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Abstract

The use of controlled extension flows associated with processing with predominant shear flows can bring gains in the
dispersive capacity of nanofillers during the processing of nanocomposites. In this work, we use a controlled flow device
coupled to the matrix of a single-screw extruder to process PP matrix composites containing 0.5% and 2.5% (v/v) of
MWCNT. The nanocomposites were evaluated by optical microscopy and oscillatory rheological analysis. The clusters
size analysis showed that in PP/0.5SMWCNT-el, 70.5% of all its clusters were below 1pum? while its analog processed
without the extensional flow showed 59.8% of its clusters below this value. The rheological analysis allowed to verify
that the compositions processed with the presence of the extensional flow have their crossover frequencies shifted to
lower values, that is, longer relaxation times corroborating that improved degrees of dispersion were achieved.
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1. Introduction

Several theoretical models elaborated show that there
is a large difference between the measured values and the
theoretical values of properties for composites containing
multiwalled carbon nanotubes (MWCNT) nanofillers!'-!.
For the vast majority of these cases, these differences are
mainly due to the poor dispersion level of the MWCNT
in the polymer matrix and its tendency to agglomerate
associated to the high surface area'®. Due to the geometry
of the carbon nanotubes that are long and twisted, they
tend to entangle themselves making it even more difficult
to break and redistribute the agglomerates inside polymer
matrices!®. Many different strategies have been studied to
improve the dispersion level of the MWCNT and to reduce
the difference between the theoretical values for the properties
and those obtained, such as chemical functionalizationl®,
use of ultrasonic waves®, polymer wrapping!”), shearing
and extensional flows®.

The use of controlled flows to increase the degree of
particle dispersion is already a known method due to the
possibility of allowing greater applications in terms of
production scale!'®!2! Tt is known that the extensional flow
is more efficient, when compared to the shear flow, with
regard to the ability to break agglomerates and also in their
redistribution throughout the polymer matrix!'!l. Several
studies have been carried out to evaluate the dispersive
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effect of the extensional flow by developing small-scale
processing devices or using small mixers which are
applicable to small scales of processing!!'"!7). To nanofiller
such as MWCNT!32! and graphene!® in polypropylene (PP)
matrixes was found that the dispersion of both fillers were
highly improved due extensional forces. For example, in
Son’sP? study, composites containing 0.5% w. of MWCNT
in PP comparing the dispersion of the processing via twin
screw extrusion and an extensional batch mixer (EBM),
developed by the author’s; their results shown an increase
of up to 30% in the dispersion for processing with EBM,
measured by the area of the agglomerates. A more recent
approach in this field seeks to evaluate components to
enhance the extensional flow in twin-extrusion processing,
which provides gains in dispersive power in the production
of immiscible blends???, for example, the validation of
this approach showed that in the processing of immiscible
polypropylene/polystyrene blends it was possible to provide
an increase in dispersion of up to 30% for processing with
extensional mixing element (EME).

In general, shear flows are commonly applied in typical
melt processing devices, such as extruders and mixers!'+?!!,
Increase the extensional flow component present in melt
processing, adding to the shear component commonly
present in extrusion, can significantly increase the erosion
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and the kinetics of breakup of agglomerates. For composites
containing montmorillonite (MMT) and MWCNT in PVDF
matrix, this approach has demonstrated its effectiveness
in reducing the particle size of MWCNT agglomerates by
up to 55%.

This study proposes to evaluate the effect of improving
the dispersion of MWCNT particles in PP matrix, by
associating a controlled extensional flow during extrusion
processing. This approach is an innovative methodology to
contribute to the improvement of fillers dispersion in the
molten state processing of thermoplastic polymer matrix
composites. In a previous work by this research group®/,
we described in greater detail the device developed to be
coupled to an extruder die.

