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The present study proposes a micromechanical model composed of a two‐level homogenization process for pre-
dicting the electrical conductivity of polymeric composites incorporating carbon nanotube (CNT) and carbon
fiber (CF). The curviness of the CNT and the interfacial resistivity between the polymer matrix and the CNT are
considered in the micromechanical model. A series of numerical studies with model parameters are carried out,
after which a genetic algorithm is applied to determine the optimized model parameters. The electrical and
morphological properties of the composites are experimentally evaluated according to the content of CNT
and CF. To verify the predictive capability of the proposed model, the present prediction is compared with that
obtained from experiments. The proposed model combined with the genetic algorithm is found to closely sim-
ulate the effective electrical conductivity of the composites, as evidenced by the credible accuracy to the exper-
imentally measured values.
1. Introduction

Conductive polymeric composites, which incorporate an electri-
cally conductive filler in a polymer matrix, have been widely investi-
gated as part of the effort to use these composites in strain‐detecting
sensors, supercapacitors, and electromagnetic interference shielding
materials [1–6]. A conductive filler generally has the effect of improv-
ing the stiffness and strength together with the electrical conductivity
[4,7,8]; therefore, considerable works have focused on conductive
polymeric composites incorporating conductive fillers [9,10].

Carbon nanotube (CNT) can be considered as an attractive electri-
cally conductive filler for the fabrication of conductive polymeric com-
posites. CNT has a high aspect ratio and exceptional electrical
conductivity as high as 1.7 – 2.0 × 106 S/m [11–13]. Therefore, con-
ductive polymeric composites incorporating CNT as a type of conduc-
tive filler have been studied in an effort to realize enhanced
engineering properties [10,14]. Zheng et al. [10] developed a poly-
dimethylsiloxane composite sensor containing CNT and carbon black
as fillers. The composite sensor showed high repeatability, stability,
and reproducibility under different strains. Park et al. [15] deposited
CNT onto the surface of carbon fiber (CF) to fabricate polyphenylene
sulfide composites, reporting that introducing CNT onto the CF surface
improved the interfacial, electrical, and flexural properties of fabri-
cated composites.

Recently, a study of the use of a multiscale conductive filler com-
posed of nano‐ and micro‐scale materials was also reported [16,17].
Multiscale conductive fillers‐incorporated composites show great dif-
ferences with regard to the mechanisms embedded in the composites
and in performance outcomes compared to conventional materials
due to the vastly different scales and the inherent properties of the fil-
lers [16,17]. This type of multiscale conductive filler‐incorporated
composites can offer synergetic effects through a combination of dif-
ferent fillers and can reduce the fabrication cost of composites by opti-
mizing the filler content [10,16]. In this regard, a novel and elaborate
model is required to gain a thorough understanding and to predict the
characteristics of composites.

Hassanzadeh‐Aghdam et al. [18] proposed a multiscale microme-
chanical model to predict the elastic properties of CNT/CF‐
reinforced polymeric composites. They used a micromechanical equa-
tion consisting of a simplified unit cell and Eshelby methods to
describe the elastic modulus of the composites [18]. A micromechan-
ical analysis based on the modified Mori‐Tanaka method was con-
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ducted by Sung et al. [19] to address the thermal conductivity of
CNT/woven fiber‐incorporated epoxy composites. In their derivation,
they initially adopted a modified form of the Mori‐Tanaka method to
predict the thermal conductivity of CNT‐incorporated composites. A
woven fabric composite model was adopted to estimate the effective
thermal conductivity of CNT/woven fabric composites [19]. However,
only a few studies have presented a theoretical method capable of pre-
dicting the effective electrical properties of multiscale conductive
filler‐incorporated composites. Moreover, in‐depth studies on the
effect of the inherent properties of CNT on the electrical characteristics
of polymeric composites incorporating CNT and CF have yet to be
conducted.

Against this backdrop, the present study proposes a multiscale
micromechanical model composed of a two‐level homogenization pro-
cess for predicting the electrical characteristics of polymeric compos-
ites incorporating CNT and CF. This study suggests a
micromechanical model considering the curviness of CNT and the
interfacial resistivity between the polymer matrix (e.q., polypropy-
lene) and the CNT. A series of numerical studies with model parame-
ters optimized via a genetic algorithm are conducted. In addition, the
electrical conductivity of the composites are experimentally measured
and the microstructures of the composites are observed through scan-
ning electron microscopy (SEM). To verify the applicability of the pro-
posed model, the predicted electrical conductivity levels are compared
with experimentally obtained values.

