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Abstract. A polypropylene (PP) reinforced milled carbon fibre (MCF) was
developed to produce high conductive polymer composites. Theoretically,
by altering the filler orientation, the electrical conductivity and mechanical
properties can be controlled. However, the orientation techniques which
influence the MCF fibre are difficult to performed. Therefore, this study
focused on controlling the filler orientation through the extrusion process.
Hence, the extrusion temperature of 230°C and rotational speed of 50 rpm
at 70 wt.% of MCF and 30 wt.% of PP were used. The electrical conductivity
in perpendicular to the extrusion direction was higher at 2.0 S/cm as
compared to 0.66 S/cm in the parallel direction. Besides, the extruded
composite of rod and sheet were studied in which rod dies offers higher
electrical conductivity of 3.0 S/cm and better mechanical properties of 1225
MPa than the sheet dies. Alteration in filler orientation aid in enhancing the
electrical conductivity as minimum fillers breakage occurred due to the low
shear rate of 2.2 s'! which indirectly induces the filler to the desired
orientation. Therefore, the extrusion process able to improve the electrical
conductivity and mechanical properties of composite materials, as the filler
oriented perpendicular to extrusion direction.

1 Introduction

Conductive polymer composites (CPCs) have been extensively studied for various field
of application due to its remarkable features and performance [1]. In order to produce a highly
conductive material, the conductive phase above the critical value is needed to ensure
composite material stay electrically conductive [2]. However, the electrical conductivity of
CPCs material depends on many factors including filler volume faction, filler shape and size,
filler orientation, shear rate and the morphology of the matrix. The optimization of the
processing parameter is a method which influence the electrical conductivity and mechanical
properties of the CPC. Recently, compression molding and injection molding are the two
common technique used to fabricate CPC materials [3]. Although this method has been used
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extensively, studied shows that pre-mixing process are able to enhance the electrical and
mechanical performance of the CPCs [2]. This pre-mixing process is crucial for achieving a
proper filler dispersion in polymer matrix, modest shear forces and increase the ability to
form a homogeneous matrix in combination with polymer resin [4, 5]. Extrusion process
using twin screw extruder has been used widely in various industries including polymer
processing and food processing due to its ability to run multiple processes that can be
conducted continuously [6]. Parameters including shear rate, temperature and filler aspect
ratio need to be considered in order to optimize the extrusion process. In this study, to ensure
a highly electrically conductive polymer composite optimum die configurations were studied
and analyzed.

2 Methodology

2.1 Materials and Fabrication Process

Milled carbon fibre (MCF), Grade CFP-7-50 was supplied by ShenZhe Yataida High-Tech.
Co. Ltd.with a diameter of 9 pm, average length of 300 um, aspect ratio of 43 and a density
of 1.75 g/cm®. Meanwhile, the polypropylene (PP) selected as a binder in this study was
supplied by Goonvean Fibres Ltd. due to its extraordinary properties; mechanical strength,
low density, electrical resistance, and greater permeability by gases [1]. This PP polymer has
a maximum average size of 90 um, density of 910 kg/m? and melting index of 10g/10 min at
160 °C. The PP was supplied in powder form with grade number Titan-600. Initially, the PP
powder and the MCF, were pre-mixed based at 30 wt.% of PP and 70 wt.% of MCF. The pre-
mixed process was conducted using a mechanical mixer (Model RM 20-KIKA-WERK) at
room temperature before being melt extruded using a twin-screw extruder, (Thermo Haake
TSE Twin-Screw Extruder). The extruder was set at a temperature of 230 °C with a rotational
speed at 50 rpm for 30 minutes using a different dies shapes [2]. The fibre orientations were
analysized using the field emission scanning electron microscope (FESEM) (Zeiss Supra-
55VP, Germany). Meanwhile, the electrical conductivity was measured for both in-plane
conductivity using Jandel four-point probe and an RM3 test unit [4-6].

2.2 Simulation of pre-mixing process

This study focused on three main dies configuration which are shapes and dimensions.
Hence, series of simulation has been conducted to verify the pre-mixed process and its ability
to orientate the fibre. The simulations were performed using the MoldFlow simulations
software in which the input data were fist sketched using the AutoCAD Inventor. The
dimensions of 3 mm and 5 mm opening diameter with rod and sheet shapes were considered
in this study.

