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Abstract

The effect of extruder screw configuration on the dispersion and properties of compatibilised
polypropylene (PP)/Multi-walled carbon nanotube (MCNT) composite is investigated. Three
principle screw designs with mainly conveying elements (medium intensity), kneading elements
(high intensity) and folding elements (chaotic mixing) were used to prepare polypropylene
nanocomposites containing 4wt% of maleic anhydride grafted polypropylene (MAH-g-PP)
compatibilizer and different nanotube loadings. The effect of each screw configuration and
nanotube loading on the tensile, rheological and electrical properties of the nanocomposites were
studied. The screw configurations were found to have a strong influence on the electrical
resistivity whilst only slightly affected the tensile properties of the nanocomposites. Scanning
electron microscopy examinations showed that the use of screw configuration consisting of
kneading elements promoted the dispersion of nanotubes and resulted in a low electrical

percolation at 2wt% of MCNT.
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1. Introduction

In preparation of carbon nanotube polymer composites, effective mixing of raw materials is a
critical step of the process. The final characteristics of the product are strongly dependent upon
the uniformity of the mixture; non-uniform dispersion of nanotubes within the polymer can cause
a significant variation in mechanical and electrical properties of the nanocomposite [1-4].
However agglomeration of nanotubes during production of nanocomposites is inevitable due to
the strong Van der Waals interaction between individual nanotubes and the high surface
energy associated with these nano-sized fillers. Dispersion mechanisms occur by wetting of the
primary agglomerates with polymer melt, penetration of polymer chains into the agglomerates
and then breaking them into individual nanotubes by rupture and erosion. These mechanisms
occur during compounding of the nanocomposites and are sensitive to the characteristics of the

polymer and nanotubes in addition to the processing equipment utilized during processing [5].

Polypropylene (PP) is one of the most widely used thermoplastics in the world, due to its low
cost, low density, high thermal stability and resistance to corrosion. Blending polypropylene with
carbon nanotubes to form nanocomposites is an approach applied to further increase its potential
use in the automotive, packaging and electronic industries. Suggested applications of
polypropylene carbon nanotube composites have included strain sensing [6], electrostatic

dissipation [7] and electromagnetic interference shielding [8].

Different approaches have been proposed to prepare PP/CNT include melt mixing [9,10], in-
situ polymerization [11,12] and solution [13,14] methods. Synthesis methods can directly
influence nanotube dimension, dispersion and interaction with the polymer. Compared to other

methods melt compounding is regarded as the easiest and most environmentally friendly method



for incorporating carbon nanotubes into thermoplastic polymers. It involves a combination of
traditional industrial processes such as extrusion and injection molding which are suitable for
mass production of nanocomposites [15,16]. In addition, application of the high shear used

during compounding may decrease the tendency of nanotubes to agglomerate.

Twin screw extrusion is regarded as the preferred melt compounding method to produce
polymer nanocomposites [17,18]. The modular nature of most twin screw-extruder screws gives
the process an inherent flexibility to tailor mixing intensity and residence time. The barrel and
screw elements of twin screw-extruder can be replaced and rearranged to achieve optimum
mixing characteristics. The most popular screw elements for modular co-rotating twin screw
extruders are conveying elements, kneading elements and mixing elements. Conveying elements
(also known as feeding elements) are used to direct and transfer the material toward the die,
whilst the reversible conveying elements are used to retain the material in the screw channels and
form a melt seal. The main function of kneading elements is for plastification of polymers,
dispersion of filler and enhancement of the mixing process. Mixing elements are used in certain
applications when the desired mixing is not achieved by kneading elements [15]. Each element
of the extruders can have dramatic influence on the homogeneity and property of the final

products.

