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This work develops a two-step model for the conductivity of polymer carbon nanotube (CNT)
nanocomposites (PCNT) assuming the properties of tunneling and interphase regions. In step 1, CNT and
the surrounding interphase are considered as pseudoparticles and a simple model predicts their
conductivity. After that, a suitable model calculates the conductivity of nanocomposites containing
pseudoparticles, tunneling regions and polymer matrixes in step 2. The waviness of CNT as well as the
fractions of CNT and interphase regions in the conductive networks is also considered. The experimental
results of several samples and the reasonable roles of all parameters in the conductivity of
nanocomposites support the predictions of the two-step model. Thin and long CNTs can cause a high
conductivity, but only thick CNTs result in the least conductivity. Also, the thickness and conduction of
interphase zones directly control the conductivity of nanocomposites. So, it is important to provide
a strong interphase in PCNT to achieve a high conductivity. Moreover, a poor percolation threshold and
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1 Introduction

Carbon nanotubes (CNT) display exceptional stiffness and
significant electrical conductivity.*® Also, they have a large
aspect ratio (ratio of length to diameter) and low density, which
generate considerable interest for the production of conductive
nanocomposites.*”” These advanced materials are ideal for
many applications in electronics, aerospace, sensors and
shielding.®* Consequently, it is important to maximize the
conductivity by manipulating the material and processing
parameters for nanocomposites. The conductivity of nano-
composites starts from a critical concentration as a percolation
threshold in which the conductive networks form.”*'° The
previous studies have related the percolation threshold to the
size of the nanofiller,”® but the structure of CNT as well as the
interphase regions around them can manipulate the percola-
tion threshold in nanocomposites.***>

The main mechanism for conductivity of polymer CNT
nanocomposites (PCNT) involves the electron tunneling
wherein electrons are carried by tunneling effect.*'* Accord-
ingly, the adjacent CNT improve the conductivity by electron
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distance dominantly reduces the conductivity.

jumping and the tunneling conductivity depends on the
tunneling properties between CNT. However, some researchers
have focused on the tunneling conductivity in nanocomposites.
Most researchers have used the conventional equations for
estimation of percolation threshold and conductivity in poly-
mer nanocomposites. Some simple models were developed for
conductivity of polymer nanocomposites. They are micro-
mechanics models that predict the conductivity by the proper-
ties of nanofiller and filler networks such as filler arrangement,
tunneling distance, filler agglomeration and CNT waviness.">"”
However, the complex and unclear terms limit their usages in
practice. Furthermore, the available models commonly disre-
gard the role of interphase regions in the percolation threshold
and conductivity of nanocomposites.

The outstanding surface area of nanoparticles per unit
volume and the robust interfacial interaction between polymer
matrix and nanofiller create different regions from polymer and
nanoparticles as interphase in nanocomposites.’*>* The inter-
phase regions considerably govern the mechanical behavior of
nanocomposites.”*>* So, the interphase areas play a reinforcing
role in nanocomposites. Additionally, the interphase spaces
nearby nanoparticles can make the networks in nano-
composites before the connection of nanoparticles.">** There-
fore, the interphase regions diminish the percolation threshold
and create the big networks in nanocomposites. The effect of
interphase percolation on the mechanical properties of nano-
composites was reported in earlier works.>>*® However, the role
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of interphase regions in the electrical conductivity of nano-
composites has been neglected.

The available models such as power-law equation cannot
properly assume the impacts of interphase and tunneling
regions on the conductivity of nanocomposites. Definitely, the
available models cannot properly estimate the conductivity in
nanocomposites. Accordingly, the establishment of new models
for conductivity assuming the tunneling and interphase regions
is appreciated. In the present work, authors try to develop a two-
step model for tunneling conductivity of PCNT accounting the
interphase parameters and CNT waviness. The two-step tech-
niques were developed to determine the effective conductivities
of CNT nanocomposites.>”?* This novel methodology properly
calculates the conductivity of PCNT by the effective parameters.
In the first step, CNT and surrounding interphase are consid-
ered as pseudoparticles and a simple model predicts their
conductivity. Afterwards, the nanocomposite containing pseu-
doparticles, tunneling region and polymer matrix is considered
and a suitable model calculates its conductivity. The impacts of
all parameters on the conductivity are plotted and justified to
validate the two-step model. Also, the predictions of the two-
step model are compared with the experimental results of
several samples from previous works. This model can guide the
researchers in future studies on the conductivity of
nanocomposites.

