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ABSTRACT: More dominant shear flow effect with different shear rates and shear time with assistance of added carbon
nanotubes (CNTs) of low amounts on the crystallization kinetics of isotactic polypropylene (iPP) in CNT/iPP nanocomposites
was investigated by applying differential scanning calorimetry (DSC), polarized optical microscopy (POM), and rheometer.
CNTs were chemically modified to improve the dispersity in the iPP matrix. CNT/iPP nanocomposites with different CNT
contents were prepared by solution blending method. The crystallization kinetics for CNT/iPP nanocomposites under the
quiescent condition studied by DSC indicates that the addition of CNTs of low amounts significantly accelerates crystallization of
iPP due to heterogeneous nucleating effect of CNTs, whereas a saturation effect exists at above a critical CNT content. The
shear-induced crystallization behaviors for CNT/iPP nanocomposites studied by POM and rheometry demonstrate the
continuously accelerated crystallization kinetics with assistance from added CNTs, with increasing CNT content, shear rate, and
shear time, without any saturation effect. The changes of nucleation density for CNT/iPP nanocomposites under different shear
conditions can be quantified by using a space-filling modeling from the rheological measurements, and the results illustrate that
the combined effects of added CNTs and shear flow on the acceleration of crystallization kinetics are not additive, but synergetic.

The mechanisms for the synergetic effect of added CNTs and shear flow are provided.
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B INTRODUCTION

Carbon nanotubes (CNTs), which possess small dimensions,
low density, large aspect ratio, high mechanical strength, and
high electrical conductivity, have attracted great attention in
physics, chemistry, materials, and other research areas.' Among
all the applications of CNTs, CNT/polymer composites
represent one of the most favorable commercial applications.”
Researchers have concentrated on studies of mechanical®® and
electrical properties,”® thermal stability, and flame retardancy of
CNT/polymer composites for obtaining the materials with
excellent applicable properties. On the other hand, the final
properties of most semicrystalline polymers depend on the
microstructures, which are mainly affected by crystallization.”
Addition of CNTs into semicrystalline polymers can
profoundly change the crystallization kinetics and morpholo-
gies, such as increases in nucleation density and crystallization
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rate, and decrease in crystalline phase scale. > By providing
heterogeneous nucleation sites, CNTs can reduce the
nucleation energy barrier for polymer crystallization,"* ™ and
it has been widely accepted that the macromolecular chain
segments are able to be absorbed onto the CNT surface and
become locally aligned, which subsequently induce nucleation
and template the crystal growth."”

For polymer processing (e.g,, injection molding, extrusion,
and film blowing), the polymer composites are inevitably
subjected to shear flow, which can enhance the crystallization
kinetics.'® The typical “shish-kebab” morphology, which can

improve the ultimate mechanical properties of shaped products,
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is usually induced by shear flow through stretching of the high
molecular mass chains and the subsequent formation of shish
structure, onto which the shorter chains grow epitaxially to
form the kebabs.'”? The crystallization kinetics for CNT/
polymer composites under shear flow might be quite different,
because CNTs can assist in the formation of extended polymer
chain fibrils to generate the hybrid shish and disk-shaped
polymer crystals (kebabs) growing epitaxially onto the hybrid
shish, resulting in the nano-hybrid shish-kebabs (NHSK)
morphology.”'~>* It has been confirmed that the nanohybrid
shish forms with an oriented layer of aligned macromolecular
chains, induced by the coeffects of CNTs and shear flow,
indicating that CNT's play an important role in the formation of
oriented nuclei, especially at the shear flow conditions where
the oriented nuclei cannot form in the absence of CNTs.** The
enhancement effect on shear-induced crystallization by addition
of CNTs cannot be simply attributed to their heterogeneous
nucleation ability, because the CNTs embedded in the polymer
melt under shear flow restrain the relaxation of the long-range
motion of macromolecular chains by the surface absorption
effect.”>*

The characteristics of the added CNTs in polymer
composites, such as sizes, shape, and content affect the final
crystalline structures and morphologies.*® However, when shear
flow is applied, the influences tend to depend on shear rate,
shear time, and the coupling between shear flow and CNT
characteristics.”' 7>® Because the coexistence of additives and
shear flow makes the crystallization process much more
complicated, the effects of both factors on the crystallization
kinetics of polymer composites have not been studied
extensively and meticulously so far. D'Haese et al.***” studied
systematically the combined effects of particles and shear flow
on the crystallization of polymers and concluded that at the
shear flow condition with low shear rates, heterogeneous
nucleation by particles accelerates the crystallization kinetics;
however, at sufficiently high shear rates, shear flow will
dominate the nucleation, and the crystallization kinetics is
found to be independent of the particles characteristics. This
conclusion, together with the results from Naudy et al,®
suggests an additive rule of the effects of particles and shear
flow on polymer crystallization kinetics. As for CNT/polymer
composites, although a synergetic effect rather than an additive
rule of the presences of CNTs and shear flow on the promotion
of crystallization kinetics has been pointed out and
authenticated,'®'"*® the contributions of either added CNTs
or shear flow to the total synergetic effect have not been
evaluated for revealing which one plays a more prominent role
in this type of synergetic effect. From the conventional
crystallization viewpoint, the crystallization kinetics includes
two aspects, the nucleation and crystal growth, which leaves us
another fundamental question, for which aspect the synergetic
effect of added CNTSs and shear flow mainly plays.

