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This article presents the role of interfacial conductivity between the polymer matrix and nanoparticles in the
electrical conductivity of polymer carbon nanotube (CNT) nanocomposites (PCNT) by simple equations. In
this methodology, CNT size, CNT conductivity, CNT waviness and interfacial conductivity express the
effective length and effective concentration of CNT in PCNT. Additionally, the percolation threshold and

the percentages of CNT in the conductive networks are defined by the above mentioned terms. Finally,

a simple model is developed to suggest the electrical conductivity of PCNT by CNT dimensions, CNT
conductivity, CNT waviness, interphase thickness, interfacial conductivity and tunneling distance. The
developed model is applied to show the roles of all parameters in the conductivity. Also, the
experimental levels of percolation threshold and conductivity for several samples are compared to the
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predictions to validate the developed equations. The interfacial conductivity directly controls the

electrical conductivity of nanocomposites. In addition, thick interphase, low waviness and short tunneling
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1 Introduction

The electromagnetic shielding and electrical conductivity
(summarized as conductivity in this paper) of polymer nano-
composites containing carbon nanotubes (CNT) and graphene
provide applications in electronics, biomedical tools, sensors,
automobile and aerospace industries.* The CNT networks are
formed above the percolation threshold, i.e. the percolation
threshold is the minimum volume fraction of nanoparticles
establishing continuous networks.”»* The percolation
threshold is considered as the volume fraction of conductive
nanoparticles in which the conductivity significantly improves,
due to the formation of networks.

The main mechanism for electrical conductivity of polymer
CNT nanocomposites (PCNT) was suggested as electron
tunneling in which the charges are transferred by tunneling
effect.”*** So, the adjacent CNT cause the conductivity by elec-
tron jumping in the tunneling regions. Additionally, the
tunneling effect only depends on the tunneling properties
between CNT such as tunneling distance, tunneling resistivity
due to insulated polymer layer and contact area.>®*® However,
many authors have neglected the dominant tunneling conduc-
tivity in PCNT. The electrical conductivity of PCNT depends on
many parameters attributed to CNT such as concentration,
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distance increase the conductivity. Moreover, the predictions show good agreement with the
experimental measurements, providing evidence in support of the developed equations.

conductivity, dimensions and waviness.””*®* Moreover, the
recent papers have indicated that some parameters such as the
network size and interphase properties also affect the conduc-
tivity of PCNT.” Some modeling studies have considered the
roles of the latter terms in the conductivity,”?*! but many
researches have investigated the percolation threshold and
conductivity of PCNT by conventional views. Therefore, the
earlier works commonly have not considered the roles of novel
terms in the conductivity of nanocomposites.

Many nanocomposites show an inadequate interfacial
adhesion between polymer matrix and nanoparticles, which
deteriorates the performance of nanocomposites such as
modulus, because the poor interfacial regions cannot assign the
outstanding properties of nanoparticles to the polymer
matrix.*»* This occurrence is due to the incompatibility or less
compatibility between polymer matrix and nanoparticles as well
as the poor dispersion and agglomeration of nanofiller in
nanocomposites.>*** The extent of interfacial properties can
also control the percolation threshold and conductivity of
nanocomposites, because the super conductivity of nano-
particles should be transferred to surrounding polymer matrix.
In fact, a strong interfacial adhesion can efficiently assign the
filler conductivity to polymer matrix, whereas a poor interface
cannot provide it. Therefore, the roles of interfacial adhesion in
the percolation threshold and conductivity of nanocomposites
are important, although the limited studies in this field have
not explained this subject.

This journal is © The Royal Society of Chemistry 2020
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In this study, “L.” term is defined as the minimum length of
CNT essential for efficient transferring of conductivity from
nanofiller to adjacent polymer matrix. “L.” is a function of CNT
properties and interfacial conductivity, which considers the role
of interfacial adhesion in the percolation threshold and
conductivity. Also, the effective length and concentration of
CNT are expressed by CNT dimensions, CNT conductivity, CNT
waviness and interfacial conductivity. Additionally, the perco-
lation threshold and the percentages of CNT in the conductive
networks are defined by simple equations assuming the
mentioned terms. Finally, a simple model is developed, which
can suggest the conductivity of nanocomposites by CNT
dimensions, CNT conductivity, CNT waviness, interphase
thickness, interfacial conductivity and tunneling distance. The
roles of all parameters in the conductivity are expressed and
explained using the developed model. Also, the experimental
results of percolation threshold and conductivity of some
samples are compared to the predictions to validate the devel-
oped equations. The developed model can replace the conven-
tional approaches for estimation of conductivity in PCNT.

