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ABSTRACT

Conductive polymer composites (CPCs) can be widely uses as electronic devices, artificial muscles, solar energy conversion,
and sensors. Nevertheless, CPCs has a low electrical conductivity. Therefore this study focused to improved the electrical
conductivity of CPCs by optimizing the internal mixing parameter using Taguchi Method. Multiwall carbon nanotubes
(MWCNTs) as secondary filler and synthetic graphite (SG) as primary filler use in this study. The CPCs composition are;
5 wt% MWCNTs; 75 wt% SG; 20 wt% epoxy resin as matrix. The internal mixing parameter applied as control factor in
Taguchi Method analysis are mixing time, mixing temperature, and mixing rotation. Experiment was carried out based on
orthogonal array design using these three internal mixing parameter. The results were analyzed using the signal to noise
ratio (S/N) and analysis of variance (ANOVA). The percent contribution of each internal mixing parameters to the electrical
conductivity of MWCNTs/SG/epoxy resin were mixing rotation (44%,), mixing temperature (26%) and mixing time (18%).
This was managed to reduce the number of voids and nano size particles conductive filler material (MWCNTs) more evenly
dispersed in the epoxy resin. The optimum internal mixing parameters used to produce MWCNTS/SG/epoxy nanocomposites

was effective to increase the electrical conductivity becomes 197 S/cm.
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INTRODUCTION

Conductive polymer composites (CPCs) are a combination
of conductive fillers and polymers as matrix. The CPCs
properties depend on the materials conductive filler, matrix,
and the manufacturing processes used in producing CPCs
material. CPCs had a very wide attention from researchers
because this material can be used for various applications
(Kishi et al. 2004; Liao et al. 2008; Song et al. 2006;
Ahmad et al. 2016). The main problem of CPCs is a low
electrical conductivity. Some efforts were made to improve
the electrical conductivity by adding a conductive material
that has different size, shape, and loading concentration.
Carbon based conductive filler such as carbon nanotubes
(CNTs), carbon black (CB), graphite (G), carbon fibers (CF),
and expanded graphite (EG) has been extensively used to
improve the electrical conductivity of CPCs (Rybak et al.
2010; Lee et al. 2009; Antunes et al. 2011). Previous work
by others researchers reported the mixing parmeters with
short mixing time will improve the conductive networks
formation (Hu et al. 2008). Meanwhile high speed mixing
will also increase the dispersion of filler within polymer
matrix (Xie et al. 2005). Thus a proper mixing parameters
is needed to produce CPCs with good electrical conductivity.
The internal mixer has been widely used in producing CPCs,
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because it has parameters such as temperature, rotation, and
time that can be varied according to the process requirements.
The optimum combination of internal mixer parameters is
needed in producing CPCs with high electrical conductivity
and suitable mechanical properties (Suherman et al. 2013;
Zakaria et al. 2015). Taguchi method was required to reduce
the number of experiments, cost, and time, to optimize
manufacturing process in engineering applications (Asiltiirk
& Akkus 2011; Lin et al. 2000; Sulong et al. 2011; Wang
& Northwood. 2008). Taguchi method was developed to
get optimal results with fewer number of specimens. Based
on that condition, the Taguchi method using orthogonal
arrays (OA), signal to noise (S/N) ratio analysis and design
of experiments (DOE) (Chang et al. 2011; Lin et al. 2009).
Thus, this paper investigated the optimization of internal
mixing parameter of MWCNTSs/SG/epoxy nanocomposites on
the electrical conductivity for conductive polymer composites
(cpcs) using the Taguchi method.

EXPERIMENTAL

MATERIALS

In this study, two conductive filler namely multiwalled carbon
nanotubes (MWCNTs) and synthetic graphite (SG) were used.
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MWCNTSs was obtained from Nanocyl Carbon, Belgium. Based
on manufacturer the properties of MWCNTSs were; a diameter
0f 9.5 nm, a length of 1.5 mm, surface area of 300 m%*/g, and a
purity of 90%. SG with a surface area of 1.5 m?*/g and a particle
size of 74 pm was obtained from Asbury Carbon, New Jersey,
while the epoxy resin (635 thin epoxy resin) with a viscosity
of 6 Poise obtained from the Uus Composites.

