
(2 wt%) was reported. While because CNTs used in this study
have much lower aspect ratio, that is to say, much shorter
CNTs have been used, and accordingly, a higher critical
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Fig. 1. SEM image of chemically modified CNTs, CNTs(COOC;sH37), (a)
and the corresponding length distribution of CNTs(COOC;gH37),, (b).
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gelation CNT concentration would be expected for iPP/CNTs.
The following rheological results can confirm this expectation.

Fig. 2a and b shows changes of storage modulus, G', and
loss modulus, G”, of iPP/CNTs at different CNT concentra-
tions with sweeping frequency, respectively. Note that the
measuring temperature is 200 °C, which is above the melting
point of iPP. At a fixed frequency, both G’ and G” increase
with increasing CNT concentration. In addition, at a fixed
CNT concentration, both G’ and G” increase with increasing
frequency. Moreover, it can be found that G’ seems to reach
the plateaus at low frequencies for iPP/CNTs with CNT
concentrations of 7.4 wt% and 9.1 wt%. This is indicative of
a transition from liquid-like to solid-like viscoelastic behav-
iors. This non-terminal behavior at low frequencies for iPP/
CNTs with high CNT concentrations can be attributed to the
formed CNT network, which restrains long-range motions of
polymer chains [17]. It also further infers that CNT network
may restrain diffusion of polymer chains in the undercooled
melt during crystallization, leading to changes of crystalliza-
tion kinetics of polymer matrix. The network formation
usually is accompanied by a gelation behavior. Frequency de-
pendence of loss tangent (tan 6) can reflect more clearly about
the appearance of gelation. It has been predicted that in the
pre-gel regime, tan 6 monotonically decreases with increasing
frequency, which is a typical behavior for a viscoelastic liquid,
while in the post-gel regime, a moderate increase of tan ¢ at
low frequencies appears with increasing frequency, indicating
a dominant elastic response in the composite [18]. Frequency
dependence of tan ¢ for iPP/CNTs is shown in Fig. 2c. It can
be found that for CNT concentrations of 7.4 wt% and 9.1 wt%
moderate increases of tan ¢ at low frequencies do occur with
increasing frequency, while for the lower CNT concentrations
monotonic decreases of tan ¢ with increasing frequency are
always observed. Therefore, the critical gelation CNT concen-
tration for iPP/CNTs can be estimated to be around 7.4 wt%.
The critical gelation CNT concentration of 7.4 wt% for iPP/
CNTs in this study is much higher than that of 2 wt% in
Ref. [2], which is considered to be induced by the lower
CNT aspect ratio in this study than that in Ref. [2].

Potschke et al. reported that temperature has a great influ-
ence on the critical gelation CNT concentration for polycarbon-
ate/CNT (PC/CNT) composites [19]. The critical gelation CNT
concentration for PC/CNTs changes from 5.0 wt% to 0.5 wt%
with increasing temperature from 170 °C to 280 °C [19]. It
has been explained in Ref. [19] that the temperature depen-
dence may be associated with the combined carbon nanotu-
be—polymer—carbon nanotube network rather than carbon
nanotube—carbon nanotube network. Viscoelastic behavior of
polymer chains may systematically change with temperature
variation, resulting in change of the critical gelation CNT
concentration. However, the carbon nanotube—carbon nano-
tube network may remain unchanged with temperature varia-
tion [19]. Referring to the report on PC/CNTs, it is thought
that the critical gelation CNT concentration for iPP/CNTs at
a crystallization temperature (for the undercooled melt) might
be higher than that at 200 °C (for the melt), while the CNT
network in iPP matrix for CNT concentration of 7.4 wt% may
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Fig. 2. Storage modulus (G") (a), loss modulus (G”) (b), and loss tangent, tan 6
(c), as functions of frequency for iPP/CNTs with different CNT concentra-
tions. Rheological measurements were performed with a strain of 2% at
200 °C.

remain about the same when temperature decreases from
200 °C to the crystallization temperature, therefore, the effect
of CNT network on iPP crystallization behaviors can still be
studied, even though the exact gelation CNT concentration at
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the crystallization temperature cannot be precisely determined
by rheological measurements.