Recently, with the ability of simulating the polymer
processing conditions, rheometry has been applied to
investigate the shear-induced crystallization for various
polymers."**>**~** Through modeling the crystallization
process, important information such as the evolutions of
crystalline morphology, crystallization half-time, degree of
space-filling, and nucleation density can be obtained easily
and even more accurately than some other traditional
methods.***** Regarding the determination of the nucleation
density, rheological measurement has some important advan-
tages; that is, it is applicable to the systems where optical

1365

microscopy does not work, and it is much easier, faster, and
more accurate than the optical methods.** The information
derived from the rheological measurements is of great
importance for disclosing the delicate influences of added
CNTs and shear flow on the crystallization kinetics as will be
presented in this paper.

In this work, the CNT/iPP nanocomposites with relatively
homogeneous dispersion of CNTs in the iPP matrix were
prepared. The chemical modification of CNTs of large aspect
ratio was applied before the preparation of CNT/iPP
nanocomposites.* Differential scanning calorimetry (DSC)
was used to study the quiescent crystallization kinetics of these
nanocomposites with different CNT contents. The morpho-
logical evolutions and crystallization kinetics of CNT/iPP
nanocomposite were investigated by using polarized optical
microscopy (POM) equipped with a Linkam optical shearing
system and rotational rheometer, respectively. The degree of
space filling, crystallization half-time, and nucleation density
(too high to be measured by optical microscope method) were
quantified from the rheological measurements to shed light on
the synergetic effect of added CNTs and shear flow on
crystallization kinetics of CNT/iPP nanocomposites.

B EXPERIMENTAL SECTION

Materials. The isotactic polypropylene used in this study was
purchased from the Aldrich company, which has weight-average
molecular mass of 392 kg/mol, polydispersity index of 5.8, and a melt
flow index (MFI, 230 °C, 21.6 kg) of 4 g/10 min. The aligned carbon
nanotubes (CNTs, model Flo Tube 7000) possess diameters of ~6—8
nm, lengths up to ~50 ym, and purity of above 93%. Other chemicals
including xylene, chloroform, etc. were purchased from Sinopharm
Chemical Reagent Co., Ltd., China and were used as received.

Sample Preparation. Before preparation of CNT/iPP nano-
composites the pristine CNTs were chemically modified to obtain
modified CNTs, CNT(COOC ¢Hy;), by a grafting reaction with 1-
bromooctadecane according to the method suggested by Qin et al.*®
CNT/iPP nanocomposites with predetermined contents of modified
CNTs were prepared by solution blending. The detailed procedure is
described as follows. The iPP granules were dissolved in xylene (iPP
concentration of 3 wt %) at 130 °C under protection of nitrogen
atmosphere in an oil bath for 30 min, followed with stirring at 120 °C
for 1 h to form solution. The modified CNTs xylene suspension (CNT
concentration of 0.25 wt %) treated with ultrasonication was added
into the prepared iPP xylene solution. The mixture was further stirred
for another 1 h before precipitation into excess cold methanol. The
precipitated nanocomposite was washed with methanol three times
and filtrated. Finally, the nanocomposite was dried at ambient
temperature for 48 h and further dried under vacuum at 60 °C for
72 h. Six CNT/iPP nanocomposite samples having modified CNT
content of 0, 0.02, 0.05, 0.1, 0.5, and 1.0 wt %, respectively, were
prepared by using the above procedure.*®

Thermogravimetric Analysis. Thermogravimetric analysis
(TGA) measurements on pristine CNTs and modified CNTs,
CNT(COOC 3Hy;), were carried out on a TA QSO00IR thermogravi-
metric analyzer (TA Instruments). The samples were kept at 100 °C
for 30 min under nitrogen atmosphere to erase any absorbed oxygen
and water vapor. Then the samples were heated from 50 to 700 °C at a
heating rate of 10 °C/min. The mass percentage of the alkyl chains
grafted on the CNTs was estimated to be ~20% from the obtained
TGA curves.

Morphological Observation by Transmission Electron
Microscopy. The structure and morphology of modified CNTs,
CNT(COOC3Hy,), were characterized by transmission electron
microscopy (TEM, JEOL JEM-2010). Dilute suspension of modified
CNTs in xylene was dropped onto copper grids, which were then
subjected to TEM observation after xylene was evaporated.
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Rheological Measurements. Disk-shape samples of CNT/iPP
nanocomposites with thickness of 1 mm and diameter of 25 mm used
for rheological measurements were prepared by compression molding
at 180 °C for 3 min. The rheometer (AR2000EX, TA Instruments)
with a geometry diameter of 25 mm was used to measure the
rheological properties of these samples at 200 °C. Dynamic frequency
sweep measurements from 500 to 0.05 rad/s were carried out in the
linear viscoelastic regime after erasing the sample thermal histories.