2 Theoretical expressions

A poor interfacial adhesion cannot stand the high interfacial
stress during the stress loading, which causes yielding or failing
at or near the interface. In this condition, a high portion of
nanotubes is not completely loaded weakening the strength-
ening effect of nanoparticles.’”*® The role of interfacial adhe-
sion in the conductivity of nanocomposites can be described by
the similar attitude. An incomplete interfacial adhesion cannot
completely transfer the maximum filler conductivity (o) to
surrounding polymer matrix.

“L¢” is the minimum length of CNT, which perfectly transfer
the maximum conductivity of CNT to neighboring polymer
matrix as:

O’fD O'fR
L 1
2k k (1)
where “D” and “R” are the diameter and radius of CNT,

respectively and “k” denotes the interfacial conductivity.
The profile of normal conductivity (¢) in a nanotube is

L=
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The average normal conductivity () is identical to “o¢” when
CNT are perfectly bonded to polymer matrix; but, “” is less
than “o¢” in the case of incomplete interfacial adhesion. So, the
effective length of CNT (L) is assumed as:

gl=o¢ fleff (2)

where “/” is CNT length.
“lg” and effective filler concentration (¢.g) in the case of x <
2L, (case 1) are defined® as:

12
leff = 4Lc (3)
/
Perr = ¢t‘4_LC (4)

where “¢¢” is volume fraction of nanofiller in nanocomposite.
Moreover, when [ > 2L, (case 2), “l.i” and “¢.g” are stated®” as:

Lt = 1(1 - LT) 5)

dar=r(1- %) ©

Assuming that the CNT include x < 2L. and x > 2L. regions,
“leg” and “¢eg” parameters are expressed assuming the latter
equations as:

2 ()1 2L, L.
o= (1)« (5 (- )

- §+(1_2Lc)(1— LT) (7)
oo o)+ (o1 )
T A

The effective factors are suggested as a function of interfacial
conductivity by replacing of “L.” from eqn (1) into eqn (7) and

exhibited in Fig. 1. When 0 < x =< 2L, (the first condition), the (8) as:
entire length of CNT cannot reach “o¢”, but in the second case, o= Ly (1 _ 2o R) (1 _ ﬂ) 9)
“g” can reach “o¢” indicating the effective conductivity trans- ) k kl
ferring from nanofiller to near polymer matrix.
Of Of
1 1
a I 1 1
X L. L.
I l { b [ i
x <2L, x >2L

Fig.1 The profile of normal conductivity at x < 2L. and x > 2L..
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1
berr = ¢r 3 + (10)

However, the significant length of CNT causes the waviness
in nanocomposites,** which lessens their effectiveness. An
equivalent length (I.q) as the minimum distance between two
ends of each nanotube is considered in a waviness parameter
as:

(11)

where u = 1 displays the straight CNT (no waviness), but
a higher “u” displays more waviness.

Also, the waviness deteriorates the nature conductivity of
CNT.** Consequently, the conductivity of waved CNT is
expressed by:

= — 12
OCNT u ( )

Assuming the waviness parameter in eqn (9) and (10)
modifies the effective factors to:

_ / l 20'fR O'fR
=gt (o ) (%) (1)
/ 2(7fR
ol (e uk [ _oR
P = |5+ | T2 (;— e
L w?
B / 20t R
1 - orR
=[5+ B k (l - fT) (14)

However, only a fraction of CNT participates in the conduc-
tive networks and others are dispersed in the polymer matrix.
The percentage of networked CNT?' is calculated by:

¢fl/3 _¢pl/3
1/3
1—¢,"

where “¢,,” is percolation threshold of nanoparticles in PCNT.
When the effective filler fraction (eqn (14)) is substituted into
the latter equation, “f” is suggested as:

g far =4,
1— ¢p1/3

which determines the volume fraction of networked regions as:

/= (15)

(16)
N = [Perr (17)

The percolation threshold of casually dispersed CNT in
PCNT was assumed*’ by:

(18)
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where “V” and “V,,” are the volume and excluded volume of
nanoparticles, respectively. The excluded volume involves the
volume about an object into which the center of a similar object
cannot arrive.