Before crystallization behaviors of iPP/CNTs were investi-
gated systematically, dispersion of CNTs in iPP matrix was
evaluated by using optical microscopy. Optical micrograph
of iPP/CNTs with CNT concentration of 1.0 wt% at 200 °C
in bright field is shown in Fig. 3a. It can be seen that CNTs
are relatively uniformly distributed in iPP matrix at a microm-
eter scale. Note that bright field was used because CNTs were
black and iPP matrix itself alone was transparent in the molten
state. Although there are still some sparse CNT aggregates,
these aggregates just occupy a small CNT portion. Overall,
CNTs are considered to reasonably ‘well disperse’ in iPP
matrix in the current study, at least at the scales prescribed
by our optical microscopic observation. The reasonably good
dispersion is facilitated by interactions between iPP chains
and grafted alkyl chains on CNT surface [13]. It should be
pointed out that chemical modification on CNTs is quite
necessary to enhance compatibility between CNTs and iPP
and to improve CNT dispersion in iPP matrix, as can be easily

Fig. 3. Optical micrographs of iPP/CNTs(COOC,sH37), (a) and iPP/pristine
CNTs (b) with CNT concentration of 1.0 wt% at 200 °C in bright field.

confirmed by the relatively poor dispersion found when mix-
ing pristine CNTs into iPP under equivalent conditions as
blending the chemically modified CNTs (see Fig. 3b).
Isothermal crystallization behaviors of iPP/CNTs with CNT
concentrations less than 2.0 wt% at several selected tempera-
tures between 136 °C and 144 °C were studied by using opti-
cal microscopy. When CNT concentrations were higher than
1.0 wt%, the samples became too dark to be well observed
by using optical microscopy, for which crystallization kinetics
was studied by using DSC. Typical optical micrographs taken
during isothermal crystallization of iPP/CNTs with different
CNT concentrations at 136 °C for certain times are presented
in Fig. 4. It is obviously seen that the sizes of spherulites in
neat iPP are much larger than that in iPP/CNTs with CNT con-
centration of 0.2 wt%. Nucleation density in the former is also
obviously lower than that in the latter. Apparently, heteroge-
neous nucleation event is considered to occur mainly in the
latter, due to nucleating effect of CNTs on primary crystalliza-
tion of iPP [12,20,21]. Even though a lot of published papers
discuss about the nucleation ability of CNTs on crystallization
of semicrystalline polymers [12,20,21], the reasons why CNTs
can be efficient nucleating agents have not been explained
clearly. We consider that CNT surfaces might help decrease
the energy barrier for nucleation of polymer crystallization.
It is also found that the sizes of spherulites and nucleation den-
sity of iPP/CNTs show no obvious changes with increasing
CNT concentration from 0.2 wt% to 1.0 wt%, which infers
that the nucleating effect of CNTs may saturate at least at
CNT concentration of 0.2 wt%. Here the word ‘saturate’
implies that a further elevation of CNT concentration does
not further improve the nucleation effect [22,23]. The satura-
tion essence of nucleation effect is worth further investigation.
The radial growth rates (G) of spherulites in iPP/CNTs could
be determined straightforward from time-resolved optical mi-
crographs. Changes of G as functions of crystallization tem-
perature for iPP/CNTs with different CNT concentrations are
shown in Fig. 5. The G values decrease with increasing
CNT concentration at each crystallization temperature, be-
cause viscosity of iPP/CNTs increases and accordingly, diffu-
sion rate of iPP chains for crystal growth decreases with
increasing CNT concentration. It is obvious that the energy
barrier for transport of iPP chains in the undercooled melt
increases with increasing CNT concentration [24]. At lower
isothermal crystallization temperature, decreasing of G due
to increasing CNT concentration is more significant, indicat-
ing more obvious effect of the energy barrier for transport of
iPP chains on crystallization, while at higher isothermal crys-
tallization temperature, decreasing of G due to increasing CNT
concentration is less significant, indicating weakening effect
of the energy barrier for transport of iPP chains on crystalliza-
tion. Lower G values for iPP/CNTs at higher isothermal crys-
tallization temperature are simply due to lower undercooling
of the melt. It should be noted that we have not observed
apparent immiscibility between CNTs and iPP and obvious
migrations of CNTs between spherulites during crystallization
of iPP/CNTs at the scales of our optical microscope. However,
we do think that migrations of CNTs during crystallization at
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Fig. 4. Optical micrographs of iPP/CNTs with CNT concentrations of (a) 0 wt%, (b) 0.2 wt%, (c) 0.5 wt% and (d) 1.0 wt%, during isothermal crystallization at
136 °C for 21 min, 6 min, 6 min, and 6 min, respectively. Optical micrographs were taken in bright field.

smaller scales might truly take place since it is well known
that for semicrystalline polymer/inorganic particle systems
the inorganic particles usually segregate to crystal growth
fronts. CNTs are expected to be excluded from iPP crystals
during crystallization, resulting in aggregations of CNTs in
the gaps between spherulites or into the amorphous region
of lamellar stacks, or at the boundaries of lamellar stacks.
The exact locations of CNTs in the final crystal morphology
are worth further investigation.