The shear-induced crystallization kinetics for CNT/iPP nano-
composites were measured by using the rheometer according to the
following procedure. Each sample was held at 200 °C for 10 min to
erase thermal history, and then the sample was cooled to the desired
crystallization temperature of 142 °C at a cooling rate of 8 °C/min.
Subsequently, preshearing and time-sweeping tests were performed.
For the isothermal crystallization process a time sweep with an angular
frequency of 1 rad/s and a strain of 0.2% was performed to trace the
evolution of storage modulus of the sample with time until the
crystallization process was completed. The gap of the parallel plates in
the rheometer was automatically adjusted throughout the crystal-
lization process to ensure the normal stress change within +0.1 N for
accuracy of the tests. The schematic indication of the thermal and
shear applications as above-described can be found in our previous
publication.** Note that the desired crystallization temperature of 142
°C was selected because the crystallization behaviors measured at this
temperature could provide effective evidence to disclose the synergetic
effect of added CNTs and shear flow.

Differential Scanning Calorimetry Measurements. The
crystallization behaviors during a cooling process and quiescent
isothermal crystallization behaviors at different temperatures for
CNT/iPP nanocomposites were investigated by using a differential
scanning calorimeter (DSC TA-Q2000, TA Instruments). Each sample
was heated from 50 to 200 °C at a heating rate of SO °C/min and held
for 5 min to erase thermal history. For the crystallization behaviors
during a cooling process, a cooling rate of 10 °C/min was applied. For
the quiescent isothermal crystallization, the sample was cooled to the
selected crystallization temperature at a cooling rate of 50 °C/min and
held for completion of the isothermal crystallization. The selected
isothermal crystallization temperatures were 134, 138, and 142 °C,
respectively.

Polarized Optical Microscopy Observation. A polarized optical
microscope (POM, Olympus BXS1) equipped with a Linkam optical
shearing system (Linkam CSS-450, Linkam Scientific Instruments)
was used to trace the crystalline morphologies both at the quiescent
and shear conditions. The procedure is described as follows. The gap
between the two quartz windows of the shear stage was set at 10 ym.
Each sample was melted at 200 °C for 5 min to eliminate thermal
history and then cooled to the crystallization temperature of 142 °C at
a cooling rate of 30 °C/min. Once the crystallization temperature
reached 142 °C, a steady shear with certain shear rate 7 and shear time
t, was applied, and then the polarized optical micrographs were taken
immediately after the shear cessation to record the evolution of
crystalline morphology. The appropriate shear conditions were
selected as follows: y = 5 s, £, =5s;7=5s",t,=10s; and y =
10 s7, t, = 5 s. We notice here that the above shear conditions were
also applied in the rheological measurements for comparison purposes.

B RESULTS AND DISCUSSION

Dispersion of Modified CNTs in CNT/iPP Nano-
composites. Figure 1 shows TEM micrographs of the
chemically modified CNTs. The modified CNTs show loose
and disentangled morphology as shown in Figure la, which
indicates a favorable dispersion of the modified CNTs in
xylene. Some defects on CNT surfaces as pointed out by the
blue arrows can be seen in Figure 1b due to the surface
modification through grafting of the alkyl chains. The modified
CNTs can be well-dispersed in xylene, and the grafted alkyl
chains increase the compatibility between dispersed CNTs and
iPP matrix, both of which benefit the fine dispersion of CNTs
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Figure 1. TEM micrographs of the modified CNTs dispersed in xylene
at (a) low and (b) high magnifications.

in the CNT/iPP nanocomposites. Figure 2 shows the phase
contrast optical micrographs of CNT/iPP nanocomposites with

Figure 2. Phase contrast optical micrographs of neat iPP (a) and
CNT/iPP nanocomposites with CNT contents of (b) 0.02, (c) 0.0,
(d) 0.1, (e) 0.5, and (f) 1.0 wt %. The samples were observed in the
molten state at 200 °C.

various CNT contents. These optical micrographs demonstrate
that the modified CNTs are relatively uniformly dispersed in
the iPP matrix at least at the micrometer scale. Only distinct
large CNT aggregates can be seen at the highest CNT content
of 1.0 wt % as indicated in Figure 2f. We note here the
sufficient dispersion of CNTs is assisted by chemical
modification of CNTs, which cannot be accomplished bg
using pristine CNTs as confirmed in our previous work.*
Nevertheless, the dispersion of CNTs with content of 1.0 wt %
is less satisfactory as compared to the method adopted by Vega
and Trujillo et al,** *° in which CNT/polyethylene (CNT/
PE) nanocomposites were prepared by melt mixing PE with in
situ polymerized PE-CNT masterbatch, mainly due to the
much shorter alkyl chains grafted on the CNTs and the high
aspect ratio of the CNTs used in the present work.
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Figure 3. Changes of (a) storage modulus G’ and (b) loss tangent tan & as functions of angular frequency @ at 200 °C for CNT/iPP

nanocomposites with different CNT contents.
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Figure 4. (a) DSC heat flow curves during cooling at a cooling rate of 10 °C/min for neat iPP and CNT/iPP nanocomposites. (b) DSC heat flow
curves and (c) changes of relative crystallinity, x(t) as functions of crystallization time during isothermal crystallization at 134 °C for neat iPP (inset)
and CNT/iPP nanocomposites. The heat flow curves are shifted vertically to avoid overlap for clarity. (d) Changes of crystallization half-time ¢, ,, as
functions of CNT content for neat iPP and CNT/iPP nanocomposites under quiescent isothermal crystallization at different temperatures.