“V” and “Ve” in PCNT were suggested*’ as:

V =mnR
1_‘_3 i +i i ’
4\R) "32\R

The interphase layer about CNT can hasten the development
of conductive networks in nanocomposites.***** Also, the inter-
facial conductivity and waviness change the effective length of
CNT (eqn (13)). As a result, the excluded volume develops by the

mentioned terms as:
3( Lar 3 ( L\
1+2 =
+4<R+t> +32(R—i—z

where “¢” is interphase thickness.
The percolation threshold of CNT assuming eqn (19) and
(21) into eqn (18) is given by:

(19)

Vex = 2R

; (20)

2
Vew = %TC(R-{— 0’

(21)

TR?/

3 leff 3 leff :
1 z .
+4<R+t> 3 (R+t

which suggests valuable predictions for percolation threshold
of CNT in PCNT.

When eqn (14) and (22) are replaced into eqn (16) and (17),
the volume fraction of networks is calculated.

Deng and Zheng** suggested a simple model for conductivity
of PCNT as:

b = (22)

32
?TC(R +1)°

Séeor _ dnor
3 73

where “o,” is the conductivity of polymer matrix. The insignif-
icant value of “s,” as about 10" S m™ " can be disregarded
from this equation. This model assumes the roles of filler
fraction, filler conductivity and percolated networks in the
conductivity, but it ignores the CNT waviness, interfacial
conductivity, interphase thickness and tunneling effect. More-
over, this equation linearly correlates the conductivity to the
filler concentration disregarding the percolation-like improve-
ment of conductivity in nanocomposites as a function of filler
concentration.

Accordingly, this model is developed for conductivity of
PCNT assuming the declared terms as:

_ ¢N2<7CNT N (fqbeff)zaf
o= N N
z z

where “d” is tunneling distance between adjacent CNT and “z”
is a tunneling parameter (z = 1 nm). This model can predict the
conductivity of PCNT when “f” and “¢.¢” are replaced from eqn
(14) and (16). So, this model assumes the filler dimensions,
waviness, network size, interfacial conductivity, interphase size

g=o0p+ (23)

(24)

This journal is © The Royal Society of Chemistry 2020
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and tunneling distance in the conductivity of nanocomposites.
These equations were suggested and developed for nano-
composites containing cylindrical nanofiller like CNT. There-
fore, the suggested equations are not proper for the systems
including different filler geometries.

3 Results and discussion
3.1 Parametric analysis

The effects of different parameters on the predicted conduc-
tivity by the developed model are expressed and justified in this
section. 3D and contour plots demonstrate the roles of two
parameters in the conductivity at average values of other
factors. The average levels are considered as ¢ = 0.01, R =
10 nm, /=15um, 6;=10°Sm ', u =1.2,¢t =10 nm, k = 400 S
m ' and d = 2 nm.

Fig. 2 reveals the influences of “/” and “k” parameters on the
conductivity of nanocomposites. The maximum conductivity of
0.025 S m ™! is obtained at /> 27 um and k > 800 S m™ !, but the
conductivity approaches to 0 at k =100 S m™ " or /<15 um and k
<290 S m™ % As a result, both “/” and “k” parameters as CNT
length and interfacial conductivity directly change the
conductivity of nanocomposites and the high levels of these
parameters are necessary to increase the conductivity. On the
other hand, short CNT and poor interfacial conductivity cannot
enhance the conductivity of nanocomposites.

The length of CNT affects the effective fraction and perco-
lation threshold of nanofiller in the nanocomposites. The long
CNT increase the effective filler concentration and decrease the
percolation threshold. So, large CNT produce a high level of “f’
(eqn (16)) displaying the large and dense networks in nano-
composite. In fact, the large CNT produce the big conductive
networks in the nanocomposites, which effectively improve the
conductivity. Therefore, the developed model properly predicts
the conductivity at different CNT lengths. Moreover, a high level
of interfacial conductivity causes a desirable conductivity,
because the filler conductivity can be suitably transferred to the
insulated polymer matrix. A high level of “k” decreases the “L.”
term (eqn (1)), which raises the effective concentration

& (S/m)
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(eqn (14)) and effective length (eqn (13)) of CNT. Accordingly,
a high level of interfacial conductivity decreases the percolation
threshold and enhances the percentages of CNT in the
conductive networks. In other words, a high level of interfacial
conductivity produces the desirable networks containing CNT
and interfacial/interphase regions. According to these
evidences, the developed model correctly shows the role of
interfacial conductivity in the conductivity of nanocomposites.