DSC measurements have been performed to study crystal-
lization kinetics of iPP/CNTs with various CNT concentra-
tions, including the ones that cannot be studied by using
optical microscopy. Fig. 6 shows exothermic heat flow curves
of iPP/CNTs during isothermal crystallization at 134 °C. It can
be seen from Fig. 6 that peak position of the exothermic heat
flow curve (standing for the time when the maximum crystal-
lization rate appears, f,,,x) shifts to a much shorter time region
when only adding 0.2 wt% CNTs, indicating an obviously

enhanced overall crystallization rate due to the nucleating
effect of CNTs. A more interesting finding is as follows. For
iPP/CNTSs with CNT concentrations less than 7.4 wt%, which
is the estimated critical gelation CNT concentration for iPP/
CNTs, fmax decreases with increasing CNT concentration;
while for iPP/CNTs with CNT concentrations equal to and
higher than 7.4 wt%, f.,.x does not show further obvious de-
crease compared with that of iPP/CNTs with CNT concentra-
tion of 3.8 wt%; nevertheless, t,,,x of iPP/CNTs with CNT
concentration of 7.4 wt% is even slightly higher than that of
iPP/CNTs with CNT concentration of 3.8 wt%. The above
results indicate that crystallization rate of iPP/CNTs increases
with increasing CNT concentration below the critical gelation
CNT concentration, but keeps about constant above the critical
gelation CNT concentration. It should be noted that multiple
crystallization cycles (repeated melt crystallization/heating/
melt crystallization cycles) do not affect much on the overall
crystallization behaviors of iPP/CNTs, indicating the structural
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Fig. 6. Heat flow curves of iPP/CNTs with different CNT concentrations
during isothermal crystallization at 134 °C.

thermal stability of iPP/CNTs. However, we did observe very
slight increases in t,,,x with the cycle number, but the in-
creases are not significant. The slight increases in #,,,x and
the corresponding decreases in isothermal crystallization rate
with increasing cycle number can be contributed to aggrega-
tion of CNTs, which surely decreases nucleation density and
crystallization rate. Nevertheless, we report DSC data of the
samples which do not experience multiple crystallization cy-
cles in this article, thus the data are comparable.

To quantitatively compare crystallization kinetics of iPP/
CNTs with different CNT concentrations, the Avrami analyses
on DSC data have been conducted and the half crystallization
time, #1,,, can be obtained. Changes of t;,, of iPP/CNTs with
increasing CNT concentration at different crystallization
temperatures are shown in Fig. 7. An obviously observable
phenomenon is about an initially rapid decrease of #;,, and
subsequently modest decrease of t#,, followed by about
constant t,, with increasing CNT concentration at each
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Fig. 7. Changes of half crystallization time, t,,,, of iPP/CNTs with CNT con-
centration at crystallization temperatures of 127 °C, 130 °C, 134 °C, 136 °C
and 138 °C.
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Fig. 8. Avrami plots for iPP/CNTs with different CNT concentrations during
isothermal crystallization at 134 °C.

isothermal crystallization temperature. For example, at
127 °C, addition of 0.2 wt% CNTs reduces t;/, to 21% of t,,
of neat iPP, additions of 0.2—3.8 wt% CNTs only reduce #;,,
from 21% to 10% of t;,, of neat iPP, and additions of above
3.8 wt% CNT's maintain about constant 10% of t;,, of neat iPP.

Plots of In[—In(1 — X(?))] versus In(¢) for iPP/CNTs isother-
mally crystallized at 134 °C are shown in Fig. 8, in which the
curves show linear relationships and the Avrami exponents (7)
can be obtained from the slopes in the plots of In[—In(1 — X(¢))]
versus In(#). Changes of the Avrami exponent with increasing
CNT concentration for iPP/CNTs crystallized at different
temperatures are shown in Fig. 9. The Avrami exponent values
are around 3 and do not change obviously with increasing
CNT concentration. This result is consistent with the crystal
morphology shown in Fig. 4. It implies that three-dimen-
sional crystal growths happen for the iPP spherulites in the
composites. Previous reports on crystallization kinetics of
iPP/CNTs showed that the Avrami exponent was practically
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Fig. 9. Changes of the Avrami exponent (1) of iPP/CNTs with CNT concen-
tration at different isothermal crystallization temperatures.

unchanged with the addition of CNTs, when iPP/CNTs crys-
tallized isothermally at high temperature [6,9]. Some other
works showed that the Avrami exponent of iPP/CNTs was
lower than that of neat iPP, when iPP/CNTs crystallized
non-isothermally [7]. Different Avrami exponent values dur-
ing crystallization of iPP/CNTs in literatures may be related
to different experimental conditions.