Within the literature, the influence of carbon nanotube functionalization [19,20] and the use of
different compatibilising agents [10, 21] to enhance dispersion and increase the compatibility of
carbon nanotubes and polypropylene have been extensively studied. However the effect of screw
configuration has not been sufficiently examined because of the complex correlation between
processing parameters and structure of these nanocomposites. Furthermore, the few studies

which have investigated the effect of screw configuration have been carried out at constant



nanotube loading and have concentrated on specific characteristics of PP/CNT nanocomposites
[22, 23]. Investigation of the effect of screw configuration on the dispersion of MCNT in PP [22]
and poly(lactic acid) PLA [24] matrices concluded that a combination of high screw rotation
speed and a screw configuration mainly consisting of mixing elements were most effective to
disperse nanotubes within the polymer. Further changes to the screw configuration were found to
have insignificant effect on the resistivity of the nanocomposites [22]. It has also been observed
that the utilization of a screw with long residence time was not necessary to achieve uniform
dispersion of nanotubes [25] while the choice of the type of screw elements was critical in

dispersing nanotubes within the polymer [23].

The aim of this study was to quantify the effect of extruder screw configuration on the properties
of melt compounded polypropylene/multiwalled carbon nanotube composites (PP/MCNT) to
investigate the effect on dispersion and properties of PP/MCNT composite at different nanotube
loadings. Importantly, the study reports a comprehensive investigation of the relationship
between screw configuration and mechanical, rheological and electrical properties of PP/MCNT

at various nanotubes loading, which has not previously been reported.

2. Materials and methodology

2.1 Materials

Commercially available acid purified MCNT with 95wt% purity were used in this study,
obtained from Cheap Tubes Inc. (USA). The MCNT were synthesized by catalytic vapor
deposition method and had a diameter of 2040 nm and Ilength of 10-30 pm.

Polypropylene homopolymer (Innovene 100-GAO3) with a melting point of 163°C and melt



flow rate of 3.0g/10min (230°C, 2.16 kg) was selected as the polymer matrix. In order to
optimize the potential for effective mixing, polypropylene supplied in the form of pellets was
cryogenically ground into coarse powder of diameter of approximately 100um by Queen’s
University, Belfast. In order to increase compatibility between PP and MCNT, polypropylene
grafted maleic anhydride (MA2) containing 10wt% of maleic anhydride supplied in powder

form by Sigma Aldrich, was used as compatibilizer.
2.2 Preparation of PP/MCNT composites

Composites of PP/MCNT were prepared at 0, 2, 4, 6, 8, 10 and 12wt% MCNT loading and with
4wt%MA?2 compatibilizer. To achieve a homogenous mixture, prior to extrusion the PP, MCNT
and MA2 powder were tumble blended together for 10 minutes using a Turbula mechanical
mixer. Each mixture was melt compounded using an intermeshing co-rotating twin screw
extruder (PRISM-TSE-16-TC) having a screw diameter of 16mm and a length to diameter (L/D)
ratio of 15:1. Compounding was performed ata screw speed of 100 rev min™! and set barrel
temperatures of 180—200—-210°C (from feed to die), respectively. A single screw feeder designed
at the University of Bradford was used to feed the powdered mixtures; due to torque
limitations different feeding rates were used for each screw configuration. The extruded
nanocomposite strand was quenched in water and pelletized for subsequent forming and analysis.

For comparision purpose extruded polypropylene (EPP) was also processed.
2.3 Characteristic of Screw Configurations

In addition to the standard screw configuration (SC1) supplied by Thermo PRISM, two different
screw configurations (SC2 and SC3) were designed and used to prepare PP/MCNT

composites. The designs of three screw configurations are shown in Figure 1. The barrel of the



twin screw extruder consists of four zones which are the feeding, melting, mixing and metering
sections. The screws were designed by modifying the type and position of screw elements in the
melting and mixing region, while the design of feeding and metering section for all screw
configurations were the same. The standard screw configuration SCI1 consisted of forward
conveying elements in the melting section followed by a set of kneading block elements in the
mixing section. The high intensity screw configuration SC2 was based on SC1 with the addition
of another set of kneading block elements in the mixing section. Besides the kneading elements a
reverse conveying element was added after the mixing section, with the aim of increasing the
degree of filling and the residence time of SC2 and consequently improves dispersion. Screw
configuration SC3 was designed to establish chaotic mixing characteristics. Folding elements
were used in this configuration to increase the pressure and the residence time in the melting and
mixing zone. The individual screw elements like conveying, kneading, folding and metering

elements used in designing of the screw configuration (SC1-SC3) are shown in Figure 2.
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Figure 1 Schematic representation of the geometry of screw configurations SC1, SC2 and SC3
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Figure 2 Diagrams of individual screw elements for twin screw extruder