2. Micromechanical modeling

2.1. Micromechanics-based effective electrical conductivity of polymeric
composites

Let us consider polymeric composites consisting of a polymer
matrix, CNT, and CF. Fig. 1 shows a flow chart of the proposed
micromechanical model for the prediction of the effective electrical
conductivity of polymeric composites. It is assumed in the present
model that CNT and CF are randomly oriented and distributed
[23,24].

Firstly, let us consider two‐phase composites consisting of a poly-
mer matrix with electrical conductivity σm (matrix phase) and straight
CNT with electrical conductivities bσi CNT(i = 1 and 3) (filler phase),
referring to the electrical conductivities of CNT along the in‐plane
and normal directions, respectively. ‘^’ correspondingly represents
the thinly coated CNT surrounded by interfacial resistivity ρ
[20–22], which is considered as one of the parameters in the present
model.

At the first level of homogenization, the effective‐medium model
[22,23] is adopted to predict the electrical conductivity for CNT‐
incorporated composites. The electrical conductivity of polymeric
composites with CNT σe can be estimated by Eqs. (1) and (2), respec-
tively, with Eqs. (3) and (4), as reported in earlier works [22,23]:

3c0 σm � σeð Þ
σm þ 2σe

þ c1
3

2 cσ1CNT � σeð Þ
σe þ S11 cσ1CNT � σeð Þ þ

cσ3
CNT � σeð Þ

σe þ S33 cσ3CNT � σeð Þ
� �

¼ 0 ð1Þ

and

bσi CNT ¼ σiCNT

1þ ρσiCNTSii 1=αCNT þ 2ð Þ= D=2ð Þ ð2Þ

with

S11 ¼ S22 ¼
αCNT

2 1�αCNT
2ð Þ32

cos�1 αCNT � αCNT 1� αCNT
2� �1

2
h i

; αCNT < 1

αCNT

2 αCNT 2�1ð Þ32
αCNT αCNT

2 � 1ð Þ12 � cosh�1αCNT

� i
; αCNT > 1

h
8>><
>>:

ð3Þ

S33 ¼ 1� 2S11
2

and

αCNT ¼ L
D

ð4Þ

In these equations, c0 and c1 denote the volume fractions of the matrix
and the CNT, respectively; σiCNT (i = 1 and 3) correspondingly repre-
sents the electrical conductivities of the CNT along the in‐plane and
normal directions not considering the interfacial resistivity; and S11,
S22, and S33 are the components of the Eshelby’s tensor for a spheroidal
inclusion [22]. Here, αCNT signifies the aspect ratio of the CNT. L and D
denote the length and diameter of the CNT, respectively [22]. Note
that the effective CNT aspect ratio αCNT

0 considering the curviness of
CNT based on a random walk will be described in Section 2.2.

At the second level of homogenization, let us consider two‐phase
composites consisting of a CNT‐incorporated composite matrix with
electrical conductivity σe (matrix phase) and CF with electrical conduc-
tivity σCF (filler phase). The Mori‐Tanaka model is adopted for the
homogenization of CF in the CNT‐incorporated polymeric composites
[23,24].

Following the Mori‐Tanaka model, the effective electrical conduc-
tivity of the composites incorporating CNT and CF, denoted by σcomp,
can be explicitly expressed by Eq. (5) with Eqs. (6) and (7), as reported
in earlier works [23,24]:
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where ϕ1 represents the volume fraction of the CF and S11 0, S22 0, and
S33 0 are the components of the Eshelby’s tensor for a spheroidal inclu-
sion, with αCF representing the aspect ratio of the CF inclusion [23,24].

2.2. Effective CNT aspect ratio considering the curviness of CNT based on
the random walk model

Eq. (1) is derived based on the assumption of straight CNT; never-
theless, the CNT in the matrix is, in fact, curved due to both its high
aspect ratio and the viscosity of the matrix [25,26]. Curviness of the
CNT can affect the electrical conductivity of the composites. Accord-
ingly, the random walk model [27,28] is adopted here to consider
the curviness effect of the CNT in the matrix. The physical character-
istics of polymers are suitably described by adopting the random walk
model. This model supposes that a polymer chain consists of many seg-
ments having an identical length with a random direction, indepen-
dent of the previous step [27,28]. The present model uses the
random walk model to consider the curviness of CNT, assuming that
CNT is perfectly dispersed in the matrix. It should, thus, be noted that
the present model could not predict the aggregation of the CNT.