2 Two-step approach

A two-step model in which the interphase and tunneling regions
are considered can estimate the conductivity of nano-
composites. Fig. 1 schematically shows the two steps for
modeling of conductivity. In step 1, CNT and interphase
surrounding them are considered as pseudoparticles and
a simple model estimates their conductivity. At step 2, the
nanocomposite containing pseudoparticles, tunneling distance
and polymer matrix is considered and a developed model
calculates its conductivity.

Deng and Zheng'® proposed a model for conductivity of
nanocomposites as:

JSoror
1
! (1)
where “g,” is the conduction of polymer matrix, “f’ is the
percentages of nanoparticles in the conductive networks, “¢¢” is
volume fraction of filler and “o¢” is filler conduction. f¢¢ shows
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the volume fraction of nanoparticles in the networks (¢y). So,
this model can be represented as:

g =

¢N ag [2)

oo + 3

This equation can be applied to estimate the conductivity of
pseudoparticles in which the interphase regions cover CNT
(Fig. 1). Accordingly, the interphase is assumed as a matrix
neighboring CNT. Eqn (2) for conductivity of pseudoparticles is
developed to:

N0y
G 3(¢n + din) G
where “o;” and “¢;y” are the conduction and volume fraction of
interphase regions in the conductive networks. It should be
noted that only CNT and interphase regions in the networks can
transport the electrons and increase the conductivity.

The total volume fraction of interphase in PCNT* is esti-
mated by:

¢i=¢r<1+%>2*¢f (4)

where “¢” and “R” denote the interphase thickness and CNT
radius, respectively. Since the interphase regions contribute to
the filler networks, the effective volume fraction of filler in
nanocomposites includes CNT and interphase zones as:

ey = Pr + b :¢r<1 +%)2 (5)

Also, the fraction of CNT in the conductive networks® is
given by:

¢f1/3 o ¢p1/3
1/3
1—¢,"

where “¢,” is percolation threshold of nanoparticles in
nanocomposite.

The latter equation is developed assuming effective filler
fraction as:

f= (6)

¢effl/3 - ¢p1/3

/= 17¢p1/3

(7)

Assuming eqn (4) and (7), the volume fraction of CNT and
interphase regions in the networks are expressed by:

Pseudoparticle

Polymer matrix Tunneling distance

Pseudoparticle

Fig. 1 Schematic representation of (a) pseudoparticle containing CNT and surrounding interphase and (b) nanocomposite containing pseu-

doparticle, tunneling space and polymer matrix.
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The percolation threshold of randomly dispersed CNT in
PCNT is suggested®" by:

V
Vex

by = (10)

where “V” and “V,,” are the volume and excluded volume of

nanoparticles, respectively. “V.,” includes the volume around

an object into which the center of a same object cannot arrive.
“V” and “Vex” in PCNT are expressed*! by:

V =mnR

N ZARENG. :
SORID
where “/” shows the CNT length.

The interphase zones around CNT can accelerate the estab-
lishment of conductive networks in PCNT, because they make
continuous structures before the real connection of nano-
particles. Actually, the interphase regions surrounding CNT

quickly form the network structures. The interphase areas
modify the excluded volume as:

1_’_% L +i L ’
4\R+1t 32\R+t

In addition, the large length of CNT causes the waviness in
nanocomposites, which reduces their effective length (l.g). A
waviness parameter is suggested as:

[

U= —
lcff

(11)

32
Vo = =R’

- (12)

2
Ve = 3—7r(R +1)

- (13

(14)

where “l.¢” is defined as the minimum distance between two
ends of each nanotube. ¥ = 1 demonstrates the straight CNT (no
waviness), but a higher “u” shows more waviness.