FABRICATION OF MWCNTS/SG/EPOXY NANOCOMPOSITES

The composition of multiwall carbon nanotubes (MWCNTSs),
synthetic graphite (SG) and epoxy used in this study are
5/75/20 in weight percentage (wt.%). The fabrication of
MWCNTS/SG/epoxy nanocomposites consist of three stages.
The first stages, to obtaine homogenous mixture, two
conductive filler of MWCNTSs and SG were mixed using ball
mill. Steel balls used are made from stainless steel with a
diameter of 10 mm. The ratio of stainless steel balls with
graphite and MWCNTs powder is 4:1. The time of ball milling
process is one hour at 200 rpm. The second stages, resin
and hardener were mixed using a high speed mixer model
RM 20-KIKA-WERK at 1200 rpm for 40 seconds. The ratio of
resin and hardener is 3:1 in accordance with suggested by
manufacturer. The third stages, the mixed filler and epoxy
resin were further mixed using an internal mixer model Haake
Rheomix at different mixing rotation (20, 25, and 30 rpm),
different mixing time (5, 10, and 15 min) and different mixing
temperature (30, 35, and 40°C). Then the MWCNTSs/SG/epoxy
nanocomposites mixture were poured into a steel mold at
molding pressure of 1800 psi and molding temperature of
150°C for 90 minutes.

CHARACTERIZATION

Jandel four point probe wit h RM3 test unit was used to
measure the electrical conductivity of MWCNTS/SG/epoxy
nanocomposites. Meanwhile, to investigate the dispersion of
the primary and secondary conductive filler in the polymer
matrix used field emission scanning electron microscopic
(FESEM, Model Supra 55/55 vp).

SELECTION OF CONTROL FACTORS

The internal mixing parameter that need to be control are
mixing rotation, mixing time and mixing temperature. Table.1
show three control factors with three levels of internal mixing
parameters; mixing rotation (A _) = 20, 25, and 30 rpm,
mixing time (B, )= 5, 10, and 15°C, and mixing temperature
(C,,) =30, 35, 40 minutes.

TABLE 1. Control factor and level of internal mixing parameter

Level
Symbol Control Factors Unit ———
1 2 3
A Mixing Rotation Rpm 20 25 30

mr

Mixing Time Min 5 10 15
Mixing Temperature °C 30 35 40

mt

mtr
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Mixing rotation (A ) serves to produce a uniform
mixture of conductive filler in the polymer matrix. Hu et
al. (2008) found that high speed of mixing rotation (A )
is not required to obtain an evenly mixture of conductive
filler material. Thus, the different mixing rotation (A_ ) that
selected to optimize the process parameters of the internal
mixing in producing MWCNTS/SG/epoxy nanocomposites
were increased from the lowest rotation, at 20, 25 and
30 rpm. Mixing time (B_) used to produce MWCNTs/SG/
epoxy nanocomposites are also effective to improve the
dispersion of the conductive filler within epoxy resin, so that
increased the electrical conductivity of MWCNTs/SG/epoxy
nanocomposites produced (Kalyon et al. 2002). Therefore,
the mixing time (B_) selected are 5, 10 and 15 minutes. The
MWCNTS/SG/epoxy nanocomposites mixture begins to harden
at 20 minutes mixing time. Mixing temperature (C_ ) serves
to reduce the viscosity of the polymer matrix material so
that the electrical conductivity of the network will be easily
formed (Das et al. 2002). Therefore, the mixing temperature
level of the internal mixing parameters were increased from
30, 35 and 40°C.

THE ORTHOGONAL ARRAY (OA) L9 (3°) OF THE INTERNAL MIXING
PARAMETERS

The study was conducted by providing nine plates dimensions
100 mm % 100 mm x 2.5 mm. The number of MWCNTS/SG/
epoxy nanocomposites plates provided based on the factors
and levels of internal mixing parameters as shown in Table
2. The composition of orthogonal L9 (3*) with nine runs total
experiments is to get a set of the optimum internal mixing
parameters. Although nine runs is the minimum number
of runs for three control factors and three levels, but this
minimum runs managed to set a combination of optimum
parameters for a study of three control factors and three levels
(Liu et al. 2010; Surace et al. 2010; Sulong et al. 2011).

TABLE 2. The Orthogonal array L9 (3%) of the internal mixing
parameters

Control Factor and Levels

Number of Experiment

A B C
1 20 5 30
2 20 10 35
3 20 15 40
4 25 5 35
5 25 10 40
6 25 15 30
7 30 5 40
8 30 10 30
9 30 15 35
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RESULTS AND DISCUSSION

THE ELECTRICAL CONDUCTIVITY OF MWCNTS/SG/EPOXY
NANOCOMPOSITE

The electrical conductivity of MWCNTs/SG/epoxy
nanocomposite for number of experiment 1 to 9 were
measured in three different areas of the far right, middle, and
left end of each sample produced. The electrical conductivity
of MWCNT/SG/epoxy nanocomposites for any tests show

81

in Table 3. The highest average value of the electrical
conductivity and the signal to noise ratio (S/N) obtained on
the running number three (191 S/cm and 45.64 dB) with a set
combination of internal mixing parameters (A, (20 rpm),
B, . (15min),and C,  (40°C). The lowest average value of
the electrical conductivity and signal to noise ratio obtained
on the running number seven (122 S/cm and 41,75 dB) with
a set combination of internal mixing parameters are (A
(30rpm), B, (5min), and C, __(40°C).