Schematics of the random walk model considering the curviness of
the CNT are shown in Fig. 2. It is assumed in this study that the CNT
consists of n segments with a length of l, as shown in Fig. 2(a). Thus,
the length of the CNTL can be expressed as Eq. (8) [28]:

L ¼ nl ð8Þ



Fig. 1. Flow chart of the present micromechanical model for the prediction of the effective electrical conductivity of polymeric composites.
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Based on the random walk model, the probability of finding the end
of the CNT at the spherical shell can be approximated by a normal dis-
tribution function [28]. Accordingly, the effective length of the curved
CNT L

0
can be estimated as Eq. (9) [27,28]:

L
0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
< r2 >o

p
¼ ffiffiffi

n
p

l ð9Þ
where r is the radius of the spherical shell; <> indicates the average
value; and the subscript o is used to represent the unperturbed state
of the CNT, which has only short‐range interaction as an ideal chain
[27,28]. Consequently, the length of the CNT in Eq. (8) used to deter-
mine the aspect ratio of the CNT given in Eq. (4) is replaced by L

0
given

in Eq. (9).
The effective diameter of the curved CNT D

0
can be determined as

the twice radius of gyration Rg as shown in Fig. 2(b). Rg is defined as
the average distances between the center of mass and each segment in
3

the polymer chemistry field [27,28]. All CNT segments are projected
from the end position P to the original position O [27,28], and the
length of each projected segment l0 on the x‐z plane is assumed to be
identical. Rg of the projected segments can therefore be expressed as
Eq. (10) [27,28]:

Rg ¼ 1
6

ffiffiffi
n

p
l0 ð10Þ

To define the relationship between l0 and l, fully stretched CNT in
the x‐direction is assumed, as shown in Fig. 2(c). The maximum length
on the minor axis of the CNT ellipsoid dmax and the segment length
with regard to the maximum length dunit can be estimated geometri-
cally. A one‐dimensional random walk model is adopted here to calcu-
late the expected value on the minor axis of the CNT ellipsoid dexp from
Eqs. (11) ‐ (13), as reported in earlier works [29,30].



Fig. 2. Schematics of (a) a CNT consisting of n segments in accordance with the random walk model, (b) the effective diameter and length of a curved CNT and the
radius of gyration of a CNT, and (c) a fully stretched CNT.
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0
can be determined by assuming l0 and l are proportional to dexp

and L=2, respectively, as expressed in Eq. (14).
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From Eqs. (9) ‐ (14), the new aspect ratio of the CNT αCNT
0 can be

expressed by n, as expressed in Eq. (12).
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2.3. A genetic algorithm adopted for determining the model parameters

A genetic algorithm based on evolutionary computations is adopted
to find the optimal values of the model parameters n and ρ in Eqs. (15)
and (2), respectively. The genetic algorithm is one of the most effective
approaches to converge to an optimal solution [31,32,44]. The basic
steps of the genetic algorithm can be summarized as follows: 1) an arti-
ficial population, which consists of solution candidates, is randomly
generated, 2) each solution candidate in the population is referred to
as a chromosome, 3) each chromosome is evaluated by the selection
operator and chromosomes with low fitness values is receded, 4) selec-
tion, crossover, and mutation are then applied to the best chromosome
of the population and a new generation is created, and 5) at the end of
the process, the chromosome with the highest fitness value is consid-
ered as an optimum solution [33,44].

A flow chart of the genetic algorithm for determining model param-
eters is shown in Fig. 3 (cf. [34, 35]). The parameters n and ρ are
defined as the chromosome in the present study. The initial values
of all parameters are assumed to be 0, and the ranges of the parameters
were assumed as follows: n=1.0 – 1.0E6 and ρ = 0 – 1.0E‐6 S/m
based on numerical studies. After the population of chromosomes is
generated randomly, each chromosome is assessed in terms of the
objective function F by Eq. (16), as follows [31,33,36],

F ¼ ∑
N

i¼1
σi � σe ið Þ� �2 ð16Þ

where N is the number of CNT‐incorporated polypropylene composites
with a different CNT content level, σi is the measured electrical con-
ductivity of the ith composites, and σe ið Þ is the predicted electrical con-
ductivity of the ith composites given in Eq. (1) [36].