2. Materials and Methods

2.1 Materials

Polypropylene (PP), H301, supplied by Braskem.
The density and melt flow index (MFI) were 0.905 g/
cm?® and 10 g/10 min (at 230 °C/2.16 kgf), respectively.
PP was submitted to the micronization process in a mill
(Micron Powder Systems, model CF Bantam) at 100 rpm
with liquid nitrogen in order to obtain a micronized
powder. After grinding the material was sieved (80 mesh).
The micronization process was carried out to improve the
premix (before extrusion) of the components. Multilayer
Carbon Nanotubes (NTCMC) supplied by the company
Nanocyl under the trade name NC7000 were used as supplied.
The average diameter and length of the MWCNTs are 9.5 nm
and 1.5 um, respectively; transition metal oxide less than
1% and surface area between 250-300 m?/g.

2.2 Processing

The nanocomposites were processed in the form of
filaments by extrusion using a single-screw mini-extruder
Filmaq3d STD (22 mm screw diameter and L/D =9.1) adjusted
to 30 rpm and at a temperature of 200 °C. For processing
by accentuating the extensional flow component, a flow-
controlled device consisting of a sequence of 7 rings with
internal diameters alternating between 2 and 4 mm was
developed. The matrix acted as a support for the assembly
of the 7 rings and also as an “eighth ring”, with an internal
diameter of 4 mm, this device has already been described
in a previous work by this research group®!. The device
associated with the extruder die is capable of adding an
estimated extensional flow rate of 33.19 s'. Extruded
filaments were collected using a filament winder that has
a water-cooling system.

All different compositions shown in Table 1 were
prepared twice each, aiming to carry out two processes
for each, the first in a conventional manner and the second
using the extensional flow device. In the nomenclature the
suffix -el was added for those processed using the device
coupled to the extruder die.

2.3 Characterization of nanocomposites

The samples used in this analysis were prepared from
the microtomy of the extruded filaments. The cuts, with a
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Table 1. Compositions of MWCNT nanocomposites.

Compositions PP (%v.) MWCNT (%v.)
PP 100.00 0.00
PP/0.SMWCNT 99.50 0.50
PP/2.5SMWCNT 97.50 2.50

thickness of 10 pm, were made with an American Optical
820 manual rotating microtome. The images were captured
with the Olympus BX51 polarized light optical microscope
operating in transmitted light mode, equipped with an
Olympus QColor 3 camera. Using 5 images from different
regions, an evaluation was made regarding the distribution
of the average particle size with the Imagel software.
The automatic particle size analysis tool was used to count
and measure (in area) the particles present in each image.

The rheological behavior of the nanocomposites was
evaluated using an oscillatory rheometer, Discovery Hybrid
Rheometer (DHR-2) from TA Instruments, using parallel
plates of 25 mm diameter, working distance between the plates
of 1 mm (gap), temperature 200 °C, mode: stress-controlled
force, angular frequency (®) from 0.1 to 100 hz at 0.3%
shear strain. The samples were obtained from the extruded
filaments, which were cut into pieces of around 3 mm and
then added between the rheometer plates. The measurements
were done in the linear viscoelastic regime. The following
properties were measured as a function of frequency: storage
moduli (G’), loss moduli (G”), complex viscosity (n*),
real viscosity (”) and imaginary viscosity (). The short
relaxation time (t) was calculated for all nanocomposites
as a function of the value of ®_ which corresponds to the
frequency at which G’= G”, according to Equation 177

ty =—(27) (1)

1
@,

3. Results and Discussions

3.7 Optical microscopy and particle size analysis

Figure 1 shows the image of the morphology of the
nanocomposites processed with (Figure 1b and d) and
without the presence of the extensional flow device
(Figure 1a and c). For the composition PP/0.SMWCNT-el
and PP/2.5MWCNT-el it is noted that the size of the clusters
are smaller, which points to a greater efficiency in reducing
the size of the clusters with the processing occurring with
the aid of extensional flow.