3-mt

3- mtr

TABLE 3. The electrical conductivity of the internal mixing parameters of MWCNTS/SG/epoxy nanocomposites based on orthogonal
array L9 (3°)

Control factors and levels

Electrical conductivity

Number of experiment A ) B (anin) CC0) (S/em) S/N (dB)
1 20 5 30 153 43.71
2 20 10 35 190 45.57
3 20 15 40 191 45.64
4 25 5 35 155 43.80
5 25 10 40 151 43.56
6 25 15 30 138 42.78
7 30 5 40 122 41.75
8 30 10 30 135 42.62
9 30 15 35 174 44.78

Avg 157
Max 191
Min 122

Data obtained in Figure 1 and Figure 2 shows the effect
of three control factors and levels used on the optimization
of the internal mixing parameter. The optimum parameter of
internal mixer of MWCNT/SG/epoxy nanocomposites obtained
through the combined set of mixing rotation (A, (20 rpm))
mixing time (B, (15 min), and mixing temperature (C,
(35°C)).The average of electrical conductivity (Figure 1)
and signal to noise ratio (S/N) of the internal mixer control
parameter (Figure 2) show that higher mixing rotation (A, )
of 25 and 30 rpm resulting the lower electrical conductivity
compare than MWCNT/SG/epoxy nanocomposites generated
by the lower mixing rotation at 20 rpm. This is due to the
higher mixing rotation will damage the electrical conductivity
tissue between conductive filler in a polymer matrix (Hu et al.
2008). Therefore, increasing of mixing rotation will lower the
electrical conductivity obtained from the MWCNT/SG/epoxy
nanocomposites produced.

The increasing of mixing time (B, ) from 5, 10 and 15
minutes are effective to increase the electrical conductivity
obtained. This is because a longer time is required in the
electrical conductivity network formation between conductive
filler in a polymer matrix. Hu et al. (2008) also found that
the increasing of mixing time will increase the electrical
conductivity tissue of the composite material produced, so
that the electrical conductivity obtained will be higher than
the composite material produced in a shorter time.
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The increasing of mixing temperature (C_ ) from 30
to 35°C are effective to increase the electrical conductivity
of MWCNT/SG/epoxy nanocomposites generated, but the
electrical conductivity of MWCNT/SG/epoxy nanocomposites
decreased significantly at higher temperatures (40°C). This
was due to mixture of conductive fillers and binders started
to harden or cross linked at a temperature of 40°C.

ANALYSIS OF VARIANCE OF INTERNAL MIXING MWCNTS/SG/EP
NANOCOMPOSITE

Analysis of Variance (ANOVA) using statistical method
to separate the individual effect of control factors. The
percentage contribution of each control factor were used
to measure the internal mixing parameters effect on the
electrical conductivity of MWCNT/SG/epoxy nanocomposites
generated.

The analysis of variance (ANOVA) result for internal
mixing experimental parameters are shown in Table 4. All
predetermined factors shows the highest significant level, with
a = 0.005 (99.5% confidence level) of the mixing rotation
(A,,), mixing time, (B ) and mixing temperature (C_ ).
Mixing rotation (A, ) contributed the largest percentage
(44 %) for the electrical conductivity properties of MWCNT/
SG/epoxy nanocomposites produced, followed by mixing
temperature (C_ ) of 27% and mixing time (B, ) (18%).
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FIGURE 1. Effect of internal mixing parameter on the electrical conductivity of MWCNTSs/SG/epoxy nanocomposites
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FIGURE 2. Effect of internal mixing parameter on S/N ratio averages of MWCNTS/SG/epoxy nanocomposites

TABLE 4. Analysis of variance (ANOVA) on the electrical conductivity of MWCNT/SG/epoxy nanocomposites

Factor Degree of Sum of Variance V Variance Critical Value Percentage
Freedom f, Square S n Ratio F, F Contribution P
A 2 6396 3198 49 F ) gosiany 6:99 44
B 2 2649 1325 20 F o052y 6:99 18
C 2 3786 1893 29 F 0052220y 6-99 26
Error 20 1318 66 12
Total 26 14150 100

16/03/2018 11:25:31



A bigger contribution from the mixing rotation was
due to the dispersion and distribution of conductor filler,
specially the secondary conductive filler in the polymer
matrix. Good dispersion of the conductive filler in the
polymer matrix increases the conductivity network and the
electrical conductivity of MWCNT/SG/epoxy nanocomposites.
Evenly dispersion of conductive filler in the polymer matrix
could improve network conductive path and the electrical
conductivity of MWCNTS/SG/epoxy nanocomposites produced
(Antunes et al. 2011; Ma et al. 2009; Lee et al. 2009). Analysis
of variance (ANOVA) error, ie 12%, show that there are no
significant factors are missed in Taguchi approach.