All measured electrical conductivities of the composites are input
into Eq. (16), and the predicted electrical conductivity is calculated
by micromechanics. The F values of all chromosomes are calculated
automatically [35]. Selection, crossover, and mutation are applied to
reproduce a new generation once the best chromosome with the low-
est F is selected by selection operator [34]. This procedure is looped
until the generation reaches 20000. The optimal n and ρ with the min-
imum F in all generations are updated.
Fig. 3. Flow chart of the genetic algorithm for d
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3. Experimental program

Multi‐walled CNT (Hyosung Inc.) produced by means of thermal
chemical vapor deposition [37] with a purity level exceeding 95.0%
was used in this study. The length of the CNT was approximately
10 μm and the diameter ranged from 12 to 40 nm. The electrical con-
ductivity of the CNT in the normal direction was 1.9E4 S/m and the
density of the CNT was 2.2 g/cm3. CF (TORAYCA‐T700S) supplied
by ACE C & Tech. Co., Ltd. was used, and the length and diameter
of the CF were 3.0 mm and 7.0 μm, respectively. The electrical resis-
tivity and density of the CF were 1.6E‐3 Ω � cm and 1.8 g/cm3, respec-
tively. Isotactic polypropylene (Sigma‐Aldrich Inc.) was used as a
polymer matrix. The approximate average molecular number and
weight of the polypropylene were 67000 and 250000, respectively.
A xylene solution (Samchun Inc.) was used as a solvent in order to melt
the polypropylene homogeneously. Silica fume (Elkem Inc.) and a
polycarboxylate‐based superplasticizer (Dongnam Co., Ltd.) were
added to disperse the CNT mechanically [38]. The properties of the sil-
ica fume and superplasticizer used here can be found from Kim et al.
[38].

In total, ten composites were fabricated, as shown in Table 1. The
CNT content of the CNT‐incorporated polypropylene composites was
varied from 0.5 to 5.0 wt% and the CF/CNT‐incorporated composites
were fabricated by varying the CF contents from 1.0 to 4.0 wt%. Note
that the CNT content was fixed at 0.5 wt% for the composites incorpo-
rating CF and CNT.

A schematic description of the fabrication procedure and the pho-
tograph of electrical conductivity measurements of the composites
are shown in Fig. 4. The CNT and dispersion agents (i.e., silica fume
and a superplasticizer) were put into a beaker with 100 mL of xylene
and the solution was sonicated for 1 h using tip‐type ultrasonication
equipment (Sonic & Materials, USA), where the pulse on/off was 10
sec and the amplitude was 17.5 μm [39]. Subsequently, 15 g of the
polypropylene and 300 mL of the xylene were stirred on a hotplate
for 1 h at 260 °C until the polypropylene was completely melted
[40]. The CNT‐dispersed solution, the melted polypropylene, and the
CF were mixed together while the mixture was heated for about 3 h,
until all of the xylene evaporated. Note that the CF was not incorpo-
rated in the CNT‐incorporated polypropylene composites. The fabri-
cated composite solids were dried at 70 °C for 24 h until complete
solidification. Finally, the dried composite solids were cut into parti-
etermining model parameters (cf. [34,35]).



Table 1
Mix proportions of the CF/CNT-incorporated polypropylene composites expressed in terms of the mass ratio (wt%).

Composites Polypropylene CNT CF Silica fume Superplasticizer

CNT_0.5 100 0.5 – 5 3.2
CNT_1.0 100 1.0 – 5 3.2
CNT_2.0 100 2.0 – 5 3.2
CNT_3.0 100 3.0 – 5 3.2
CNT_4.0 100 4.0 – 5 3.2
CNT_5.0 100 5.0 – 5 3.2
CF_1.0/CNT_0.5* 100 0.5 1.0 5 3.2
CF_2.0/CNT_0.5 100 0.5 2.0 5 3.2
CF_3.0/CNT_0.5 100 0.5 3.0 5 3.2
CF_4.0/CNT_0.5 100 0.5 4.0 5 3.2

* CF/CNT-incorporated polypropylene composites with 0.5 wt% CNT, 1.0 wt% CF, 5.0 wt% silica fume, and 3.2 wt% superplasticizer.