2.4 Sample Preparation

Tensile test specimens with neck dimensions of 33x6x2 mm were prepared using a pneumatic
ram injection molding machine at a set temperature of 230 °C and an injection pressure of 0.35
MPa. For electrical measurements sheets of film were prepared by a heated hydraulic press
(Moore, UK). A mass of 54 g of extruded pellets was pressed between a pair of polished metal
platens at a temperature of 230 °C to achieve a compression molded sheet with 1 mm thickness.
Samples were initially preheated at 50 MPa for 120s and then molded under 300 MPa for 90 s.

The molded films were quenched in cold water and used for electrical measurements.

1. Characterization of PP/MCNT Composite
3.1 Tensile Properties

Tensile tests were carried out at room temperature using an Instron 5564 tensometer at a
deformation rate of Smm/min according to BS EN ISO 527-1. From each measurement five
specimens were tested and the average values along with the corresponding mean value of

standard errors calculated.

3.2 Rheological Properties

Rheological measurement was performed using a parallel plate rotational rheometer (Anton Paar
MCR 501) in dynamic oscillation mode. The test was conducted with parallel plates of 25 mm
diameter at a constant gap of 1 mm. Frequency sweeps between 102-10> Hz at 5% strain were

applied at 200 °C within the linear viscoelastic range of the materials.



3.3 Electrical Resistivity

Volume resistivity of the nanocomposites was measured by a two-probe technique using a
Keithley 6517A electrometer/high resistance meter and 8009 resistivity fixture device. Square
shaped specimens with dimensions of 100x100x1 mm? were cut from the compression molded
sheets and tested according to ASTM D-257. The measurement was performed by applying a
constant voltage of 50V across the sample and measuring the resultant current passing through
the sample. All the samples were tested at room temperature and the values of volume resistivity

(pv) automatically calculated by the 6517A high resistance software.

3.4 Characterization of MCNT Dispersion

Scanning electron microscopy (ESEM, FEI Quanta 400) of fractured surfaces was used to
examine the morphology of PP/MCNT composites prepared by the three screw configurations.
Tensile specimens were fractured in liquid nitrogen and characterized at accelerating voltage

20KV. In order to prevent electron charging the specimens were coated with a thin layer of gold.
3.5 Residence Time Distribution Measurements

Residence time distribution (RTD) of the three screw configurations (SC1-SC3) were measured
by a UV-fluorescence spectroscopy technique. Polypropylene powder was used as the main
feedstock material and Uvitex-optical brightener (Uvitex/PP master batch 30wt%) used as a
tracer. A high temperature fibre optic probe (Ocean Optics USB 2000) was fixed in the extruder
die. A pellet of the tracer was fed into the extruder hopper after steady state conditions were

reached and the fluorescent intensity of the tracer recorded every 0.5 seconds. The intensity of

(1)



the emitted spectrum was monitored by Labview software. The mean residence time (t') was

calculated by the following equation [26].

_ Y ec().At

t= Y& C(t).At

Here C(t) is the intensity of the tracer at time t and At is time increase.
2. Results and discussion
4.1 Tensile Properties

Figure 3 shows the tensile modulus of compatibilised polypropylene as a function of carbon
nanotube content for screw configurations SC1, SC2 and SC3. From Figure 3, it can be seen that
the tensile modulus of compatibilised polypropylene and nanocomposite was only slightly
affected by screw configuration. The modulus of all the blends (PP/4wt%MA?2) increased with
increase carbon nanotube content. This increase was more pronounced for the nanocomposite
prepared by the medium intensity screw configuration (SC1). At 12% of carbon nanotube
loading the modulus of nanocomposites prepared by SC1, SC2 and SC3 increased by 80%, 65%
and 54% respectively. The smaller increase in the tensile modulus of nanocomposites prepared
by SC2 and SC3 screw configurations is most likely to be due to the breakage of carbon
nanotube length by the intensive shear produced by high intensity (SC2) and chaotic (SC3) screw

configurations [27,28] which decreased the benefit of their large aspect ratio in the polymer [29].