VERIFICATION TESTS OF MWCNTS/SG/EPOXY NANOCOMPOSITE

Verification test is the last step to identify Taguchi method
impact for each experimental parameters. Confirmatory tests
can be done in two ways; using forecast equation (77, . )and
experimental verification of the optimum parameters obtained
from the signal to noise ratio (S/N) for t1he internal mixing
parameters, namely parameters A, _, B, , C . Forecast
equations to predict the electrical conductivity and signal to
noise ratio (S/N) for the optimum internal mixing parameter,
using Equation 1 (Liu et al. 2010).

Nioreca OPEMUM = 7'+ (A -T)+(B,-T)+(C,-T) (1)

T = The average value of signal to noise ratio (S/N)
or the electrical conductivity average obtained from the
experimental. The optimum combination of parameters
A B.., C, . is the average signal to noise ratio (S/N)
or the electrical conductivity average of MWCNTS/SG/epoxy
nanocomposites for each significant level. The optimum

EHT =3.00 kV
— WD = 6.1 mm

10 um Signal A = InLens

Mag =200 X
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N iorecas &€ 205 S/cm and 46 dB. The experimental study
then conducted to set the optimum electrical conductivity
and signal to noise ratio (S/N) of MWCNTs/SG/epoxy
nanocomposites. Experiments conducted by provide a sample
of the optimum internal mixing parameters combination,
mixing rotation (20 rpm), mixing time (15 min), and mixing
temperature (35°C).

The results of the initial combination, optimum
combination, and optimum 7, - are shown in Table 5.
The average value of the electrical conductivity and signal
to noise ratio for the initial combination parameter of A,
o B and C are 153 S/cm and 44 dB. The optimum
combination parameter of A| B, C, = produce MWCNTs/
SG/epoxy nanocomposites with the electrical conductivity
and the signal to noise ratio S/N average values of 197 S/cm
and 46 dB. The confirmation test of the optimum parameter
combination managed to increase the electrical conductivity
of MWCNTSs/SG/epoxy nanocomposites obtained as 28%. Field
emission scanning electron microscopic (FESEM) images on
the experimental confirmation shows that the number of voids
(Figure 3c and 3d) was significantly reduced and conductive
filler (MWCNTS) as a second filler material dispersed better
in the whole area epoxy resin as a matrix. The electrical
conductivity of MWCNTs/SG/epoxy nanocomposites obtain
is much higher than the initial combination (Figure 3a and
3b) The electrical conductivity and signal to noise (S/N) ratio
from the experimental results were not significantly different
with the optimum of %7 . which are only as much as 4.47%
and 1.35%. These results show that the forecast equations
used was effective to predict the electrical conductivity and
signal to noise ratio (S/N) to get the optimum parameter
combination of MWCNT/SG/epoxy nanocomposites.

Sk

" NG - -
1 um EHT =3.00 kV Signal A = InLens
WD = 6.1 mm Mag = 10.00 KX
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FIGURE 3. SEM images of MWCNT/SG/Epxy nanocomposites on fracture surface of initial experimen (a,b) and confirmation experimen
(c,d) internal mixing parameters

TABLE 5. The optimization of the electrical conductivity of MWCNT/SG/epoxy nanocomposites

Electrical Conductivity (S/cm) S/N Ratio
Level
Average (dB)
Initial Combination A LB C. . 153 44
Optimum Combination AL B C 197 45
Optlmum ﬂforccasl AI—mr B3—mt CZ—mlr 205 46
Mixing rotation 20 rpm (A, ); Mixing time 15 min (B, ); Mixing temperature 35°C (C, )
CONCLUSION REFERENCES

Based on the optimization of the internal mixing parameters
on the electrical conductivity of MWCNTs/SG/epoxy
nanocomposites can be concludes as below:

1. Taguchi method has been successful in increasing the
value of the electrical conductivity of 153 S/cm (initial
combination) to 195 S/cm (optimum combination).
The highest percent contribution of the internal mixing
parameters of the electrical conductivity MWCNTS/SG/
epoxy nanocomposites is mixing rotation (44%).
Forecast equations is efective to predict the electrical
conductivity and signal to noise ratio (S/N) for the
optimum internal mixing parameter.
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