Fig. 3 illustrates the roles of “u” and “d” parameters in the
conductivity of nanocomposites. The low levels of these
parameters significantly improve the conductivity, but the
conductivity decreases at high values of “u” and “d”. As
observed, the conductivity can reach 0.09Sm 'atu=1andd =
1 nm, but d > 2.3 nm dominantly cause the conductivity of about
0. As a result, low waviness and short tunneling distance
increase the conductivity, while the conductivity mainly
decreases by large tunneling distance. These results obviously
show the detrimental effects of waviness and large tunneling
distance on the conductivity of PCNT.

The waviness reduces the equivalent length of CNT in
nanocomposites, which undesirably affects the effective CNT
length and percolation threshold. So, “f” parameter decreases
by waviness causing small networks in nanocomposites. In
addition, the nature conductivity of CNT weakens by waviness.
As a result, the dimensions and conductivity of networks dete-
riorate by waviness, which decreases the conductivity of PCNT,
as suggested by the developed model. A large tunneling distance
also negatively governs the conductivity of nanocomposites,
because it decreases the extent of charge transferring thorough
tunneling regions. In fact, the electrons cannot pass via large
tunneling distance, because the tunneling spaces include the
insulated polymer matrix. In other words, a big tunneling
distance introduces a high tunneling resistance against the
electron transportation, which limits the conductivity of nano-
composites. Other authors also reported the same relation
between nanocomposite conductivity and tunneling
distance.**** So, the developed model properly shows the posi-
tive role of short tunneling distance in the conductivity of
PCNT.

b 900

800

Fig. 2 Significances of “[" and "k" parameters on the conductivity of nanocomposites based on the developed model by (a) 3D and (b) contour

plots.
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Fig. 3 Calculations of conductivity at different levels of “u” and “d" parameters by (a) 3D and (b) contour schemes.

Fig. 4 depicts the dependencies of conductivity on filler
concentration and percolation threshold according to the
developed model. ¢¢ = 0.04 and ¢, = 0.001 produce the highest
conductivity of 0.45 S m™", but the conductivity decreases to
about 0 at ¢¢ < 0.02. Therefore, the conductivity improves by
high filler concentration and low percolation threshold, while
only low filler concentration can significantly decrease the
conductivity. These results are sensible, because these param-
eters efficiently manipulate the dimensions of conductive
networks.

A high content of conductive nanoparticles in nano-
composites produces the large networks, which can mainly
transfer the electrons and cause the conductivity. However,
a low filler concentration creates the small networks, which
cannot induce a high conductivity. Moreover, a high filler
concentration reduces the tunneling distance in the nano-
composites,*®” because a large number of nanoparticles
produce small inter-particle distance. In addition, a low perco-
lation threshold enhances the percentages of CNT in the
conductive networks (eqn (16)). In other words, a poor perco-
lation level contributes a large number of CNT in the networks.
However, a high percolation threshold causes the small

P 0 001 &

conductive networks in nanocomposites limiting the conduc-
tivity. According to these evidences, the developed model
displays the correct outputs at different values of filler
concentration and percolation threshold.

Fig. 5 shows the variation of conductivity at dissimilar levels
of “o¢” and “f’ parameters. The maximum value of conductivity
as 0.18 Sm™ ' is observed at o¢ > 10° S m~ ' and f = 0.7, while the
conductivity of nanocomposite cannot improve at f < 0.2. As
aresult, the medium and high levels of CNT conductivity as well
as the high percentages of CNT in the networks can mainly
improve the conductivity, but a small fraction of CNT in the
networks decreases it. In fact, the percentage of CNT in the
conductive networks dominantly controls the conductivity of
nanocomposites and the CNT conductivity plays a negligible
role.