Corresponding tensile strength results are illustrated in Figure 4. It can be observed that the
configurations with higher mixing intensity produced an adverse effect on tensile strength
of compatibilised polypropylene and the value of tensile strength for the blend prepared by

SC3 was found to be the lowest, possibly due to the degradation of MA2 compatibilizer as a



result of the longer residence time for SC2 and SC3 screw configurations. The tensile strength of
all the blends was improved by addition of carbon nanotubes and the greatest enhancement
observed for the nanocomposite prepared by SC1 configuration. However, the overall effect of
carbon nanotubes on tensile strength was relatively minor, with enhancement of up to 9% above

that of neat polypropylene observed.
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Figure 3 Tensile modulus of compatibilised polypropylene at different MCNT loadings prepared
by screw configurations SC1, SC2, and SC3
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Figure 4 Tensile strength of compatibilised polypropylene at different MCNT loadings prepared
by screw configurations SC1, SC2, and SC3

4.2 Rheological properties

Figure 5 represents damping factor (ratio between loss and storage modulus) obtained from
rheological measurements for PP/4wt%MA containing 2 and 4 wt%MCNT loading prepared by
the three screw configurations. The decrease in the slope of damping factor at low frequencies
has been proposed to indicate formation of interconnected nanotube networks in
the nanocomposite and transition from liquid-like to solid-like behavior [30-33]. As the value of
damping factor presents the ratio between viscous and elastic properties of the materials, a high
value of damping factor indicates predominantly viscous behavior of the materials while a low

value relates to elastic behavior.



From Figure 5 it can be seen that application of different screw configuration had insignificant
effect on the damping behavior of compatibilised polypropylene and nanocomposites. The
damping behavior of compatibilised polypropylene prepared by different screw configurations
was found to be dependent on frequency and showed predominantly viscous characteristics. For
all the blends addition of nanotubes decreased the damping factor and the curve became flatter
with increasing nanotube loading. This indicates an increase in the elastic response of the
material and is evidence of the restriction of mobility of polymer chains in the presence of

rheological percolation at 2wt% MCNT.
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Figure 5 Damping factor of compatibilised polypropylene containing 2 and 4 wt%MCNT
loading prepared by screw configurations SC1, SC2 and SC3



4.3 Electrical Resistivity

Figure 6 shows the volume resistivity of compatibilised polypropylene as a function of nanotube
content for SCI1, SC2 and SC3 screw configurations. A clear dependence of the
electrical resistivity on the type of screw configuration was found. For all screw configurations,
the electrical resistivity decreased with increasing nanotube loading. The rapid drop in the
electrical resistivity of the nanocomposites prepared by SC1 and SC3 at 8wt% of nanotube
content indicates the formation of electrical percolation. Above 8wt% of nanotubes the resistivity
of both nanocomposites decreased gradually and demonstrated a plateau with the lowest value
being observed for nanocomposite prepared by SCI1. The lowest percolation threshold was
observed at 4wt% of nanotube content for the nanocomposite prepared by SC2. Above 4wt% of
nanotube content the resistivity of the nanocomposite prepared by SC2 showed a step like drop
up to 8wt% of nanotube contents. Similar behavior has also been observed for PP/MCNT
composites [34] and this was explained by the concept of a double percolation threshold. It was
reported that due to the semi-crystalline structure of the polypropylene matrix, carbon nanotubes
tend to be present in the amorphous phase between the lamellae rather than in the crystal phase
and consequently, different types of conduction networks are formed in each phase. Another
possible reason for this phenomenon can be due to the high shear intensity produced by SC2
configuration which resulted in a more uniform dispersion of carbon nanotubes within

the nanocomposite and consequently helped the network formation at lower nanotube contents.