Assuming l.¢ = I/u changes “V,,” as:

1+§ l/u +i Iu \’
4\R+1t 32\R+t

Now, the percolation threshold of CNT accounting the
interphase and waviness is suggested as:

Vi = 2w(R +1)

- (15)

TR?]
3/ 1/u 30 1u\’
1+Z(R+z)+37(R+t)

This equation can present useful predictions for percolation
threshold of CNT in PCNT.

¢ =

(16)

%r(zu 0’
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The waviness also weakens the nature conduction of CNT."”
The conduction of curved CNT is expressed by:

ot
OCNT = —
u

(17)

Based on the latter equation, the conductivity of pseudo-
particles (Fig. 1) is calculated by:

PNt
Op=0;+ 57— 18
’ 3(pn + din)u (8)
in which “¢y” and “¢;y” are replaced from eqn (8) and (9),

respectively.

For step 2, the conductivity of nanocomposite is predicted by
a developed equation. A model was developed based on eqn (1)
for the conductivity of nanocomposites as:

_ ¢N2<Tf

©

where “d” is tunneling distance between adjacent CNT and “z”
is a tunneling factor. This model can be applied for estimation
of conductivity in step 2. Therefore, the pseudoparticles are
assumed as filler phase and their conduction (¢;,) and volume
fraction (¢n + ¢in) are considered in eqn (19) as:

2
o= (pn + din) 0 (20)

(%)

When “¢y, “¢in” and “o,,” are replaced from eqn (8), (9) and
(18) into eqn (20), this model can predict the conductivity of
PCNT by the main parameters. Also, z = 1 nm shows the proper
predictions for the conductivity of PCNT.

(19)

3 Results and discussion
3.1 Parametric study

The effects of all parameters on the predicted conductivity by
two-step model are evaluated in this section. Surely, the
reasonable effects of all parameters on the conductivity of PCNT
confirm the two-step model. The three-dimensional (3D) and
contour plots can display the significances of two parameters on
the conductivity at average values of other factors. The average
levels of ¢s=0.01,R=10nm, =10 pm, oy=10>Sm ™}, u = 1.2,
t=10nm, 5; =3 x 10*Sm™', d = 4 nm and z = 1 nm are taken
into account in the calculations.

Fig. 2 depicts the effects of “R” and “I” parameters on the
conductivity of nanocomposites by the two-step model at
average values of other parameters. The highest conductivity of
0.2 Sm™ " is observed at R = 5 nm, while the lowest conductivity
around 0 is shown at R > 14 nm. Therefore, a smaller CNT radius
achieves a better conductivity in PCNT. In other words, thinner
and longer CNT can cause a higher conductivity, while only
thick CNT are enough to minimize the conductivity. The role of
CNT radius is more significant than that of CNT length, because
R > 14 nm leads an insulated PCNT.

RSC Adv., 2017, 7, 50225-50233 | 50227
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Fig. 2

Thin and long CNT produce a small percolation threshold in
nanocomposites (see eqn (16)), ie. thin and long CNT accelerate
the formation of conductive networks in PCNT. Also, a low
percolation threshold increases the fraction of CNT in the
networks (eqn (7)). In fact, thin and long CNT can make big
networks containing CNT and interphase regions in the nano-
composites. So, it is reasonable to gain a higher conductivity by
thinner and longer CNT, because the big networks significantly
transfer the electrons within nanocomposite increasing the
conductivity. On the other hand, thick and short CNT result in
the small networks, which cause a poor conductivity in nano-
composites. Conclusively, these outputs validate the predic-
tions of the two-step model for conductivity of PCNT.