Relaxation Behaviors of CNT/iPP Nanocomposites.
The changes of storage modulus G’ and loss tangent tan ¢ as
functions of angular frequency @ at 200 °C for CNT/iPP
nanocomposites with different CNT contents are shown in
Figure 3. The addition of CNTs with contents below 0.1 wt %
brings no remarkable changes to the dependences of G’ and tan
0 on @ at low frequencies. As the CNT content reaches 0.5 wt
% or above, the dependences of G’ and tan § on @ at low
frequencies become less obvious, suggesting that the relaxation
behavior becomes slower, which can be ascribed to the
restrained long-range motions of macromolecular chains due
to the addition of CNTs. It has been reported that there exists a
“rheological percolation threshold” at which the change of tan §
at low frequencies is independent of w. At sufficiently high
CNT contents close to the rheological percolation thresh-

25,48,49
d,”

ol the CNT networks form and restrain the long-range
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motion of macromolecular chains, resulting in the liquid-like to
solid-like phase transition. The rheological behaviors for CNT/
iPP nanocomposites shown in Figure 3 remain similar, and the
frequency-independence of tan & at low frequencies is not
observed, demonstrating that the rheological percolation
threshold has not been approached in this study. Different
values of percolation threshold can be found in the literature for
several types of CNT/polymer nanocomposites depending on
the dispersion state, the aspect ratio of CNTs, and the
interactions between CNTs and the polymer matrix.*® The
absence of CNT networks in CNT/iPP nanocomposites in this
study avoids the complexities resulting from the deformation of
CNT networks, which makes the shear-induced crystallization
results more understandable.

Quiescent Crystallization Behaviors for CNT/iPP
Nanocomposites. The quiescent crystallization behaviors

DOI: 10.1021/am507938s
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Figure S. Changes of storage modulus, G', with crystallization time for neat iPP (inset) and CNT/iPP nanocomposites with different CNT contents
during isothermal crystallization at T, of 142 °C under the quiescent condition (a) and different shear conditions of (b) 7 =S5s™', t,=5s; (c) =5

sLt.=10s,and (d) y=10s,, £, =5 s.

without any application of shear flow for CNT/iPP nano-
composites were studied at first for comparison purposes.
Figure 4a shows the DSC heat flow curves for neat iPP and
CNT/iPP nanocomposites during cooling at a cooling rate of
10 °C/min. It can be seen that the added CNTs of a low
content of 0.02 wt % can induce iPP crystallization at higher
temperature than neat iPP, indicating that the addition of
CNTs apparently accelerates crystallization of iPP due to stron%
heterogeneous nucleation effect of CNTs in the composites.”*
Further increases of CNT content lead to a slight enhancement
of iPP crystallization, and slight reductions of crystallization
eventually occur when the CNT content increases to 0.5 and
1.0 wt %. Figure 4b,c shows the DSC heat flow curves and
evolutions of the relative crystallinity, x(t) for CNT/iPP
nanocomposites with different CNT contents during iso-
thermal crystallization at 134 °C. The result shows that the
time to accomplish the primary crystallization reduces from
~60 min for neat iPP to 9 min for 0.02 wt % CNT/iPP
nanocomposite, indicating a significant enhancement of
crystallization rate due to addition of CNTs.® When the
CNT content increases from 0.02 to 0.1 wt %, further
enhancements of crystallization rate are obvious. However,
when the CNT content increases to 0.5 wt % or above, the
crystallization rate decreases, becoming close to that for 0.02 wt
% CNT/iPP nanocomposite.

Figure 4d further shows the changes of crystallization half-
time t;,, as functions of CNT content for CNT/iPP
nanocomposites under quiescent isothermal crystallization at
different temperatures. The crystallization half-time ¢/, can be
extracted to characterize the crystallization rate from the DSC
measurements.”’ The acceleration effect of added CNTs on
crystallization rate is prominent with CNT content of 0.02 wt
%, becomes saturated when the CNT content reaches 0.1 wt %,
and is slightly weakened with further increases of CNT content.
The above results indicate a critical CNT content C* of 0.1 wt