With the collected data in the clusters size analysis made
with ImagelJ software, the size distribution curves shown in
Figure 2 and Table 2 were constructed. The PP/0.SNTCMC-
el composition presented 70.5% of all its clusters below
Ipm? while its analog processed without the extensional
flow device showed 59.8% of its clusters below this value.
For the composition PP/2.SMWCNT-el, a value of 58.7%
of the clusters below 1 um? and 4.2% above 10 um? was
found, on the other hand, its corresponding processed
without the extensional flow presented 54.3% of the
clusters below 1 pm? and 7.5% above 10 um?. The size
reduction effect of the clusters was more significant for the
composition containing 0.5%v. of MWCNT. It is known
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Figure 2. Clusters size distribution for the processed nanocomposites: (a) PP/0.SMWCNT (b) PP/0.SMWCNT-el, (c) PP/2.SMWCNT

and PP/2.5SMWCNT-el (d).

Table 2. Size measurements of MWCNT aggregates in PP.

Compositions N * X<1 pm? (%) 1<X<10 pm? (%) X>10 pm? (%)
PP/0.SMWCNT 2865 59.8 36.6 3.6
PP/0.5MWCNT-el 3490 70.5 26.0 3.5
PP2.SMWCNT 3559 543 38.2 7.5
PP/2.5SMWCNT-el 3472 58.7 37.1 4.2

* N° corresponds to the total number of analyzed particles.
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that carbon nanotubes can easily entangle themselves and
with polymers chains®¢. Also, Jamali''® demonstrated that
a higher extensional rate represents a greater breaking force
for MWCNT clusters, when processing nanocomposites
containing 4% w. of MWCNT, in a device coupled to a
capillary theometer.

This clusters size reduction behavior is associated with
greater efficiency of the extensional flow in generating higher
levels of dispersive and distributive mixturel!18:22.24:28.29]
The results shown in Figure 2 and Table 2 also corroborates
with the effect observed in our previous work®, that is, the
reduction in the size of the MWCNT agglomerates when
processing with the extensional flow device coupled to the
extrusion matrix. Here we have more significant results in
terms of cluster size, due to the large number of clusters
analyzed (Table 2) in this measure. We can say with greater
reliability that when we accentuate the elongational flow in
the extruder die, we contribute to achieving higher levels of
dispersion for MWCNT aggregates in PP matrix.

3.2 Parallel plate rheometry

Rheological measurements in oscillatory regime, allow
to assess the internal interaction between macromolecules
and nanofillers in polymer matrix nanocomposites?*-2*3%l,
Figure 3 shows storage moduli (G”), loss moduli (G”) and
complex viscosity (n*) versus oscillatory frequency (o)
of the MWCNT nanocomposites. As expected, both G’
and G” increased remarkably with frequency, while n*
presented a decrease.

The morphology of MWCNT contributes for this
material to become entangled themselves and with polymers
chains®®!, This structure presents both, high modulus and
high viscosities®*!32] this behavior was exhibited by the

nanocomposites processed, as shown in Figure 3, and is more
evident for the composition containing 2.5%v.. With regard
to the effects of adding the extensional flow in processing,
it was noted that MWCNT nanocomposites obtained under
extensional flow had remarkable higher G’, G” and n* than the
others. For example, at 0.1rad/s, PVDF/MWCNT presented
G’=1616.2 Pa, G’=4176.1 Pa and n *=4496.8 Pa.s, while
PP/2.5SMWCNT-el presented G’=2562,8 Pa, G”=5387.1 Pa
and n*=5990.7 Pa.s. From a rheological point of view, this
result shows that improved degrees of dispersion of MWCNT
were achieved for MWCNT nanocomposites extruded under
extensional flow compared to their counterparts extruded
without extensional flow. Similar results were obtained in
other works®3-37, for example in the study of Ke et al.?*,
were compared the effects of melt and solution mixing on
the dispersion and on rheological properties of MWCNT/
PVDF nanocomposites. They found higher G’ for solution
mixed samples than for their counterparts obtained by melt
mixing. This result was attributed to the better dispersion of
MWCNT achieved in the solution mixed samples than in the
melt mixed ones, for MWCNT loadings lower than 5 wt.%.