Fig. 3 also illustrates the conductivity of nanocomposites at
different levels of filler concentration and waviness. ¢y = 0.02
and u = 1 (no waviness) produce the highest conductivity of 0.18
S m !, but an insulated nanocomposite is observed at ¢¢ <
0.007. Accordingly, high filler fraction and low waviness induce
a high conductivity in PCNT, while a low level of “¢¢” cannot
increase the conductivity of nanocomposites. In fact, the high
concentration of straight CNT can significantly increase the
conductivity of nanocomposites. On the other hand, only a low
concentration of straight or curved CNT causes an insulated
nanocomposite. The insulated polymer matrices need the

& (SIm)

1 0.005

Fig. 3
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Impacts of CNT dimensions on the conductivity of nanocomposites according to the two-step model by (a) 3D and (b) contour plots.

conductive networks for transferring of electrons and
promoting the conductivity. As a result, the conductive CNT
should form the networks in PCNT to enhance the conductivity.
A high level of CNT concentration above percolation threshold
certainly produces the big and dense networks in the nano-
composites, whereas the low percentages of CNT cannot reach
the percolating level producing an insulated nanocomposite.
So, the high fraction of CNT in nanocomposites logically
improves the conductivity, as suggested by two-step model. In
addition, a low waviness increases the effective length of CNT,
which reduces the percolation threshold and increases the
dimensions of conductive networks. Also, a poor waviness
increases the nature conduction of CNT in PCNT (see eqn (17)).
Based on these evidences, the waviness of CNT is an important
factor, which affects the conductivity of nanocomposites,
because it governs the size and conduction of conductive
networks. Furthermore, the observation of a high conductivity
by a poor waviness is sensible approving the developed model.

Fig. 4 exhibits the effects of interphase parameters on the
conductivity of PCNT based on the two-step model. The low
values of interphase thickness and conduction (¢ < 15 nm and o;
<4 x 10* S m ") cause very poor conductivity, but ¢ = 25 nm and
o =6 x 10* S m™" create the highest conductivity of 1 S m™ .
These results demonstrate that the interphase thickness and

(a) 3D and (b) contour patterns for the roles of filler concentration and waviness in the conductivity of nanocomposites.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Expression of conductivity of nanocomposites at different thickness and conduction of interphase: (a) 3D and (b) contour designs.

conduction directly manipulate the conductivity of nano-
composites. Actually, a thicker and more-conductive interphase
introduces a more-conductive nanocomposite, while thin and
poor-conductive interphase cannot improve the conductivity. As
a result, it is important to provide strong interphase regions in
PCNT to grow the conductivity.

The correlation between the conductivity of PCNT and the
interphase parameters is reasonable, because the interphase
level straightly affects the size and conductivity of filler
networks. A thick interphase around CNT decreases the perco-
lation level and enhances the size of conductive networks in the
nanocomposites (expressed by f parameter), because a thick
interphase produces large interphase regions in the nano-
composites. Also, a high level of interphase conduction raises
the conductivity of networks, because the networks include the
CNT and interphase areas. From the present modeling view, the
high conduction of interphase regions increases the conduc-
tivity of pseudoparticles (see Fig. 1 and eqn (18)) which develops
the conductivity of PCNT. According to these interpretations,
the developed two-step model accurately predicts the conduc-
tivity of nanocomposites at different interphase extents.

The impacts of percolation threshold and tunneling distance
on the conductivity of PCNT are also expressed in Fig. 5. The low
levels of these parameters produce a good conductivity, but
a poor conductivity is observed at their high extents. ¢, = 0.001
and d = 2 nm cause the highest conductivity of 0.16 S m™*, but

o (S/m)

Fig. 5

This journal is © The Royal Society of Chemistry 2017

an insulated nanocomposite is observed at d > 4 nm. Therefore,
a poor percolation threshold and a short tunneling distance
enhance the conductivity of nanocomposites, whereas the large
tunneling distance cannot improve the conductivity. These
results indicate that the large tunneling distance is a dominant
parameter affecting the conductivity, because it weakens the
conductivity at different percolation levels. However, a short
tunneling distance cannot lonely improve the conductivity and
a poor percolation threshold is also required to maximize the
conductivity.

A low percolation threshold quickens the formation of
conductive networks in the nanocomposites. Also, a poor
percolation threshold introduced by thin and long CNT as well
as thick interphase (eqn (16)) increases the fraction of net-
worked CNT. In other words, a poor percolation level increases
the “f” parameter (eqn (7)) which enlarges the volume fractions
of CNT and interphase regions in the conductive networks.
Nevertheless, a high percolation level reduces the amounts of
CNT and interphase zones in the conductive networks. Since
the dimensions of conductive networks directly influence the
extent of conductivity in nanocomposites, the developed model
correctly shows the role of percolation threshold in the
conductivity. Most of experimental and theoretical studies on
the conductivity of nanocomposites reported the same obser-
vation,*'%3%** which confirms the two-step model.