Fig. 4. Schematic description of the fabrication procedure and the photograph of electrical conductivity measurements of the composites.
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cles with a radius of around 50 mm and were put on a mold with
dimensions of 100 mm × 100 mm × 0.5 mm in a press machine with
a thermostat. The temperature and pressure were increased to 220 °C
and 40 MPa, respectively, for 5 min. The film‐type composites were
then cooled to room temperature.

Both sides of the composites were covered with silver paste as elec-
trodes, after which they were cut into ten composites each
10 mm × 10 mm × 0.5 mm in size. The electrical resistance of the
composites was measured by the two‐probe method with a digital mul-
timeter (Keysight Technologies U1281A) [41]. The average value of
the electrical resistance levels of ten replicas served as the representa-
tive resistance, which was then converted into the electrical conductiv-
ity using the Eq. (17) [41]:

σ ¼ L
RA

ð17Þ

where σ is the electrical conductivity (S/m), R is the electrical resis-
tance (Ω), A is the cross‐sectional area (cm2), and L is the distance
between the sides of the composites (cm) [41].

SEM and optical microscopy were used to observe the morpholog-
ical characteristics of the composites. For the SEM image analysis,
composites were coated with Pt using an ion beam sputter‐coating
device under a low vacuum (Hitachi Co. FE‐SEM SU5000). For the
optical microscopy image analysis, the same composites as used for
the SEM image analysis were observed with a resolution of
2592 × 1944 at 2300 magnifications (HiMaxTech Co. HT1004).
6

4. Results and discussion

4.1. Numerical simulation

Based on the present proposed model, a series of numerical studies
are conducted to elucidate the correlations between the model param-
eters and the electrical conductivity of the composites. In this simula-
tion, it is assumed for the composites that the following material
properties are applied: L=10 µm, σm=1.0E‐12 S/m, and
σ3CNT = 1.9E7 S/m. σ1CNT is expressed as σ1CNT ¼ σ3

CNT=1000 [22,25].
The new aspect ratio of CNT αCNT

0 against the number of CNT seg-
ments n is simulated as shown in Fig. 5(a). αCNT

0 decreases as n
decreases. That is, a lower value of n leads to a lower aspect ratio of
the CNT. The predicted electrical conductivity of the CNT‐
incorporated polypropylene composites σe against the CNT content
while varying n is depicted in Fig. 5(b). n has a significant effect on
both σe and the percolation threshold of the composites. A higher
value of n results in an earlier percolation threshold response. These
results indicate that using CNT with a higher n leads to a more rapid
percolation threshold due to the higher aspect ratio of the CNT. These
simulation results are in agreement with earlier predictions [16,17]
which suggest that αCNT

0 has a significant effect on σe and the percola-
tion threshold.

An additional numerical study is carried out to analyze the electri-
cal properties of the CNT‐incorporated polymeric composites, reflect-



Fig. 5. (a) New aspect ratio of CNT against the number of CNT segments and
(b) the predicted electrical conductivity of CNT-incorporated polypropylene
composites against the CNT content while varying the number of CNT
segments.

Fig. 6. Predicted electrical conductivity of CNT-incorporated polypropylene
composites against the CNT content while varying the interfacial resistivity.

Fig. 7. Predicted electrical conductivity of CF/CNT-incorporated polypropy-
lene composites against the CF content while varying (a) the CNT content and
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ing the interfacial resistivity ρ between the polypropylene matrix and
the CNT. Here, n is assumed to be 1000. The predicted electrical con-
ductivity of the composites against the CNT content while varying the
interfacial resistivity is shown in Figs. 6. In this case, ρ has a weaker
effect on the percolation threshold. Meanwhile, σe decreases notice-
ably past the percolation threshold as ρ increases from 1.0E‐10 to
1.0E‐7 m2/S. Therefore, the results in Fig. 6 show that ρ plays an
important role in how it affects σe past the percolation threshold.

Lastly, the predicted electrical conductivity of the CF/CNT‐
incorporated polypropylene composites σcomp against the CF content
while varying the CNT content and CF length are shown in Fig. 7.
The material properties of the CF adopted here are identical to those
in the present experimental study (see Section 3). The model parame-
ters of the CNT are assumed to be n = 1000 and ρ = 1.0E‐9 m2/S
within the range of the model parameters in Figs. 5(b) and (6).
Fig. 7(a) shows that initial electrical conductivity of the composites
at the CF content of 0.0 wt% increases considerably given that the
CNT was incorporated during the first level of homogenization. In
the 0.5 wt% CNT case, σcomp increases remarkably as the CF content
increases. The outcomes of σcomp against the CF content while varying
(b) the CF length.