In order to more clearly assess the effects of extensional
flow on the rheological properties, the values of the
crossover frequency (o) and also the short relaxation
time (t) were determined, which are shown in Table 3.
The relaxation process referred to in the measurement is
associated with relaxation of the PP chains, probably by
the reptation mechanism?®*4%. We can verify that when
processed with the flow-through device, the compositions
have their crossover frequencies shifted to lower values, that
is, longer relaxation times, which are involved with higher
degrees of interaction between MWCNT and PP chains,
corroborating that improved degrees of dispersion were
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Figure 3. (a) Storage moduli (G”), (b) Loss moduli (G”), (c) Complex viscosity (n*) of the MWCNT nanocomposites.
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Figure 4. Cole-Cole plots for compositions with and without extensional flow device: (a) PP/0.SMWCNT and (b) PP/2.SMWCNT.

Table 3. Frequency of cross over (o) and short relaxation time

(t) for the nanocomposites.

Compositions @, t,
PP/0.SMWCNT 75.41 0.083
PP/0.5SMWCNT-el 63.08 0.100
PP/2.5SMWCNT 47.92 0.131
PP/2.5MWCNT-el 34.97 0.180

achieved for these compositions due to the finer dispersion
of MWCNT through the PP matrix. This possibly occurs
because the polymer chain relaxations are more restricted
by the nanotubes when there is a better dispersion in the
nanocomposites. A similar phenomenon was reported by
Rostami et al.*!), for PC/ABS/MWCNT composites; and
in the study by Poothanari et al.*?! for PC/PP/MWCNT
composites; in addition, we also reported this behavior in
a previous study for PVDF/MWCNT nanocomposites®.

The influence of extensional flow on relaxation times
can also be seen in the Cole-Cole plots, shown in Figure 4.

The presence of extensional flow induced smoother
curves (red dots) which is related to longer relaxation times,
reaffirming what was calculated and shown in Table 3. This
effect was much more pronounced for the composition
containing 2.5%v. of MWCNT (approximately 4.6%w.). It is
known that rheological percolation is a phenomenon that can
be easily noticed by the significant increase in rheological
propertiest3-#I and in Banerjee’s*”! work this phenomenon
was observed between 3-4%w. for processing with a melt-
state mixer with twin-screw components, however in our
study we have no evidence of this phenomenon. Possibly,
due to the proximity to the rheological percolation range for
this type of nanocomposite, the effects of greater dispersion
promote more significant gains contributing to the growth
of PPPMWCNT and MWCN/MWCNT interactions, making
the interconnected network more consistent, thus leading
to longer relaxation times, for processing with accentuated
extensional flow.

4. Conclusions

It was possible to process all the proposed compositions
with and without the extensional flow device during

Polimeros, 32(2), e2022020, 2022

extrusion. Clusters size analysis demonstrated that there
was a reduction in MWCNT clusters size when processing
the nanocomposites with the addition of the extensional
flow rate (33.19 s!) in the processing. The most significant
effect was observed for the composition PP/0.SNTCMC-el
that presented 70.5% of all its clusters below 1um?* while
its analog processed without the extensional flow device
showed 59.8% of its clusters below this value.

Furthermore, the rheological analysis allowed to verify
that the compositions processed with the presence of the
extensional flow have their G’, G” and n* values higher
compared to their homologous compositions processed
without the addition of the extensional flow. In addition, the
crossover frequencies shifted to lower values, that is, longer
relaxation times, which are involved with higher degrees
of'interaction between MWCNT and PP, corroborating that
improved degrees of dispersion were achieved.
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