1368

% for CNT/iPP nanocomposites, above which the acceleration
effect of added CNTs on crystallization rate is saturated or even
hindered. A similar critical CNT content of 0.1 wt % can be
found, above which sparse aggregates of CNTs begin to form
(Figure 2d), implying that the formation of CNT aggregates is
related to the saturation effect of the added CNTs on
crystallization rate. The addition of CNTs shows two types of
effects on the crystallization behavior of iPP. On one hand,
CNTs act as heterogeneous nucleating agent to increase the
nucleation rate, leading to an increase of the overall
crystallization rate. On the other hand, the addition of CNTs
of higher content can induce topological confinement effects
that can eventually result in a reduction in nucleation and
crystallization kinetics.***%%%3%3%4 [ addition, the formation
of CNT aggregates at high CNT contents as above-mentioned
decreases the nucleating efficiency of individual CNTs, also
contributing to the reduction of crystallization kinetics.>® The
critical CNT content of 0.1 wt % in this study is much lower
than that reported in our previous work (3.8 wt %), which can
be attributed to the much higher aspect ratio of the CNTs used
in this study.>*~>*

Shear-Induced Isothermal Crystallization Kinetics for
CNT/iPP Nanocomposites. Rheological method has been
widely used to study the shear-induced crystallization of iPP
because this experimental technique can provide the shear flow
on the samples and then measure the rheological parameter
changes of the samples during crystallization.**>>™>” The
increase of the storage modulus, G’, measured by the
rheological method can be correlated to the growth of crystals
by modeling the crystallizing material as a suspension with filler
particles (analogue to crystals) embedded in the amorphous
polymer matrix. Figure 5 shows the changes of G’ with
crystallization time at T, of 142 °C for CNT/iPP nano-
composites with different CNT contents under the quiescent
and shear conditions. In general, the changes of G’ with

DOI: 10.1021/am507938s
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crystallization time show sigmoidal shapes during the
isothermal crystallization process, indicating an evolution of
G' from the initial low plateau value before the beginning of
crystallization to a rapid increase, and then approaching the
later high plateau value at the ending of the primary
crystallization stage.’**®** The onset time for the rapid
increase of G’ is often defined as the induction time, t, for
nucleation (illustrated by the crossover point of two dash-dot
lines in Figure Sa), reflecting the energy barrier for
crystallization kinetics.”® For the quiescent condition shown
in Figure Sa, t, is greatly reduced to ~70 min when the CNT
content is 0.02 wt %, compared with #, of ~200 min for neat
iPP. The t; reaches a minimum value at the CNT content of 0.1
wt % and then starts to increase with further increasing CNT
content, implying that the acceleration effect of added CNTs
on nucleation at the quiescent condition becomes deteriorated
when CNT content is above 0.1 wt %. On the contrary, for
CNT/iPP nanocomposites under the shear conditions as
shown in Figures Sb—d, the induction time t; keeps decreasing
with increasing CNT content in each of the three applied shear
conditions, which means that the saturation effect of the added
CNTs of above a critical value, C*, on the crystallization
kinetics at the quiescent condition can be removed by
application of shear flow. Note that the variations of G’ in
the plateau region at the end of the primary crystallization stage
are probably due to the sample thickness differences coming
from the fluctuations of gap distance and the sample position
differences in between the parallel plates of the rheometer.

Figure 6 further shows the changes of relative crystallinity
x(t) with crystallization time for CNT/iPP nanocomposites
with different CNT contents under the quiescent and shear
conditions at T, of 142 °C. The relative crystallinity can be
estimated by logarithmically normalizing G’, following the
method proposed by Pogodina et al.®° as follows:
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_ log G'(t) — log G,
- log G,min - log G,min

x(t) W

where G, and G, are the values of the initial storage
modulus and ending plateau storage modulus, respectively. By
defining the crystallization half-time, t,,, at which the relative
crystallinity reaches the value of 0.5, the influences of CNT's on
the crystallization kinetics of CNT/iPP nanocomposites under
the quiescent and shear conditions can be quantified. Figure 7

—8— quiescent

—A—;=55", 1=10s ——;=10s", 1=5s

—— ;=5 s, 1=5s

02 04 06 08 10

CNT content (wt%)

0.0

Figure 7. Changes of crystallization half-time, t, ,, with CNT content
for CNT/iPP nanocomposites isothermally crystallized at T, of 142 °C
under the quiescent and different shear conditions.

shows the changes of crystallization half-time, t,,, with CNT
content for CNT/iPP nanocomposites isothermally crystallized
at T, of 142 °C under the quiescent and different shear
conditions. It can be seen that under the quiescent condition
the crystallization kinetics is dramatically accelerated when
CNT content is increased to 0.1 wt %, indicated by the rapid
decease of t;,,. However, further increase of CNT content
results in a slight increase in ¢/, suggesting that the
acceleration effect of CNTs on the crystallization kinetics is
saturated when CNT content reaches above 1.0 wt %. The
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neat iPP

2

Figure 8. Selected POM micrographs for CNT/iPP nanocomposites with different CNT contents during isothermal crystallization at T, of 142 °C
under the quiescent condition (a) and different shear conditions of (b) 7= 5s™, t,=5s; (c) 7 =557, t,=10s,and (d) 7 = 1057}, £, = 5 5. The scale
bar in the bottom right micrograph represents 200 ym and is applied to all other micrographs. The arrow on the right side of the figure indicates the

shear flow direction.