To estimate an accurate electrical percolation in the nanocomposite prepared with three screw
configurations, the experimental values of resistivity were fitted to the power law relationship of

classical percolation theory described in equation 2 [35-37]:



Gdc ~ (D-Dc)'! for ®> d¢ @)

Here o4 is the conductivity of the nanocomposite and it is equal to the inverse of resistivity, @ is
the concentration of MCNT, ®c is the percolation concentration and t is the conductivity
exponent. According to percolation theory the conductivity exponent (t) represents the average
number of contacts per particle at the percolation threshold [35]. For three dimensional systems

the theoretical value of't is around 2.
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Figure 6 Volume resistivity of compatibilised polypropylene at different MCNT loadings for
screw configurations SC1, SC2 and SC3.

Figure 7 shows a log-log plot of conductivity versus (®-®c) for the nanocomposite prepared by

SC1, SC2 and SC3. The value of t was found by changing the values of ®c until the best linear



fit to the experimental data obtained. The parameters obtained by fitting the experimental data to

equation 2 are shown in Table 1.
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Figure 7 Logarithmic plot of conductivity versus (®-®c) for nanocomposites prepared by screw
configurations SC1, SC2, and SC3.

The results shown in Table 1 demonstrate that the values of critical exponent (t) are 3.7, 4.7 and
1.6 for SC1, SC2 and SC3 configurations respectively. Also the values of percolation threshold
were calculated at 6%, 2% and 6% of nanotube loadings for the screw configurations SC1, SC2
and SC3 respectively. The deviation in the value of t for the nanocomposite prepared by SC1 and

SC2 can indicate a greater tunneling barrier between carbon nanotubes [35, 38] and is probably



due to the fact that the theoretical value of t is predicted for a system where the network is
formed by particles which are in physical contact, while in CNT/Polymer composites the
nanotubes are separated by an insulating layer of polymer and charge transport occurs through
a tunneling process [39]. Deviations in experimental values of t have also been reported by other
studies and were explained by non-identical properties of carbon nanotubes (such as length,

diameter, chirality, and entanglements) and insufficient contact between them [40,41].

screw configurations t @c /wt
SC1 3.7 6.0
SC2 4.7 2.0
SC3 1.6 6.0

Table 1 Scaling law parameters for the nanocomposite prepared by SC1, SC2 and SC3 screw
configurations

According to equation 3 [35,39], tunneling between nanotubes separated by a thin layer of
polymer should obey the following relationship between DC conductivity (c4c) and filler

concentration (@):
Incge o -@13 3)

The linear relationship between conductivity and filler concentration has been suggested to
predict the tunneling mechanism in CNT/polymer composite [35, 42]. Figure 8 shows that the
linear behavior was only observed for the nanocomposite prepared with screw configuration SC2
below 8wt% of nanotube content. This may suggest that below 8wt% the nanotubes were not
physically in contact with each other and conduction mechanism took place through

a tunneling process across polymer layers rather than through classical percolation network



which involved a direct contact between carbon nanotubes [35]. It may also indicate that the
tunneling distances between nanotubes in the nanocomposite prepared by SC2 were uniform and
the network structure produced by individually dispersed nanotubes more prevalence than the
network of agglomerated nanotubes. The above results are consistent with the previous studies
on PP/MCNT composite [43] and suggest that wusing of high shear during
compounding favors the formation of conduction paths in the nanocomposite and decrease the

percolation threshold.
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Figure 8 Logarithmic plot of conductivity versus @' for nanocomposites prepared by screw
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4.4 Characterization of MCNT Dispersion