Although the conductivity of nanocomposites directly
depends on the filler conductivity (eqn (24)), but the high filler
conductivity enlarges the “L.” term (eqn (1)) assuming imper-
fect interfacial conductivity. In other words, a high level of CNT
conductivity increases the required length of CNT for efficient
conductivity transferring. Actually, the high filler conductivity is
limitedly transferred to polymer matrix in the case of

01.01

0.015 0.02 0.03 0.035 0.04

Fig. 4 Expression of conductivity at different values of filler concentration and percolation threshold by (a) 3D and (b) contour designs.
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Fig. 5 Impacts of “g¢" and “f" parameters on the conductivity of nanocomposites by (a) 3D and (b) contour illustrations.

incomplete interfacial adhesion, which weakens the conduc-
tivity of nanocomposites. Accordingly, the filler conductivity
insignificantly governs the conductivity, due to the dissimilar
roles of this parameter in conductivity transferring and
conductivity of networks. However, the conductivity of nano-
composites significantly improves when the big networks are
established in the nanocomposites. The networks can provide
the charge transportation in nanocomposites and there is
a direct correlation between charge transportation and network
size.*®* Therefore, the large networks (high f) can effectively
transfer the electrons and improve the conductivity. Based on
these explanations, the developed model properly exhibits the
roles of “o¢” and “f” parameters in the conductivity of PCNT.

Fig. 6 displays the calculations of conductivity at different
values of “R” and “t” parameters. The most desirable conduc-
tivity of 0.022 S m~ "' is achieved by R = 5 nm and ¢ > 16 nm,
while the conductivity diminishes to 0 at R > 20 nm. Therefore,
the conductivity improves by thin CNT and thick interphase,
but only thick CNT can deteriorate the conductivity of nano-
composites. These results indicate that the sizes of CNT and
interphase layer surrounding CNT meaningfully govern the
conductivity of nanocomposites.

a

0.02

0.025

0.02
0.015

£0015

€ o1
A 0.01

0.005
30 0.005

" 60
40

0 R (nm)

Fig. 6
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The thin CNT reduce the level of “L.” in nanocomposites. It
means that thin CNT produce an efficient conductivity trans-
ferring between nanoparticles and polymer matrix, which
increases the effective filler concentration and effective length.
Furthermore, thin CNT drop the percolation threshold. The
desirable levels of effective filler concentration, effective length
and percolation threshold grow the percentages of CNT in the
networks. So, thin CNT can be easily networked in nano-
composites, which improve the conductivity of nano-
composites. Additionally, thick interphase decreases the
percolation threshold, because the interphase regions
contribute to the conductive networks. As a result, thick inter-
phase increases the dimensions of conductive networks in
nanocomposites raising the conductivity. The previous articles
also found the direct role of interphase thickness in the
percolation threshold.>**® Conclusively, both “R” and “¢”
parameters logically control the conductivity of nano-
composites, which validate the developed model.

3.2 Evaluation of predictions by experimental data

The predictions of the developed equations can be compared
with the experimental results. The experimental results of

b22

20 0.02
18 0.018
16 0.016
0.014
T 0.012
E 12
= 0.01
0.008
o | 0.006
d | 0.004
4 0.002
T 20 30 40
R (nm)

Illustration of the roles of “R" and "t" parameters in the conductivity of nanocomposites by (a) 3D and (b) contour designs.
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percolation threshold and conductivity for four samples
including epoxy/single walled CNT (SWCNT) (R =1 nm, [ = 2
um, u = 1.6 and ¢, = 0.0003)>, polycarbonate (PC)/acrylonitrile
butadiene styrene (ABS)/multi walled CNT (MWCNT) (R = 5 nm,
I = 1.5 pm, u = 1.2 and ¢, = 0.002),*” poly (vinyl chloride) (PVC)/
MWCNT (R =8 nm, [ = 16 um, u = 1.2 and ¢, = 0.0005)** and
epoxy/MWCNT (R = 8 nm, / = 30 pm, u = 1.2 and ¢, = 0.0002)**
are considered. The values of percolation threshold are
compared with eqn (22) to calculate the interphase thickness
and interfacial conductivity. The interfacial conductivity
changes the “L.” (0f = 10° S m™ ') and the effective length of
CNT. Eqn (22) presents the different pairs for “¢” and “k”, but we
reported the average values for these parameters. In fact, we
calculated the different values of these parameters for the
samples by eqn (22) and reported the average levels. The average
values of (¢, k) are calculated as (10, 700), (5, 250), (7, 200) and (2,
280) (nm, S m™ ') for epoxy/SWCNT, PC/ABS/MWCNT, PVC/
MWCNT and epoxy/MWCNT samples, respectively. Generally,
these results demonstrate the proper expression of percolation
threshold as a function of filler dimensions, interphase thick-
ness and interfacial conductivity. These outputs also show the
formation of different interphase regions in the studied
samples. The thickest and the thinnest interphase is observed