result from the rheological measurements coincides well with
that obtained by DSC measurement (Figure 4d), whereas when
shear flow is applied, the effects of added CNTs on the
crystallization kinetics for CNT/iPP nanocomposites are much
different from those under the quiescent condition. First, much
more significant decrease in t;/, occurs when CNT content is
increased to 0.1 wt % as compared to that under the quiescent
condition. Second, when the CNT contents are above 0.1 wt %,
t1/, keeps decreasing with increasing CNT content under the
shear conditions, suggesting continuous acceleration of the
crystallization kinetics with no saturation effect that exists under
the quiescent condition. These results demonstrate that shear
flow for CNT/iPP nanocomposites not only eliminates the
saturation effect of CNTs on crystallization kinetics existing
under the quiescent condition but also leads to a continuous
acceleration effect of CNTs, even at above the critical CNT
content C;*. The greatly accelerated crystallization kinetics for
CNT/iPP nanocomposites can mostly be attributed to the
increase of nucleation density because the orientation of
macromolecular chains and the formation of primary nuclei for
CNT/iPP nanocomposites under the shear conditions become
much easier than that under the quiescent conditions.’"** It
can be further seen from Figure 7 that increasing shear rate is
more effective than increasing shear time for enhancing the
crystallization kinetics under the same shear strain, which is
revealed by more obvious decreases in t;,, with the shear rate
increased from 10 to S s™! and a constant shear time of 5 s than
with the shear time increased from S to 10 s and a constant
shear rate of 5 s™', because a higher shear rate can make the
macromolecular chains more highly stretched and aligned on
the surfaces of CNTs.'%%

Morphological Evolution for CNT/iPP Nanocompo-
sites under Various Shear Conditions. The morphological
evolutions for CNT/iPP nanocomposites with different CNT
contents during crystallization under the quiescent and shear
conditions at 142 °C are shown in Figure 8. These polarized
optical micrographs indicate that only spherulites are formed
under the chosen shear conditions, and the absence of
observable orientated crystals or shish-kebabs suggests that
the applied shear intensity in this study is insufficient to induce
strong orientation of the macromolecular chains. Improving the
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shear rate and/or shear time and the content of CNTs merely
leads to the variations of nucleation density and scale of
spherulites. Therefore, the differences in the number of nuclei
(point-like nuclei) in Figure 8 deserve a detailed analysis to
probe how shear flow and CNTs influence the nucleation
process. In the quiescent crystallization process, the nucleation
density is improved with increasing CNT content (Figure 8a).
However, obvious change in nucleation density is not found
with further increasing CNT content from 0.1 to 0.5 wt %,
indicating the saturation effect of CNTs on the crystallization
kinetics for CNT/iPP nanocomposties under the quiescent
condition, in agreement with the DSC and rheological results.
It can be seen from Figure 8b that the nucleation density is
continuously improved with increasing CNT content under the
shear condition with a shear rate of 5 s™ and shear time of S s.
Moreover, the enhancement of nucleation density becomes
more significant when the CNT content increases from 0.1 to
0.5 wt %. The similar phenomenon can be seen for the shear
conditions with a shear rate of S s™' and shear time of 10 s
(Figure 8c) and with a shear rate of 10 s™ and shear time of 5 s
(Figure 8d), for which the enhancements of nucleation density
with increasing shear rate or shear time can be also concluded.
Note that the spherulites in individual micrographs in Figure 8
possess about the same dimensions, indicating that these
spherulites grow from the nuclei, which nucleate simulta-
neously after the shear flow. Overall, the enhancements of
nucleation density observed by POM can be well-correlated to
the acceleration of crystallization kinetics analyzed by the
quantification of the crystallization half-time, ¢, ,,, by using the
rheological method (Figure 7), and the sufficient consistency
suggests that the enhancements of nucleation density by added
CNTs combined with shear flow contribute greatly to the
acceleration of crystallization kinetics for CNT/iPP nano-
composties.

Determination of Nucleation Densities for CNT/iPP
Nanocomposites under Quiescent and Shear Condi-
tions. It has been demonstrated that added CNTs and shear
flow can greatly accelerate the crystallization kinetics for CNT/
iPP nanocomposites. Polarized optical micrographs in Figure 8
further indicate that the acceleration effect is achieved by the
enhancement of nucleation density for CNT/iPP nano-

DOI: 10.1021/am507938s
ACS Appl. Mater. Interfaces 2015, 7, 1364—1375


http://dx.doi.org/10.1021/am507938s

ACS Applied Materials & Interfaces

Research Article

composites under the shear conditions. Therefore, it is
necessary to quantify the nucleation density enhancements
induced by the combined effects of added CNTs and shear
flow, which can be obtained from the rheological data.