7
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the CF length are shown in Fig. 7(b). Here, the CNT content is fixed at
0.5 wt%. It can be observed that the incorporation of CF leads to an
increase in σcomp [42]. In particular, σcomp increases drastically until
the CF content reaches 1.0 wt%, and this effect becomes more pro-
nounced as the CF length increases. This result indicates that a higher
value of αCF leads to an increase in σcomp. The result shown in Fig. 7(b)
is in good agreement with the prediction made by Pal et al. [17], who
found that a high αCF helps to improve σcomp even at low CF content
levels.

4.2. Experimental results

The measured electrical conductivity of the CF/CNT‐incorporated
polypropylene composites are listed in Table 2. The electrical conduc-
tivity of the CNT‐incorporated polypropylene composites increased
sharply from 1.0E‐12 to 4.2E‐3 S/m with 0.5 wt% CNT incorporated
into them; the percolation threshold of the composites should arise
when the CNT content is lower than 0.5 wt%. Past the percolation
threshold, the electrical conductivity of the CNT‐incorporated
polypropylene composites increased continually to 4.1E‐1 S/m when
5.0 wt% CNT was incorporated. These results indicate that the electri-
cal conductivity of the composites increases as the CNT content is
increased, leading to the formation of an electrically conductive net-
work due to the increased contact between adjacent CNTs [41]. The
electrical conductivity of the CF/CNT‐incorporated polypropylene
composites surpassed that of the CNT_0.5 composites and improved
as the CF content was increased. This improvement can be explained
by the bridging effect of the CNT, by which the presence of the CNT
can connect the independently separated CF and form a 3‐D hierarchi-
cal network structure in the composites [16].

SEM images of the CNT_0.5 composites and the CF_4.0/CNT_0.5
composites are shown in Fig. 8. The SEM images in Fig. 8(a) depict
the morphology and structure of the CNT_0.5 composites. CNT is
shown to be dispersed clearly as an individual filler material with
the silica fume, having a random distribution. It was also observed that
the thickness of each individual CNT was in the range of 40 – 50 nm
with an electrically conductive network also having formed. The
CNT is curved significantly in the polypropylene matrix, and this phe-
nomenon affects the CNT aspect ratio. Fig. 8(b) shows the morphology
of the CF_4.0/CNT_0.5 composites; here, CF and CNT are found
together on the fracture surfaces of the composites. This is evidence
that the electrical conductivity of the composites can be improved
via the bridging effect between the CF and CNT [43]. The CNT was
curved, while the CF maintained its original shape in the polypropy-
lene matrix. Fig. 8(c) shows the optical microscopy image of the
CF_4.0/CNT_0.5 composites. As assumed in the present model, the
CF was found to be randomly distributed.
Table 2
Measured electrical conductivity the CF/CNT-
incorporated polypropylene composites.

Composites Electrical conductivity (S/m)

CNT_0.0 1.0E-12
CNT_0.5 4.2E-3
CNT_1.0 7.4E-2
CNT_2.0 1.2E-1
CNT_3.0 1.7E-1
CNT_4.0 2.8E-1
CNT_5.0 4.1E-1
CF_1.0/CNT_0.5 2.8E-2
CF_2.0/CNT_0.5 3.6E-2
CF_3.0/CNT_0.5 4.1E-2
CF_4.0/CNT_0.5 8.1E-2
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4.3. Comparisons between the present prediction and experimental results

Comparisons of the effective electrical conductivity of the compos-
ites between the present prediction and experimental results are made.
The methods adopted and material parameters are identical to those
used in Sections 3 and 4.1. The model parameters n and ρ are deter-
mined using a genetic algorithm, as explained in Section 2.3. Fig. 9
(a) shows the normalized root mean square error of the objective func-
tion F corresponding to different population sizes. This result indicates
that the normalized root mean square error decreases as the popula-
tion size increases [36]. The best value of F against generation while
varying the population sizes is shown in Fig. 9(b). The best value rep-
resents the minimum result of the objective function within the cur-
rent generation [36]. Both best values of F at population sizes of
100 and 200 decrease significantly as the number of generations
increases, converging to 0.27 at 20000. The other values at population
sizes of 10, 30, and 50 converge to 3.76 at 20000. Hence, the popula-
tion size in the present model is determined to be 100 based on the test
results, and the model parameters estimated by the genetic algorithm
are n = 751 and ρ = 2.1E‐11 m2/S.