3.5 T T T T
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in epoxy/SWCNT and epoxy/MWCNT samples, respectively.
Also, the samples display the different levels for interfacial
conductivity depending on the characteristics of interfacial
interaction between polymer matrix and nanoparticles. The
highest and the lowest levels of interfacial conductivity are ob-
tained for epoxy/SWCNT and PVC/MWCNT nanocomposites,
respectively.

The calculations of all parameters are considered in the
developed model to predict the conductivity of samples at
different filler concentrations. Fig. 7 reveals the experimental
and theoretical levels of conductivity in epoxy/SWCNT, PC/ABS/
MWCNT, PVC/MWCNT and epoxy/MWCNT samples. The
predictions show desirable agreement with the experimental
results, which approve the developed model. In other words, the
calculations of conductivity at different filler concentrations are
consistent with the experimental measurements. Therefore, the
developed model supposing interfacial conductivity can prop-
erly calculate the conductivity of nanocomposites.

The values of “d” as tunneling distance are also obtained as
1.3, 0.5, 1.1 and 1 nm for epoxy/SWCNT, PC/ABS/MWCNT, PVC/
MWCNT and epoxy/MWCNT nanocomposites, respectively. The
shortest and the largest tunneling distance is observed in PC/
ABS/MWCNT and epoxy/SWCNT samples, correspondingly.
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Fig. 7 Experimental data of conductivity and the calculations of developed model for (a) epoxy/SWCNT,* (b) PC/ABS/MWCNT,* (c) PVC/

MWCNT®2 and (d) epoxy/MWCNT®* samples.
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However, these results show a negligible variation in the
tunneling distance of reported samples. Conclusively, the
developed model can properly calculate the conductivity of
nanocomposites assuming the effective parameters for CNT
networks, interphase and tunneling regions.

4 Conclusions

A simple model was developed to predict the conductivity of
PCNT by CNT dimensions, CNT conductivity, waviness, inter-
phase thickness, interfacial conductivity and tunneling
distance. 3D and contour plots expressed the roles of all
parameters in the conductivity of PCNT. Also, the experimental
results of percolation threshold and conductivity of several
samples were compared to the predictions to validate the
developed equations. CNT concentration, CNT length, the
percentage of CNT in the networks, interfacial conductivity and
interphase thickness directly affect the conductivity of nano-
composites. So, the high levels of these parameters are neces-
sary to improve the conductivity. However, thin CNT, low
waviness, poor percolation threshold and short tunneling
distance can increase the conductivity of PCNT, but the
conductivity mainly decreases or an insulated nanocomposite is
observed by the high levels of these factors. Additionally, the
different levels of CNT conductivity negligibly change the
conductivity of PCNT, because it adversely affects the effective
length and effective concentration of CNT as well as the
conductivity of filler networks. The predictions show desirable
agreement with the experimental results of percolation
threshold and conductivity. Therefore, the developed equations
supposing the interfacial conductivity can appropriately calcu-
late the percolation threshold and conductivity in PCNT.

Nomenclature

of CNT conductivity

D CNT diameter

R CNT radius

k Interfacial conductivity

14 Normal conductivity

15 Average normal conductivity

l CNT length

Lot Effective length of CNT

Petr Effective CNT concentration

xS Volume fraction of CNT

leq Equivalent length

u Waviness parameter

f The percentage of networked CNT

p Percolation threshold of CNT

On The volume fraction of networked CNT

14 CNT volume

Vex Excluded volume of CNT

t Interphase thickness

do The conductivity of polymer matrix
Tunneling distance between adjacent CNT

b4 Tunneling parameter
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