(a) 3D and (b) contour plots for dependences of PCNT conductivity on percolation threshold and tunneling distance.

RSC Adv., 2017, 7, 50225-50233 | 50229
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The tunneling distance between adjacent CNT also controls
the level of electron transportation in the networks. A low
tunneling distance can rapidly transfer the electrons between
two CNT, but a large tunneling distance weakens the electron
transportation. The previous articles indicated that the far
tunneling distance (more than 10 nm) cannot promote the
conductivity,”” because it cannot transfer the electrons by
jumping. It should be noted that the interaction between
adjacent CNT affects the tunneling distance. The attraction
between CNT shortens the distance between CNT, which
desirably handles the tunneling conductivity, but the repulsive
force between very near CNT undesirably controls the tunneling
effect. Some authors also found an inverse relation between
tunneling distance and filler concentration.**** This correlation
is logical, because the high concentration of filler decreases the
distance among nanoparticles. Moreover, many studies have
mentioned an inverse relation between the conductivity of
nanocomposites and the tunneling distance.**'*** All these
evidences approve the calculations of conductivity by the two-
step model at different tunneling distances.

Fig. 6 expresses the conductivity of nanocomposites at
various values of “o¢” and “f” parameters. The highest conduc-
tivity is calculated by the highest levels of these parameters, but
low “f” produces poor conductivity in nanocomposites. There-
fore, high filler conduction and high percentage of CNT in the
networks are necessary to increase the conductivity, while only
low fraction of percolated CNT causes a poor conductivity. In
other words, few number of networked CNT cannot grow the
conductivity of nanocomposites.

The two-step model properly suggests the direct relation
between the conductivity of nanocomposites and the filler
conduction, because a more conduction of CNT causes a more
transportation of electrons in nanocomposites. However, the
poor conduction of CNT in the nanocomposites cannot transfer
the electrons in the insulated polymer matrix. As a result, the
conductivity of PCNT directly depends on the CNT conduction.
However, the conductivity of nanocomposites starts to improve
when the CNT form the conductive networks at percolation
threshold. Actually, the dispersed CNT cannot transport the
electrons, because the electrons need the continuous structures

0.16
0.14
0.12

0.1

5 (S/m)

0.08

0.06

0.04

0.02

Fig. 6
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for transportation. Instead, the large and dense networks con-
taining numerous CNT and big interphase regions (high f)
significantly improve the conductivity of nanocomposites. So,
the formation and dimensions of conductive networks signifi-
cantly govern the conductivity of nanocomposites. When a low
number of CNT participate in the networks, a poor conductivity
is obtained, due to the weak transportation of electrons in
nanocomposites. In this condition, the CNT conduction is an
ineffective parameter, because the nanotubes cannot form the
continuous structures. These rational effects of “o¢” and “f”
parameters on the conductivity justify the correctness of the
two-step model.

3.2 Valuation of two-step model by experimental data

The developed two-step model is assessed by the experimental
results of conductivity in several samples from literature. Four
samples including ultrahigh molecular weight polyethylene
(UWPE)/multi walled CNT (MWCNT) (R =8 nm, ! = 8 pm, u =
1.2, ¢, = 0.0007),% epoxy/MWCNT (R = 8 nm, [ = 30 pm, u =
1.2, ¢, = 0.0002),%” polycarbonate (PC)/acrylonitrile butadiene
styrene (ABS)/MWCNT (R =5nm, ! = 1.5 um, u = 1.2, ¢, =
0.002)** and poly(vinyl chloride) (PVC)/MWCNT (R = 8 nm, [ =
16 pm, u = 1.2, ¢, = 0.0005)* were chosen from valid works.
When the CNT dimensions and percolation threshold of
samples are applied into eqn (16), the interphase thickness (¢)
can be determined. “¢” is calculated as 7, 7, 5 and 3 nm for
UWPE/MWCNT, epoxy/MWCNT, PC/ABS/MWCNT and PVC/
MWCNT nanocomposites, respectively. These results indicate
that the interphase forms in the reported samples. Therefore,
the interphase regions commonly affect the percolation level in
PCNT. The thickest interphase is observed in UWPE/MWCNT
and epoxy/MWCNT samples, while the thinnest interphase as
3 nm is shown in PVC/MWCNT nanocomposite. The interphase
thickness depends on the interfacial interaction/adhesion
between the polymer matrix and the nanofiller.**** Indeed,
stronger interfacial interaction/adhesion produces a thicker
interphase in nanocomposites.