The electrical conductivity of CNT‐incorporated polypropylene
composites, which was predicted with the optimized parameters
through curve‐fit to the present experimental result, is shown in
Fig. 10(a). Overall, the present prediction is in good agreement with
the experimental result as tabulated in Table 2. The percolation thresh-
old in the present prediction is formed at 0.44 wt% CNT [22,23], sim-
ilar to that obtained in the experiment with less than 0.5 wt% CNT.
This comparison indicates that the proposed model combined with
the genetic algorithm closely simulates the electrical conductivity of
the composites. Fig. 10(b) shows the comparison of the effective elec-
trical conductivity of CF/CNT‐incorporated polypropylene composites
σcomp between the present prediction with the fitted parameters and the
present experimental result. σcomp improves in both the simulation and
the experimental result with an increase in the CF content. From this
comparison, our modeling results provide higher values of σcomp as
compared to the experimental result. The assumption that the electri-
cally conductive fillers are homogenized completely in the matrix can
be attributable to the differences between the simulation and the
experimental result.

5. Concluding remarks

A comprehensive micromechanical and experimental study of the
electrical conductivity of polymeric composites incorporating CNT
and CF was conducted. A two‐level homogenization process based
on micromechanics was used to predict the effective electrical conduc-
tivity of the composites. The CNT curviness and interfacial resistivity
between the matrix and CNT were considered. Numerical studies with
model parameters were carried out, after which the model parameters
were estimated using a genetic algorithm. In addition, the study mea-
sured the electrical conductivities and observed the morphological
characteristics of polymeric composites. Comparisons of the effective
electrical conductivity of the composites between the present predic-
tion and the experimental result were also conducted.

In numerical studies of the proposed model, a higher number of
CNT segments was found to lead to an earlier percolation threshold,
while the interfacial resistivity was mainly shown to affect the effec-
tive electrical conductivity past the percolation threshold. The CF
length also played an important role in the effective electrical conduc-
tivity of the composites. The measured electrical conductivity of the
CNT‐incorporated polypropylene composites indicated that the perco-
lation threshold arises with less than 0.5 wt% of CNT content, while
the measured electrical conductivity of the CF/CNT‐incorporated
polypropylene composites improves as the CF content increases. Com-
parisons of the present prediction and experimental results of the



Fig. 8. SEM images of (a) the CNT_0.5 composites and (b) the CF_4.0/CNT_0.5 composites and (c) optical microscopy image of the CF_4.0/CNT_0.5 composites.
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effective electrical conductivity of the composites found that the pre-
diction is in good agreement with the experimentally measured value.
The percolation threshold in the present prediction was found to arise
at 0.44 wt% CNT, and the effective electrical conductivity of the com-
posites improved in both the simulation and experimental result with
an increase in the electrically conductive filler content.
9

This study demonstrates the applicability of a micromechanical
model consisting of a two‐level homogenization process to predict
the effective electrical conductivity of multiscale conductive filler‐
incorporated composites. However, to examine the applicability of
the present scheme, additional theoretical and experimental verifica-
tions incorporating various electrically conductive fillers (i.e., gra-



Fig. 9. (a) The normalized root mean square error of the objective function F
corresponding to different population sizes and (b) the best value of F against
generation while varying the population size.

Fig. 10. (a) The electrical conductivity of CNT-incorporated polypropylene
composites, which was predicted with the optimized parameters through
curve-fit to the present experimental result; (b) the comparison of the effective
electrical conductivity of CF/CNT-incorporated polypropylene composites
between the present prediction with the fitted parameters and the present
experimental result.

T. Kil et al. Composite Structures 268 (2021) 114002
phene, carbon black, and carbon nanofiber etc.) must be carried out. In
addition, the effect of electron tunneling between electrically conduc-
tive fillers was not considered in the present study. The electron tun-
neling effect could affect the effective electrical conductivity of
polymeric composites. Accordingly, our future work will examine
the effects of electrical tunneling on the electrical conductivity of these
types of composites.
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