By modeling the crystallizing polymer as a suspension of
growing particles in an amorphous polymer matrix, the increase
of storage modulus, G’, during the crystallization process can be
attributed to the space-filling effect of crystals. The Kolmogor-
ov—Avrami—Evans formula (eq 2)*7% was usually adopted to
describe the space-filling effect of growing spherulites during
the quiescent isothermal crystallization process:

3 3 3
pt) =1 exp[ 4ﬂNG(t) (t = ty) ] @
where ¢(t) is the degree of space-filling, N is the nucleation
density, and G(t) is the spherulitic growth rate. If the
nucleation and crystal growth occur during shear flow, both
the nucleation density and crystal growth rate can be influenced
by shear flow. In our case, most of the nucleation takes place
during shear flow, and crystal growth occurs after the shear flow
cessation. Furthermore, the crystalline morphology remains
spherulitic with no phase transition to a shish-kebab
morphology. The results from POM suggest that all the
crystals form simultaneously. Therefore, it is acceptable to
determine the nucleation density by applying the Kolmogor-
ov—Avrami—Evans formula. To examine if the spherulitic
growth rate is unaltered by either added CNTs or shear flow,
the changes of spherulite radius with crystallization time for
neat iPP and 0.05 wt % CNT/iPP nanocomposite under the
quiescent and shear conditions at T, of 142 °C are shown in
Figure 9. It can be seen that all spherulitic radii change linearly
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Figure 9. Change of spherulite radius as a function of time during
isothermal crystallization at T, of 142 °C under the quiescent
condition for (a) neat iPP and (b) 0.05 wt % CNT/iPP
nanocomposite, under the shear condition of § s™! for § s for (c)
neat iPP and (d) 0.05 wt % CNT/iPP nanocomposite, and under the
shear condition of 5 s™* for 10 s for (e) neat iPP and (f) 0.05 wt %
CNT/iPP nanocomposite.

with time for neat iPP and 0.05 wt % CNT/iPP nanocomposite
and that the linearly fitted lines with the same slope provide a
constant spherulitic growth rate G of 4.51 X 10~ m/s, which
illustrates that the shear flow in this study does not influence
the spherulitic growth rates, because the spherulitic growth only
occurs after the shear flow cessation.***** The crystallization
kinetics is controlled by nucleation and crystal growth. Thus,
the accelerated crystallization kinetics as indicated in Figure 7
can be mostly attributed to the enhancement of nucleation
density, with the spherulitic growth rate unaltered under the
adopted thermal and shear protocol.

1371

With the assumption that all the nuclei are produced after the
shear flow cessation, the nucleation density, N, can be
estimated from the degree of space filling, ¢, using the Avrami
equation (eq 3), taking the spherulitic growth rate G of 4.51 X
10~ m/s.

N 0)
47G(t)% (3)

The degree of space filling, ¢, can be calculated by using eq
1, which can be considered as the relative crystallinity. The
changes of nucleation density as functions of space filling for
neat iPP and CNT/iPP nanocomposites crystallized under the
quiescent and shear conditions at T, of 142 °C are shown in
Figure 10. It can be seen that the nucleation density for each
curve remains almost stable between ¢ of 0.1 and 0.9. The
deviations at the low and high ¢ values can be attributed to the
variations of G'.;, and G’_,, among the experiments as
suggested by Housmans et al.* The nucleation density can be
determined in two ways: (1) taking the average value between
¢ of 0.1 and 0.9; (2) taking the value at ¢ of 0.5. Both obtained
values in our case are well-comparable. Thus, we chose the
values obtained by the second way as the nucleation densities
N.

The changes of nucleation density determined from the
suspension modeling as functions of CNT content for CNT/
iPP nanocomposites crystallized under the quiescent and shear
conditions at T, of 142 °C are shown in Figure 11. It can be
found that added CNTs with contents of 0.1 wt % or above
lead to the saturation effect on nucleation, and eventually a
slight decrease in nucleation density occurs as the CNT content
further increases under the quiescent condition. The nucleation
density is promoted by a factor of 1 order of magnitude as the
CNT content increases from 0 to 1.0 wt % under the quiescent
condition. The significant finding is that once the shear flow
with a shear rate of S s™' and shear time of S s is applied for
CNT/iPP nanocomposites, the nucleation density keeps
increasing even when the CNT content exceeds 0.1 wt %,
and the saturation effect appearing under the quiescent
condition does not exist under the shear condition. Under
the shear condition, the nucleation density is improved by a
factor of 3 orders of magnitude when the CNT content is
increased to 1.0 wt %. Moreover, when the shear time is
increased from 5 to 10 s for the shear rate of 5 s, further
increase in nucleation density emerges. When the shear rate is
improved from S to 10 s7! for the shear time of 5 s, the
enhancement of nucleation density is more remarkable,
suggesting that increasing shear rate is more efficient than
increasing shear time for promoting nucleation. Because added
CNTs and shear flow can both enhance the nucleation density
for CNT/iPP nanocomposites, one would speculate that the
greatly enhanced nucleation density results from the CNT-
induced heterogeneous nucleation and shear-induced nuclea-
tion, that is, an additive effect of added CNTs and shear flow,
which can be expressed by eq 4:

N=N.+N, 4)
where N, is the CNT-induced heterogeneous nucleation
density, and N is the shear-induced nucleation density.
However, Figure 11 shows that the differences between the
nucleation density under the shear conditions and quiescent
conditions are gradually enlarged with increasing CNT content,
suggesting that the additive rule described by eq 4 is not
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Figure 10. Changes of nucleation density, N, as functions of space filling, ¢ for CNT/iPP nanocomposites with different CNT contents during
isothermal crystallization at T of 142 °C under the quiescent condition (a) and different shear conditions of (b) 7 =5s™, t,=5s; (c) y=5s7, t, =

10s;and (d) 7 =10s, t, =5 s.
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Figure 11. Change of nucleation density, N, as a function of CNT
content for CNT/iPP nanocomposites during isothermal crystalliza-
tion at T, of 142 °C under the quiescent and different shear
conditions.

suitable for the CNT/iPP nanocomposite system. Instead, the
results can be regarded as the evidence of a synergetic rule for
added CNTs and shear flow on the acceleration of
crystallization kinetics for CNT/iPP nanocomposites, as
mentioned in other reports.*** However, the studies in
those reports only mentioned the synergetic effect of added
CNTs and shear flow on the overall crystallization kinetics, and
the synergetic effect on the changes of nucleation density was
not analyzed or quantified.

Mechanism for Synergetic Effect of CNTs and Shear
Flow on Enhancement of Crystallization Kinetics. The
combined acceleration effects of added CNTs and shear flow
on nucleation have been reported to be synergetic rather than
additive.! 3349499 1t has been discussed that during the
quiescent isothermal crystallization, a critical CNT content,
C*, exists, above which the effect of CNTs on crystallization
kinetics can be saturated or even hindered. It is well-known that
CNTs serve as heterogeneous nucleating agents for iPP
crystallization. However, at high CNT loadings, topological
confinement effects can be induced, which leads to the
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reduction in nucleation and crystallization kinetics.”®™>’

Furthermore, CNTs are difficult to uniformly disperse in iPP
matrix due to their poor dispersion ability, and CNTs even
form relatively large aggregates at the high contents as indicated
in Figure 2f. The formation of distinct large aggregates lowers
the heterogeneous nucleating efficiency of individual CNTs.
When shear flow is applied, the nucleation density can be
greatly enhanced as compared to that under the quiescent
condition. Quantification of the nucleation density demon-
strates the synergetic effect of added CNTs and shear flow on
the enhancement of nucleation. It is considered that a stress
amplification of flow usually occurs for the particle-filled
systems.'” As elongated particles, CNTs can be oriented by
shear flow, causing a more powerful variant of stress
amplification. The local stresses generated around the CNTs
during shear flow may be reinforced, leading to an enhanced
effect of shear flow on crystallization kinetics. Another possible
reinforcing effect can be attributed to the decreased chain
mobility due to anchoring of macromolecular chains onto
CNTs, which increases the surviving chance of the precursors
for nucleation.’”®” Furthermore, the breakup of CNT
aggregates can be induced by shear flow with sufficient
intensity,’® thus reviving the heterogeneous nucleating
efficiency. The interplay between added CNTs and shear flow
goes by the above-mentioned effects. However, further
exploration and validation on the above mechanisms for the
synergetic effect of added CNTs or other particles and shear
flow during shear-induced crystallization for polymer nano-
composites should be made more profoundly in near future.

B CONCLUSIONS

The effects of modified carbon nanotubes (CNTs) with high
aspect ratio and shear flow with different shear rates and shear
time on the crystallization kinetics of CNT/isotactic poly-
propylene (iPP) nanocomposites were investigated by using
DSC, POM, and rheometry. Under the quiescent isothermal
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crystallization condition, the addition of CNTs with low
contents in iPP matrix can dramatically improve the
crystallization kinetics of CNT/iPP nanocomposites, which
can be attributed to the heterogeneous nucleating ability of
CNTs, while a saturation effect of added CNTs exists above a
critical CNT content of 0.1 wt %, which can be correlated to
the increased melt viscosity and formation of CNT aggregates
at the high CNT contents. When shear flow is applied to CNT/
iPP nanocomposites, the saturation effect disappears, and the
crystallization kinetics is continuously accelerated with
increasing CNT content, shear rate, and shear time. By using
a modeling between the space filling and the storage modulus
of a suspension system, the nucleation density can be quantified
for CNT/iPP nanocomposites under various shear conditions.
The enhancement of nucleation density under the shear
conditions is in good accordance with the acceleration of
crystallization kinetics, for which the spherulitic growth rate is
basically unaltered. A synergetic rule can be found for the
combined effects of added CNTs and shear flow on the
acceleration of crystallization kinetics; that is, shear flow effect
can become more dominant with assistance of added CNTs.
The stress amplification of shear flow in the presence of CNTs,
anchoring of macromolecular chains on CNT surfaces, and the
shear-induced breakup of CNT aggregates might provide
explanations to the observed synergetic effect.
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