Figure 9 shows SEM images of PP/4wt%MAZ2 containing 6wt% of nanotubes prepared using the
screw configurations (SC1-SC3). Differences in the morphology of the nanocomposites prepared
with different screw configurations can be observed. Figure 9a shows that the dispersion of
carbon nanotubes in the nanocomposite prepared with the medium intensity screw configurations
(SC1) was relatively homogeneous and only small aggregations of about 2pum diameter
were detected. The white bright dots appeared in the micrographs were attributed to
homogenously dispersed nanotube stubs. The nanocomposite prepared by the high intensity
screw configuration (SC2 in Figure 9b) was almost free of agglomerates and the nanotubes
appeared to be dispersed homogeneously at the micro scale. Large agglomerations of about
30um were observed for the nanocomposite prepared with the chaotic screw configuration
(SC3 in Figure 9c¢). This was possibly caused by the lower levels of shear imparted by the
folding elements compared to mixing paddles, or by re-agglomeration of nanotubes in the slower
flow regime. The highest level of nanotube dispersion was observed in the nanocomposite
prepared with SC2 which may be due to the presence of large number of kneading elements and
back-conveying elements resulting in generation of high stresses which overcame the strong Van
der Waals interaction between the nanotubes. These observations are consistent with the
electrical resistivity measurements and may explain that the lower electrical percolation in
the nanocomposite prepared with screw configuration SC2 was due to the homogeneous

dispersion of nanotubes.
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Figure 9 SEM images of compatibilised polypropylene containing 6wt%MCNT prepared
by (A)SC1 (B)SC2 and (C) SC3 screw configurations



4.5 Residence Time Distribution

Since mixing time is one of the key parameters affecting the dispersion of carbon nanotubes in
polymer nanocomposite, it is important to determine the influence of screw configuration on the
mean residence time. Table 2 represents feeding rates and the calculated values of mean
residence time measurements for SC1, SC2 and SC3. From Table 2 it can be seen that the
longest residence time was observed in experiments performed using the chaotic screw
configuration (SC3). This is possibly due to predominantly non conveying behavior of the
folding elements which caused a more intensive recirculation in the extruder. Due to the
presence of back-conveying elements, the high intensity screw configuration (SC2) showed
+89% longer residence time than the medium intensity screw (SC1). A previous investigation
found that the value of residence time exponentially decreased with increasing feeding rates,
regardless to the type of screw configuration [25]. Therefore, another possible reason for
detecting the longest value of residence time in SC3 is due to the slower feeding rates used for
SC3 than SC2 and SCI. It is interesting to note that the screws consisting of kneading elements
exhibited shorter residence time than the screw consisting of folding elements, the use of this

screw led to significantly better nanotube dispersion.

Screw configurations | Mean residence time (S) Feeding rates (Kg/hr)
SCl1 94 900
SC2 179 600
SC3 236 500

Table 2 Values of mean residence time and feeding rate for screw

configurations SC1, SC2 and SC3.



Conclusions

The effect of extruder screw configuration on the tensile and electrical properties of
compatibilised polypropylene/multi-walled carbon nanotube composites was studied. Three
screw configurations with medium, chaotic and high mixing intensity were designed based on
changing the type and position of screw elements in the mixing and melting zones. Extruder
screw configurations were found to have a marginal effect on the tensile and rheological
properties of PP/MCNT composite. The tensile and rheological properties of the nanocomposite
prepared by a screw with medium intensity were found to be the greatest. This was explained by
the competition between dispersion and degradation of polymer chains and a possible reduction
of nanotube length by intensive shear experience during compounding. The most significant
effect of screw configuration was observed in electrical resistivity measurements. The use of a
screw configuration consisted of kneading elements and a reverse conveying element (to
promote high intensity mixing) was found to be beneficial in decreasing the electrical percolation
threshold from 6wt% nanotube contents to 2wt%. Morphological examination indicated the
highest level of carbon nanotube dispersion was achieved in the nanocomposite prepared by a
screw consisted of kneading elements and a reverse conveying element. This was attributed to
the presence of the reverse conveying elements in the screw and the higher mixing intensity of
the kneading elements relative to the folding or conveying elements. Overall, the results
indicated that the selection of screw element was an important factor to control dispersion and

that screw configuration could be tailored to improve specific properties of the nanocomposites.
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