The degree of crystallinity (X.) denoting crystallinity of iPP
itself in iPP/CNTs during isothermal crystallization can be
obtained from exothermic enthalpy (AH.) of the heat flow
curve by using X. = AHJ/[(1 — ¢)AH,)], where AH,, is heat
fusion of iPP with 100% crystallinity (209 J/g) [25] and ¢ is
CNT mass fraction in iPP/CNTs. Changes in X, of iPP in
iPP/CNTs with increasing CNT concentration at different tem-
peratures are shown in Fig. 10. It can be seen that the X, values
do not show obvious changes with increasing CNT concentra-
tion. The results are consistent with those in Refs. [8,9].
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Fig. 10. Changes in crystallinity (X.) of iPP/CNTs with CNT concentration at
different isothermal crystallization temperatures.

It has been considered that the addition of CNTs could have
two types of effects on crystallization behaviors of iPP in iPP/
CNTs. On one hand, CNTs may function as heterogeneous
nucleating agents for iPP crystallization; on the other hand,
CNTs may hinder mobility and diffusion of iPP chains in
the undercooled melt for crystallization. The nucleating effect
of CNTs in iPP/CNTs can be found by using optical micros-
copy (see Fig. 4). Decreases in mobility and diffusion of iPP
chains can be confirmed by decreases of radial growth rates
of iPP spherulites with increasing CNT concentration (see
Fig. 5). With further increasing CNT concentration, CNT
network can form and it further restrains diffusion of iPP
chains, which can be confirmed by non-terminal behavior at
low frequencies in rheological measurements (see Fig. 2a).
Below the critical gelation CNT concentration, nucleating ef-
fect of CNTs is dominant and diffusion of iPP chains is not ob-
viously restricted, thus, the half crystallization time, ¢,
decreases with increasing CNT concentration (see Fig. 7).
While above the critical gelation CNT concentration, nucleat-
ing effect of CNTs almost saturates, but restriction of CNT
network to diffusion of iPP chains to crystal growth fronts
becomes dominant, thus, #,,, keeps about constant.

It is worth mentioning that for polymer nanocomposites
containing clays, the accelerated crystallization at low clay
concentrations and retardation to crystallization at high clay
concentrations have also been reported [26—28]. It is basically
agreed that clay particles can serve as additional nucleation
sites for crystallization and this can increase crystallization
rate at low clay concentrations. However, different mecha-
nisms have been postulated about how crystallization rate is
retarded at high clay concentrations. One mechanism postu-
lates that clays act as non-crystallizable barriers for polymer
crystallization [26]. At high clay concentrations, non-crystal-
lizable barriers disturb crystal growth by forcing the growing
lamellar stacks along a more tortuous growth path and can
possibly even stop several from growing [26]. Another
proposed mechanism is that diffusion of polymer chains to
growing crystallites is hindered at high clay concentrations
[27]. In fact, these two mechanisms may act at the same
time during crystallization. According to the results about re-
tardation of crystallization rate at high concentrations of CNTs
and clays [11,12,26—28], we suggest that further investigation
on this phenomenon in other polymer/nanofiller composites is
necessary.

4. Conclusions

Isotactic polypropylene (iPP) and multi-wall carbon nano-
tubes (CNTs) were solution blended to prepare the compos-
ites, iPP/CNTs. CNTs were chemically modified by grafting
alkyl chains to improve compatibility between CNTs and
iPP and to enhance dispersion of CNTs in iPP matrix. CNTs
could cause gelation of iPP/CNTs at the critical CNT concen-
tration of 7.4 wt% due to CNT network formation from
rheological measurements. The high critical gelation CNT
concentration of 7.4 wt% for iPP/CNTs was due to the low
CNT aspect ratio in this study. Optical microscopic
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observation showed a decreasing trend with increasing CNT
concentration for radial growth rates of spherulites of iPP/
CNTs with CNT concentrations less than 2.0 wt% during iso-
thermal crystallization. Avrami analysis to isothermal crystal-
lization data from DSC measurements indicated that
crystallization rates were accelerated when CNT concentra-
tions were less than the critical gelation CNT concentration,
because CNTs mainly functioned as the nucleating agents
for crystallization; while crystallization rates did not change
obviously when CNT concentrations were higher than the crit-
ical gelation CNT concentration, because CNT network
formed and mainly provided restriction to mobility and diffu-
sion of iPP chains for crystallization.
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