The conductivity of reported nanocomposites at different
filler concentrations can be calculated by the two-step model at
or=10>Sm 'and z = 1 nm. Fig. 7 illustrates the experimental

1
o, (Sim)

The conductivity of nanocomposites at different levels of filler conduction and “f" parameter: (a) 3D and (b) contour plans.
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Fig.7 Experimental conductivity and predictions of two-step model for (a) UWPE/MWCNT,® (b) epoxy/MWCNT,?” (c) PC/ABS/MWCNT?** and (d)

PVC/MWCNT?® nanocomposites.

results and the calculations for the reported samples. A good
agreement is observed between the experimental and the
theoretical data, which confirm the two-step model. It is stated
that the two-step model can predict the conductivity of PCNT
assuming CNT dimensions, interphase thickness, waviness and
tunneling regions. The values of tunneling distance (d) are
calculated as 0.75, 2, 1.8 and 2.1 nm for UWPE/MWCNT, epoxy/
MWCNT, PC/ABS/MWCNT and PVC/MWCNT nanocomposites,
respectively. These outputs demonstrate the presence of
tunneling regions in the studied samples influencing the
conductivity. The shortest and the largest tunneling distance
are observed in UWPE/MWCNT and PVC/MWCNT samples,
respectively. Moreover, the interphase conduction (g;) is ob-
tained as 5.5 x 10* 3 x 10% 4 x 10* and 2.8 x 10* S m™* for
UWPE/MWCNT, epoxy/MWCNT, PC/ABS/MWCNT and PVC/
MWCNT nanocomposites, respectively. The highest inter-
phase conduction is observed in UWPE/MWCNT, while PVC/
MWCNT sample shows the least level for “g;”. The UWPE/
MWCNT sample exhibits the highest conductivity at low filler
concentrations (see Fig. 7a). On the other hand, PVC/MWCNT
shows the poorest conductivity among the reported samples.
As a result, the calculated values of “d” and “o;” for the reported
samples are reasonable, because the tunneling and interphase
regions surrounding CNT contributing to the conductive
networks can improve the conductivity of PCNT. Conclusively,
the two-step model can present the logical results for interphase
and tunneling properties in PCNT.

This journal is © The Royal Society of Chemistry 2017

4 Conclusions

A two-step model was suggested for conductivity of PCNT
assuming the properties of CNT, tunneling and interphases
regions. The experimental results and the significances of
parameters on the conductivity of nanocomposites were applied
to validate the two-step model. Thinner and longer CNT can
cause a higher conductivity, while only thick CNT (R > 14 nm)
can seriously minimize the conductivity. Hence, the role of CNT
radius is more significant than that of CNT length. The high
concentration of straight CNT can meaningfully raise the
conductivity, but only a low concentration of CNT (straight or
curved) causes an insulated nanocomposite. A thicker and
more-conductive interphase produces a better conductivity,
while thin and poor-conductive interphase cannot improve the
conductivity. As a result, the strong interphase regions in PCNT
are required to grow the conductivity. Additionally, a poor
percolation threshold and a short tunneling distance enhance
the conductivity. However, a large tunneling distance as
a dominant factor significantly weakens the conductivity at
different percolation levels. Also, the filler conduction and the
percentage of CNT in the networks directly affect the conduc-
tivity of PCNT. The suggested equations for percolation
threshold and conductivity demonstrate the presence of inter-
phase and tunneling regions in the studied samples. The
predictions show good agreement with the experimental data
validating the developed equations.
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