3 Results and Discussions

The simulations conducted were shows in Figure 1, in which the different fibre orientations
within the polymer matrix were exposed. Previous studies on fibre orientations reported that
the fibre orientation were depends on the dies opening and the shapes used [9]. As shows in
Figure 1(c), rod die demonstrates the highest fibre orientation at parallel to the extrusion
directions compared to the sheet dies at various die opening. These exhibited that the fibre
tends to orientate in converging die compared to diverging die and results in fibre to orientate
parallel to extrusion directions [10]. Differ results shows in sheet dies in Figure 1 (a) and
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Figure 1 (b) in which the fibre tends to orientate randomly within the process. This
phenomenon was reported in previous studies in which the diverging dies will developed a
fibre deformations and results in random fibre orientations [11]. Despite that, the die opening
thickness also contribute in fibre orientations. As the die opening thickness reduces from 5
mm to 3 mm, the fibre tends to become compact and compress. These further results in fibre
to orientate parallel to extrusion directions. Moreover, Figure 1 also indicated the orientation
tensor of each fibre at different die configurations. As shown in Figure 1, rod die exhibited
highest orientation tensor at 0.9337 compared to other 5 mm and 3 mm sheet dies at 0.9243
and 0.9254, respectively. Hence, these simulations demonstrate that the experimental
performed will encounter these similar results.

Fig. 2. Microstructural analysis at 1.0K X observations for (a) 3mm sheet die, (b) 5 mm sheet die and
(c) 5 mm rod die, while at 500 X observations for (d) 3mm sheet die, (¢) Smm sheet die and (f) 5 mm
rod die

Based on the simulation conducted, Figure 2 (a) and Figure 2 (b) shows the FESEM
images in which the fibre tends to randomly orientate when using the sheet dies. The
randomly orientated fibre was caused by the high shear stress which transfer into the fibre as
the die opening were decreased. Hence, these results on fibre deformations especially at the
die surfaces which result the fibres to randomly orientated [10—12]. Recent studies reported
that the fibre which travel using the slit die will results in more randomly orientated fibre
[12]. Despite that, Figure 2 (a) shows the higher fibre brakeage experience compared to
Figure 2 (b). These are because the high shear rate was developed as the die opening were
decreased. These were shown by Figure 2(b) of the sheet die with 5 mm die opening which
experience the fibre length of 42 um. Meanwhile, the 3mm sheet die experience extreme
fibre breakage at 28 um of fibre length. In contrast, Figure 2 (c) indicated the fibre length of
55 um, which are the longest among all the dies used. These occurred due to the converging
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die which enable the fibre to orientate uniformly within the polymer matrix [10, 12]. Figure
2 (d) and Figure 2 (e) shows the sheet dies at 3 mm and 5 mm die opening in which the
orientation angles are far below the 90°. Studies reported that the reduced in orientation
angles indicated that the fires tend to orientate randomly due to high viscosity, low shear rate,
and longer cooling time [13]. Table 1 shows the electrical conductivity of the composite
materials at different die configurations. The findings are significant with the microstructural
and simulation analysis. The rod die exhibited the highest electrical conductivity with 3.66
S/cm, while 3 mm sheet dic and 5 mm sheet die offered 0.56 S/cm and 1.26 S/cm,
respectively. The excellent in performance occurred on the rod dies was due to the fact that
the fibre able to orientate uniformly within the polymer matrix. Recent study suggested that
this phenomena was due to the electron tunnelling as the fibre developed an excellent
conducing pathways [15].

Table 1. Electrical conductivity at different die configurations

Electrical
conductivity

3 mm sheet 0.56 S/cm

Die

5 mm sheet 1.26 S/cm

5 mm rod 3.66 S/cm

5 Conclusions

The experimental conducted shows an excellent correlation when compared to the simulation
developed. Studies exhibited that the extruded MCF/PP composite using a 5 mm rod die
geometry results in better electrical conductivity due to its better fibre orientation in the
converging dies. The electrical conductivity produced using the rod die is 3.66 S/cm shows
that the converging dies able to orientate the fibre parallel to the extrusion direction.
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this study under grant number MI-2017-004.
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